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Taxonomic utility of Early Cretaceous
Australian plesiosaurian vertebrae

Vikram Vakil, Gregory Webb, and Alex Cook

ABSTRACT

Despite their broad occurrence in Australian basins, lower-level taxonomy of Aus-
tralian Early Cretaceous plesiosaurs is hindered by the scarcity of skulls and other
diagnostic elements. This paper presents a morphological and morphometric analysis
of the vertebrae of Australian plesiosaurs and a comparison with selected non-Austra-
lian elasmosaurids (basal elasmosaurs, styxosaurines, aristonectines). Biometric anal-
ysis involved measurements that include centrum height (CH), centrum width (CW),
centrum length (CL), width of zygapophyses, and others. Principal component analysis
(PCA) and multivariate analysis of variance (MANOVA) were carried out on CH, CW,
and CL. Morphometric ratios [Vertebral Length Index (VLI), Height Index (HI), and
Breadth Index (Bl)] were plotted along the length of the vertebral column and on bivari-
ate graphs where the analysis is independent of vertebral position and correct
sequencing. Direct comparison of homologous groups of vertebrae (especially anterior
cervicals) easily distinguished an Australian polycotylid from all elasmosaurids in all
plots. Most Australian elasmosaurid specimens plotted near basal ‘Cimoliasaurus’-
grade elasmosaurs, where they clustered as a group relatively distinct from, but over-
lapping coeval non-Australian forms. However, one specimen plotted consistently with
the non-Australian styxosaurines and Opallionectes andamookaensis plotted with the
aristonectines. Although it is not possible to distinguish phylogenetic relationships from
morphological convergence in the plotted positions, the analyses provide potential
hypotheses to be tested with additional data. Hence, vertebrae have some taxonomic
value for potential assignment of Australian plesiosaurs, even in the absence of skulls
or other diagnostic material.
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INTRODUCTION

Plesiosaurs as a distinct type of extinct marine
reptiles were first recognized by De la Beche and
Conybeare (1821) with the description of Plesio-
saurus from the English Lias (Late Triassic-Early
Jurassic) (see also Conybeare, 1822; O’Keefe,
2001a). Plesiosaurs evolved from Triassic saurop-
terygians (Rieppel, 1997; Rieppel, 2000; O’'Keefe,
2001a) near the Triassic-Jurassic boundary (Rhae-
tian, Upper Triassic; Taylor and Cruickshank, 1993;
Storrs, 1993, 1999, Wintrich et al., 2017a,b), and
diversified through the Jurassic and Cretaceous
before going extinct at the end of the Mesozoic Era
(Romer, 1966; O’Keefe, 2001a, 2001b, 2002; Gas-
parini et al., 2003; O’Gorman et al., 2019a, b). His-
torically, the term ‘plesiosaur’ was commonly used
only to refer to plesiosauromorphs (long-necked,
small-headed forms) as opposed to ‘pliosaurs’
(pliosauromorphs: short-necked, large headed
forms). However, this traditional taxonomic distinc-
tion has been challenged by recent phylogenetic
analyses, which indicate multiple origins of long-
and short-necked morphs across Plesiosauria
(Carpenter, 1997; O’Keefe, 2000, 2001a; Benson
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and Druckenmiller, 2014; Fischer et al., 2018,
2020). The most species-rich clade of Cretaceous
plesiosaurs, Xenopsaria, includes both primarily
long- (Elasmosauridae) and short-necked (Lepto-
cleididae, Polycotylidae) families (Benson and
Druckenmiller, 2014).

Plesiosaurs were cosmopolitan in distribution
(Ketchum and Benson, 2010), with specimens
known from every continent including Antarctica
(Wiffen and Moisely, 1986; Chatterjee and Small,
1989; Cruickshank, 1997; O’Gorman et al., 2019a).
In Australia, xenopsarian plesiosauromorphs occur
in almost every Lower Cretaceous sedimentary
basin (Figure 1) (Kear, 2016; Kear et al., 2017).
However, the Early Cretaceous evolution of xenop-
sarians is poorly understood, owing to the small
number of known taxa and the systematics of the
group being in flux (Otero, 2016; O’Gorman et al.,
2017; Fischer et al., 2020). This problem is exacer-
bated in Australia by the frequent lack of preserved
skull material. Hence, the majority of specimens
have been categorised as ‘indeterminate’ in the
absence of diagnostic cranial characters. Previ-
ously, the vertebrae of plesiosauromorphs, particu-

Julia Creek Richmond

Hughenden

Prairie

Roma district

Eromanga Basin
+— Curdimurka

Lightning Ridge

White Cliffs

Otway Ranges@ Strze_l_eki Ranges
localities localities

FIGURE 1. Locality map showing plesiosaur-bearing fossil localities in Australia (modified from Kear, 2003). Speci-
mens analysed here are from the Richmond area, Queensland and Coober Pedy, South Australia.
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larly the cervical (neck) vertebrae, were commonly
used to differentiate species (e.g., Welles, 1942,
1952; Brown, 1981) and for broader phylogenetic
studies (e.g., O’Keefe and Hiller, 2006; O’Gorman
et al.,, 2013; Benson and Druckenmiller, 2014;
Otero, 2016). However, vertebral morphology var-
ies not only with taxonomy, but also with position
within the body, ontogeny, and taphonomy (Welles,
1952), and there can be significant variation in the
measurements even of adjacent vertebrae
(O’Keefe and Hiller, 2006). When taking these fac-
tors into account, vertebral biometrics have been
found to have some taxonomic utility in elasmosau-
rids and cryptoclidids (O’Keefe and Hiller, 2006;
Benson and Bowdler, 2014; Roberts et al., 2017).
Vertebral remains dominate the Australian Creta-
ceous plesiosaur record, but despite basic morpho-
logical studies having been done on a vast
collection of specimens (Cruickshank et al., 1999;
Kear, 2001, 2002, 2003, 2004, 2005a, 2006a,
2006b, 2007, 2016; Kear et al., 2017; Sachs, 2004,
2005a), few biometric studies have been carried
out to try and refine their taxonomic attributions.
The purpose of this paper is to compare post-
cranial materials of xenopsarian plesiosauro-
morphs  (mostly elasmosaurids) from the
intracontinental Eromanga Basin in Queensland to
gauge the utility of vertebral analysis for differenti-
ating and/or grouping Australian specimens. This
could help inform estimates of diversity amongst
these commonly headless fossils and provide addi-
tional support for possible relationships among dif-
ferent species of Australian and non-Australian
elasmosaurids (e.g., styxosaurines, aristonec-
tines), which also commonly lack preserved skulls.
This style of morphometric analysis could also be
extended to other fossil assemblages lacking diag-
nostic cranial remains (see Vakil et al., 2020, for
the application of this technique to ichthyosaurs).

Institutional Abbreviations

AM - Australian Museum, Sydney, Australia;
AMNH FARB — American Museum of Natural His-
tory (Fossil Amphibian, Reptile, and Bird collec-
tions), New York, USA; ANSP - Academy of
Natural Sciences of Drexel University, Philadel-
phia, USA; BGR — Bundesanstalt fiir Geowissen-
schaften und Rohstoffe, Hannover, Germany; CM
— Canterbury Museum, Christchurch, New Zea-
land; DMNH — Denver Museum of Natural History,
Denver, USA; GSQ - Geological Survey of
Queensland, Brisbane, Australia; KUVP — Univer-
sity of Kansas Museum of Paleontology (Verte-
brate Paleontology collections), Lawrence, USA;
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MLP — Museo de La Plata, La Plata, Argentina;
NZGS CD - Nuclear and Geological Science,
Lower Hutt, New Zealand; QM - Queensland
Museum, Brisbane, Australia; RM/KK — Richmond
Museum (Kronosaurus Korner) fossil collections,
Richmond, Australia; SGO — Area Paleontologia
de Vertebrados, Museo Nacional de Historia Natu-
ral, Santiago, Chile; TMP — Royal Tyrrell Museum
of Palaeontology, Drumbheller, Alberta, Canada;
UCMP - University of California Museum of Pale-
ontology, San Francisco, USA; UPM - Undory
Palaeontological Museum, Undory, Russia.

GEOLOGICAL SETTING

The extensive intracratonic Eromanga basin
in northern and central Queensland (Figure 1) con-
tains continental and marine epicontinental Lower
Cretaceous (Aptian-Albian) deposits and has
yielded several marine reptile fossil assemblages,
including plesiosaurs, ichthyosaurs, and turtles
(Kear, 2003, 2016; Kear et al., 2017), which must
have thrived in high-latitude, temperate environ-
ments (Kear, 2006b; Ketchum and Benson, 2010;
Kear et al., 2017). The Aptian-Albian epicontinental
marine extensions of the Eromanga basin in New
South Wales and South Australia also contain
marine reptiles (Kear, 2003; Kear et al., 2017).
Four xenopsarian families (Leptocleididae White,
1940; Polycotylidae Williston, 1908; Elasmosauri-
dae Cope 1869; and probably Cryptoclididae Wil-
liston, 1925) have been identified from the
Australian Cretaceous (e.g., Kear, 2003; see
review by Kear et al.,, 2017). Within Australia,
Aptian deposits are richest in plesiosaur fossils,
whereas Albian strata show fewer plesiosaurs but
contain abundant ichthyosaur remains (Kear,
2003). The Rolling Downs Group of Queensland
and New South Wales includes Aptian-Ceno-
manian fossiliferous marine sediments (Kear,
2003). Many studies have been published on
marine reptiles from these deposits (e.g., Ether-
idge, 1897, 1904; Longman, 1915, 1922, 1924,
1943; White, 1935; Persson, 1960, 1982; Gaffney,
1981; Murray, 1985, 1987; Wade, 1984, 1990; Mol-
nar, 1982a, b, 1991; Thulborn and Turner, 1993;
Cruickshank and Long, 1997; Long and Cruick-
shank, 1998; Cruickshank et al., 1999; Kear, 2001,
2002). Despite the recovery of several excellently
preserved specimens (Kear, 2016; Kear et al.,
2017), the type materials of most nominal Austra-
lian marine reptile taxa are fragmentary and poorly
preserved, making their taxonomy problematic.

