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Abstract

The titanosaurian appendicular skeleton exhibits morphological similarities among different clades and its osteological
information is usually less taxonomically meaningful than those of other regions of the skeleton. There is a probable mor-
phological convergence due to morphofunctional similarities between members of different titanosaurian groups. In addition,
higher intraspecific variability has hindered the assessment of similar forms such as the Late Cretaceous titanosaurians of
the Ibero-Armorican domain. The use of 3D-geometric morphometrics and discriminant analyses on an abundant sample
of titanosaurian limb elements from the Lo Hueco site and other titanosaurian taxa has been able to characterize the dif-
ferences between several sauropod clades with the control of the intraspecific variability. Similar methods with the use of
surface analyses of other titanosaurs enabled the recognition of morphological similarities congruent with morphofunctional
convergences between one of the lithostrotian morphotypes identified in Lo Hueco (the Morphotype II) and some gracile
colossosaurs such as Mendozasaurus neguyelap. In contrast, Morphotype I at Lo Hueco present a more typical titanosaurian
morphology, resembling Jainosaurus cf. septentrionalis. The use of discriminant analyses allowed us to distinguish Colos-
sosauria on the basis of limb morphology for the first time. We also observed that Colossosauria and Saltasauridae diverge
from a more typical titanosaurian non-autopodial limb skeleton. Our results also suggest a highly different and specialized
limb skeleton for the Saltasauridae in comparison with other sampled titanosaurians. The use of surface semilandmarks
and discriminant analyses also allowed us to propose several new potential osteological characters for use in phylogenetic
analyses through the maximization of differences between the sampled clades.
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Resumen

El esqueleto apendicular de los titanosaurios presenta similitudes morfolégicas entre clados muy diversos y su informacién
osteoldgica es de menor utilidad para taxonomia respecto a otras regiones del esqueleto. Es possible que se produzca una
convergencia morfolégica debido a similitudes morfofuncionales entre miembros de los diferentes grupos de titanosaurios.
Ademas, la elevada variabilidad intraespecifica ha dificultado la diferenciacién entre formas de titanosaurio morfolégicamente
similares en el Cretécico tardio del dominio Ibero-Armoricano. El uso de técnicas de morfometria geométrica 3D asi como
andlisis discriminante en una muestra abundante de ejemplares apendiculares del yacimiento de Lo Hueco y otros taxones
de titanosaurio ha permitido caracterizar algunas diferencias entre los distintos clados de titanosaurios con el control de la
variabilidad intraespecifica. Estos métodos se aplicaron también en anélisis de superficies permitiendo reconocer similitudes
morfoldgicas congruentes con convergencias morfofuncionales entre uno de los morfotipos de lithostrotios identificados en
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Lo Hueco (Morfortipo II) y formas gréciles de colossosaurios como Mendozasaurus neguyelap. Sin embargo, el Morfotipo
I de Lo Hueco presentaria una morfologia titanosauriana mas tipica, asemejandose a Jainosaurus cf. septentrionalis. El
uso de analisis discriminantes permitié distinguir Colossosauria en base a la morfologia de sus extremidades por primera
vez. También se puede observar que la morfologia de Colossosauria y Saltasauridae divergen de morfologias apendicular
no autopodiales més tipicamente titanosaurianas. Nuestros resultados sugieren que las grandes diferencias morfoldgicas
de las extremidades de Saltasauridae con otros clados se deberia a su especializacién en comparacién a otros titanosaurios
muestrados en este estudio. El uso de semilandmarks de superficie y analisis discriminante permitié proponer una serie de
potenciales caracteres osteoldgicos nuevos, ttiles para el analisis filogenético, gracias a maximizar las diferencias existentes

entre los diferentes clados muestreados.

Palabras clave Titanosauria - Lo Hueco - Morfometria Geométrica - Cretacico - Semilandmarks de superficie de alta

densidad

1 Introduction

The titanosaurian appendicular skeleton has been poorly
known until the last few decades, even though the study of
this region of the skeleton is critical in several events in the
evolutionary history of the neosauropod bauplan and posture
(Carrano 1998, 2005; Wilson and Carrano 1999; Apesteguia
2005; Henderson 2006; Bates et al. 2016; Gonzalez Riga
et al. 2019). In addition, the appendicular skeleton bears
osteological information used in morphological datasets for
sauropod phylogenetic analyses (e.g. Salgado et al. 1997,
Wilson 2002; Upchurch et al. 2004; Mannion et al. 2013;
Carballido et al. 2012, 2017; Gonzalez Riga et al. 2019).
However, many studies of sauropod cladistics have lacked
information on numerous titanosaurian taxa until recently,
caused by the fragmentary record of those taxa (e.g. Wilson
and Upchurch 2003; Bonnan 2004; Upchurch et al. 2004;
Ullmann et al. 2017; Gonzalez Riga et al. 2019). Until the
mid-to-late 1990 most of the best known titanosaurians
were from derived lithostrotian taxa, so this lack of infor-
mation produced a bias in the osteological information
toward these derived forms (Gonzalez Riga et al. 2019).
Most of the osteological information and the best known
titanosaurians were primarily taxa referable to Saltasauri-
dae, a deeply nested clade with a specialized appendicu-
lar structure (see Powell 1992, 2003; Carrano 2005; Bates
et al. 2016; Ullmann et al. 2017; Otero 2018; Gonzalez Riga
et al. 2019). The saltasaurid sauropods possessed a massive
and robust appendicular skeleton configured into a unique
stance termed “wide-gauge” posture (e.g. Opisthocoelicau-
dia skarzyinski Borsuk-Bialynicka 1977; Saltasaurus lorica-
tus Powell 1992, 2003; Neuquensaurus australis Lydekker
1893; Otero 2010). Recent discoveries of new titanosaurian
material highlight a wider degree of morphological differ-
ences in the derived titanosauriform skeleton, and analysis
of these new materials could help to assess the phylogenetic
affinities among the more inclusive groups (Gonzéilez Riga
et al. 2019). Moreover, phylogenetic affinities of several of
these titanosaurian subclades are still debated, as additional
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information of new taxa allow several already known tita-
nosaurs to be reassessed. This new osteological information
and recent discoveries sometimes results in relocation of
several already known titanosaurian forms in other previ-
ously known inclusive groups within Titanosauria (Gonzalez
Riga et al. 2018; Mannion et al. 2019) or else the proposal
of entirely new exclusive clades within Titanosauria (e.g.
Lirainosaurinae Diez Diaz et al. 2018a, b).

In addition, the lack of complete specimens of earlier
branching non-saltasaurid titanosaurs complicates the
description and assessment of osteological characters.
This is especially relevant for the appendicular skeleton
(Gonzélez Riga et al. 2019) as osteological characters from
this region are sometimes convergent among titanosauri-
forms or between titanosauriforms and non-titanosauriforms
(see comments in the Character list in Tschopp et al. 2015)
Therefore, because of these morphological similarities many
of the osteological features are not taxonomically meaning-
ful (see Wilson and Upchurch 2003; Vila et al. 2012).

In this context, the Late Cretaceous in the Ibero-
Armorican domain has yielded many titanosaurians:
Ampelosaurus atacis Le Loeuff 1995, Lirainosaurus asti-
biae Sanz et al. 1999, Atsinganosaurus velauciensis Gar-
cia et al. 2010 and Lohuecotitan pandafilandi Diez Diaz
et al. 2016 as well as some still undescribed titanosau-
rian forms (Canudo et al. 2001; Vila et al. 2012; Ortega
et al. 2015; Diez Diaz et al 2018a, b). There is also an
abundant sample of appendicular material retrieved from
the known Ibero-Armorican titanosaurian localities (see
localaties of Ampelosaurus atacis Le Loeuff 1995 2005;
locality of Lirainosaurus astibiae Sanz et al. 1999; Pereda
Suberbiola et al. 2000, 2015; Diez Diaz et al. 2015; and
locality of Lohuecotitan pandafilandi Diez Diaz et al. 2016
Ortega et al. 2015; see also the Campanian—Maastrichtian
of Chera locality in Company et al. 2009, Diez Diaz et al.
2015; and the early and late Maastrichtian south Pyreneab
localities in Vila et al. 2012). Taxonomical assessment
of several of these undescribed forms have been dif-
ficult in the past because of the lack of morphological
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taxonomically meaningful features in the appendicular
skeleton, which also make it difficult to assess the taxo-
nomical diversity and the cladistic relationships of those
taxa within the referred bonebeds. Recent studies on the
limb skeleton of Late Cretaceous Ibero-Armorican lithos-
trotians have tried to identify osteological features that can
be useful to differentiate among described and still unde-
scribed titanosaurian forms, specifically those that could
be related to autapomorphic features (e.g. linea intermus-
cularis cranialis or relative development of the trochan-
teric shelf of the femur, Vila et al. 2012) but the morpho-
logical variability within the Ibero-Armorican titanosaurs
is greater than previously reported (e.g. linea intermuscu-
laris cranialis present in both fermoal morphotypes at Lo
Hueco Paramo et al. 2016, 2018; differences in the robust-
ness of different morphotypes within the same fossil site
Diez Diaz et al. 2015). Moreover, the implications of the
taxonomical assessment and the identification of poten-
tial new characters could help to recognize common fea-
tures among these taxa and other titanosaurian forms, and
whether some osteological characters are found in more
exclusive groups or are more widespread among different
subclades (i.e. discussion about the femoral linea inter-
muscularis cranialis in Vila et al. 2012). Identifying puta-
tive synapomorphic features is important as recent phy-
logenetic hypotheses debate the presence of an endemic
titanosaurian group in the Ibero-Armorican domain dur-
ing the Late Cretaceous and its phylogenetic relationships
with other Late Cretaceous titanosaurian faunas, especially
the ones from East Europe and North Africa (Diez Diaz
et al. 2018a, b; Mocho et al. 2019a). The sample of tita-
nosaurs from the Konzentrat-Lagerstidtten at Lo Hueco
has yielded numerous axial and appendicular elements in
different states of preservation and is proving to be rel-
evant in this analysis (Fig. 1; see Ortega et al. 2015; Diez
Diaz et al. 2016). This unique and abundant sample has
allowed the assessment of morphological features relatable
to taxonomic differences between two main morphotypes
of appendicular elements (Pdramo et al. 2017a). The use
of Geometric Morphometrics toolkit (GMM) enabled us
to assess the more probable number of morphotypes in the
sample and allocate the isolated specimens. The specimens
of Morphotype I are closely related with the holotype of
Lohuecotitan pandafilandi (Mocho et al. 2019a; Paramo
et al. 2019). Following the association of the elements
from Diez Diaz et al. (2016) as well as the associated
individuals HUE-EC-05 (ulna HUE-964, femur HUE-
1366), HUE-EC-11 (humerus HUE-817, femur HUE-
930) and a forelimb zeugopodium (ulna HUE-1139, radius
HUE-1140) we can refer all the elements of Morphotype
I (including L. pandafilandi) as very close forms if not
the same taxon based on the quite robust limb skeleton, a
shorter humerus with the typical hourglass morphology,

ulnae with a markedly wide anteromedial and olecranon
processes, femora with globous femoral head and distal
end, low eccentricity of the shaft and a pronounced linea
intermuscularis cranialis, a robust tibia with marked
secondary cnemial crest and fibula with autapomorphic
medially deflected anterior crest and square-shaped proxi-
mal. It is important to note that these common features
have been identified after our analyses (e.g. Paramo et al.
2019) assessing several partially articulated individuals,
as the Lohuecotitan pandafilandi holotype specimen does
not preserve the humerus and radius. A second morpho-
type, Morphotype I, refers to a different titanosaur with
more gracile and columnar appendicular elements. Given
the association of the individual HUE-EC-13 (humerus
HUE-1647, femur HUE-1183) and a hindlimb zeugopo-
dium (tibia and fibula HUE-1612) it is plausible that this
entire cluster can refer to the same morphotype and all the
elements pertain to the same taxa. They share a more elon-
gated and plesiomorphic humeri with slightly quadrangu-
lar proximal, extremely gracile ulnae, columnar femora
with anteroposterior compression along the whole shaft,
and extremely gracile tibiae which generally exhibit a sec-
ondary trochanter in the fibular articulation. We believe
that the morphological differences recognized are probably
taxonomically and phylogenetically significant, following
previous attempts to recognize different morphotypes or
morphospecies in the Ibero-Armorican domain (e.g. Vila
et al. 2012; Diez Diaz et al. 2015; Mocho et al. 2018).
However, the presence of more than one titanosaur form
among the elements of each morphotype should not be dis-
regarded (see Ortega et al. 2015; Paramo et al. 2017a; also,
the problem of whether these morphological features are
taxonomically meaningful as commented above). Regard-
less of the taxonomic status, both morphotypes come from
different taxonomic units referable to Lithostrotia (Diez
Diaz et al. 2016; Mocho et al. 2019b, ¢). Morphotype 11
includes elements from at least one taxonomic unit differ-
ent from L. pandafilandi and other known Ibero-Armori-
can titanosaurian forms, and present features that allow its
inclusion within Lithostrotia (e.g. all radii reported from
Lo Hueco present a proximolateral bevelling, Curry Rog-
ers 2005; posterolateral bulge on the humerus, Carbal-
lido et al. 2017; and dorsally deflected femoral head over
greater trochanter of the femur, Poropat et al., 2016). In
addition, the analyses of several specimens belonging to
the axial skeleton have allowed the identification of multi-
ple morphotypes (at least three) and suggest that Lo Hueco
titanosaurs are all members of Lithostrotian (Mocho et al.
2016, 2019b). The GMM analyses allowed the assess-
ment of the intraspecific variability in each morphotype
and characterization of the areas that present most of the
morphological variance between the two forms.