A further issue encountered when dealing with
fragmentary Australian marine reptile remains is
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TABLE 1. Plesiosauromorph specimens examined for this research.

Specimen Locality Formation Age Current Location Material
QM F12719  Stewart Creek, Dunraven Toolebuc late Albian Queensland 27 isolated vertebrae free of matrix, of
Station, Central Museum which some are crushed and others
Queensland are cojoined; disarticulated cranial
elements, isolated teeth.
QM F11050  Yambore Creek, near Toolebuc late Albian- Queensland A badly crushed skull, 5 vertebrae free
(Holotype) Maxwetton, Central early Aptian Museum of matrix of which 2 are cojoined.
Northern Queensland
QM F12934  Kentle Downs, south of Allaru late Albian Queensland 36 isolated vertebrae free of matrix
Hughenden Museum
RM FR269 Richmond Toolebuc late Albian Kronosaurus 55 vertebrae free of matrix of which
Korner some are cojoined, while others are
isolated; rib fragments, parts of the
right and left front paddles, propodial
elements
QM F2085 Flinders River, about 4.8 Toolebuc late Albian Queensland 22 vertebrae free of matrix of which
km. from Richmond. Museum some are cojoined while others are
isolated.
QM L39 Near Bore Drain on ‘Lydia Toolebuc late Albian Queensland 6 isolated vertebrae free of matrix
Downs’ Station, north of Museum
Nelia at Julia Creek
RM FR436 Richmond Toolebuc late Albian Kronosaurus 12 isolated vertebrae free of matrix.
Korner
QM F171282 Flinders River, about 4.8 Toolebuc late Albian Queensland Isolated vertebra free of matrix
km. from Richmond Museum
QM PL Unknown (Central Queensland 2 isolated vertebrae free of matrix
Queensland?) Museum

their stratigraphic origin, as many of these fossils
lost their stratigraphic context during excavation
and/or preservation (Kear, 2003). With this said,
many of the fossils in question can confidently be
considered Aptian in age based on the associated
invertebrate fauna (Ludbrook, 1966; Johns, 1968;
Day, 1969; Henderson et al., 2000) or associated
concretions and nodules (Robertson and Scott,
1990; Sheard, 1990; Krieg and Rodgers, 1995;
Burton and Mason, 1998).

MATERIALS AND METHODS

The vertebrae associated with specimen QM
F11050 (holotype of Eromangasaurus australis
(Sachs, 2005)) from the Queensland Museum
(QM), Brisbane, Queensland and eight previously
undescribed xenopsarian specimens (one poly-
cotylid and seven elasmosaurids) from QM and the
Kronosaurus Korner Museum (RM) in Richmond,
Queensland, were described and measured for
morphometric analysis (Table 1). All specimens are
thought to be from the upper Albian Toolebuc For-
mation near Richmond, Queensland, except for
QM F12934, which is from the overlying, Albian-

Cenomanian Allaru Mudstone, and QM F3567,
which is from the Barremian-Albian Wallumbilla
Formation (Gray et al., 2002).

Morphological and morphometric data were
recorded from specimens where possible or com-
piled from the literature to obtain morphological
characters and morphometric datasets of previ-
ously published species for comparison. Previous
data on Australian specimens, such as Opal-
lionectes andamookaensis Kear, 2003, were taken
from papers by Kear (2001, 2003, 2005a) and
Sachs (2004). For international specimens, papers
by O’Keefe (2001), O’Keefe and Hiller (2006), Sato
et al. (2000), Druckenmiller and Russell (2008),
O’Gorman et al. (2013), O’Gorman et al. (2015),
and Kubo et al. (2012) were utilised to include
specimens with ‘Cimoliasaurus’-grade vertebrae,
Aristonectinae, and Styxosaurinae (sensu Otero,
2016; note that this taxon may be synonymous with
Elasmosaurinae, see Serratos et al., 2017). Mor-
phological comparisons include analyses of varia-
tion in shape and structure of vertebrae, including,
where possible, the measurement of different parts
of the vertebrae, such as the centrum (body), rib
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FIGURE 2. Measured morphometric parameters of vertebrae (specimen QM F12719); CW: centrum width; CH: cen-
trum height; CL: centrum length; H of NC — height of neural canal; W of NC — width of neural canal; W of ZYG. — width
of zygapophyses; H of NS — height of neural spine; angle — angle of zygapophysis with centre of centrum.

facets (pre-zygapophyses, post-zygapophyses,
diapophyses), and neural spines.

The following measurements were recorded
for specimens from the QM and RMF collections
(see Table 1 for specimen list): centrum height
(CH), centrum width (CW), both of which were
taken on the anterior articular facet of the vertebra,
centrum length (CL), width of zygapophyses, angle
between transverse processes/diapophyses and
centre of the centrum, height of neural spine,
height and width of neural canal, and distance
between cervical foramina subcentralia (Figure 2,
Appendix Table 1). The CH for medially constricted
centra was calculated as the average of three val-
ues (two on either side of the constriction and one
at the constriction). Centrum dimensions were
measured at pre-defined points and where unclear,
the average of three values for each dimension
was used. Specific mathematical parameters of
Brown (1981) were plotted as bivariate graphics.
While the parameters themselves are dependent
on the position of the vertebrae in the vertebral
sequence, their analysis on the bivariate plots is
independent of position, and thus does not require
the correct order to be known (O’Keefe and Hiller,
2006; O’'Gorman et al., 2013) [(i.e., vertebral
Length Index (VLI), Height Index (HI), and Breadth

Index (Bl) also were calculated]. Knutsen et al.
(2012) pointed out that VLI did not differentiate the
height and breadth contributions to the mean cen-
trum diameter used to calculate VLI. Other mea-
surements (e.g., height of neural spine, width of
zygapophyses, etc.) were made where possible,
but because of lack of sufficient data, they were not
used in morphometric analyses. Centrum dimen-
sions provided the basis for most analyses.

Statistical analysis is supported by graphing
biometric relationships modified from O’Gorman et
al. (2013), where VLI, HI, and Bl were plotted
against each other, and the resulting trends/pat-
terns were compared with morphometric datasets
from the literature. The following equations were
used (after Welles, 1952; Brown, 1981):

VLI = 100*CL/[0.5*(CH+CW)]
Bl = 100*CW/CL
HI = 100*CH/CL
BHI = 100*CW/CH

where CL = centrum length; CH = centrum height;
and CW = centrum width.

Owing to incompleteness of specimens and
differences in neck length for different taxa, nor-
malised positions (relative to total number) of ver-
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tebrae within the key three body regions (cervical,
dorsal, and caudal) (cf. Vakil et al., 2020) were
plotted against VLlIs for all specimens to compare
any trends along the length of the vertebral col-
umn. Vertebrae were initially assigned to body
region based on their morphology, with cervicals
bearing rib facets wholly on the centrum, pectorals
and sacrals partly on the centrum and neural arch,
dorsals wholly on the neural arch, and caudals
either on the neural arch or side of the centrum in
addition to the presence of chevron facets on their
ventral surfaces (e.g., Taylor et al., 1993; Drucken-
miller, 2002; Noé et al., 2017). Distinction between
anterior and posterior cervicals of elasmosaurids
was based on the narrower or wider spacing of the
foramina subcentralia in anterior and posterior cer-
vicals, respectively (Bardet et al., 1999; Otero et
al., 2014), and with respect to the changing posi-
tion of rib facets towards the neural arch facets
from anterior to posterior cervicals (Otero et al.,
2014). Their exact position/sequence within the
vertebral column was determined on the basis of
the preserved sequence as excavated, where pos-
sible, by their gradation in morphology as men-
tioned above, or by increasing/decreasing size.
The VLI plots then were compared to those of more
complete specimens of known plesiosauromorph
taxa from the literature to evaluate taxonomic simi-
larity. Non-Australian specimens from the literature
with relatively incomplete cervical vertebral
sequences were omitted from VLI plots but were
included in subsequent plots (see below for PCA,
HI-BI-VLI, and H/W plots). As isolated vertebrae
are difficult to compare meaningfully, VLI values of
QM F11050, QM F171282, and QM PL were not
plotted against vertebral position.

As errors are possible in the sequencing of
vertebrae that were not preserved in situ, addi-
tional quantitative analyses were carried out using
principal component analysis (PCA) on CL, CW,
and CH and HlI, BI, and BHI for vertebrae where all
three could be adequately determined. Importantly,
PCA analysis does not rely on the sequence of a
given vertebra in the column. Two methods were
used to normalise CL, CW, and CH data so as to
address heteroscedasticity and highlight ontoge-
netic changes in morphology. Firstly, vertebral
dimensions (CX) were centred and normalised
individually for CW, CH, and CL prior to analysis
using the following formula (Vakil et al., 2020):

CXnormalised = {CX — Mean (CW, CH, CL)}/
Standard Deviation (CW, CH, CL)

Raw data were transformed to natural loga-
rithms (cf. O’Keefe and Hiller, 2006) as another
means to normalise against the effects of hetero-
scedasticity and plotted separately.

Following PCA, Box's M test of equality of
covariance matrices was used to test the null
hypothesis that observed covariance matrices of
the variables were equal across different sample
groups (e.g., anterior versus posterior cervicals) of
Australian and non-Australian specimens. Multivar-
iate analysis of variance (MANOVA) was used to
investigate differences between Australian and
non-Australian plesiosauromorph specimens using
centrum dimensions. Pillai’s trace values were then
calculated. This statistic ranges from 0 to 1 (Seber
1984, Pillai 1995) with values closer to 1 represent-
ing more statistically significant results, and conse-
quently, the greater difference between compared
groups. PAST software version 3 (v3) was utilised
for statistical analyses (Hammer et al., 2001).

SYSTEMATIC PALAEONTOLOGY

Superorder SAUROPTERYGIA Owen, 1860
Order PLESIOSAURIA de Blainville, 1835
Superfamily PLESIOSAUROIDEA Gray, 1825
Clade XENOPSARIA Benson and Druckenmiller,
2014
Family POLYCOTYLIDAE Cope, 1869
Polycotylidae gen. et sp. indet. (QM F12719)
Figure 3

Referred material. Partial cranial and partial post-
cranial material; 27 vertebrae free of matrix — some
are isolated, others articulated; several isolated
teeth.

Locality. Stewart Creek, Dunraven Station, Central
Queensland.

Stratigraphic horizon. Toolebuc Formation (Late
Albian).

Description of vertebrae. Most centra are com-
plete; six cervical vertebrae have distinct foramina
subcentralia and some have an additional foramen
on the neural arches, at the junction of the neural
canal and the neural arch facets (Figure 3C-E);
most dorsal vertebrae are partially to wholly com-
plete with neural spines, prezygapophyses, postzy-
gapophyses, and diapophyses (Figure 3 , B); six
cervical vertebrae with foramina subcentralia and
rib facets borne wholly on centra (CW = 55.1 —
66.1 mm; CL = 33.9 — 39.4 mm; CH = 56.6 — 65.3
mm); 17 measurable and four partly measurable
dorsal vertebrae with rib facets borne wholly on the
neural arches (CW =62.5-71 mm; CL=31.1-43
mm; CH = 57.4 — 70.3 mm). Centra of cervicals
and dorsals are circular in outline with a well-
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dorsal foramen

FIGURE 3. Specimen QM F12719. A. Dorsal vertebra, anterior view. B. Dorsal vertebra, lateral view. C. Cervical ver-
tebra, anterior view. D. Cervical vertebra, ventral view showing foramina subcentralia (f.s.). E. Cervical vertebra, dor-
sal view showing foramen on neural arches. Scales shown on figure.

marked outer rim, amphicoelous, have a distinct
notochordal pit and CL generally less than one-half
of CH (cf. McKean, 2012). Overall length of the
vertebral column is unknown and difficult to esti-
mate.

Remarks. The specimen is considered a polycoty-
lid based on the general morphology of the verte-
brae (CL < 1/2CH, circular rim, distinct notochordal
pit) and the presence of distinctly amphicoelous
articular facets (Figure 3A, C), which are typical for
the family (McKean, 2012). The original sequence
of vertebrae is lost; the current sequence is
arranged based on the size and shape of the cen-
tra within body regions. Based on the overall size
of centra and weak fusion of neural spines and
transverse processes to centra, i.e., open neuro-
central sutures (osteological immatureness of the
vertebrae), the specimen appears to be a juvenile.
However, we cannot rule out the possibility of pae-
domorphism, which is common in pliosaurs (Espen
Knutsen, personal communication, 2021).

Family ELASMOSAURIDAE Cope, 1869
Genus EROMANGASAURUS Kear, 2005b

Type species. Eromangasaurus australis (Sachs,
2005).

Remarks. Eromangasaurus was erected by Kear
(2005b) on the basis of a badly crushed skull (QM
F11050), the posterior part of which was associ-
ated with a fused atlas-axis complex and three cer-
vical vertebrae (QM F12216, QM F12217),
recovered from the upper Albian Toolebuc Forma-
tion near Maxwelton at Yambore Creek in
Queensland. An additional two cervical vertebrae
(QM F12219) were recovered subsequently along
with the anterior portion of the skull (for a history of
the material, see Persson, 1982). Persson (1982)
initially referred the material with reservation to
Woolungasaurus glendowerensis Persson, 1960
based only on cervical centra. However, Welles
(1962) and later Kear (2003) considered W. glen-
dowerensis to be a nomen dubium owing to its lack
of diagnostic characters, and the latter considered
this material to represent a new, undescribed
genus and species of elasmosaurid (see also Thul-
born and Turner, 1993). Sachs (2004) referred QM
F11050 to Tuarangisaurus Wiffen and Moisley,
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1986, a genus previously known from New Zea-
land (Wiffen and Moisley, 1986; O’Gorman et al.,
2017). Then in 2005, Sachs and Kear inde-
pendently described new taxonomic names for the
specimen, with Sachs (2005) erecting the species
Tuarangisaurus australis and Kear (2005b) erect-
ing the new genus and species Eromangasaurus
carinognathus. Subsequently, Kear (2007) demon-
strated that the skull of Tuarangisaurus keyesi (the
type species) differed substantially from QM
F11050, supporting generic distinction. Recogniz-
ing the priority of Sach’s (2005) species name, the
new combination Eromangasaurus australis was
established for QM F11050 (Kear, 2007) and has
been maintained in subsequent studies (e.g.,
Druckenmiller and Knutsen, 2012).

Eromangasaurus australis (Sachs, 2005)

Figure 4

1982 Woolungasaurus cf. W. glendowerensis
Persson, p. 648, PI. 1, figs.1, 2, Pl. 2, fig.
1.

1993 Elasmosauridae, gen. et sp. nov. Thul-
born and Turner, figs. 2, 3.

2003 Elasmosauridae, gen. et sp. nov. Kear,
fig. 3A.

2004 Tuarangisaurus, sp. nov. Sachs, p. 713.

2005 Tuarangisaurus australis Sachs, p. 426,
figs. 2-5.

2005b  Eromangasaurus carinognathus Kear, p.
793, figs. 2-7.

2007 Eromangasaurus australis (Sachs, 2005)

comb. nov., Kear, p. 244, figs. 1, 2.

Holotype. QM F11050. Nearly complete, but badly
crushed skull (including atlas-axis complex) plus
five cervical vertebrae, including three isolated
anterior cervical vertebrae (QM F12216 and QM
F12219a,b) and two more posterior cervical verte-
brae (QM F12217). An additional ventral impres-
sion of QM F12216 containing minor bone
fragments is labelled QM F12218 (see Appendix
Table 2 for vertebrae specimen numbers).
Locality. Yambore Creek, north of Julia Creek,
central northern Queensland.

Stratigraphic horizon. Toolebuc Formation (early
Aptian — late Albian).

Diagnosis. See Kear (2007).

Description. The skull and atlas-axis complex of
this individual have been described previously
(Sachs, 2005; Kear, 2005b, 2007) and are not
dealt with here. Specimens QM F12216 and QM
F12217 also have been described previously
(Persson, 1982; Sachs 2005), and the description
below is taken from them with additional observa-
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tions and measurements. Sachs (2005) labelled
one vertebra as QM F12216-19, but illustrated only
QM F12216 (his figure 5B), apparently not having
had access to the last two vertebrae recovered
(which make up QM F12219). Vertebrae include
three anterior cervical vertebrae free of matrix (QM
F12216, QM F12219a,b; mean CW = 69.5 mm;
mean CL = 67.4 mm; mean CH = 50.9 mm) and
two mid- to posterior cervicals that are cojoined but
free of matrix (QM F11217; CW = 104.15, 105.2
mm; CL = 99.05, 98.15 mm; CH = 84.45, 87.65
mm) (all measurements in Appendix Table 1). All
centra are complete, with distinct foramina subcen-
tralia. Anterior cervical vertebrae (QM F12216 and
QM F12219) (Figure 4A, D-G) have dumbbell-
shaped articular facets, a lateral ridge, latero-ven-
trally placed rib facets borne wholly on the cen-
trum, part of the neural arch facet on the dorsal
surface and narrowly-spaced foramina subcentra-
lia. The cojoined vertebrae (QM F12217) (Figure
4B, C) have neural arches and parts of neural
spines fused to centra with a faint suture, dumb-
bell-shaped articular facets, a prominent ridge on
the lateral surface but positioned towards the rib
facets, laterally positioned but widely-spaced rib
facets, and relatively widely-spaced foramina sub-
centralia.

Remarks. The original sequence of vertebrae is
lost and the current sequence is based on mor-
phology and size with the anterior specimens most
similar in size to the atlas-axis complex and the
cojoined pair (QM F12217) being significantly
larger (Figure 4). This specimen has a complex
collection history, detailed by Persson (1982), with
even the skull being collected in two parts at sepa-
rate times. This has created some confusion in
numbering, with the last two collected centra
becoming separated from the skull and first col-
lected centra within the QM collection (Appendix
Table 2). As a result, one of the QM F12219 centra
was erroneously labelled QM F12217, duplicating
the number of the original cojoined specimens.
However, Persson (1982) made it clear that QM
F12219 represented two separate centra. Adding
to the complexity is that whereas the three smaller
anterior centra share similar matrix with the skull
and atlas-axis complex, the cojoined specimens
(QM F12217) have somewhat different matrix.
Regardless, all vertebrae appear to be associated
with the skull based on field notes despite the great
disparity in size of QM F12217. Based on the oste-
ological immaturity of the vertebrae and atlas-axis
complex, Persson (1982) considered the specimen
a subadult.



FIGURE 4. Vertebrae associated with specimen QM
F11050 — Eromangasaurus australis holotype. A. QM
F12216, lateral view showing lateral ridge (red arrow). B.
Cojoined vertebrae QM F12217, anterior view. C. QM
F12217, lateral view showing lateral ridges (red arrows).
D. QM F12219a, anterior view. E. QM F12219a, lateral
view showing lateral ridge (red arrow). F. QM F12219b,
lateral view showing lateral ridge (long red arrow) and rib
facet borne wholly on centrum (short red arrow). G. QM
F12219b, ventral view showing foramina subcentralia
(white arrows) separated by a mid-ventral keel. Scales
shown on figure.
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Elasmosauridae gen. et sp. indet. (QM F12934)
Figure 5

Material. Partial postcranial material; 36 isolated
vertebrae, free of matrix; it is unclear as to whether
there are any other postcranial elements associ-
ated with this specimen.

Locality. Kentle Downs, south of Hughenden.
Stratigraphic horizon. Allaru Formation (late
Albian).