@ Springer
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Fig. 1 Titanosaurian stylopodial elements. Location and chronostrati-
graphic context of the Lo Hueco fossil site (a), Morphotype I from
Lo Hueco: left humerus 3D mesh representation of HUE-817 in ante-
rior view (b); Lohuecotitan pandafilandi right hindlimb: femur HUE-
3108 in posterior view (c), tibia HUE-3082 in lateral view (d) and
fibula HUE-3087 in lateral view (e), L. pandafilandi left ulna HUE-
3044 in anterior view (f); Morphotype II right femur HUE 594 in
posterior view (g); Morphotype I associated left ulna HUE-1139 (h)

The difficulties related to the taxonomic assessment and
description of potential osteological characters in titano-
saurs appendicular elements is also related to the presence
of morphological similarities between distinct titanosauri-
form groups (Ullmann et al. 2017). The appendicular skel-
eton of phylogenetically distant groups commonly presents
morphological convergence given the current phyloge-
netic hypotheses, which is probably due to the presence of
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and left radius HUE-1140 in anterior view (i). Morphotype II from
Lo Hueco: left humerus HUE-1434 in anterior view (j), left radius
3D mesh representation of HUE-1166 in posterior view (k), right
ulna HUE-1158 in anterior view (1), right tibia HUE-2117 in lateral
view (m), left fibula HUE-1146 in lateral view (n). Scale bar for a
indicated in the inset; scale for all other figures as indicated beneath
the bone images

morphofunctional similarities among those groups (Hen-
derson 2006; Ullmann et al. 2017). In order to assess the
morphological differences between these groups, the analy-
sis should take into account this aforementioned probable
convergence among the sampled titanosaurs. The use of
GMM can help to study these differences, analyse the pos-
sible convergence, and ultimately identify the areas of the
non-autopodial skeleton that can be helpful for sauropod
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cladistic analyses. The unique sample of Ibero-Armorican
titanosaurs is an opportunity to analyse this morphological
variability, identify, and codify potential useful characters
for cladistics analyses. The Ibero-Armorican lithostrotian
record represents a diverse sample and they exhibit morpho-
logical features that were previously thought as exclusive to
other non-European titanosaurian clades (e.g. the linea inter-
muscularis cranialis of the femur mentioned above, Vila
et al. 2012; the secondary cnemial crest of the tibia, Ullmann
and Lacovara, 2016). The improvement on data matrices
used for cladistic analyses are important in order to revaluate
the still poorly known evolutionary history within exclusive
faunas Ibero-Armorican titanosaurian taxa, Atsinganosaurus
velauciensis, Ampelosaurus atacis, Lirainosaurus astibiae,
and Lohuecotitan pandafilandi. The sample of appendicular
elements found in Lo Hueco site and the referred material of
Lirainosaurus astibiae from the Lafio site (previously com-
pared in Paramo et al. 2017a) represent a diverse sample
to start assessing this morphological variation. A similar
workflow can be replicated in order to include other taxa
from the titanosaurian record and compare, with a control
of the within-group variance and the variance between the
different titanosaurian groups. GMM is also able to exclude
size-dependent effects from the shape analyses like pres-
ence of putative juvenile individuals among the sampled

Table 1 Sample of analysed somphospondylan sauropods

specimens and differences between giant titanosaurian taxa
(e.g. Argentinosaurus huinculensis) with representative of
smaller titanosaurs (e.g. Lirainosaurus astibiae, Rinconsau-
rus caudamirus and Saltasaurus loricatus). This allows the
observation of probable morphological convergence in the
appendicular skeleton among more inclusive titanosaurian
groups. The GMM tool-kit can also be used to analyse the
morphological variation that is relatable exclusively to dif-
ferences between said titanosaurian clades, and therefore
discuss their implications with actual osteological char-
acter definitions or help to assess potential new character
definitions.

2 Methodology

In order to analyse morphological differences between
derived titanosauriform clades, we digitized the appendicu-
lar skeleton of the holotypic and referred material of 21 som-
phospondylan species from the Gondwanan and European
(Laurasian) Cretaceous record (Table 1). Most of these taxa
are referable to Titanosauria, except for Ligabuesaurus lean-
zai, regarded here as an early member of Somphospondyli
(following Mannion et al. 2019) and added as an outgroup in
the comparisons. Each specimen also includes two different

Taxon/Morphotype OTU Clade Forelimb Hindlimb
Humerus  Ulna  Radius  Femur Tibia  Fibula

Aeolosaurus sp. Aeolosaurus Aeolosaurini 1 3 1 1 1 1
Antarctosaurus wichmannianus Antarctosaurus Titanosauria 1 - - 1 1 1
Argentinosaurus huinculensis Argentinosaurus Colossosauria - - - - - 1
Bonatitan reigi Bonatitan Lithostrotia 1 - - 1 1 1
Bonitasaura salgadoi Bonitasaura Lithostrotia - - - 1 2 1
Elaltitan lilloi Elaltitan Lithostrotia 1 1 1 1 1 1
Jainosaurus cf. septentrionalis Jainosaurus Titanosauria 1 - - 1 1 1
Ligabuesaurus leanzai Ligabuesaurus Somphospondyli 1 - - 1 1 1
Lirainosaurus astibiae Lirainosaurus Lithostrotia 3 - 3 1 3
Mendozasaurus neguyelap Mendozasaurus Colossosauria 1 1 1 1 1 1
Morphotype I at Lo Hueco Morphotype I Lithostrotia 4 6 3 10 10 9
Morphotype II at Lo Hueco Morphotype I1 Lithostrotia 7 4 1 9 5 8
Muyelensaurus pecheni Muyelensaurus Colossosauria 5 2 2 3 3 3
Narambuenatitan palomoi Narambuenatitan ~ Lithostrotia 1 1 - 1 - -
Neuquensaurus australis Neuquensaurus Saltasauridae 8 3 5 5 3 2
"Neuquensaurus robustus" Neuquensaurus Saltasauridae 1 2 - 3 2 1
Notocolossus gonzalezparejasi Notocolossus Colossosauria 1 - - - - -
Petrobrasaurus puestohernandezi ~ Petrobrasaurus Titanosauria 1 - - 2 1 -
Rinconsaurus caudamirus Rinconsaurus Colossosauria 1 - - - - -
Saltasaurus loricatus Saltasaurus Saltasauridae 5 4 4 4 4 2

Number of specimens for each element type

OTU operative taxonomic unit
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«Fig.2 Landmark and semilandmarks used in this study. Humerus in
anterior, proximal, midshaft section and distal views (a), ulna in prox-
imal, anterior, midshaft section and distal views (b), radius in proxi-
mal, posterior and distal views (c), femur in posterior, proximal, mid-
shaft section and distal views (d), tibia in proximal, lateral, midshaft
section and distal views (e) and fibula in proximal, lateral and distal
views (f). Landmarks in green, semilandmark curves in red

grouping labels; one of them is a taxonomic label at genus
level (e.g. Neuquensaurus australis and “Neuquensaurus
robustus” are here included as Neuguensaurus, see Otero
2010, Salgado et al. 2005, the morphological variability does
not support two different taxa and it is still debated whether
they are different taxa or possible dimorphs). The other label
is the more inclusive group (for the example above Neuguen-
saurus — Saltasauridae) to which they are inferred to belong
in recent phylogenetic hypotheses proposed in the literature
(Gorscak and O’Connor 2016; Poropat et al. 2016; Carbal-
lido et al. 2017; Diez Diaz et al. 2018a, b; Sallam et al. 2018;
Gonzélez Riga et al. 2018, 2019; Mannion et al. 2019). We
have considered the in-group relationships of Colossosau-
ria proposed by Gonzélez Riga et al. (2019). However, the
position of Colossosauria is still being debated, as some of
its members or the entire group has been found to be deeply-
branching members of Titanosauria outside Lithostrotia (e.g.
Carballido et al. 2011, 2017) whereas most recent analyses
position most of its members or recover the entire clade
within Lithostrotia (e.g. Poropat et al. 2016, Diez Diaz et al.
2018a, b, Sallam et al. 2018, Gonzélez Riga 2019; Gorscak
O’Connor recovered most of its members within Lithostro-
tita except for Argentinosaurus huinculensis). We considered
Colossosauria as early-branching members of Lithostrotia.

A 3D digital model representative of each specimen was
obtained via stereophotogrammetry following the method
of Mallison (2011; see also Mallison and Wings 2014).
The specimens were photographed with a Canon EOS
1100D and Canon EOS 80D with Canon EFS 18-55 mm
£3.5-5.6, Canon 50 mm f1.8 and Sigma 17-50 mm 2.8
lenses. The point cloud reconstructions were processed in
Agisoft Photoscan™ v1.4.1. and the 3D mesh objects were
exported in “.obj” format and post-processed with Blender
v1.8 (Blender Online Community 2018). Some of the ele-
ments were digitized in an early stage of this research via
an IR device with an Xbox 360 Kinect™ sensor (follow-
ing the methods of Falkingham 2013). A comprehensive
list of the sampled specimens and the digitizing method
used for each can be accessed in the Online Resource 1.
The sample of limb elements was analysed with the GMM
tool-kit as it permits comparison of specimens of different
sizes and sides of the skeleton, as well as the extraction of
latent effects. For example, one common latent effect is a
relationship between the size and shape of the skeletal ele-
ments which likely reflects ontogenetic variability due to
development or other scaling processes (see Zelditch et al.

2012) which are beyond the scope of the current study.
Our sets of landmark definitions are mostly type I and type
IT as per the classification of Bookstein (1991). Analysis
of curved morphological features (e.g.. features like the
deltopectoral crest of the humerus, cnemial crest of the
tibia, lateral trochanter of the fibula) was possible with
the use of curved semilandmarks (Gunz et al. 2005; Gunz
and Mitteroecker 2013). We also analysed the complete
surface of each specimen by using high density surface
semilandmarks (see also Gunz et al. 2005) in a separate
analysis of the complete morphology of each anatomical
element (see below).

For the sliding of semilandmarks we followed the meth-
odology originally proposed by Souter et al. (2010) modified
by Botton-Divet et al. (2015). We created an “Atlas” or tem-
plate mesh for each anatomical element in which the land-
mark and semilandmark curves are defined. Then, the curve
semilandmarks are slid from the template to match the mor-
phology of each analysed specimen (see Online Resource 2
for a step-by-step procedure). Landmark and semilandmark
definitions, and placement of them in the template and the
sampled specimens were made in the IDAV Landmark™
editor v3.0.7 (Wiley et al. 2005).

A list of the landmarks as well as curved and surface
semilandmarks defined in each anatomical element can be
accessed here (Fig. 2, Table 1). A comprehensive defini-
tion of each landmark and semilandmark used in this study
can be accessed in Online Resource 2, with the percentage
of missing information across the dataset. The landmarks
were imported into R v.3.6.1. statistical software (The R
Core Team 2016) in order to run a Generalized Procrustes
Analysis (GPA) to align the landmark configurations of all
the specimens and then explore morphospaces. The curve
and surface semilandmarks were projected to the surface
of each specimen via a Thin Plate Spline (TPS) algorithm
which minimizes the Bending Energy (Gunz et al. 2005).
Both procedures (sliding of the semilandmarks and GPA)
were run with the Morpho v.2.7 (Schlager 2017) and geo-
morph v.3.1.2 (Adams et al. 2019) packages for R, respec-
tively. The high density surface semilandmarks were gen-
erated as a retopologized quadratic mesh with the number
of vertices equal to the number of desired semilandmarks
using the software Instant Mesher v1.0 (Jakob et al. 2015).
The retopologizing process generated a regular pattern of
polygon faces with almost equal area across the entire mesh
(Fig. 3d). The vertices of these faces were then transformed
into semilandmark coordinates and slided over the template
mesh using the Morpho and the rgl v.0.100.30 package for
R (Adler et al. 2019; see Fig. 3d, e).

One of the most common problems in morphometric
studies of paleontological material, especially those examin-
ing sauropod limb elements is the lack of completeness of all
the morphological features in some of the available remains
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projection procedure. Initial 3D mesh representation of the fossil
specimen with an incomplete (not preserved) surface and landmark
dataset (a), multiple imputation of the landmark dataset performed to
produce the estimated set of x—y—z coordinates of the missing land-
marks (b), superimposition of the template mesh and warping to the

(Lautenschlager 2017). It is common that many of the appen-
dicular elements do not preserve part of the proximal and
distal ends of the specimen (and this is particularly common
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specimen’s estimated landmark coordinates (c¢), retopologizing of
the template mesh and conversion of these vertices into high-density
surface semilandmarks (d) and projection of the high-density surface
semilandmarks into the virtually restored specimen’s mesh to gener-
ate the surface semilandmark dataset for the specimen (e)

in the Ibero-Armorican titanosaurians: e.g., Le Loeuff 2005;
Vila et al. 2012; Diez Diaz et al. 2013; Ortega et al. 2015).
A complete landmark and semilandmark configuration is
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needed for the analyses, as well as the complete surface
reconstruction of the specimen in order to process the sliding
of the semilandmarks. However, manual manipulation of the
3D mesh (see virtual restorations by Lautenschlager et al.
2012; Molnar et al. 2012; Vidal and Diez Diaz 2017) can
introduce biases due to subjective morphological assump-
tions that are not desirable in the analysis of the morphology.
Therefore, we instead relied on virtual statistical restora-
tion methods and elected to use the techniques provided by
the GMM tool-kit (Gunz et al. 2009; Profico et al. 2018;
Schlager et al. 2018). We used multiple imputation methods
to estimate the missing landmarks for use in TPS analy-
ses following the procedure of Gunz et al. (2009) in geo-
morph (see Fig. 3a, b). After a complete set of landmarks
and semilandmarks was obtained, the specimen complete
surface mesh was generated also using the TPS algorithm
to warp the template mesh to the new configuration (follow-
ing Gunz 2005; see also Botton-Divet et al. 2015; Fig. 3c).
These reconstructed meshes were used to project the high-
density surface semilandmarks on each specimen and create
the surface dataset. After being projected for each specimen,
the surface semilandmarks were positioned by sliding prior
to performing the GPA (Table 2).

After positioning the landmarks and the GPA, the
resulting Procrustes coordinates (translated into shape
space) were used in two different ways. The landmark
and curve semilandmark dataset with the main morpho-
logical features of the element was analysed via Principal
Component Analysis (PCA; e.g. Strauss and Bookstein
1982; Zelditch et al. 2012) in order to characterize large-
scale aspects of the morphological variation. They were
also analysed with Linear Discriminant Analysis (LDA;
see Darlington et al. 1973) to observe group differences
between the a priori classifications (in this case, more
exclusive group relationships within somphospondylan
sauropods, such as Titanosauria, Lithostrotia and Salta-
sauridae). LDA finds linear combinations of variables that
describe intergroup variance (the Linear Discriminant—or
LD; see Claude 2008; Mitteroecker and Bookstein 2011)
using a scaling function based on Mahalanobis distances
(Darlington et al. 1973; Claude 2008) while taking into
account the within-group variance—covariance matrix.
This allow us to: (1) analyse morphospace occupation
while maximizing the morphological differences between
the derived titanosaurian specimens included in the cur-
rent dataset and the other specimens studied; (2) discuss
paleobiological implications of the differences between
the morphological LDA results and the morphological
PCA results. The PCA on the Procrustes coordinates was
performed to evaluate morphological variation within the
sample without emphasizing a priori group differences in

the calculation with the basic prcomp() function. LDA was
performed with the MASS v.7.3-51.4 package (Venables
and Ripley 2002). Herein we present the main Principal
Components (PCs) and LDs results, with emphasis on
those capturing the main morphological variation (e.g.
PC1 and PC2, LD1 and LD2). The PCAs on the forelimb
elements can be found with a mesh representation of the
morphology plotted at each extreme of the PC (Fig. 4), and
similarly with the PCAs of the hindlimb elements (Fig. 5).
The comprehensive report on the complete PCA and LDA
results can be accessed in Online Resource 3. We also
tested the statistical differences between the different tita-
nosaurian clades via Kruskal Wallis and Mann—Whitney
U pairwise comparison with a post-hoc Bonferroni p value
adjustment. These tests were carried out to assess if there
were significant differences between the different exclusive
groups in the shape PCAs. Results of the Kruskal Wallis
test can be accessed in Table 3, and Mann—Whitney U
pairwise comparison in Table 4. Also, a supplementary
test between the different taxonomic units used in this
study is provided in Online Resource 3.