Description. Most centra are complete; nine ante-
rior cervical centra have distinct foramina subcen-
tralia (Figure 5F) and lateral ridges (Figure 5G),
while two posterior cervical centra are identified on
the basis of position of rib facets (Figure 5E) (CW =
70.9 — 123.15 mm; CL = 73.55 — 98.6 mm; CH =
53.85 — 93.5 mm); three dorsal centra lack fused
parts (diapophyses and zygapophyses) and are
identified on the basis of relatively circular shape in
anterior view and dorso-lateral position of rib facets
borne on the transverse processes of the neural
arches (CW = 115.2 - 97.6 mm; CL = 91.5 -61.7
mm; CH = 87.55 — 78.15 mm) (Figure 5H); 13 mea-
surable and 9 partly measurable caudal centra lack
fused neural arches and ribs and bear chevron fac-
ets (Figure 5A) in addition to rib facets (Figure 5B)
(CW =50.5-104.1 mm; CL = 39.6 — 64.6 mm; CH
= 37.3 — 82.05 mm). Sacral vertebrae were identi-
fied on the basis of the relatively elliptical shape of
their articular facets in anterior view and the shape
and position of rib facets, borne partly on the cen-
trum and partly on the neural arches (Figure 5C,
D).

Remarks. The original sequence of vertebrae is
lost and the current sequence was determined
based on size. Vertebrae show typical elasmosaur
characteristics (lateral ridges and dumbbell-shaped
articular facets) (Otero et al., 2014; Sachs and
Kear, 2017). Based on the osteological immaturity
of the vertebrae, the specimen appears to be a
subadult. Some fragmentary postcranial material
occurs with QM F12934, but it is unclear as to
whether it belongs to the referred specimen, as the
field notes are not clear.

Elasmosauridae gen. et sp. indet. (RM FR269)
Figures 6, 7

Material. Partial postcranial material; 55 vertebrae
of which 36 are measurable; most are isolated and
free of matrix whereas some dorsals and caudals
are cojoined and partially obscured in matrix.
Locality. Near Richmond, Queensland.
Stratigraphic horizon. Toolebuc Formation (upper
Albian).



VAKIL, WEBB, & COOK: PLESIOSAUR VERTEBRAE

FIGURE 5. Specimen QM F12934. A. Caudal vertebra showing chevron facets; B. Caudal vertebra showing rib facet,
lateral view. C. Sacral vertebra showing rib facets borne partly on centrum and partly on neural arch, lateral view; D.
Sacral vertebra, anterior view. E. Posterior cervical showing rib facet, lateral view. F. Anterior cervical showing foram-
ina subcentralia (f.s.), ventral view. G. Anterior cervical, lateral view. H. Dorsal vertebra, anterior view. Scales shown
on figure.

Description. Most centra are complete, but
because some centra are partially obscured in
matrix, their dimensions were extrapolated by dou-
bling the measurements taken from exposed por-
tions where at least one-half of the centrum was
visible. Eleven cervicals have distinct foramina
subcentralia (Figure 6C) and distinct lateral ridges;
some have neural arch bases fused to them with
faint suture lines visible, while others show fusion
of the zygapophyses (pre- and postzygapophyses)
with faint suture lines (Figure 6A, B) (CW = 64.4 —
119.5 mm; CL = 50.6 — 93.4 mm; CH =57.2 - 76.9
mm); 10 dorsals (4 pectorals, 5 dorsals, 2 sacrals)
are mostly obscured in matrix but are identifiable
on the basis of the position of rib facets; some have
neural arches attached to the centra with faint
suture lines (Figure 6D) (CW = 109.55 — 86.6 mm);
CL = 51.5 - 91.55 mm; CH = 59.25 — 78.55 mm);
pectorals are distinguishable from dorsals on the
basis of their position relative to the cervicals and
the position of rib facets borne partly on the cen-
trum and partly on the neural arches; their transi-
tion into dorsals is apparent where the rib facets
are borne wholly on the neural arches (Figure 7B)
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(CW = 112.35 - 110.9 mm; CL = 80.65 — 81.75
mm; CH = 86.45 — 87.1 mm); two sacral vertebrae
are distinguishable from the dorsals and caudals
on the basis of the position of rib facets, borne
partly on the centrum and partly on the neural
arches; the transition from dorsals is apparent
since the last six dorsals and the sacral vertebrae
are articulated (Figure 7A) (CW = 94 mm; CL =
60.95 mm; CH = 65.2 mm); one measurable cau-
dal is identified on the basis of its size and the lat-
ero-ventral position of chevron facets, but the
remaining 14 identifiable caudals were only partly
measured because most are either obscured in
matrix or distorted (CW = 84.25 mm; CL = 51.65
mm; CH = 68.2 mm).

Remarks. The original sequence of most vertebrae
is lost, but some vertebral sets (especially in the
dorsal region) are preserved in articulation. The
current sequence is based on the size of vertebrae
and gradual change in position of rib facets and is
thought to be the original sequence as excavated.
Vertebrae have elasmosaurid characteristics (e.g.,
lateral ridges) (Otero et al., 2017; Sachs and Kear,
2017). Based on the osteological immaturity of the
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FIGURE 6. Specimen RM FR269. A. Cervical vertebra, anterior view with weakly fused neural arches and neural
spine. B. Cervical vertebrae, lateral view with rib facets borne wholly on the centrum. C. Cervical vertebra, ventral
view showing paired foramina subcentralia (f.s.). D. Dorsal vertebra, anterior view with rib facets (diapophyses) borne

wholly on neural arches. Scales shown on figure.

vertebrae, possessing open neurocentral sutures
(Brown, 1981), the specimen appears to be a sub-
adult-adult. Specimen RM FR269 was considered
potentially referable to Eromangasaurus australis
by museum staff based on the similarity in size,
morphology, and preservation of the anterior cervi-
cals with those of the E. australis specimen (QM
F11050). In the absence of definite shared autapo-
morphic features, however, this referral should be
considered speculative.

Elasmosauridae gen. et sp. indet. (QM F2085)
Figure 8

Material. Partial postcranial material; 22 dorsal
vertebrae free of matrix of which most are articu-
lated in series of 3 to 4 and one isolated vertebra.
Locality. Flinders River, about 4.8 km from Rich-
mond.

Stratigraphic horizon. Toolebuc Formation (late
Albian).

Description. All vertebrae are dorsals based on
the shape of centra and position of rib facets,
including 18 dorsal vertebrae with rib facets (dia-
pophyses) borne wholly on the neural arches (CW
=92 — 116.8 mm; CL = 66.2 — 95.75 mm; CH =
79.95 — 106.5 mm) (Figure 8E, F); three sacral ver-
tebrae with kidney-shaped rib facets borne partly

1
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1st two dorsals

four pectorals

FIGURE 7. Specimen RM FR269. A. Transition from dorsals to sacrals, right lateral view. B. Transition from pectorals

to dorsals, right lateral view. Scales shown on figure.

on the centrum and partly on the neural arches
(CW =102.9 - 96 mm; CL =61.25-63.15 mm; CH
=71 - 75.55 mm) (Figure 8C, D) and a single iso-
lated pectoral vertebra, with rib facets borne partly
on the centrum and partly on the neural arches
(CW =116.8 mm; CL = 79.05 mm; CH = 87.2 mm)
(Figure 8A, B) also occur. Despite retaining frag-
ments of diapophyses, neural canal, and neural
spines, these were primarily useful only in identify-
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ing the body region of the vertebrae in addition to
their shape and position of rib facets (Otero et al.,
2014; Sachs and Kear, 2017). However, they
mostly were not measurable owing to incomplete-
ness.

Remarks. The original sequence of vertebrae is
lost; the current sequence is based on size of cen-
tra and position of rib facets utilising the original
sequence of cojoined vertebrae where applicable
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FIGURE 8. Specimen QM F2085. A. Pectoral vertebra, anterior view. B. Pectoral vertebra, lateral view. C. Sacral ver-
tebra, posterior view. D. Sacral vertebrae, lateral view. E. Dorsal vertebra, lateral view. F. Dorsal vertebra, anterior
view. Scales shown on figure.

(Figure 8D). Based on the osteological immaturity
of the vertebrae with open neurocentral sutures
(Brown, 1981), the specimen appears to be a sub-
adult-adult. Specimen QM F2085 was initially
described by Longman (1935) as elasmosaurid
vertebrae. Persson (1963) mentioned it as well, but
neither Longman (1935) nor Persson (1963) car-
ried out morphometric analysis.

Elasmosauridae gen. et sp. indet. (QM L39)
Figure 9

Material. Partial postcranial material; six isolated
cervical vertebrae, free of matrix.

Locality. Near Bore Drain on ‘Lydia Downs’ Sta-
tion, north of Nelia at Julia Creek.

Stratigraphic horizon. Toolebuc Formation (late
Albian).

Description. Cervical vertebrae (two anterior, four
posterior) occur with distinct foramina subcentralia
(Figure 9C, F), parts of neural arches and neural
canal (Figure 9B, D), lateral ridges and dumbbell-
shaped articular facets (Figure 9A) (CW = 81 —
122.85 mm; CL = 74.9 — 90.5 mm; CH = 67 — 87.6

mm). The change in position of rib facets from
being borne almost ventrally on the centrum (Fig-
ure 9A) to ventro-laterally on the centrum (Figure
9E) indicates the transition from anterior to poste-
rior cervicals. Parts of the neural spines are
retained (Figure 9A, B, D, E), but they are not com-
plete in their dorsal extremity.

Remarks. The original sequence of vertebrae is
lost; the current sequence is based on the size and
shape of the vertebrae. Vertebrae show elasmo-
saur characteristics (e.g., lateral ridges and dumb-
bell-shaped articular facets, obscured by slight
distortion) (Otero et al.,, 2014; Sachs and Kear,
2017). Based on the osteological immaturity of the
vertebrae with open neurocentral sutures, the
specimen appears to be a subadult-adult.

Elasmosauridae gen. et sp. indet. (RM FR436)
Figure 10

Material. Partial postcranial material with 12 iso-
lated vertebrae.