The high-density semilandmarks are used to analyse
the morphological features exhibiting most of the varia-
tion between the different clades. Instead of exploring the
morphospace occupation, LDA was applied on the high-
density surface semilandmarks to calculate the morphologi-
cal variation maximizing the between group differences in
a phylogenetic context by assigning specimens to groups
according to their “clade” label. The resulting LDs were then
used to calculate the morphological differences between the
extreme configurations. The LDA “eigenvectors” (in LDA
the eigenvector is a scaled decomposition using the within
group variance; see also Claude 2008) were obtained and
used to calculate the extreme surface semilandmark con-
figurations for each LD. Then, the Procrustes distances (see
Rohlf 2000) were calculated between the surface semilan-
dmark configurations for the extreme values of each Linear
Discriminant. Procrustes distances were approximated with
Euclidean distances between the surface semilandmark coor-
dinates assuming that there is low variation between them
(Kendall 1984; Rohlf 1998 1999). After this calculation,
we obtained the Procrustes distances for each of the high-
density surface semilandmarks, which allowed to visualize
the areas of maximum variation in morphology for each
element. This also allowed us to compare where most of
the between-group variance is concentrated against previ-
ous osteological characters as described in current sauropod
systematic analyses (e.g. Carballido et al. 2017; Gonzalez
Riga et al. 2019) or if it is found to correspond weakly, could
potentially be used to define new osteological characters in
future studies.
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Table 2 Landmark and

. - N of Land- Landmarks N Semilandmarks Missing (%)
semilandmark definitions for the o
current study marks Curves determination

Humerus 18 s1-s18 11.99
30 cl 29.54
20 c2 34.09
20 c3 20.45
40 c4 6.82
70 c5 38.63
1651 Surface -

Ulna 12 s1-s6, s8—s13 12.65
60 cl 33.33
30 c2 0.00
30 c3 29.63
1651 Surface -

Radius 7 s1-s7 2.78
46 cl 11.11
28 c2 5.56
28 c3 0.00
41 c4 11.11
1628 Surface -

Femur 24 s1-s24 16.83
50 cl 44.00
20 c2 14.00
40 c3 6.00
60 c4 40.00
1624 Surface -

Tibia 14 sl-s14 14.66
41 cl 28.95
19 c2 26.32
40 c3 0.00
50 c4 47.37
1412 Surface -

Fibula 10 sl-s10 11.35
40 cl 24.32
40 c2 21.62
44 c3 8.11
10 c4 24.32
40 c5 29.73
719 Surface -

3 Results

3.1 Morphospace occupation within titanosauria
3.1.1 Humerus

The PCA of the humeri recovered 44 PCs, with the first
seven PCs summarizing 81.99% of the cumulative vari-
ance. The LDA recovered five LDs, with the first two LDs

summarizing 80.71% of the cumulative variance. The PCA
results highlight differences between the robust humeri

@ Springer

of saltasaurids (e.g. Saltasaurus loricatus) and the slen-
der and more anteriorly projected humeri in members of
Rinconsauria (e.g. Muyelensaurus pecheni, MRS-Pv-70),
which exhibits positive values in PC1 (Fig. 4). PC1 (which
accounts for 45.84% of the variance) plots more robust
humeri with especially mediolaterally expanded proximal
ends at negative values whereas more gracile humeri with
slightly anteriorly-placed deltopectoral crests plot at more
positive values (Fig. 4a, b). PC2 (11.93% of the variance)
captures differences in the rotation of the deltopectoral
crest, the expansion of the proximal and distal ends, and
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the curvature of the shaft (displacement of the proximal end
relative to the midshaft width and the distal end in medi-
olateral and lateral views). The straighter and slightly more
robust elements lacking strong anterior projection of the
deltopectoral crest plot at more negative values (Fig. 4a, b).
Specimens with greater shaft curvature and more anteriorly
projected deltopectoral crest plot in more positive values
(Fig. 4a, b). There are slight differences among non-lithos-
trotian members referred to Titanosauria (e.g. Antarctosau-
rus wichmannianus specimen MCNA-6804), colossosaurs
and some saltasaurids, which plot at more negative values
of PC2, whereas most lithostrotian titanosaurs are plotted
near zero or exhibit slightly negative values (Fig. 4a). How-
ever, overlapping between non-lithostrotian and lithostrotian
sauropods is common along PC2. Specimens of Muyelen-
saurus pecheni and Saltasaurus loricatus occupy the larg-
est ranges in PC2. In the case of Muyelensaurus specimens
range from near zero value of PC2 in some specimens which
exhibit a slightly medially-rotated deltopectoral crest (e.g.
MAU-PV-357) whereas some specimens plotting with more
positive values have an unrotated, anteriorly projected delto-
pectoral crest (e.g. MAU-PV-70). LDA results also allow the
identification of large differences between the members of
Saltasauridae and other somphospondylans, as well as major
differences between non-titanosaur somphospondylans and
other titanosaurs. LD1 (which account for 62.91% of the
variance) plots saltasaurids at positive values, far from the
values occupied by other titanosaurian sauropods. The other
non-saltasaurid titanosaurs are plotted at negative values of
LDI1 (Fig. 5b). The members of Colossosauria plot at more
negative values of LD1 slightly separated from other tita-
nosaurians and slightly separated from other lithostrotians,
and only slightly overlapping with the humeri referred to
Morphotype II at Lo Hueco (Fig. 6a). LD2 (which accounts
for 19.01% of the variance) highlights major differences
between the non-titanosaurian somphospondylan Liga-
buesaurus leanzai, which plots isolated at more negative
values of LD2, and the other titanosaurs. Non-lithostrotian
titanosaurs plot at modestly negative values overlapping
with non-colossosaurian and non-saltasaurid lithostrotians
(Fig. 4a), whereas Colossosauria generally plot near zero
with slightly negative values of LD2, slightly overlapping
with Morphotype II at Lo Hueco (Figs. 4a, b, 6a). Except
for some specimens from Morphotype II at Lo Hueco (i.e.
HUE-1647, HUE-3829), most non-saltasaurid lithostrotians
plot at negative values of LD2.

The LDA results resemble the subclade separations of
the PCA (Figs. 4a, 6b) despite some major differences in
the position of Ligabuesaurus leanzai in the morphospace
and the extent of morphological differences between the
non-lithostrotian titanosaurs and members of Lithostro-
tia (Fig. 6). Members of Colossosauria plot separated
from other somphospondylan sauropods in both analyses.

However, some differences can only be observed when the
clade differences are maximized in the LDA. The more
deeply-nested colossosaurian sauropods (e.g. Mendozasau-
rus neguyelap and Notocolossus gonzalezparejasi; Fig. 5a)
share an area of the morphospace occupation with both other
non-lithostrotian and lithostrotian sauropods, whereas Rin-
consauria is separated off on its own in the PCA. In contrast,
the LDA plots essentially a slightly separated Colossosau-
ria in their own region of the morphospace with the more
early branching colossosaurs (e.g. Rinconsaurus caudami-
rus) closer to the region of the morphospace occupied by
other non-lithostrotian titanosaursand non-colossosaurian
lithostrotians (Fig. 6a). Morphotype II at Lo Hueco and
Lirainosaurus astibiae are the lithostrotian titanosaurs that
plotted nearest the region of the morphospace occupied by
rinconsaurian colossosaurs (Fig. 6a).

3.1.2 Ulna

The PCA of the ulnae recovered 27 PCs, of which the first
five PCs summarize 83.93% of the variance. In contrast, the
LDA of the ulnae recovered only three LDs with the first LD
summarizing 81.61% of the variance. PC1 (which accounts
for 57.19% of the variance) highlights differences between
the extremely slender ulnae of Morphotype II at Lo Hueco
and Mendozasaurus neguyelap, which both plot at more
negative values, and the robust ulnae of saltasaurids which
plot at more positive values of PC1 (Fig. 4). In this analysis,
the saltasaurids overlap slightly with other lithostrotian tita-
nosaurs, in part because specimens of Neuguensaurus spp.
exhibits few differences from those of Aeolosaurus sp. and
Morphotype I at Lo Hueco (among others; see Fig. 4c—e).

PC2 (which accounts for 10.0% of the variance) summa-
rizes morphological differences between the mediolateral
expansion and the relative shape of the olecranon process.
Such variation is evenly distributed among all the sampled
titanosaurian clades. No noteworthy differences were found
among the values of the different titanosaurian clades across
this PC.

LD1 (which accounts for 81.61% of the variance) sepa-
rates deeply-nested titanosaurs, specifically members of the
Saltasauridae and Aeolosaurus sp, (e.g. specimen MPCA-
Pv-27174) at negative values from all the other titanosauri-
ans (including early branching lithostrotians) which plot at
positive values of LD1 (Fig. 6b). LD2 (which account for
12.32% of the variance) does not significantly separate the
titanosaurian specimens, all of which plot at negative values
or near zero (Fig. 5d). Some titanosaurian specimens plot at
slightly positive values whereas colossosaurian ulnae plot at
positive values of LD2, separated from the region of other
titanosaurs in the morphospace. The overlapping between
saltasaurids and Aeolosaurus spp. Is noteworth, since they
exhibit short, robust ulnae with anteroposteriorly-wide
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«Fig.4 PCA results over the GPA aligned landmark and semiland-
mark curves of the forelimb skeletal elements. PCA of the sample of
humeri (a), representation of humeral shape change along PC1 and
PC2 respectively (b), PCA of the sample of ulnae (c), representa-
tion of the ulnar shape change along PC1 and PC2 respectively (d),
PCA of the sample of radii (e) and representation of the radial shape
change along PC1 and PC2 respectively (f). Mesh representation por-
tray negative values in blue, positive values in red. OTU operative
taxonomic unit/morphotype. Shape and colour legend indicated in the
bottom of the image

anteromedial processes and bulbous and mediolaterally-wide
olecranon processes, as no other analysis show overlapping
between these two forms, especially in the LDA analyses.

3.1.3 Radius

The PCA of the radii recovered 18 PCs, with the first six
summarizing 81.64% of the total variance. The LDA resulted
in three LDs with the first two summarizing 92.21% of total
variance. PC1 (which accounts for 35.63% of the variance)
highlights the robustness difference between the straight
and slender radius of Muyelensaurus pecheni and both
morphotypes from Lo Hueco, which plot at more positive
values (Fig. 4e, f). Certain specimens of Neuguensaurus spp.
(e.g. MLP-CS-1167), Aeolosaurus sp. (specimen MPCA-
Pv-27174) and Elaltitan lilloi plot near zero, whereas the
robust and slightly curved radii of Saltasaurus loricatus and
many of the Neuquensaurus spp. specimens plot at nega-
tive values of PC1. PC2 (which accounts for 14.67% of the
variance) highlights differences between straighter radii with
more acute posterior ridges and slightly more anteroposte-
riorly compressed shaft plot at negative values (Fig. 4e, f).
Specimens plotting at positive values exhibit more anter-
oposteriorly expanded and rounded proximal and distal ends,
with a more markedly projected ridge ascending from the
posteromedial corner of the distal condyle (pmdc following
Upchurch et al. 2015).

In contrast, the LDA found considerable differences
among all the titanosaurian subclades. LD1 (which accounts
for 52.1% of the variance) presents members of Colosso-
sauria at more negative values while Aeolosaurus sp. and
Morphotype I plot at less negative values. Many lithostrotian
specimens overlap near zero values on this axis. A single
radius from Morphotype I and Elaltitan lilloi overlap with
Saltasauridae at less positive values (Fig. 5d). LD2 (which
accounts for 40,12% of the variance) identifies differences
between non-colossosaurian and non-saltasaurid titanosaurs
(Morphotype I and Morphotype II at Lo Hueco and E. lilloi)
which plot at negative values, whereas Colossosauria and
Saltasauridae exhibit slightly negative to positive values.
(Fig. 6¢). There is a large overlap between the specimens
of colossosaurs, saltasaurids and Aeolosaurus sp. at posi-
tive values on this axis, indicating minimal morphologic

differences among the radii of these three distinct titano-
saurian subclades.

3.1.4 Femur

The PCA of the analysed femora resulted in 50 PCs with the
first eight PCs summarizing 81.52% of the total variance.
The LDA on the other hand resulted in five LDs with the first
three LDs summarizing 86.89% of the total variance. PC1
(which accounts for 32.72% of the variance) highlights the
overlapping of most of the members of non-saltasaurid and
non-aeolosaurini Somphospondyli across this axis (Fig. Sa,
b). the members of Saltasauridae, Aeolosaurus sp. (specimen
MPCA-Pv-27177), Bonitasaura salgadoi, Narambuenatitan
palomoi and Elaltitan lilloi plot at more positive values, and
these specimens exhibit a robust femora with anteroposte-
riorly expanded proximal and distal ends, a less eccentric
shaft and the distal condyles slightly rotated towards medial
(Fig. 5a, b). Along PC2 (which accounts for 17.3% of the
variance) the specimens with the shaft medially deflected,
slightly quadrangular proximolateral corner of the proximal
end in anterior view and proximally positioned minimum
midshaft width plot at negative values. As values along PC2
becomes more positive, the specimens exhibit progressively
more columnar femora, with a slight expansion of the proxi-
mal and distal ends and more distally-placed minimum mid-
shaft width (Fig. 5a, b). All the sampled somphospondylans
overlap in values along this PC indicating variable mor-
phologies that are similar between the sampled specimens
of different subclades (Fig. 5a).