Locality. Near Richmond, Queensland (exact
locality unknown).
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FIGURE 9. Specimen QM L39 — anterior cervicals. A. Lateral view with prominent ridge. B. Anterior view. C. Ventral
view with foramina subcentralia. D. Anterior view. E. Lateral view showing rib facet. F. Ventral view showing foramina

subcentralia. Scales shown on figure.

Stratigraphic horizon. Toolebuc Formation (late
Albian)

Description. Twelve isolated, anterior cervical ver-
tebrae (CW =91.2 - 61.85 mm; CH = 62.65 — 42.1
mm; CL could not be measured owing to distortion)
are free of matrix (Figure 10A). All centra are com-
plete, but most appear to be dorso-ventrally flat-
tened and sheared, thereby distorting CL
measurements. Vertebrae have faintly visible
foramina subcentralia and lack fused elements. All
vertebrae bear faint lateral ridges and well-devel-
oped dumbbell-shaped articular facets obscured
by distortion (Figure 10C) (Otero et al., 2014;
Sachs and Kear, 2017).

Remarks. The original sequence of vertebrae is
lost and the current sequence is based loosely on
vertebra size. The lateral ridges and dumbbell-
shaped articular facets are consistent with an elas-
mosaurid identification (Otero et al., 2014). Based

14

on the osteological immaturity of the vertebrae,
with open neurocentral sutures, and their size, the
specimen appears to be a subadult. It is important
to note that all vertebrae have been sheared differ-
entially; some are skewed left dorsally whereas
others are skewed right dorsally (Figure 10;
Appendix Figure 1). Since shearing was almost
certainly caused during compaction, we can infer
that the vertebrae were lying on their sides post-
mortem, but not all were oriented in the same
direction. As the original sequence of vertebrae is
not preserved, three hypotheses may explain their
orientations. If the order reconstructed on the basis
of size is correct (Figure 10A; Appendix Figure 1A),
individual vertebrae toppled to either side (Appen-
dix Figure 1B), followed by shearing. Alternately,
the vertebrae may represent two or more sections
of neck that were deposited on different sides
(Appendix Figure 1C) and were sheared together
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FIGURE 10. Specimen RM FR436. A. 12 anterior cervical vertebrae. B. Ventral view. C. Anterior view. Note the
skewed vertebra. Scales shown on figure.

in sections. This would require that the order based
on size is incorrect. Finally, the vertebrae may have
been disarticulated completely upon deposition,
ending up resting in different random orientations
prior to compaction (Appendix Figure 1D). This
would explain the irregular ordering of the shear-
ing, but would require that none of the vertebrae
were deposited on dorsal or ventral surfaces. At
this time, the lack of detailed excavation notes
makes it impossible to exclude one of the options.
Owing to the incomplete data, this specimen was
not included in further analyses.

Elasmosauridae gen. et sp. indet. (QM F171282)
Figure 11A-C

Material. Single, isolated cervical centrum, free of
matrix.

Locality. Flinders River, about 4.8 km from Rich-
mond.

Stratigraphic horizon. Toolebuc Formation (late
Albian).

Description. One anterior cervical with distinct
foramina subcentralia separated by a mid-ventral
keel (Figure 11C) on the ventral surface and neural
arches fused to the centrum (Figure 11B) with lat-
eral ridges and dumbbell-shaped articular facets
(Figure 11A) (CW = 108.4 mm; CL = 98.8 mm; CH
= 88.35 mm).

Remarks. The vertebra has typical elasmosaurid
characteristics (lateral ridges and dumbbell-shaped
articular facets) (Otero et al., 2014; Sachs and
Kear, 2017). Based on the size and osteological
immaturity of the vertebra with open neurocentral
sutures (Brown, 1981), the specimen appears to
be a subadult-adult. Apparently, no other material
was recovered for this individual.

Specimen PL (unregistered Queensland Museum
specimen)
Figure 11D-F

Referred material. Two isolated cervical vertebrae
(designated as PL1 and PL2).

Locality. Unknown, but Australian and thought to
be central Queensland.

Stratigraphic horizon. Unknown.

Description. Two anterior cervicals with distinct
foramina subcentralia (Figure 11E) and distinct lat-
eral ridges (Figure 11D); parts of neural arches
fused to the centra (Figure 11F) (CW =76.7 — 78.4
mm; 77.1 - 81.1 mm; CH = 66.2 — 64.2 mm).
Remarks. Based on the size and osteological
immaturity of the vertebrae, with open neurocentral
sutures (Brown, 1981), this specimen appears to
be a subadult. No notes accompany these verte-
brae and their exact locality and horizon are
unknown. Nevertheless, they were included in this

15
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FIGURE 11. A-C. Specimen F171282/QM ISO. A. Lateral view showing lateral ridge. B. Anterior view, showing neural
arch fused to the centrum. C. Ventral view showing paired foramina subcentralia. D-F. QM Specimen PL (unregis-
tered). D. Anterior cervical, lateral view showing ridge. E. Anterior cervical, ventral view showing paired foramina sub-
centralia. F. Anterior cervical, anterior view, showing part of neural arches fused to the centrum. Scales shown on
figure.

study as they could be identified as elasmosaur
vertebrae (lateral ridges and dumbbell-shaped
articular facets) (Otero et al., 2014; Sachs and
Kear, 2017).

MORPHOMETRIC ANALYSIS
Vertebral Length Index Plots

For the most complete elasmosaurid speci-
mens, VLI was plotted against vertebral position
normalised to body region (cervicals, dorsals, and
caudals) (Figure 12) to compare general trends
along the vertebral column. Specimen RM FR269
(Figure 12) showed an anomalous trend in the cer-
vical region with an apparent dip where other spec-
imens have a peak. This may be the result of the
vertebrae being jumbled subsequent to collection,
but the anterior cervicals were clearly distinguish-
able from the posterior, so should be plotted in the
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correct sector. All specimens (other than the poly-
cotylid QM F12719) appear to represent subadult
to adult individuals. However, even for the Austra-
lian specimens with well-preserved vertebrae, it is
possible that the vertebral sequences may be
partly out of order and, hence, further analyses
independent of vertebral position were carried out
(see below for PCA, HI-BI-VLI, and H/W plots).
Vertebrae from different body regions (cervi-
cal, dorsal, and caudal) show somewhat different
distributions of VLI with position along the vertebral
column. As expected, cervicals show maximum
variation in VLI for both Australian and non-Austra-
lian specimens (Figure 12). Dorsals have relatively
flat distributions and caudals are slightly more vari-
able than dorsals. Even within cervicals, the ante-
rior-mid cervicals (~ between normalised 0 - 0.5;
hereafter referred to as anterior cervicals) (Figures
12, 13) show maximum disparity compared to the
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FIGURE 12. Normalised vertebral position (cervicals 0-1; dorsals 1-2; caudals 2-3) plotted against vertebral length
index (VLI) for Australian plesiosaurians and non-Australian elasmosaurids. Data for QM F3567 and RM FR271 from
Sachs (2004); Opallionectes andamookaensis from Kear (2005a); Elamosaurus platyurus, Thalassomedon haning-
toni, Callawayasaurus colombiensis, and Cm Zfr 115 from O’Keefe and Hiller (2006); Vegasaurus molyi from O’Gor-
man el. (2015); AMNH FARB 1495, AMNH FARB 5835, and AMNH FARB 2554 from Otero (2016); Aristonectes
parvidens from O'Gorman (2016a); Kawanectes lafquenianus from O’Gorman (2016b); Lagenanectes richterae from

Sachs et al. (2017), and Jucha squalea from Fischer et al. (2020).

remainder of cervicals. Australian elasmosaurid
dorsals are relatively flat and consistent in mor-
phology, but with greater VLI than for the polycoty-
lid (QM F12719). Polycotylid dorsals are similar in
VLI to its cervicals. Australian elasmosaur caudals
are more variable, but show contrast with the dor-
sals in a consistent way. As cervicals show more
variable trends than dorsals and caudals, they are
shown enlarged in Figure 13. For ease of compari-
son, specimen RM FR269 is excluded in Figure 13
owing to its anomalous, potentially jumbled trend;
Styxosaurus snowii (KUVP 1301s) is also excluded
because of its very large VLI values.

Cervical vertebrae of the Australian elasmo-
saurids RM FR271 and QM F12934 show similar
trends that decrease in VLI from anterior to poste-
rior, but generally plot within the range of cervicals
of specimens possessing ‘Cimoliasaurus’-grade
cervicals (see Otero, 2016; O'Gorman, 2019a,b —
basal elasmosaurids like Thalassomedon haning-
toni Welles, 1943 and Callawayasaurus colombi-
ensis Welles, 1962, the non-aristonectine
weddellonectian elasmosaurid Vegasaurus molyi
O’'Gorman et al., 2015, and indeterminate elasmo-

saurid specimen CM Zfr 115). Specimens possess-
ing this type of cervicals are characterised by VLI
values intermediate between the styxosaurines
(elasmosaurines) (e.g., Styxosaurus browni
Welles, 1952; AMNH FARB 1495; and Elasmosau-
rus platyurus Cope, 1868), which possess very
high VLI values, and aristonectines (e.g., Aris-
tonectes parvidens Cabrera, 1941), which pos-
sesses very low VLI values (Figures 12, 13). The
Australian elasmosaurid QM F3567 overlaps with
the styxosaurines, whereas Opallionectes anda-
mookaensis plots well within the VLI range of A.
parvidens, consistent with the aristonectine affinity
previously suggested by Kear (20063; i.e., antero-
posteriorly shortened cervicals relative to their
height with transversely expanded centra with
somewhat  platycoelous articular  surfaces,
although the characteristic longitudinal ridge of ari-
stonectines is lacking in O. andamookaensis).
Vegasaurus molyi has a distinct trend in the mid
cervical region, but is clustered with the ‘Cimolia-
saurus’-grade cervical morphotypes in the anterior
cervical region (Figure 13). Among the ‘Cimolia-
saurus’-grade morphotypes, Th. haningtoni has
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FIGURE 13. Normalised cervical vertebral position plotted against vertebral length index (VLI) for Australian plesio-
saurians and non-Australian elasmosaurids. Data for QM F3567 and RM FR271 from Sachs (2004); Opallionectes
andamookaensis from Kear (2005a); Elamosaurus platyurus, Thalassomedon haningtoni, Callawayasaurus colombi-
ensis, and Cm Zfr 115 from O'Keefe and Hiller (2006); Vegasaurus molyi from O’Gorman el. (2015); AMNH 1495,
AMNH 5835, and AMNH 2554 from Otero (2016); Aristonectes parvidens from O’Gorman (2016a); Kawanectes
lafquenianus from O’Gorman (2016b); Lagenanectes richterae from Sachs et al. (2017) and Jucha squalea from

Fischer et al. (2020).

relatively high VLI values in the mid-cervical region
but still possesses lower VLI values than the styxo-
saurines (Figure 13). The polycotylid (specimen
QM F12719), as expected, plots separately, with
lower VLI than all Australian and non-Australian
elasmosaurid specimens.