The LDA resulted in a separation of most of the sauropod
group morphospaces despite the low sample size in some of
the studied subclades (e.g. non-lithostrotian titanosaurians,
Fig. 6d). LD1 (which account for 45.25% of the variance)
plots Ligabuesaurus leanzai, non-saltasaurid lithostrotians
and Aeolosaurus sp. at more negative values (Fig. 6d). The
members of Colossosauria are plotted near zero towards
more negative values, overlapping in some values with
other non-saltasaurid lithostrotians (Fig. 6d), whereas the
members of Saltasauridae are plotted separated from other
somphospondylans at positive values of LD1 (Fig. 6d). LD2
(which accounts for 26.33% of the variance) highlights the
differences between L. leanzai and lithostrotian titanosaurs
which plot at negative values, whereas specimens of non-
lithostrotian titanosaurs are plotted exclusively at positive
values of LD2. The non-lithostrotian titanosaurs and Colos-
sosauria overlap at similar values in the PCA whereas the
LDA allows the non-lithostrotian titanosaurs and Colosso-
sauria to be separated along LDI.

Elaltitan lilloi, Narambuenatitan palomoi and Aeolosau-
rus sp. possess femora that resemble those of saltasaurids
(see PCA, Fig. 5a), but only E. lilloi was recovered at a
position slightly closer to the saltasaurids in the LDA (yet
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«Fig.5 PCA results over the GPA aligned landmark and semiland-
mark curves of the hindlimb skeletal elements PCA of the sample of
femora (a), representation of femoral shape changes along PC1 and
PC2 respectively (b), PCA of the sample of tibiae (c), representation
of tibial shape changes along PC1 and PC2 respectively (a), PCA of
the sample of fibulae (e) and representation of fibular shape changes
along PC1 and PC2 respectively (f). Mesh representation portray neg-
ative values in blue, positive values in red. OTU operative taxonomic
unit/morphotype. Shape and color legend indicated in the bottom of
the image

still far from their morphospace; see Figs. 5, 6). Naram-
buenatitan palomoi and Aeolosaurus sp. (specimen MPCA-
Pv-27177) exhibit femoral morphologies similar to those of
non-saltasaurid lithostrotian.

3.1.5 Tibia

The PCA of the tibiae recovered 38 PCs with the first six
PCs summarizing 81.77% of variance. The LDA recovered
only five LDs with the first three LDs summarizing 87.87%
of the total variance. PC1 (which accounts for 57.87% of
the variance) places the extremely gracile and elongated
tibiae of the specimens of Morphotype II at Lo Hueco at
highly negative values (Fig. 5c). At less negative values
the tibiae progressively exhibit a more anteroposteriorly-
expanded proximal end and mediolaterally-expanded distal
end (Fig. 5). The robust and mediolaterally expanded tibiae
of the saltasaurids plot at positive values of PC1 (Fig. 5c, d).
PC2 (which accounts for 13.57% of the variance) recovered
the tibiae with a more anteroposteriorly-expanded proximal
end and more mediolaterally-expanded distal end, and the
anteriorly-projected articular surface of the ascending pro-
cess plotted at more negative values (Fig. 5c, d). In contrast,
positive values highlights specimens with tibiae with the
proximal end is expanded anteroposteriorly as it is medi-
olaterally, a slightly more compressed distal end and less
developed articular surface for the ascending process.

The LDA found considerable differences between the
saltasaurids, Ligabuesaurus leanzai, most non-saltasaurid
lithostrotians and non-colossosaurian titanosaurians, Tita-
nosauria and Colossosauria (Fig. 6e). LD1 (which accounts
for 63.25% of the variance) highlights differences between
the specimens of Saltasauridae and L. leanzai which plot
at negative values, with Neuquensaurus specimens slightly
overlapping with the tibiae of Bonatitan reigi and specimens
ofMorphotype I of Lo Hueco. These taxa are also recovered
in LD1 near the specimens of Aeolosaurus sp. (specimen
MPCA-Pv-27100-8), Jainosaurus cf. septentrionalis and
Bonitasaura salgadoi which plot at lower negative values
and zero in this axis (Fig. 7d). Some of the specimens of
non-lithostrotian titanosaurs (e.g. J. cf. septentrionalis)
and Aeolosaurus sp. are plotted at slightly negative values
and zero (Fig. 6e), but the majority of the members from

Lithostrotia plot between zero and positive values of LD1
(Fig. 6e). Members of Colossosauria plot at increasingly
positive values, with the specimens of Mendozasaurus
neguyelap closer to the values in which the specimens of
other non-colossosaur lithostrotian are plotted (Fig. 6e).
LD2 (which accounts for 20.14% of the variance) differen-
tiates the saltasaurid, Aeolosaurus sp. and colossosaurian
titanosaurs from the other somphospondylan subclades.
Specimen MPCA-Pv-27100-8 of Aeolosaurus sp.plots at
negative values, near colossosaurs and saltasaurids which
exhibit slightly less negative values on this axis (Fig. 6).
Most other titanosaurian specimens are plotted between zero
and positive values. The non-titanosaurian somphospondy-
lan L. leanzai is plotted isolated at highly positive values of
LD1 and negative values of LD2 (Fig. 6e).

3.1.6 Fibula

The PCA recovered 37 PCs, with the first seven PCs sum-
marizing 81.81% of the total variance. The LDA recovered
five LDs where the first three summarize 85.59% of the total
variance.[] PC1 (which accounts for 24.97% of the vari-
ance) highlights the straight fibulae with more mediolater-
ally compressed shaft and medial deflection of the anterior
trochanter, which are plotted at negative values (Fig. 6e, f).
As PCI1 values become positive, the fibulae exhibit more
mediolateral expansion with a slightly more sigmoidal shaft
and proximodistally-shorter anterior trochanter (Fig. Se, f).
PC2 (which accounts for 16.08% of the variance) plotted the
slender fibulae with mediolaterally compressed and straight
shaft at negative values (Fig. Se, f). When PC2 values
become more positive, the fibulae exhibit a more sigmoidal
profile in lateral view and mediolaterally wider shaft and a
more recurved lateral trochanter (Fig. Se, f). According to
this plot, most of the examined titanosaurian fibulae share
a similar morphology, Elaltitan lilloi is the only taxon that
exhibits a distinct morphology as evidenced by its plotting
apart from other somphospondylan specimens (Fig. 5e).

In contrast, the LDA was able to differentiate most of the
titanosaurian subclades (Fig. 7f). LD1 (which accounts for
48.48% of the variance) plots non-colossosaurian lithostro-
tians and Ligabuesaurus leanzai at negative values, whereas
the Colossosauria is plotted at the most positive values
compared with all the other taxa considered (Fig. 6f). The
non-lithostrotian titanosaurs are plotted at positive values of
LD1, near the values of colossosaurian but at slightly lower
values (Fig. 6f). The specimens of Aeolosaurus sp. and
Saltasauridae are plotted near zero thus exhibiting few dif-
ferences from other member of Somphospondyli which are
also plotted at negative values of LD1 (Fig. 6f). LD2 (which
accounts for 23.07% of the variance) plots early branching
somphospondylans (non-saltasaurid and non-aeolosaurini
somphospondylans) at negative values (Fig. 6f). Specimens
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Table 3 Total results of

PCs PCs(>80% variance) N of PCs after LDs LDs (>80% variance)

the PCA and LDA over the Anderson’s y test
procrustes coordinates in each
element type Humerus 44 PC1-PC6 43 5 LDI-LD2

Ulna 27 PC1-PC4 26 3 LD1

Radius 18 PC1-PC5 17 3 LD1

Femur 50 PC1-PC7 49 5 LD1-LD2

Tibia 38 PC1-PC5 37 5 LDI1-LD2

Fibula 37 PC1-PC6 36 5 LDI-LD2
Table 4 Kruskal Wallis over the shape PCs; Xz and p values after Bonferroni correction

Humerus Ulna Radius Femur Tibia Fibula
Chi-sq p value Chi-sq p value Chi-sq p value Chi-sq p value Chi-sq p value Chi-sq p value

PC1 31.568  0.000%* 12980  0.019* 9.184 0.108 27.626  0.000* 19.029  0.030* 4.984 1.000
PC2 14.685 0.071 4.733 0.770 2.260 1.000 1.122 1.000 3.623 1.000 7.702 1.000
PC3 2272 1.000 0.035 1.000 2.307 1.000 11.328 0.271 6.859 1.000 10.888  0.858
PC4 3.560 1.000 3.213 1.000 5.582 0.535 6.391 1.000 10.641 0.944 9.143 1.000
PC5 3.862 1.000 3.876 1.000 6.193 0.410 4.381 1.000 1.980 1.000 5.731 1.000
PC6 2.942 1.000 1.019 1.000 1.783 1.000 4.460 1.000 4.854 1.000 19.237  0.028*
PC7 6.091 1.000 3.444 1.000 2.120 1.000 2.797 1.000 2.720 1.000 6.941 1.000
PC8 4.268 1.000 3314 1.000 1.327 1.000 5.672 1.000 3.871 1.000 6.986 1.000
PC9 7.039 1.000 2.540 1.000 1.348 1.000 11.561 0.248 3.683 1.000 7.391 1.000
PCI10 5.387 1.000 7.732  0.208 2.438 1.000 1.651 1.000 3.322 1.000 8.615 1.000

a=0.05, significant p values indicated with “*’

of Saltasauridae and Aeolosaurus sp. (MPCA-Pv-27100-7)
are plotted at positive values of LD2 (Fig. 6f).

Whereas most of the sauropods show similarities in the
fibular morphology, members of Colossosauria and other
non-lithostrotian titanosaurs exhibit major morphological
differences in comparison with other analysed somphos-
pondylans (Fig. 6f). In particular among colossosaurs, the
fibulae of members of Rincosauria were found to differ the
most when compared with other titanosaurs, which is evi-
dent graphically by the plotting of these specimens the far-
thest from other non-colossosaurian titanosaurian specimens
along LD1. The specimens of Muyelensaurus pecheni are
plotted at the most positive values of LD1, slightly overlap-
ping with values of Argentinosaurus huinculensis but far
from the other early-branching colossosaur Mendozasaurus
neguyelap or the non-lithostrotian titanosaur specimens. In
contrast, M. pecheni plots at negative values of LD2 sepa-
rated from other members of Colossosauria and overlapping
with the values in which other non-saltasaurid and non-aeo-
losaurini titanosaurs are plotted (Fig. 6f). In comparison,
the PCA recovered no morphological divergence among
the specimens of Colossosauria. Similarly, the lithostrotian
titanosaurs (including Elaltitan lilloi) present a high vari-
ability at random among the different subclades as evidenced
graphically by the PCA (Figs. Se, 6f). Despite the slight
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morphological differences between the specimens of some
taxa and the high variability recovered in the PCA, the LDA
plot all the specimens of non-saltasaurid lithostrotian plotted
in the same area of morphospace (positive values of LD1,
zero to negative values of LD2). They do not differ greatly,
unlike the PCA where Ligabuesaurus leanzai is plotted
closer to Colossosauria and the E. lilloi specimen separate
from the other titanosaurs examined (Fig. 7e, f).

3.2 Titanosaurian morphological differences

The Kruskal Wallis test on the results of the shape PCAs
(Table 4) recovered only significant differences among the
analysed clades in the PC1 of the humerii (x>=31.568,
p<0.05), PC1 of the ulnae (x>=12.980, p<0.05), PC1
of the femora (X2=27.626, p<0.05), PC1 of the tibiae
(x*=19.029, p <0.05) and PC6 of the fibulae (y*=19.237,
p <0.05). The Mann—Whitney U pairwise test (Online
Resource 3) recovered significative differences (p <0.05
from now on) in PC1 of the humerii among colossosauri-
ans, lithostrotians and saltasaurids, as well as between mem-
bers of Saltasauridae and between members of Titanosauria
separately. The test of PC1 of both the ulnae and the radii
found significative differences between Saltasauridae and
non-saltasaurid Lithostrotia, as well as between members
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of Saltasauridae and Colossosauria. The test of PC1 of the
femora found only significant differences in the compari-
son between members of Saltasauridae and Colossosauria,
members of Saltasauridae and non-saltasaurid Lithostrotia
and members of Saltasauridae and non-lithostrotian Tita-
nosauria. The test of PC1 of the tibiae found significant
differences in the comparison between members of Colos-
sosauria and Saltasauridae and members of Lithostrotia and
Saltasauridae. In contrast, the test of the fibula shape PCA
found the least differences along its PCs, with no significant
differences in the PC1. There are significant differences but
only after PC1-PC2 (Fig. Se), where our test found signifi-
cant differences in PC6 between members of non-saltasaurid
Lithostrotia and Saltasauridae (Online Resources 3—4).

A Kruskal Wallis test was also carried out on the LDA
results (Table 5). It recovered significant differences among
the analysed somphospondylans subclades in LD1 for all
the element types. The test also found significant differ-
ences in LD2 of the humeri (X2=27.414, p<0.05), LD4
of the humeri (X2=20.976, p<0.05), LD5 of the humeri
(x*=17.596, p<0.05). LD2 of the radii (x>=10.887,
p<0.05), LD2 of the femora (X2= 26.182, p<0.05), LD4
of the femora (X2=20.670, p<0.05), LD2 of the tibiae
(x*=27.081, p<0.05) and LD2 of the fibulae (y*=18.839,
p <0.05). The pairwise Mann—Whitney U’s test (Online
Resource 3) of the humeri found significant differences
among Lithostrotia, Saltasauridae and Colossosauria, as well
as differences between members of non-colossosaurian, non-
lithostrotian Titanosauria and Colossosauria and members
of non-lithostrotian Titanosauria and Saltasauridae. The
test of LD2 of the humeri also found significant differences
between members of Lithostrotia and non-lithostrotian Tita-
nosauria, but no significant differences between members
of Colossosauria and Saltasauridae along LD2. The test of
LD1 of the ulnae found significant differences among all the
analysed clades except for the members of Aeolosaurini and
Colossosauria and members of Colossosauria and Lithostro-
tia. In contrast, LD2 of the ulnae recovered significative dif-
ferences between members of Colossosauria and Lithostrotia
as well as between members of Colossosauria and Salta-
sauridae. The test of LD1 of the radii found significant dif-
ferences among Colossosauria, non-saltasaurid Lithostrotia
and Saltasauridae. LD1 of the femora highlights significant
differences among Colossosauria, non-lithostrotian Titano-
sauria, Saltasauridae and between members of Saltasauri-
dae and non-saltasaurid Lithostrotia and between members
of non-lithostrotian Titanosauria and Lithostrotia. In con-
trast, significant differences were found along LD2 of the
femora between members of Colossosauria and Lithostrotia,
between members of Colossosauria and Saltasauridae, and
between members of Lithostrotia and non-lithostrotian Tita-
nosauria as well as between members of Saltasauridae and
non-lithostrotian Titanosauria. LD1 of the tibiae recovered

significant differences between members of Saltasauridae
and Colossosauria and between members of non-saltasaurid
Lithostrotia and Saltasauridae. Lastly, LD1 of the fibulae
recovered significative differences between members of
Colossosauria and Lithostrotia, members of Colossosauria
and Saltasauridae and members of non-saltasaurid Lithostro-
tia and Saltasauridae. LD2 of the fibulae highlights signifi-
cative differences in the comparison of members of Colos-
sosauria and Saltasauridae and members of non-saltasaurid
Lithostrotia and Saltasauridae.

A secondary run of both tests was also made, comparing
pair-wise the different operative taxonomic units to which
the analysed specimens belong for both the PCA and LDA
results of all the element types. These analyses can also be
accessed in Online Resource 3.

3.3 High density surface semilandmarks

Surface semilandmarks were analysed through LDA using
the same methods as used to examine morphologic trends
based on the landmark with semilandmark curves dataset.
The results are also similar to those obtained from the analy-
ses of the landmarks and semilandmark curves dataset. A
comprehensive report of these results can be accessed in
Online Resource 3 and we briefly summarize them here. The
LDs were used to calculate Procrustes distances between
surface semilandmarks the morphology exhibited in the
most negative and positive values in each LD in order to
identify the bone regions which account for most of the
between group differences outlined by the above analyses.

The humeral high-density semilandmarks indicate that
most of the variance along LD1 is found in the extent pro-
trusion of the medial corner of the proximal end (Fig. 7a).
Another of the regions which also account for a high varia-
tion is the morphology of the lateral corner of the proximal
end in anterior view, the anteroposterior development and
mediolateral breadth of the deltopectoral crest, and the anter-
oposterior development of the entepi- and ectepicondyle in
the distal end (Fig. 7a). In contrast, the posterior face of the
distal end only exhibits variance in the morphology of the
medial margin and the distal part of the ridges that surround
the anconeal fossa and connects with the medial and lateral
condyles (Fig. 7a). LD2 identifies more subtle patterns of
variation with most of the changes occurring along this axis
representing variation in the shape of the lateral corner of
the proximal end in anterior view and the morphology of the
medial and lateral margins of the distal end (Fig. 7b).

The ulnae exhibit considerable variance along LD1 con-
centrated in the morphologies of the anteromedial, postero-
lateral and olecranon processes (Fig. 7c), especially in the
olecranon and anteromedial processes in that order. There
is also subtle variance along LD1 in the form of the distal
portion of thearticulation with the radius in the anterior face
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«Fig.6 LDA results over the GPA aligned landmark and semiland-
mark curves of the fore- and hindlimb skeletal elements. LDA of the
sample of humeri (a), LDA of the sample of ulnae (b), LDA of the
sample of radii (c), LDA of the sample of femora (d), LDA of the
sample of tibiae (e) and LDA of the sample of fibulae (f). OTU opera-
tive taxonomic unit/morphotype. Shape and color legend indicated in
the bottom of the image

of the distal end (Fig. 7c). LD2 primarily characterizes the
variance in the morphology of the olecranon process in the
posterior face (Fig. 7d). There are also morphological dif-
ferences along LD2 in a small area around the medial corner
of the distal end (Fig. 7d).

Concerning the radii, we found that most of the variance
along LD1 to represent differences in the form of the lateral
and medial corners of the proximal end especially in ante-
rior view (Fig. 7e). Additional variation along LD1 occurs
in the shape of the medial corner of the distal end (Fig. 7e).
Lastly, there are some subtle variations in the shape of the
interosseous ridge (Fig. 7e). LD2 characterizes variations
in the morphology of the medial and lateral corners of the
proximal end (Fig. 7f). However, unlike LD1, LD2 also
captures the variation in the morphology of the proximal
to proximomedial portion of the posterior face, proximal
to the interosseous ridge (Fig. 7f). Other areas exhibiting
considerable variance along LD2 include the robusticity of
the medial and lateral corners of the distal end, including
the surface surrounding the pmdc (Fig. 7f). There is also
subtle variation in the shape of the region just proximal to
the posteromedial distal condyle (Fig. 7f).

Analyses of the femora found most of the variance along
LD1 reflects the extension of the lateral bulge off the shaft
of the bone (Fig. 8a). More subtle differences occuring along
this LD include variations in the overall morphology of the
femoral head, especially its posterodorsal portion; and in the
posterior form of the tibial (Fig. 8a). The posterior face of
the fibular condyle also exhibits subtle variation along this
LD. LD2 captures variations in the shape of the posterior
outline of the femoral head and the posterior morphology
of the fibular condyle (Fig. 8b). In general, the rest of the
surface area of the femur as captured by both LDs exhibits
much less variation than in the other limb elements analysed
(see Figs. 7, 8).

The tibiae primarily exhibit variations in the form of the
proximal end, especially of the anteromedial edge, in the
medial area of the fibular articulation and the posteromedial
edge (Fig. 8c). Other areas exhibiting considerable varia-
tion surround the distal end, concentrated in the form of the
articular surface for the ascending process and the medial
surface of the distal end, with the posterodistal process being
comparatively less variable (Fig. 8c). The LD1 does not cap-
ture much variation in the morphology of the cnemial crest.
However, LD2 highlights most of the variation in the shape
of the cnemial crest, especially in the distal portion that

descend to the muscular attachment surfaces for the Mm.
femorotibiale and ambiens (following Otero and Vizcaino
2008; see Fig. 8d). The second most variable area along LD2
is the posterior face of the proximal end, especially toward
the lateral side of this face (Fig. 8d). The lateral surface of
the tibia and its region for the articulation with the ascend-
ing process of the astragalus exhibit only slight variations in
form along this LD (Fig. 8d). However, these variations are
quite subtle in comparison with the other regions character-
ized by LD1.

The fibulae exhibit few differences along LDI1, with
most variation occurring in the posterodistal curvature of
the shaft distal to the lateral trochanter; these variations also
wrap around the posterior face (Fig. 8e). LD1 also captures
variation in the relative protrusion of the anterior trochanter
(especially in anterolateral view), the shape of the distal
end and the anterolateral crest (Fig. 8e). These differences
however, are subtle in comparison with those evident in the
morphology of the shaft (Fig. 8e¢). LD2 in contrast, high-
lights most of the differences in the shape of the proximal
end, especially in its posterolateral and posterior portions
(Fig. 8f), and minor differences in form near the area of the
anterior trochanter. This LD also captures subtle variations
in the shape of the laterodistal surface of the distal portion of
the shaft, the distal articular surface, and the posteromedial
portion of the distal end (Fig. 8f).

4 Discussion
4.1 Morphospace occupation by titanosauria

Most of our analyses of sample variance via PCA show
similarities in the general morphology of the entire non-
autopodial limb skeleton of the majority of the sampled
titanosaurs. This is congruent with previous findings in the
analysis on humeri and femora that also included representa-
tives of Titanosauria (Ullmann et al. 2017). Saltasauridae
is the only titanosaurian clade found to occupy separated
morphospaces from other titanosaurian clades, at least for
the entire non-autopodial appendicular skeleton (e.g. Figs. 4,
5). There are some taxonomically-meaningful morphologi-
cal differences among the analysed taxa (e.g. separation of
some taxa by the extreme gracility of the tibia, PC1: Fig. Sc,
d). Nevertheless, for most of the analysed appendicular ele-
ments these differences pertain to particular taxa or mor-
photypes (i.e. Morphotype II at Lo Hueco with a gracile
tibia, Fig. 6¢) there are no clearly visible differences among
more exclusive titanosaurian clades (following current phy-
logenetic hypotheses of Gonzalez Riga et al. 2018, 2019;
Mannion et al. 2019). In the case of saltasaurids, not all their
elements of the limb skeleton are clearly different from those
of other sauropod clades (e.g. saltasaurids do not occupy
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Semilandmark
differences

Fig.7 Intra-landmark Procrustes distances derived from LDA of
high-density surface semilandmarks distributed across each forelimb
stylopodial and zeugopodial element. Areas with largest differences
on LD1 of the humerus in anterior and posterior views (a), areas with
largest differences on LD2 of the humerus in anterior and posterior
views (b), areas with largest differences on LD1 of the ulna in ante-
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Humerus

Ulna

Radius

rior and posterior views (c), areas with largest differences on LD2 of
the ulna in anterior and posterior views (d), areas with largest differ-
ences on LD1 of the radius in anterior and posterior views (e), and
areas with largest differences on LD2 of the radius in anterior and
posterior views (f). Size and color scale proportional to X2 Procrustes
distances
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Table 5 Kruskal Wallis over the shape LDs; Xz and p values after Bonferroni correction

Humerus Ulna Radius Femur Tibia Fibula

Chi-sq p value Chi-sq p value Chi-sq p value Chi-sq p value Chi-sq p value Chi-sq p value
LD1 34.770 0.000* 20.325 0.001* 11.303 0.041* 33.999 0.000* 26.794 0.001* 18.788 0.034°*
LD2 27.414 0.000* 9.742 0.084 10.887 0.049* 26.182 0.000* 27.081 0.001* 18.839 0.033%*
LD3 9.723 0.501 8.342 0.158 3.453 1.000 10.810 0.332 12.660 0.428 17.147 0.068
LD4 20.976 0.005* 20.670 0.006* 11.027 0.814 8.933 1.000
LD5 17.596 0.021* 10.070 0.440 5.515 1.000 4.478 1.000

a=0.05, significant p values indicated with ‘*’

a unique morphospace for either the radii or the fibulae,
Fig. 4e, 1, Se, f). However, this lithostrotian clade does pos-
sess a distinctively robust appendicular skeleton overall
which clearly occupies a distinct morphospaces for most of
the limb elements studied. Among the other somphospon-
dylans analysed, only the colossosaurs exhibit an isolated
humeral and slightly different ulnar PCA morphospaces
occupation compared with the regions occupied by other
sauropod clades (Fig. 4a). Some colossosaurian humeri are
recovered among some of the most gracile elements included
in our analyses (e.g. Muyelensaurus pecheni), which can be
observed by them plotting slightly apart from other taxa on
both the PC1 and PC2 (Fig. 4a).

Identification of extensive morphological similarities
between such distinct titanosaurian clades is not unheard
of (Ullmann et al. 2017; see Bonnan 2004, 2007 for other
neosauropod clades). The appendicular skeleton of many
titanosauriforms has been previously analysed using GMM
and many morphological similarities between different taxa
both within the same clade and between distinct clades
were reported (Ullmann et al. 2017). When maximizing
differences between groups via LDA, we found differences
between the titanosaurian morphospace and that occupied
by the non-titanosaurian somphospondylans, represented
solely by Ligabuesaurus leanzai in this study. Our findings
are congruent with those of previous studies that found sepa-
ration between early-branching titanosauriforms and titano-
saurs (Ullmann et al. 2017). The humerus, tibia and fibula of
Ligabuesaurus leanzai clearly plot apart from other titano-
saurian specimens in the LDA morphospaces (Figs. 5b, 7d,
f). However, the femur of this taxon is very similar to those
of other titanosauriforms (Fig. 7b). Previous GMM analy-
ses on the autopodial elements of sauropods including both
non-titanosaurian titanosauriforms and titanosaurs found
similar trends in separation of the humeri but lesser shape
differences among sauropod femora (Ullmann et al. 2017).

We also found differences in morphology between the
more gracile colossosaurian forelimb elements and those of
other titanosaurs (Figs. 4, 5, as commented above). Some
authors have suggested that more gracile and elongated fore-
limb elements may be related to a more anteriorly-displaced

Center of Mass (following Henderson 2006; Bates et al.
2016; Ullmann et al. 2017). Previous analyses of the mor-
phology of the sauropod stylopodium reported similar con-
vergence between the gracile humeri of Paralititan stromeri,
Muyelensaurus pecheni, Brachiosaurus altithorax and Giraf-
fatitan brancai (Ullmann et al. 2017). This distinct mor-
phospace occupation for several of the analysed elements
implies differences concerning the posture of the animal,
which could be related to distinct ecomorphological traits
in comparison with other titanosaurs rather than phyloge-
netic affinities (Henderson 2006; Christian et al. 2011; Ull-
mann et al. 2017). The colossosaurian humeri are clearly
unique, occupying a separate morphospace from the grac-
ile elements of other members of Titanosauria (Fig. 4a, b).
In contrast, the forelimb zeugopodium exhibits a slightly
slenderer morphology that resembles and therefore overlaps
with the morphospace region of other titanosaurs (Fig. 4c,
f). It is also relevant that the ulnae of some colossosaurs
share similarities with other slender ulnae, namely those of
Mendozasaurus neguyelap and Morphotype II at Lo Hueco
which overlap in a similar PCA morphospace region (Fig. 4).

Our analysis of the hindlimb morphospace found an over-
lap among all non-saltasaurid somphospondylans. Non-sal-
tasaurid titanosaurs do not present major differences in the
overall morphology (Fig. 5). However, subtle differences
can be seen between the morphospace occupation of colos-
sosaurians and other non-colossosaurian titanosaurs (e.g..
differences between colossosaurian and non-colossosaurian
femora and tibiae on PC2, Fig. 5a, ¢) in all the hindlimb
elements analysed.

Such morphospace overlapping among such varied tita-
nosaurian clades supports the previous hypotheses of mor-
phological resemblance in limb posture being due to distinct
ecomorphological traits rather than phylogenetic affinities
(Ullmann et al. 2017). The LDA, however, allowed recogni-
tion of differences among most of the analysed somphospon-
dylans when the between-group differences are maximized
(Fig. 6). The members of Colossosauria were recovered
isolated from other titanosaurian clades for each analysed
appendicular elements (Fig. 6) and were often found to be
plotted closer to lithostrotian forms than to non-lithostrotian
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Semilandmark
differences

Fig. 8 Intra-landmark Procrustes distances derived from LDA of
high-density surface semilandmarks distributed across each hindlimb
stylopodial and zeugopodial element. Areas h largest differences on
LD1 of the femur in anterior and posterior views (a), areas with larg-
est differences on LD2 of the femur in anterior and posterior views
(b), areas with largest differences on LD1 of the tibia in anterior and
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Femur

Tibia

Fibula

posterior views (c), areas with largest differences on LD2 of the tibia
in anterior and posterior views (d), areas with largest differences
on LD1 of the fibula in anterior and posterior views (e), and areas
with largest differences on LD2 of the fibula in anterior and posterior
views (f). Size and color scale proportional tox 2 Procrustes distances
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titanosaurians. However, the PCA highlights less and more
subtle morphological differences between the specimens of
the different analysed clades, therefore the variation may be
related to ecomorphological traits, as suggested in previ-
ous studies (Henderson 2006; van Buren and Bonnan 2013;
Ullmann et al. 2017). Our LDA was nevertheless capable
of identifying taxonomically-relevant patterns in the mor-
phospace occupation because it consider the within-group
variance and maximizes the intergroup variance along each
linear discriminant (see Claude 2008).