Trends between anterior and posterior cervi-
cal VLI in Australian elasmosaurid specimens
resemble trends in mid- and posterior cervicals of
foreign Late Cretaceous elasmosaurids. However,
this trend may be misleading because of the gen-
eral incompleteness of the Australian specimens
and the uncertainty of vertebral position in rela-
tively complete Australian specimens like QM
F12934. In order to address this uncertainty, addi-
tional morphometric analyses that are independent
of vertebral position included the above-mentioned
Australian specimens and those with unknown ver-
tebral sequences (Australian specimens RM
FR269, QM L39, QM F171282, QM PL) along with
non-Australian specimens (Aristonectes quiriquin-
ensis Otero et al., 2014; Tuarangisaurus keyesi
Wiffen and Moisley, 1986; Albertonectes
vanderveldei Kubo et al., 2012; CM Zfr 115; and
AMNH FARB 2554). Ideally, comparisons would
have been made comparing precise vertebral posi-
tions (e.g., Otero, 2016), but this was not possible
for the Australian specimens. Regardless, anterior
and posterior cervical vertebrae were separated for
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analysis to accommodate the greater interspecific
variability of anterior cervicals, possibly related to
the greater potential for flexibility of that part of the
neck (O’Keefe and Hiller, 2006) (Figures 12, 13,
see PCA analysis below). Additional analyses con-
centrate on the anterior cervical vertebrae of Aus-
tralian and non-Australian specimens.

Plots of VLI against breadth index (BI), height
index (HI) versus BI, and VLI versus breadth height
index (BHI) for anterior cervicals (Figure 14,
Appendix Figures 2, 3) show different positions for
the analysed styxosaurines (characterised by high
VLI, low BI, and low HI values) and aristonectines
(characterised by low VLI, high Bl, and high HI val-
ues). The present analysis is consistent with that of
Otero (2016), where analyses involved precise ver-
tebral positions, with ‘Cimoliasaurus’-grade cervi-
cals (Th. haningtoni, V. molyi, Tu. keyesi, CM Zfr
115, and AMNH FARB 2554) and Early Cretaceous
non-Australian ‘Cimoliasaurus’-grade elasmosau-
rids (Callawayasaurus colombiensis, Lagenan-
ectes richterae, Jucha squalea) plotting primarily
between the styxosaurines and aristonectines.
Tuarangisaurus keyesi has a low dispersion point
(distance between individual centra within the
same individual; sensu Otero, 2016), without dis-
parate elements (i.e., it has a tight cluster) and
plots between the ‘Cimoliasaurus’-grade morpho-
type and the elasmosaurines, but relatively closer
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FIGURE 14. Plot for vertebral length index (VLI) against breadth index (BI) for Australian plesiosaurians and non-
Australian elasmosaurids. Data for QM F3567 and RM FR271 from Sachs (2004); Opallionectes andamookaensis
from Kear (2005a); Elamosaurus platyurus, Thalassomedon haningtoni, Callawayasaurus colombiensis, and Cm Zfr
115 from O'Keefe and Hiller (2006); Aristonectes quiriquinensis from Otero et al. (2014); Albertonectes vanderveldei
from Kubo et al. (2012); Vegasaurus molyi from O'Gorman el. (2015); Tuarangisaurus keyesi from Hiller et al. (2017);
AMNH FARB 1495, AMNH FARB 5835, Styxosaurus snowii, and AMNH FARB 2554 from Otero (2016); Aristonectes
parvidens from O'Gorman (2016a); Kawanectes lafquenianus from O’Gorman (2016b); Lagenanectes richterae from
Sachs et al. (2017) and Jucha squalea from Fischer et al. (2020).

to the latter. On the other hand, V. molyi plots well
within the ‘Cimoliasaurus’-grade morphotype, with
a low dispersion point and a relatively complete
neck, but distinct from Tu. keyesi. Lagenanectes
richterae has a moderate dispersion point, without
disparate elements, and plots well within the ‘Cimo-
liasaurus’-grade cervicals but distinct from Austra-
lian and non-Australian Early Cretaceous
elasmosaurids (e.g., C. colombiensis and J.
squalea). Jucha squalea has a low dispersion
point, and plots with the Australian elasmosaurids
with a few overlapping elements with C. colombi-
ensis. Kawanectes lafquenianus (species name

necessarily emended from lafquenianum for gen-
der agreement with the masculine -nectes, follow-
ing ICZN Art. 34.2) has a relatively tight cluster
within the ‘Cimoliasaurus’-grade cervicals, with low
dispersion point, and plots close to indeterminate
elasmosaurid specimen CM Zfr 115.

Australian elasmosaurids (QM F3567, RM
FR271, RM FR269, QM L39, QM F11050, QM
F171282, and QM F12934) generally plot well
within the ‘Cimoliasaurus’-grade morphotype, but
slightly more towards the styxosaurine field. RM
FR269 has the highest dispersion point, with some
cervicals extending to both ends — a few in the
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FIGURE 15. Principal Components Analysis for anterior cervicals of Australian xenopsarian specimens (including pre-
viously described QM F3567 from Sachs (2004) and Opallionectes andamookaensis from Kear (2006), but excluding
polycotylid QM F12719) and non-Australian elasmosaurids using shape variables (HI, Bl, BHI). Data for QM F3567
and RM FR271 from Sachs (2004); Opallionectes andamookaensis from Kear (2005a); Elamosaurus platyurus, Tha-
lassomedon haningtoni, Callawayasaurus colombiensis and Cm Zfr 115 from O’Keefe and Hiller (2006); Aristonectes
quiriquinensis from Otero et al. (2014); Albertonectes vanderveldei from Kubo et al. (2012); Vegasaurus molyi from
O’Gorman el. (2015); Tuarangisaurus keyesi from Hiller et al. (2017); AMNH FARB 1495, AMNH FARB 5835, Styxo-
saurus snowii, and AMNH FARB 2554 from Otero (2016); Aristonectes parvidens from O'Gorman (2016a); Kawan-
ectes lafquenianus from O’Gorman (2016b); Lagenanectes richterae from Sachs et al. (2017) and Jucha squalea from

Fischer et al. (2020).

styxosaurine cluster and a few in the aristonectine
cluster — but this could be biased by its more com-
plete neck. Interestingly, QM F3567 plots almost
exclusively within the styxosaurine cluster in the
VLI/BI, HI/BI, VLI/BHI plots (Figure 14, Appendix
Figures 2, 3), similar to the vertebral position plots
(Figures 12, 13). In all three plots, O. andamoo-
kaensis is nested exclusively within the aristonec-
tine cluster, suggesting similar  vertebral
morphology characterized by shortened vertebrae
(see Otero, 2016; O'Gorman, 2020) and consistent
with the description by Kear (2006a), although he
noted that the anterior cervicals lacked the deep
ventral groove seen in Aristonectes. The polycoty-
lid (specimen QM F12719) plots separately from all
elasmosaurids based on extremely shortened cer-
vical centra with extremely high HI and Bl values
(Figure 14) and the lowest VLI values (Appendix
Figures 2, 3). In the HI/BI and VLI/BHI plots (Figure
14, Appendix Figure 3), Th. haningtoni has a few
disparate elements along Bl, despite having a low
dispersion point along HI (see Otero, 2016).
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Principal Component Analysis

PCA loadings and eigenvalues for PCA are
shown using the shape variables (HI, Bl, BHI) in
Table 2 for anterior cervicals of Australian and non-
Australian specimens (polycotylid QM F12719
excluded) (Figure 15; see Appendix Figure 4 for
inclusion of the outlier polycotylid QM F12719).
Similar plots of posterior cervicals of Australian and
non-Australian specimens did not differentiate the
specimens (Appendix Table 3, Appendix Figure 5).
PC1 accounts for ~69-70% of variation in HI, B,
and BHI for anterior cervicals of Australian and
non-Australian specimens (Table 2). Maximum
variance along PC1 reflects differences in shape
trends of vertebrae with HI, Bl, and BHI all having
positive loadings, yielding an axis with proportion-
ately long centra and strongly circular cross sec-
tions. PC2 accounts for ~30% variation in HI, B,
and BHI (Table 2), also reflecting differences in
shape trends. On PC2, Bl is slightly positive, BHI is
strongly positive, and Hl is strongly negative, yield-
ing an axis where negative values reflect centra
with strongly circular to slightly ellipsoidal cross
sections (c.f., Buchholz, 2001; O’Keefe, 2002;



TABLE 2. PCA scores, percent variance and eigenval-
ues for shape variables for anterior cervicals of newly
described Australian xenopsarian specimens (including
previously described QM F3567 from Sachs (2004), but
excluding polycotylid QM F12719) and anterior cervicals
of non-Australian plesiosauromorph specimens. Data for
QM F3567 and RM FR271 from Sachs (2004); Opal-
lionectes andamookaensis from Kear (2005a); Elamo-
saurus platyurus, Thalassomedon haningtoni,
Callawayasaurus colombiensis and Cm Zfr 115 from
O’Keefe and Hiller (2006); Aristonectes quiriquinensis
from Otero et al. (2014); Albertonectes vanderveldei from
Kubo et al. (2012); Vegasaurus molyi from O’Gorman el.
(2015); Tuarangisaurus keyesi from Hiller et al. (2017);
AMNH FARB 1495, AMNH FARB 5835, Styxosaurus
snowii, and AMNH FARB 2554 from Otero (2016); Aris-
tonectes parvidens from O'Gorman (2016a); Kawanectes
lafquenianus from O’Gorman (2016b); Lagenanectes
richterae from Sachs et al. (2017) and Jucha squalea
from Fischer et al. (2020).