Our LDAs found separation of the morphospace occupa-
tion of colossosaurs from other non-lithostrotian titanosau-
rians (Figs. 5, 7). Moreover, non-colossosaurian titanosaurs
and the non-saltasaurid lithostrotians present similar mor-
phospace occupation in our LDAs. In particular, Rinconsau-
ria often occupies the most distinct region of the Colossosau-
ria unique morphospace compared to other colossosaurs and
non-colossosaurian titanosaurs in most of our LDAs (Figs. 5,
7). The separation for all the elements via LDA (Figs. 5, 7)
contrasts with the morphological differences in the humeri
identified by our PCA. While there are morphological con-
vergences with other gracile lithostrotians in the femora and
the zeugopodial elements of both limbs (see Figs. 4, 6), it is
possible that Rinconsauria, as an early-branching member of
Colossosauria, may have occupied a new and distinct limb
morphospace compared to other early-branching non-colos-
sosaur titanosaurs (see the isolated region of humeral and
ulnar PCA morphospace, Fig. 4a, c; see partially isolated
region of tibial PCA morphospace, Fig. 5c). In particular,
Rinconsaurs appear to exhibit a unique forelimb morphology
that retains morphofunctional similarities to other gracile
titanosaurs only to some extent (proximity of other lithos-
trotian specimens in the PCA morphospace, Figs. 4, 5), and
will translate into a particular combination of osteological
characters. It appears this new morphospace was subse-
quently exploited by more deeply-nested colossosaurs (e.g.
Mendozasaurus neguyelap, exhibits more similarities with
other lithostrotians for some elements, Notocolossus gon-
zalezparejasi and Argentinosaurus huinculensis, exhibit
similar morphology to other titanosaurs), which are in com-
parison morphologically more similar to other non-colosso-
saurian titanosaurians as suggested by our PCAs (Fig. 4a).
However the specimens of deeply-nested colossosaurs plot
more separated from other non-colossosaurian titanosaurs
when the between-group differences are considered in our
LDAs (Fig. 6a). Morphological convergence between taxa
from distantly-related sauropods clades, such as the colos-
sosaur Mendozasaurus neguyelap and lithostrotian Morpho-
type II at Lo Hueco, suggests an achievement of similar eco-
morphological adaptations (see overlapping in the regions
of the ulnar and tibiae PCA morphospaces, Figs. 4c, 5¢).
Also, other non-rinconsaurian colossosaurs present a more
primitive morphology in their elements (e.g., humerus of

Notocolossus gonzalezparejasi, Gonzédlez Riga et al. 2016,
2019) similar to other titanosaurians as they plot in a proxi-
mate region of the morphospace of our PCAs(see the plot-
ting position of N. gonzalezparejasi case above, see also the
plotting position of the fibula of Argentinosaurus huinculen-
sis, Figs. 4a, 5e) and therefore these deeply-branched colos-
sosaurs will present some character scorings more similar to
more early-branching titanosaurs. However, when the clade-
level morphospaces are compared by maximizing the differ-
ences via LDA, all the specimens of Colossosauria occupy
the same isolated area of the morphospace (i.e. Fig. 6b, f),
and all our LDAs plot the rinconsaurs in the most sepa-
rated portion of the colossosaurian morphospace compared
to the region occupied by other non-colossosaurian titano-
saurs. Following the phylogenetic hypothesis of Gonzalez
Riga et al. (2019) these LDA results suggest an acquisition
of apomorphic morphology (Figs. 4, 5, 6) in colossosaurs
which became especially gracile and unique (especially the
forelimb) in Rinconsauria (e.g. Fig. 6a—d). This condition
is slightly reverted to more primitive morphology in more
deeply-branching colossosaurs (e.g. Notocolossus gonzalez-
parejasi humerus Fig. 6a, b). In contrast, the non-saltasaurid
lithostrotians present a more plesiomorphic morphology
similar to that of more early-branching non-colossosaur
lithostrotians following the phylogenetic hypothesis of Gon-
zalez Riga et al. (2019). It is also important to note that these
patterns are regionalized within the colossosaur limb skel-
eton, as the femur exhibits a more plesiomorphic morphol-
ogy, overlapping with other lithostrotian taxa in the PCA
morphospace (Fig. 5a) and closer to the LDA morphospace
region occupied by non-lithostrotian titanosaurs (Fig. 6d).
Saltasaurids were found separated apart from the mor-
phospaces of other titanosaurian clades in most of our PCAs
and LDAs. Following our previous hypothesis that the mor-
phological similarities in our PCAs reflect most likely the
acquisition of similar ecomorphological traits, saltasaurids
exhibit an entirely distinct morphology. Members of this
clade occupy morphospace locations isolated and indicative
of a unique posture in almost all our analyses (see compari-
son among the PCAs and LDAs Figs. 4, 6). Many previous
studies have included representatives of saltasaurids as a
template of the titanosaurian body plan, partly based on the
availability of skeletal material at that time (e.g. Salgado
et al. 1997; Sanz et al. 1999; Wilson 2002; Upchurch et al.
2004; but see observations made by Powell 2003, and the
inclusion and analysis of other titanosaurian taxa by Curry
Rogers 2005). These results suggest that saltasaurids rather
than exhibiting a general titanosaurian (or more exclusively
lithostrotian) body plan, acquired an unique appendicular
morphology probably related to a extreme development of
“wide-gauge” posture (see Figs. 5, 6). This unique configu-
ration may presumably be also responsible for the abrupt
shift of the Centre of Mass toward a more posterior position
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within the torso suggested in previous studies (Bates et al.
2016). Inclusion of other titanosaurian taxa in such analy-
ses is important in order to better understand previously-
undescribed and underrepresented taxa (Gonzalez Riga et al.
2019). It is also noteworthy that the saltasaurid appendicular
skeleton represents a highly specialized and derived mor-
phology, distinct from that of other known titanosaurian
clades. These statements are supported in our analyses as
the analysis of the autopodial elements of the member of
this clade are isolated in the PCAs whereas other non-salta-
saurids overlap in the morphospace. Therefore the saltasau-
rids are the single clade which plot in an isolated region of
the PCA morphospace reflecting unique posture differences
due to both ecomorphological adaptations and phylogenetic
affinities for most of the performed analyses (Figs. 5, 7).

4.2 Osteological character implications

The phylogenetic position of Titanosauria and its defini-
tion have been supported mainly by axial synapomorphies
while the appendicular skeleton has played a secondary
role (e.g. Wilson 2002; Upchurch et al. 2004). However,
we found slight morphological differences among titano-
saurian clades in the exploratory analyses (PCA; Figs. 4, 5)
that can be used to discuss some features of those elements
(e.g. the morphology of the lateral corner of the proximal
end of the humerus; Fig. 4a, b). In addition, use of LDA
takes into account morphological variability within the a
priori defined in-group relationships (e.g. among members
of Colossosauria, Lithostrotia, etc.). This morphologi-
cal variability includes intraspecific variability within the
same taxon or morphotype (e.g. wide variability in the mor-
phology of ulnae of Saltasaurus loricatus, Fig. 4; also see
Paramo et al. 2016, 2018, for intraspecific variability among
the titanosaurians from Lo Hueco). After initially character-
izing within-group variation, the algorithm then defines each
linear discriminant by maximizing the between-group dif-
ferences (e.g. disparity between Titanosauria and the more
exclusive clade Lithostrotia). The results of our LDA there-
fore highlight distinct morphological differences that can
be relevant to phylogenetic analyses, as the identified differ-
ences stem from separation between exclusive clades within
Somphospondyli (see also the analyses using this algorithm
in Ullmann et al. 2017). The morphological variation high-
lighted in our results has already been incorporated in some
of the proposed phylogenetic characters. However, other
osteological characters may need some modifications in the
light of our results and there is the possibility that some
of the variations could translate in future new character(s).
A comprehensive list of the phylogenetic characters can be
accessed in Table 6, which includes some already estab-
lished morphological characters that should be the focus of
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future recodifications as well as other morphological varia-
tions that are still not considered in the available data sets.

Most of the differences in LD1 on the humeri are related
to the morphology of the medial corner of the proximal end,
the form of the proximolateral margin and the deltopectoral
crest, and the morphology of the distal end (Fig. 7a). The
shape of the lateral corner of the proximal end as well as the
length and projection of the deltopectoral crest are already
incorporated into several osteological characters in common
use (Sanz et al. 1999: Ch35; Wilson 2002: Ch159; Upchurch
et al. 2004: Ch217 and Ch218; see discussion on Ch225 in
Harris 2006; also see more recent works by Carballido et al.
2017; Mannion et al. 2019). The morphology of the medial
corner of the proximal end is already incorporated into sev-
eral characters associated with the overall morphology of
the proximal end such as the shape of the proximal profile in
anterior view (Gonzélez Riga 2003: Ch26 and Ch27; Gors-
cak et al. 2017: Ch191). Another osteological character in
the morphology of the proximal end has been used as well,
which is focused on the shape of the union between the pro-
files of proximal and lateral margins (Mannion et al. 2013:
Ch223). However, observation of simple differences between
a squared or more-rounded morphology may not be enough
to adequately describe the medial portion of the proximal
end of some specimens which preserve a more complex
morphology, as some authors have previously pointed out
(e.g. Harris 2006). For example, the squared proximal mor-
phologies of Morphotype II at Lo Hueco, (e.g. HUE-1643)
and Lirainosaurus astibiae (e.g. MCNA-7463) also exhibit
asymmetry owing to medial deflection of the humeral head.
This asymmetrical, squared proximal morphology does not
resemble the morphology of Saltasaurus loricatus, which
exhibits a more saddle-shaped proximal outline (e.g. PVL-
4017-69). Further work is needed to test if this morphologi-
cal distinction is useful as a potential new character. Recent
works have proposed two additional characters related to
the proximomedial corner of the humerus. One of these
characters (Tschopp et al. 2015: Ch384; see also Ch364 in
Poropat et al. 2016) attempts to codify differences in the
medial projection of the proximal end, as exemplified in this
study by the humeri of Muyelensaurus pecheni (e.g. MAU-
PV-132) and Morphotype II at Lo Hueco (Fig. 4a). The other
character refers to relative development of the convexity of
the curvature between the corners of the proximal end and
the extent of development of the proximolateral corner of
the deltopectoral crest, producing either the apomorphic
“hourglass” sauropod morphology (e.g. Morphotype I of Lo
Hueco specimen HUE-817) or the more asymmetrical pro-
file of many titanosauriforms (e.g. Mendozasaurus neguye-
lap specimen IANIGLA-69-1; Ch365 in Poropat et al. 2016;
Mannion et al. 2019).

Other areas of the humerus exhibiting considerable mor-
phological variation are the ridges of the supracondylar
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Table 6 Morphological osteological characters relatable to the morphological variability found in the LDA on the surface semilandmarks

Element Morphological variation

Characters

Humerus Shape of the profiles of the union between the humeral proximal end medial

and lateral margins
Asymmetrical morphology of the humeral proximal outline

Medial corner of the humerus distal end / development of the ectepicondyle

Cb260; CR271; DE79; Mn223; S9%4

Mal72; Mn224; P364-365; P384; T384
C186; CR272-273; H231; M517; W163; This study*

Posterior M. deltoideus clavicularis tuberosity and M. latissimus dorsi tuber- ~ M226; P367
osity
Ulna Depth of anterolateral concavity in proximal view Cb261; H234; M281; U223; Up173; W165; WS5
Radius Bevelling of the distal end with or without proximal curvature of the shaft Cb267; CR289; DE87; H246; M49; P371; T393
Posteromedial distal ridge This study*
Posterior to posterolateral concavity of the surface of the shaft under the This study*
proximal end
Femur Anteroposterior width of the lateral bulge This study*
Anterior deflection of the lateral bulge This study*
Anteroposterior width of the distal condyles M535; P389; RT171; Wh179; This study*
Orientation of the lateral epicondyle This study*
Tibia Accessory fibular articulation posterolateral ridge in the proximal end, posteri- RT180; This study*
orly to the second cnemial crest
Rotation of the distal condyles of the tibia Sz42
Morphology of the distal portion of the cnemial crest M536; RT177; T444
Fibula Morphology of the anterior trochanter and the proximal end DE111; Mn262; T447; RT unnumbered character

Lateromedial torsion of the anterolateral crest in the distal end

P394, M394

Cb—Carballido et al. (2012); C—Carballido et al. (2017); CR—Curry Rogers (2005); DE—D’Emic (2013); H—Harris (2006); Ma—Mannion
et al. (2012); Mn—Mannion et al. (2013); M—Mannion et al. (2019); P—Poropat et al. (2016); RT—Royo-Torres et al. (2009); S—Sereno et al.
(2007); Sz—Sanz et al. (1999); U—Upchurch et al. (2004); Up—Upchurch et al. (2007); Wh—Whitlock (2011); W—Wilson (2002); WS—Wil-
son and Sereno (1998). This study*—indicates that the exact morphological variation is not found in any current osteological character defini-

tion (see text)

area of the distal end which delimit the anconeal fossa in
posterior view, the lateral distal condyle in anterior view,
and the shape of the medial margin of the humerus. The
development of supracondylar ridges surrounding the anco-
neal fossa are osteological features previously considered in
phylogenetic characters (Sanz et al. 1999: Ch36; Upchurch
et al. 2004: Ch221). The projection of the lateral anterior
distal condyle in the anterior face is also incorporated into
an osteological character in a recent study (Poropat et al.
2016: Ch351); our observations are congruent with their
character definition, and no further characters areneeded
to capture this variance. However, the morphology of the
medial corner of the distal end has not been considered by
any osteological character beyond those summarizing the
overall distal expansion of the humerus (e.g. Curry Rogers
2005: Ch272 and Ch273). In particular, Morphotype II at
Lo Hueco, Lirainosaurus astibiae, and some elements from
Muyelensaurus pecheni exhibit marked differences in devel-
opment of the humeral ectepicondyle. The ectepicondyle is
more robust in saltasaurids, forming a shallower concavity
and causing the absence of a ridge-like margin (e.g. MLP-
CS-1479). Our results indicate that the shape of this por-
tion of the humerus exhibits enough variation to warrant
relevance as a new osteological character.