Loadings PC 1 PC 2 PC 3
HI 0.5269 -0.4248 0.73615
BI 0.83701 0.10892 -0.53623
BHI 0.14761 0.89871 0.41295
Eigenvalue 640.871 275.432 1.78314

% variance 69.805 30.001 0.19422

O’Keefe and Carrano, 2005; O’Keefe and Hiller,
2006).

PCA plots of anterior cervicals easily discrimi-
nate styxosaurines and aristonectines. However,
within the styxosaurines, Styxosaurus snowii, S.
browni, Elasmosaurus platyurus, and Alber-
tonectes vanderveldei plot exclusively with nega-
tive PC1 and positive or negative PC2 values,
whereas AMNH FARB 1495 plots with some posi-
tive PC1 values. The aristonectine Aristonectes
parvidens plots with positive or negative PC2 and
exclusively positive PC1 values, whereas A.
quiriquinensis plots exclusively with positive PC1
and negative PC2 values. ‘Cimoliasaurus’-grade
cervicals plot between these two groups, but with
some overlap with either group. Most Late Creta-
ceous ‘Cimoliasaurus’-grade morphotypes (Tha-
lassomedon  haningtoni,  Vegasaurus  molyi,
Kawanectes lafquenianus, and CM Zfr 115) plot
primarily with positive PC1 values, but Tuarangis-
aurus keyesi plots with negative PC1 values. Early
Cretaceous non-Australian ‘Cimoliasaurus’-grade
elasmosaurids plot primarily with negative PC2 val-
ues, distinguishing Lagenanectes richterae and
Jucha squalea from the Late Cretaceous taxa (Fig-
ure 15), but Callawayasaurus colombiensis plots
with some PC2 values, thus overlapping styxosau-
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rines with positive PC1 values and the Late Creta-
ceous ‘Cimoliasaurus’-grade taxa. Australian
elasmosaurids (except QM F3567) plot mostly
overlapping the negative PC2 styxosaurines and
Early Cretaceous non-Australian ‘Cimoliasaurus’-
grade taxa, although the high dispersion of RM
FR269 extends near the styxosaurines. Specimen
QM F3567 plots with negative PC1 values com-
pletely enveloped within the styxosaurine cluster
(Figure 15, Appendix Figures 2, 3). Opallionectes
andamookaensis plots positively on the PC1 axis
but on both sides of the PC2 axis with the aris-
tonectine cluster. The indeterminate Late Creta-
ceous elasmosaurid AMNH FARB 2554 plots with
the aristonectines and O. andamookaensis, and
Th. haningtoni has very high dispersion overlap-
ping the ‘Cimoliasaurus’-grade and aristonectine
clusters. As expected, the polycotylid (QM F12719)
is differentiated from all elasmosaurid taxa owing to
its very negative PC2 values (Appendix Figure 4).

Comparing posterior cervicals of Australian
and non-Australian specimens (Appendix Figure 5;
Appendix Table 3), PC1 also is interpreted as a
shape factor with strongly positive loadings for all
values of HI, Bl, and BHI, yielding an axis with long
centra and circular cross sections. PC2 can be
inferred as a shape factor with strongly positive
loadings for BHI, slightly positive loadings for BI,
and negative loadings for HI. It yields an axis with
slightly circular to strongly ellipsoidal cross sec-
tions (Buchholz, 2001; O’Keefe and Hiller, 2006).
The posterior cervicals of almost all Australian and
non-Australian specimens plot over a wide range,
with significant overlap with each other. Therefore,
posterior cervicals are not as useful for distinguish-
ing the elasmosaurid groups.

PCA loadings and eigenvalues are shown for
SD-normalized raw measurement data (CL, CW,
CH) in Appendix Table 4 for anterior cervicals of
Australian and non-Australian specimens (Appen-
dix Figure 6). Log-normalized (In) plots are very
similar to SD-normalized plots and both normalisa-
tions failed to discriminate Australian and non-Aus-
tralian specimens based on posterior cervicals. For
SD-normalised anterior cervicals, PC1 accounts
for ~89-90% of variation in CL, CW, and CH
(Appendix Figure 6), while PC2 accounts for ~8-
9%. Maximum variance along PC1 primarily
reflects differences in size trends of vertebrae
despite the attempts to reduce the effect of size by
standardizing and centering prior to analysis.
Although this analysis (Appendix Figure 6) discrim-
inates Australian and non-Australian elasmosaurid
specimens, the considerable size bias prevents
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TABLE 3. MANOVA results with Pillai’'s Trace values for group pairs of xenopsarian specimens examined (CV: cervi-
cals; alpha value = 0.05). Data for QM F3567 and RM FR271 from Sachs (2004); Opallionectes andamookaensis from
Kear (2005a); Elamosaurus platyurus, Thalassomedon haningtoni, Callawayasaurus colombiensis and Cm Zfr 115
from O'Keefe and Hiller (2006); Aristonectes quiriquinensis from Otero et al. (2014); Albertonectes vanderveldei from
Kubo et al. (2012); Vegasaurus molyi from O’Gorman el. (2015); Tuarangisaurus keyesi from Hiller et al. (2017); AMNH
FARB 1495, AMNH FARB 5835, Styxosaurus snowii, and AMNH FARB 2554 from Otero (2016); Aristonectes parvi-
dens from O’Gorman (2016a); Kawanectes lafquenianus from O’Gorman (2016b); Lagenanectes richterae from Sachs
et al. (2017) and Jucha squalea from Fischer et al. (2020).

Group 1 Group 2 Pillai's df1 df2 F p-value
Australian elasmosaurs QM F3567 0.5438 3 30 11.92 2.61E-05
Elasmosaurines QM F3567 0.04133 3 92 1.322 0.272
Elasmosaurines Aristonectines 0.8789 3 107 258.9 6.87E-49
O. andamookaensis Aristonectines 0.1005 3 21 0.7819 0.5173
O. andamookaensis Australian elasmosaurs 0.5664 3 28 12.19 2.77TE-05
Elasmosaurines V. molyi 0.6565 3 105 66.88 2.92E-24
Elasmosaurines T. keysi 0.147 3 92 5.286 2.09E-03
V. molyi T. keysi 0.7489 3 21 20.87 1.66E-06
V. molyi Aristonectines 0.8344 3 36 60.48 3.92E-14
T. keysi Aristonectines 0.8668 3 23 49.87 3.17E-10
C. colombiensis Australian elasmosaurs 0.2584 3 30 3.485 0.02781
T. haningtoni Australian elasmosaurs 0.4669 3 35 10.22 5.62E-05
T. haningtoni C. colombiensis 0.1759 3 13 0.9252 4.56E-01
C. colombiensis Elasmosaurines 0.4284 3 92 22.98 3.45E-11
CM Zfr 115 Australian elasmosaurs 0.771 3 41 46.02 3.46E-13
AMNH FARB 2254 Australian elasmosaurs 0.5694 3 33 14.55 3.31E-06
Elasmosaurines Australian elasmosaurs 0.4602 3 114 324 3.21E-15
Aristonectines Australian elasmosaurs 0.8132 3 45 65.3 1.99E-16
V. molyi Australian elasmosaurs 0.4117 3 43 10.03 3.92E-05
C. colombiensis Aristonectines 0.7155 3 23 19.28 1.79E-06
L. richterae Australian elasmosaurs 0.5687 3 30 13.18 1.15E-05
L. richterae Elasmosaurines 0.7249 3 92 80.83 1.08E-25
L. richterae Aristonectines 0.7695 3 23 256 1.64E-07
J. squalea Australian elasmosaurs 0.158 3 36 2.252 0.09894
J. squalea Elasmosaurines 0.4009 3 98 21.86 6.39E-11
J. squalea Aristonectines 0.9184 3 29 108.8 7.01E-16
K. lafquenianus CmZfr115 0.279 3 22 2.838 6.14E-02
K. lafquenianus Australian elasmosaurs 0.8108 3 33 4713 5.00E-12
K. lafquenianus Elasmosaurines 0.6012 3 95 47.75 6.61E-19
K. lafquenianus Aristonectines 0.9169 3 26 95.67 3.60E-14

more meaningful deductions, and these plots are
not discussed further.

Shapiro-Wilk’s normality test for HI, BI, and
BHI vyielded individual p-values of 2.571E-05,
1.834E-07, and 0.03853, respectively. Hence, the
variables HI, Bl, and BHI are not normally distrib-
uted, and Box’s M test was not performed owing to
its sensitivity to violations of normality. MANOVA is
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robust to violations of normality and is discussed
below.

Multivariate Analysis of Variance (MANOVA)

Complete  MANOVA results are shown in
Table 3. Only the principal similarities and dissimi-
larities are discussed here. Since the assumption
of Box’s M test of equal covariance matrices was
violated, Pillai’s trace values were calculated. The
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TABLE 4. Non-Australian plesiosauromorph specimens examined for this study.