The region posterior to the deltopectoral crest also exhib-
its some variation across both LD1 and LD2 (Figs. Sa, 7a,
b). This variation is partly captured by a character describ-
ing the insertion of the M. latissimus dorsi (D’Emic 2012;
for locations of muscular insertions, see Otero 2018; also
Ch226 in the morphological dataset of Mannion et al. 2013).
However, there is also a secondary posterior ridge present in
several titanosaurian taxa (e.g. Lirainosaurus astibiae, both
morphotypes from Lo Hueco). Previous myological studies
have identified the M. latissimus dorsi as one of the major
extensor muscles attaching to the posterior proximal portion
of the humerus in crocodiles and sauropodomorphs. This
attachment can be related (when it is not a fleshy insertion)
by a ridge located posterolateral to the deltopectoral crest
(e.g. Opisthocoelicaudia skarzinskii: Borsuk-Bialynicka
1977; in Mussaurus patagonicus and Zby atlanticus Otero
2018 and in Dreadnoughtus schrani Voegele et al. 2020).
Additionally, this ridge could also house the attachment
area of the M. teres major, though its presence is equivo-
cal in sauropodomorph dinosaurs (or all non-avian dino-
saurs; see Remes 2007 contra Otero 2018 and Voegele et al.
2020). The other region that exhibits variation is the ridge
or tuberosity posterolateral to the deltopectoral crest, which
has been noted previously (D’Emic 2012) and included in
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an osteological character (Ch367 in Poropat et al. 2016).
However, this osteological feature only describes the pres-
ence or absence of a ridge as the osteological correlate for
the attachment of the Mm. deltoideus clavicularis as well as
the lateral margin of the lateral triceps fossa (sensu Poropat
et al 2016). The arrangement of the different muscles attach-
ing to this region is complex, sometimes the insertion of
the M. latissimus dorsi is assigned to a tuberosity laterally
placed (e.g. Zby atlanticus and Opisthocoelicaudia skarzin-
skii, as noted above) or a ridge (Rapetosaurus krausei, Otero
et al. 2018: Fig. 7). However, some titanosaurs alternatively
exhibit a rugosity in the middle of the posterior face at this
same proximodistal position (Lirainosaurus astibiae, see
Diez Diaz et al. 2013; Morphotype II specimen HUE-3228
and Dreadnoughtus schrani, Voegele et al. 2020). Other
titanosaurs do not exhibit a ridge for the M. latissimus dorsi
attachment but present some variation in the posterior tuber-
osities of the deltopectoral crest. Some titanosaurs present
a posterolaterally M. deltoideus scapularis ridge, and pos-
sibly in some taxa also the M. scapulohumeralis ridge (e.g.
Dreadnoughtus schrani, Voegele et al. 2020), that is vis-
ible in the lateral margin in anterior view (e.g. specimen
PVL-4017-62 referred to Saltasaurus loricatus and speci-
men MCF-PHV-233-10 referred to Ligabuesaurus leanzai).
However, other titanosaurs exhibit a shorter posterior ridge,
with no continuity to the posterolateral corner of the delto-
pectoral crest, and no M. latissimus dorsi ridge (specimen
PVL-4628 referred to Elaltitan lilloi). It is also important
to note that the posterior ridge which is the attachment for
the M. latissimus dorsi may also pertain to the attachment
of the M. teres major, but it is difficult to assess this, as it
rarely leaves osteological correlates in Dinosauria (Remes
2007; Piechowski and Tatanda 2020; Voegele et al. 2020).
We consider that the current definition of the character refer-
ring to the posterior ridge of the deltopectoral crest (Ch367
in Poropat et al. 2016) does not include all the complexity
in the muscular attachments within this region, the variation
in the projection between more posterolateral and posterior
ridges or tuberosities, and therefore all of the resulting mor-
phological diversity. For the moment, our analyses found
that most between-group variability in this region extends
beyond the M. deltoideus clavicularis insertion tuberosity,
but we feel that no further modification can be proposed to
the existing character given the current sample size.

Most of the variance in the ulna is found mainly in the
three processes of the proximal end (Fig. 7c, d). Variations
in the angle between the anteromedial and posterolateral
processes have already been incorporated into an osteologi-
cal phylogenetic character (Tschopp et al. 2015: Ch389).
The relative size of each process has also been used as a
character ( D’Emic 2012: Ch85, after Wilson 2002), and
our results are congruent with recent characters describ-
ing the position of the anteromedial process (Ch51 of the
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morphological character dataset of Gonzalez Riga et al.
2018) and the depth of the concavity along the articula-
tion with the humerus in the proximal view (Mannion et al.
2013: Ch235). These morphological differences were found
in our analyses (Figs. 4c, d, 5c, d) between the more con-
cave and dorsally projected anteromedial process of Rincon-
saurus caudamirus (MAU-PV-N-425) and Muyelensaurus
pecheni (MAU-PV243) and the slightly less concave and
straighter anteromedial process of Saltasaurus loricatus
(PVL-4017-72). There is also considerable variability in
the form of the olecranon process in both LD1 and LD2
(Fig. 7c, d). This variance can be related to the differences
between the robust and mediolaterally-wide posterior por-
tion of the vault-shaped olecranon process in Saltasauridae
and Aeolosaurini versus the slightly posteriorly-projected
and mediolaterally-narrow posterior portion of the olecra-
non process in other titanosaurs (along LD1, Fig. 6b). There
are also same-clade differences in the posteriorly-projected
and slightly curved olecranon process among colossosaurian
sauropods as in Mendozasaurus neguyelap (IANIGLA-70-1)
and Muyelensaurus pecheni (MAU-PV-72). This variabil-
ity has been recently included in osteological phylogenetic
matrices (Ch281 in the morphological character dataset in
Mannion et al. 2019 after Upchurch et al. 2015) although
it might need to be revised to include differences between
the “Y-shaped” morphology and “T-shaped” morphology,
including the depth of the anterolateral concavity in proxi-
mal view observed here.

We also observed some subtle variations in the morphol-
ogy of the radial articulation near the distal end of the ulna
(Fig. 8c). This variation has been captured by a phylogenetic
character describing to the distal end and articular surface
morphologies (Curry Rogers 2005: Ch280). No further char-
acter definition is needed for that character to code the vari-
ability observed in our analyses.

Most of the variation observed among the analysed
radii occurs in the shape of the medial and lateral cor-
ners of the proximal end (Fig. 8e, f), which is captured by
existing characters codifying the degree of the proximal
expansion (see the rotation of these areas respective to
the distal end in Mannion et al. 2013: Ch231; also see the
morphology of the proximal end in Mannion et al. 2013:
Ch45 and Ch46 [considering the modification proposed by
Upchurch et al. 2015]; and Upchurch et al. 2015: Ch283).
This variability primarily reflects contrast of the robust
and mediolaterally-expanded proximal end of the radii of
Saltasauridae, versus the more mediolaterally-compressed
radii of Colosossauria and some lithostrotians such as Aeo-
losaurus sp. (specimen MPCA-Pv-27174; Figs. 4e, f, 6¢).
There are also significant morphological differences along
LD1 regarding the form of the medial face of the distal end
of the radius. Specifically, these variations occur in the rel-
ative expansion and overall projection of the distal end, as
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well as the angle produced by the bevelling of the medial
corner of the distal end. These variations are already cap-
tured by phylogenetic characters concerning the expan-
sion and bevelling of the distal end (bevelling of the distal
end in Tschopp et al. 2015: Ch393 after Curry Rogers
and Foster 2001; radius distal expansion in Tschopp et al.
2015: Ch394 after Wilson 2002). A character summarizing
the orientation of the distal articulation also incorporates
some of this variation (Wilson 2002: Ch171). LD2 in our
analyses also captured some minor variability associated
with the form of the distal end, which was linked with the
forms of the medial and lateral margins of the distal shaft
(Fig. 7f; both margins visible in anterior and posterior
views). This variability is captured by a recently-proposed
character regarding the relative bevelling of the distal end
(Mannion et al. 2013: Ch49), and we note that some lithos-
trotians analysed here exhibit a lesser degree of torsion
and only in the distal region of the shaft in comparison
with other titanosaurs. Both morphotypes at Lo Hueco
and Elaltitan lilloi exhibit a radius with slightly laterally-
bevelled distal end whereas there is no torsion of the shaft
(e.g. Morphotype I of Lo Hueco specimen HUE-1140 and
E. lilloi PVL-4628). Meanwhile, other colossosaurs and
saltasaurids present a completely bevelled distal end plus
a curved axis of the shaft (e.g. Mendozasaurus neguye-
lap TANIGLA-70-1 and Saltasaurus loricatus specimen
PVL.4017-77).

We also observed variation along LD1 in the central
portion of the radius posterior surface (Fig. 8e). This vari-
ation reflects differences in the structure of the interosse-
ous ridge, which captured by the phylogenetic character
regarding the relative development of this ridge (Curry
Rogers 2005: Ch283). It is also important to consider the
medial portion of this region, dorsal to the posteromedial
distal condyle. The posteromedial distal condyle exhibits
an acute accessory ridge in some sauropod specimens (e.g.
Morphotype II at Lo Hueco, HUE-1340), and it was found
in our analyses to be related to differences in the more
variable areas both along LD1 and LD2 (Fig. 7e, f). LD2
highlights differences between early-branching lithostroti-
ans and representatives of Colossosauria and Saltasauridae
(Fig. 4e), which exhibit, among other features, an absence
of this acute accessory ridge (e.g. Mendozasaurus neguye-
lap specimen IANIGLA-PV-70-1). Some authors have
reported an homologous ridge (e.g. posteromedial scar of
Rapetosaurus krausei, Curry Rogers 2009) and it could
be related to the attachment of M. transversus palmaris
(e.g. Saturnalia tupiniquim Langer et al. 2007; however,
the reconstruction is equivocal in Dreadnoughtus schrani,
Voegele et al. 2020); but further data is needed in titano-
saurians. Therefore, this variability could be incorporated
into a potential new character regarding the development

of an accessory and acute ridge dorsal to the posteromedial
distal condyle, which is parallel to the interosseous ridge.

Lastly for the radius, there is also variation along LD2
in the posterior face just distal to the proximal end, which
appears to reflect variable presence of a deep concavity in
this area, which is observed in many of the sampled lithos-
trotian radii (e.g. Morphotype I at Lo Hueco, HUE-1140,
HUE-2711; Elaltitan lilloi PVL-4628). In contrast, neither
saltasaurids nor colossosaurs exhibit this concavity, regard-
less of the morphology of the proximal end (e.g. the ante-
riorly rotated triangle shaped proximal end in Neuquensau-
rus australis, specimen MLP-CS-1176; a more oval-shaped
proximal end of Saltasaurus loricatus, specimen PVL-4017-
78; or the extremely-compressed proximal end in Muyelen-
saurus pecheni, specimenMAU-PV-77). Further inspec-
tion of the morphology of the proximal end, as well as the
proximal portion of the interosseous ridge among sauropods,
could help to assess the potential quantification of these dif-
ferences into a new phylogenetic character..

The femur exhibits quite subtle variations along each LD
(Fig. 8a, b), probably caused by common morphological
convergence as discussed above (see also Fig. 5a, b, 6d).
Most of the variation along LD1 occurred in the proximal-
most portion of the femoral head (Fig. 8a), which has been
captured by a character describing the relative proximodistal
displacement of the proximal end (see Royo-Torres 2009:
Ch157; Gorscak et al. 2017: Ch241). This variability also
involves the presence of a bulbous head separated from the
rest of the proximal end by a sulcus between the femoral
head and femoral trochanter, which has also been proposed
as two separate phylogenetic characters (Royo-Torres 2009:
Ch158 and the following unnumbered character, p.321).

Other areas of the femur exhibiting noteworthy variation
along LD1 include the lateral bulge, especially its antero-
distal portion (Fig. 8a). Differences were found in the anter-
oposterior width of the lateral bulge between saltasaurids
and other somphospondylans, and this has not previously
been used as a phylogenetic character. The closest character
to date that has come to reflect this variability, is a character
that only notes the presence of the lateral bulge (e.g. Calvo
and Salgado 1995: Ch47; Salgado et al. 1995 1997: Ch19;
Wilson 2002; Ch199). Use of a new character focused on the
anteroposterior width of the lateral bulge could be helpful
to incorporate these morphological differences among dis-
tinct sauropod clades (Fig. 6a). Another important, related
observation is the presence of an anterior deflection of the
lateral bulge, as seen in some Ibero-Armorican lithostrotians
(Vila et al. 2012; Paramo et al. 2016). This feature has not
been considered in any cladistic analysis to date, but further
assessment in other titanosaurian taxa could be helpful, as it
has been found to vary among different titanosaurian clades
in our analyses (Fig. 8a).
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Finally, the analysed femora exhibit considerable vari-
ation in the forms of the distal condyles: specifically, the
tibial condyle along LD1, and the fibular condyle along
LD2 (Fig. 8a, b). Differences in the tibial condyle are con-
centrated in the posterior face of the femur (Fig. 8a) and
appear related to minor differences in the shape of the fibular
condyle; these variations primarily differentiate saltasaurids
from other somphospondylans (Fig. 5c). The mediolateral
width ratio between the fibular and tibial condyles has
been examined previously, and our analyses are congruent
with prior character scoring differences (see Wilson 2002:
Ch200). However, our results also highlight the posterior
projection of the distal condyles and the relative expan-
sion of the tibial condyle as the primary aspect of varia-
tion. More recent studies have proposed a character based
on these observed differences via qualitative anatomical
comparison (Whitlock 2011: Ch179; Poropat et al. 2016:
Ch389; Mannion et al. 2019: Ch535) but lack the anteropos-
terior expansion of the distal condyles. However, consider-
ing comments by Royo-Torres (2009: see his comments on
anteroposterior projection of the condyles in Ch171) and our
results, it would be beneficial to adjust the definition of this
character. In addition, variability in the shape of the fibular
condyle (along LD2, Fig. 8b) reflects differences observed
in the orientation of the lateral epicondyle on the posterior-
posterolateral surface of the fibular condyle. Our analyses
suggest it may be useful to define a new character related to
the relative orientation of this feature on the lateral margin
of the fibular condyle.

The tibiae exhibit distinct variation across LD1 at the
lateral and medial margin of the proximal end (Fig. 8). These
differences occur between the more compressed, triangular
shaped proximal end typical of titanosaurs (e.g. Lohueco-
titan pandafilandi, HUE-3082), the more expanded but
rounded proximal end of saltasaurids (e.g. Neugquensaurus,
MLP-CS-1093) and the oval-shaped and extremely medi-
olaterally compressed proximal end of colossosaurs (e.g.
Muyelensaurus pecheni, MAU-PV-162). Some lithostroti-
ans exhibit a mediolaterally-compressed proximal end, like
the tibia MCNA-13860, referred to Lirainosaurus astibiae;
which is found in the non-saltasaurid lithostrotian region of
the LDA morphospace, not pooled with other colossosaurian
specimens. The tibia of L. astibiae is plotted close to the
specimens of early-branching titanosaurs, indicative that it
still exhibits a plesiomorphic morphology (Figs. 5Sc, 6e: see
the mediolaterally compressed tibia of L. astibiae that is
plotted closer to Antarctosaurus wichmannianus specimen
MACN-6804-22 in the LDA). These variations are already
captured by established characters regarding the morphol-
ogy of the proximal end of the tibia (Wilson 2002: Ch203;
Royo-Torres 2009: Ch172) and the development of the fibu-
lar articulation (see discussion on Ch291 in Harris 2006;
Royo-Torres 2009: Ch179; Tschopp et al. 2015: Ch445;
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Mannion et al. 2017: Ch416). However, two additional dis-
tinctive morphologies can be observed in our analyses in
this portion of the tibia. The first is related to the presence
of a secondary cnemial crest as in other somphospondylii
(e.g. Janenschia robusta Bonaparte et al. 2000; Mannion
et al. 2013, 2019; Dreadnoughtus schrani, Gobititan shen-
zhouensis, Antarctisaurus wichmannianus, Uberabatitan
riberoi and weakly present in Atsinganosaurus velauciensis,
Ullmann and Lacovara 2016) and probably in Lohuecotitan
pandafilandi, as well as some specimens of Morphotype I
at Lo Hueco (Diez Diaz et al. 2016; Paramo et al. 2017a,
b). A recent study noted the presence of this feature in sev-
eral sauropods (Mannion et al. 2013: Ch261). The second
feature is the presence of a more complex articulation with
the fibula in the posterior portion of the proximal end. Our
analyses indicate variability in this region due to differences
between both saltasaurids and other titanosaurs along LD1
and colossosaurs and other titanosaurs along LD2 (Figs. 6e,
8c, d). The differences relate to the development of a con-
cavity and an accessory ridge in the posterolateral region of
the proximal end in some titanosaurs, as in Morphotype II
at Lo Hueco (e.g. HUE-1149 and HUE-4055) and Mendo-
zasaurus neguyelap (e.g. IANIGLA-74-1). This accessory
fibular articular ridge is also found in some mamenchisau-
rids (Young and Zhao 1972; Royo-Torres 2009). Thus, a
new character regarding this protrusion or accessory ridge
on the posterior face of the proximal end could be devel-
oped to capture this morphological variability observed by
other authors (Royo-Torres 2009: Ch180) and in our analy-
ses. Finally, the variability in the medial face of the tibia
appears to be related to the degree of curvature of the proxi-
mal end as seen in proximal view, as discussed above. An
existing phylogenetic character regarding the morphology of
the proximal end of the tibia (Wilson 2002: Ch203) already
incorporates these variations.

We also found great variation in the distal end, specifi-
cally in the form of the articular surface for the ascending
process and the medial face of the distal end (Fig. 8c, d).
Variability along the medial surface as well as the anterior
and posterior margins of the distal end, are largely captured
by characters describing the distal expansion of the tibia
(Wilson 2002: Ch205; Royo-Torres 2009: Ch184) and the
relative proportions of the anteroposterior width to the medi-
olateral width of the distal end (Salgado et al. 1997: Ch7;
Royo-Torres 2009: Ch183 and Ch184; Mannion et al. 2013:
Ch68). These variations are also related to the relative posi-
tion of the articular surface for the ascending process and the
rotation of the distal end respective to the axis of the shaft
(Figs. 5S¢, d, 6e, 8c, d). The rotation of the distal condyle
of the tibia was originally described by Sanz et al. (1999:
Ch42) and if used in additional future phylogenetic studies
would incorporate the variations observable in our morpho-
metric analyses. However, another osteological character is
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necessary to incorporate the variation in the orientation of
distal condyle respective to the orientation of the cnemial
crest, as also suggested by our morphometric analyses.

The distal portion of the cnemial crest also exhibits con-
siderable variability along LD2 (Fig. 8d). The proximodis-
tal morphology of the cnemial crest has recently been used
as a phylogenetic character (Tschopp et al. 2015: Ch444),
but the formulation of that character is too vague to capture
the variability among most of the analysed somphospondy-
lans, saltasaurids, colossosaurs and Aeolosaurus sp speci-
men MPCA-Pv-27100-8, as found in our analyses (Figs. Sc,
6e). Early branching titanosaurians commonly exhibit a
rounded morphology in lateral view (e.g. Bonatitan reigi
specimen MACN-PV-RN-821, Lohuecotitan pandafilandi
HUE-3082), whereas saltasaurids exhibit a triangle-shaped
cnemial crest (e.g. Saltasaurus loricatus, PVL-4017-46),
or sometimes a combination of rounded proximal with
straighter distal portion of the cnemial crest (e.g. “Neu-
quensaurus robustus” specimen MCS-6) which is also
shared with some colossosaurs (Mendozasaurus neguyelap,
TANIGLA-74-1) and some lithostrotians (Atsinganosaurus
velauciensis specimen MMS/VBN-02.90, Diez Diaz et al.
2018a, b). For this reason, we believe it would be beneficial
to implement additional characters or additional states to that
character describing the morphology of the cnemial crest
in lateral view in future cladistic analyses, such as in Royo-
Torres (2009: Ch177).

Lastly, the fibulae exhibit variation along LD1 in their
posterior profiles, especially in the region distal to the lateral
trochanter (Fig. 8e). These variations involve development
of a sigmoid fibular shaft, easily visible in lateral view, due
primarily to the curvature of the distal shaft relative to the
proximal end. This variability is already incorporated in
characters describing the sigmoid profile of the fibula (e.g.
D’Emic 2012: Ch113). There are variations in the anterior
portion of the proximal end, particularly differences in
the shape of the anterior trochanter that collectively alter
the shape of the proximal end (D’Emic 2012: Ch111 and
Ch112), as well as in the development and anterior versus
medial projection of the anterior trochanter (Royo-Torres
2009: Ch189 and the following unnumbered character p.369;
D’Emic 2012: Ch111; Tschopp et al. 2015: Ch447). Our
analyses also support inclusion of the phylogenetic charac-
ters proposed by Royo-Torres (2009: unnumbered charac-
ter based on Borsuk-Bialynicka 1977, p.371) regarding the
morphology of the proximal end and anterior trochanter, as
some of the variability along LD2 is also concentrated in the
posterolateral corner of the proximal end (Fig. 8f).

We also observed variability along LD1 in the shape of
the anterior portion of the distal end of the fibula, specifi-
cally both the anterolateral crest and the anterior face of
the distal end (Fig. 8¢). These variations have been recently
incorporated as new characters regarding the morphology

of the distal end and its profile (Poropat et al. 2016: Ch394;
Mannion et al. 2019: Ch394). However, it would likely be
beneficial to further explore the development and the medi-
olateral torsion of the distal anterolateral crest (Fig. 8e) as
a new character(s), which could potentially cover the more
subtle morphological differences observed in our analyses.

4.3 Caveats of this study

Our analysis includes a wide sample of sauropod elements
comprising parts of the non-autopodial limb skeleton of tita-
nosaurs. However, the sample included here comprises taxa
with almost all element types represented (e.g. Neuquen-
saurus spp. Muyelensaurus pecheni, etc.); more incomplete
taxa preserving only some of these appendicular elements
are still excluded even though they may exhibit relevant data
(e.g. the humerus of Nothocolossus gonzalezparejasi and the
fibula of Argentinosaurus huinculensis could add meaning-
ful data for comparison). In order to propose new morpho-
logical characters, additional specimens should be surveyed,
although we opted to provide a preliminary discussion for
potential new character definitions or alternative codifica-
tions for phylogenetic characters already in common use. We
chose a conservative approach given the bias towards better-
preserved titanosaurs (both most complete specimens and
least taphonomically-altered specimens), especially from
lithostrotian subclades, in this study.

Despite the abundant sample of titanosaurian remains
from Lo Hueco with several well-to-decently preserved ele-
ments, the fossils make it difficult both to digitize of com-
plete meshes due to the fragmentary or distorted state of the
specimen and to sample complete suites of landmarks. The
most common issue is lack of preservation of some portions
of the bone that results in missing landmarks or semiland-
mark curves along lost structures of specimens (commonly
the proximal and distal ends of titanosaurian long bones, e.g.
Morphotype I at Lo Hueco, tibia HUE-2669). Sometimes
an incomplete mesh representation of an actual specimen
can still be used to determine the probable placement of
landmark and semilandmark curves (e.g. Saltasaurus lori-
catus, ulna PVL-4017-72). In these cases, the landmark and
semilandmark curves can still be analysed, but the mesh of
the specimen cannot be used for projection and sliding of
the surface semilandmarks. Therefore, we used estimation
techniques for the actual landmark coordinates, and then
produce a new and complete mesh that can act as a proxy
of the specimen true mesh. Traditionally in the absence of
landmarks, researchers exclude those landmarks or incom-
plete specimens, but the exclusion of potential informative
areas or taxa can hinder palaeobiological studies (Brown
et al. 2012) and estimation of landmarks can therefore be
a more comprehensive and informative procedure (Brown
et al. 2012; Arbour and Brown 2014).
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In order to control for potential errors caused by the esti-
mation of landmark coordinates and the resulting meshes
obtained by statistical-virtual restoration, we tested the
effects of our estimations. Specifically, we produced a boot-
strap sample of specimens to assess differences via intra-
landmark Procrustes distances between the different sets
of estimated landmarks of the bootstrap sample. We also
compared the meshes obtained from virtual restoration with
the function vegMetro(), which applies the command line
“metro” (Cignoni et al. 1998), included in the Rvcg v.0.18
package (Schlager 2017). No specimen of the estimated
dataset exhibits significantly high deviation in the landmark
positions and the variance from each bootstrap sample fell
below the differences observed in this study (< 1 mm). The
deviation in the virtually restored meshes falls below ~3 mm
error for all the analysed elements, which is still less than
that of some digitizing methods (e.g. IR-scanning following
Falkingham 2012). Therefore, data estimation error does not
bias our results.

5 Conclusions

The sauropod appendicular skeleton exhibits morphologi-
cal similarities between phylogenetically-distinct clades.
The most probable driving force behind morphospace
convergences is that these features reflect ecomorpho-
logical similarities rather than phylogenetic affinities.
Distinct clades can acquire a similar morphology based
on different morphofunctional traits. Saltasaurids are the
only clade clearly different from other somphospondy-
lans analysed here (e.g. they plot isolated in the PCA and
LDA for most of the analysed limb elements). Among the
analysed titanosaurs, we found that Morphotype II at Lo
Hueco occupies a similar morphospace to colossosaurs
like Mendozasaurus neguyelap and Muyelensaurus pech-
eni. This means that Morphotype II at Lo Hueco exhibits
a similar morphofunctional specialization to those mid-
sized colossosaurians. The ulnae and tibiae of Morphotype
IT at Lo Hueco exhibit similarities to the morphology of
those of Mendozasaurus neguyelap and our PCAs plot
them in the same region of the morphospace, separated
from other lithostrotian specimens. The similarities in
morphospace occupation may not have a phylogenetic
meaning. However, when the morphospaces are calculated
by maximizing the between group differences with LDA,
Morphotype II specimens were placed within the same
region of the morphospace as other lithostrotians. In con-
trast, Morphotype I at Lo Hueco exhibit morphological
similarities to other titanosaurian taxa like Jainosaurus
cf. septentrionalis in all the analysed elements and usually
overlaps the morphospace region of more early-branching
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titanosaurians in our PCA and LDA. Generally, the ana-
lysed somphospondylans (excluding Colossosauria and
saltasaurid lithostrotians) share a similar morphospace.

Saltasauridae are the only exception to the general pat-
tern of overlapping found in our PCAs between differ-
ent titanosaurian clades, as they are found to occupy a
unique morphospace in both our PCA and LDA, indicat-
ing that they present an entire unique morphofunctional
morphospace occupation. The distinctly robust and arched
limb morphology previously regarded as representative
of “wide-gauge” titanosaurian posture may be instead
a relatively derived variant of this stance, while all the
other sampled titanosaurs exhibit the apomorphic features
related to a less extreme “wide-gauge” stance. It is also
important to take into account that previous studies high-
lighted the sampling bias towards well-known titanosaurs
that are representatives of Saltasauridae (e.g. Opisthoc-
oelicaudia skarzinskii, Alamosaurus sanjuanensis, Neu-
quensaurus spp. and Saltasaurus loricatus). Our results
may add another potential issue to these claims, as the
low sample size of other titanosaurs outside Saltasauridae
may further bias the analyses and anatomical comparisons
towards a derived and specialized appendicular morphol-
ogy. Members of Saltasauridae exhibit a clearly differ-
ent appendicular morphology in comparison with other
non-saltasaurid titanosaurs (also noticed by Carrano 2006;
Gonzélez Riga et al. 2019). Our results are congruent with
the proposal of Gonzalez Riga et al. (2019) to further
increase the sample of more non-saltasaurid titanosaurs
in the analyses.

In this study, we found the separation of Colossosauria
in a GMM analysis for the first time, and looked for any
potential new phylogenetically-relevant characters observ-
able after the inclusion of this clade of non-lithostrotian sau-
ropods (as well as other ‘intermediate’ titanosaurs). Overall,
our results are congruent with current phylogenetic informa-
tion (particularly Gonzalez Riga et al. 2018, 2019; Mannion
et al. 2019). Moreover, our analyses allowed the proposal of
several new characters regarding bone regions previously
not represented in morphological datasets used in cladistic
analyses. Our analyses also support the future inclusion of
some morphological characters not considered in current
phylogenetic data matrices (e.g. anterior projection of lateral
bulge, Vila et al. 2012; the secondary posterolateral ridge
of the fibular articulation of the tibia, Royo Torres 2009)
as they appear more widespread among titanosaurian sub-
clades. GMM has proved to be a useful tool to assess mor-
phological variability in the appendicular skeleton and to
identify the most variable areas in it despite its conservative
morphology and overlapping between exclusive clades. We
have shown that it is possible to identify the bone regions
which exhibit most of the morphological variation that may
reflect differences between titanosaurian clades.
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