Taxon

Specimen Author

Styxosaurus sp. (“Hydralmosaurus serpentinus”)
Styxosaurus snowii

Elasmosaurus platyurus

Thalassomedon haningtoni

Vegasaurus molyi

Albertonectes vanderveldei

Aristonectes quiriquinensis
Aristonectes parvidens
Tuarangisaurus keyesi
Callawayasaurus colombiensis
“Cimoliasaurus magnus”
Styxosaurus browni
Indeterminate elasmosaurid
Kawanectes lafquenianus
Lagenanectes richterae

Jucha squalea

AMNH FARB 1495 Cope, 1877 (see Otero, 2016)

KUVP 1301 Williston, 1890

ANSP 10081 Cope, 1868

DMNH 1588 Welles, 1943

MLP 93-1-5-1 O’Gorman et al., 2015

TMP.2007.011.000

1

Kubo et al., 2012

SGO.PV.957 Otero et al., 2014

MLP 40-XI-14-6 Cabrera, 1941

NZGS CD426 Wiffen and Moisley, 1986
UCMP 38349 Welles, 1963

AMNH FARB 2554 Leidy, 1851

AMNH 5835 Welles, 1952

CM Zfr 115

MLP 71-11-13-1 O’Gorman, 2016

BGR Ma 13328
UPM 2756/1-53

Sachs et al., 2017
Fischer et al., 2020

significance value (p-value) is less than the alpha
value (0.05) for most specimen pairs (Table 3),
indicating that most results are statistically signifi-
cant and that the MANOVA analysis was generally
successful (Pillai 1995). Australian elasmosaurids
(RM FR271, RM FR269, QM L39, QM PL, QM
F171282, and QM F12934) have insignificant dif-
ferences between them, but they differ as a group
from specimen QM F3567 (Pillai’s Trace = 0.5438).
They also are significantly different from the non-
Australian styxosaurines (Styxosaurus snowii, S.
browni, AMNH FARB 1495, Albertonectes
vanderveldei, and Elasmosaurus platyurus) (Pillai’s
Trace = 0.4602). However, that difference is less
significant than that between the Australian elas-
mosaurids and the non-Australian aristonectines
(Pillai’s Trace = 0.8132). The non-Australian styxo-
saurines and QM F3567 are not significantly differ-
ent (Pillai’s trace = 0.04133, p-value = 0.272),
consistent with all other plots. Similarly, Thalas-
somedon haningtoni and Callwayasaurus colombi-
ensis are not significantly different (Pillai’s Trace =
0.1759, p-value = 0.456). Opallionectes andamoo-
kaensis and the non-Australian aristonectines are
statistically similar (Pillai’s Trace = 0.1005, p-value
of 0.5173), while O. andamookaensis is signifi-
cantly different from other Australian elasmosau-
rids (excluding QM F3567) (Pillai’s Trace value of
0.5664). As a group, the Australian elasmosaurids

(excluding QM F3567 and O. andamookaensis)
are moderately different from Vegasaurus molyi
(Pillai’s Trace = 0.4117) and Th. haningtoni (Pillai’s
Trace = 0.4669); they are similar to C. colombien-
sis (Pillai’'s Trace = 0.2584); and significantly differ-
ent from CM Zfr 115 (Pillai’s Trace = 0.771) and
AMNH FARB 2554 (Pillai's Trace = 0.5694). The
two principal groups, the styxosaurines and aris-
tonectines, are significantly different from each
other (Pillai's Trace = 0.8789). Tuarangisaurus
keyesi is not significantly different from the styxo-
saurines (Pillai’s Trace = 0.147), but Tu. keyesi and
V. molyi differ from each other (Pillai's Trace =
0.7489). Lagenanectes richterae remains distinct
from the Australian elasmosaurids (Pillai’'s Trace =
0.5687), the aristonectines (Pillai’'s Trace =
0.7695), and the styxosaurines (Pillai’'s Trace =
0.7249). Jucha squalea is not significantly different
from the Australian elasmosaurids (without QM
F3567) (Pillai’s Trace = 0.158, p-value = 0.09894),
but is moderately different from the styxosaurines
(Pillai’s Trace = 0.4009) and significantly different
from the aristonectines (Pillai’'s Trace = 0.9184).
Kawanectes lafquenianus remains distinct from the
Australian elasmosaurids (Pillai’s Trace = 0.8108),
styxosaurines  (0.6012), and aristonectines
(0.9169) but significantly closer to indeterminate
elasmosaurid CM Zfr 115 (Pillai’s Trace = 0.279, p-
value = 6.14E-02).
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DISCUSSION

Among plesiosauromorph vertebrae, cervicals
are considered to be most useful for systematics
(e.g., Welles, 1942; Brown 1981; O’Keefe and
Hiller, 2006; O’Gorman et al., 2013; Benson and
Druckenmiller, 2014; Otero, 2016) owing to their
greater and more variable VLI relative to dorsal
and caudal vertebrae. Greater range in VLI distri-
butions within cervicals occurs in both Australian
and non-Australian elasmosaurid specimens (Fig-
ure 12) and cervical vertebrae, as expected, were
able to successfully discriminate the single poly-
cotylid specimen (QM F12719) in every plot. Of the
cervicals, the anterior vertebrae were found to be
most useful for taxonomic differentiation, owing to
their greater morphological variability (compare
Figure 15 to Appendix Figure 5). Dorsal and caudal
vertebrae of elasmosaurids have lower, more con-
sistent VLI distributions. Of the caudal data, the VLI
of Opallionectes andamookaensis alone appears
to increase posteriorly (Figure 12), suggesting that
some taxonomic utility may exist in the caudals, but
data are currently too few for analysis.

Systematic Implications of Australian
Elasmosaurid Vertebral Morphology

As most Australian plesiosauromorph remains
from Queensland lack skulls, the only well-
accepted species is Eromangasaurus australis
(QM F11050) (Kear, 2007), which provided only
five vertebrae for this study. The three sampled
cervical vertebrae associated with QM F11050 plot
centrally among the Australian specimens. The
general trend of cervicals in these Australian elas-
mosaurids (excluding QM F3567 and Opal-
lionectes andamookaensis), is similar to that of
‘Cimoliasaurus’-grade morphotypes (sensu Otero,
2016). ‘Cimoliasaurus’-grade vertebrae are, on
average, longer than high and wider than long or
high (Otero, 2016). These ‘can-shaped’ vertebrae
are somewhat intermediate in morphology
between the elongated vertebrae of the styxosau-
rines and the shortened vertebrae of the aristonec-
tines (Figures 14, 15, Appendix Figures 2-4)
(Otero, 2016; O’Gorman, 2019b). The vertebrae for
most Australian specimens (except QM F3567 and
O. andamookaensis), overlap with the non-Austra-
lian ‘Cimoliasaurus’-grade morphotypes and styxo-
saurines (Figures 14, 15, Appendix Figures 2-4).
This trend (i.e., styxosaurine-like ‘Cimoliasaurus’-
grade morphology) is also apparent on the bivari-
ate plots of PC1 versus H/W (Appendix Figure 7A)
and PC2 versus VLI (Appendix Figure 8B). The
PC2 versus H/W (Appendix Figure 7B) and PC1
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versus VLI (Appendix Figure 8A) plots further dis-
criminate the ‘Cimoliasaurus’-grade morphotype
from the styxosaurines and aristonectines along a
relatively linear trend, indicating that PC2 is a proxy
for H/W and that PC1 could be a proxy for VLI.
However, the PC2 versus H/W plot loses its linear
trend for values above 0.7, as vertebrae become
more ellipsoidal in shape (see Appendix Figure
7B).

Thus, most of the analyzed Australian elas-
mosaurid specimens occupy a ‘Cimoliasaurus’-
grade morphospace between styxosaurines and
aristonectines, but overlapping more with the
styxosaurines. Specimen QM F3567 is the most
styxosaurine-like Australian form, whereas O.
andamookaensis is isolated and plots with the aris-
tonectines. Otherwise, it is not possible to evaluate
the internal diversity of Australian specimens owing
to the incompleteness of the data sets, and particu-
larly, the lack of skulls. Regardless, the data sug-
gest the presence of at least three groupings
among analyzed Australian elasmosaurs, i.e., the
dominant ‘Cimoliasaurus’-grade forms and forms
that plot either with styxosaurines or aristonectines.

Previously, specimen RM FR269 was consid-
ered unofficially likely to be Eromangasaurus aus-
tralis on the basis of the similar shape and size of
its vertebrae, with comparable texture/matrix to
those of the E. australis holotype (QM F11050).
However, the lack of sufficient vertebrae in the
holotype specimen and lack of a skull in RM FR269
precludes direct comparison. In the present analy-
sis, RM FR269 displays an irregular trend of VLI
within the cervical vertebrae (Figure 12) that may
represent an out of sequence reconstruction. In
morphometric analyses, K F0269 plots with the
maximum dispersion point, spanning the morpho-
space between styxosaurines and aristonectines
(Figures 14, 15). The lack of excavation records for
the specimen compound the problem and the pos-
sibility arises that the specimen was reconstructed
from the remains of more than one individual.
Regardless, vertebrae do not provide support for
assignment of RM FR269 to E. australis.

Phylogenetic Implications

Welles (1943) showed that vertebral remains
could distinguish elasmosaurids from other plesio-
saurs, and polycotylid vertebral morphology clearly
separates them from other plesiosauromorphs
(O’Keefe, 2004), as do the morphometric analyses
presented above. Our data clearly support the con-
tention that morphometric analyses are useful for
distinguishing xenopsarian families (in this case



Polycotylidae and Elasmosauridae). The present
study also separated the elasmosaurids into three
primary groups on the basis of vertebral morphol-
ogy, consistent with the results of Otero (2016).
Styxosaurine and aristonectine anterior cervical
vertebral morphologies are distinct in all analyses,
and between them lie the ‘Cimoliasaurus’-grade
morphotypes with varying degrees of overlap.
While this study is not a phylogenetic analysis,
comparison of the more informative anterior cervi-
cals of Australian and non-Australian specimens
(Figure 15, Table 4) produced definite clusters pro-
viding potential insights into elasmosaurid relation-
ships.

‘Cimoliasaurus’-grade cervicals characterize
elasmosaurids in the Lower Cretaceous of the
southern hemisphere (Kear, 2002; Lazo and
Cichowolski, 2003; O’'Gorman et al., 2015), and
most recent phylogenies (e.g., Otero, 2016;
Fischer et al.,, 2020) suggest basal positions for
such taxa (e.g., Callawayasaurus colombiensis,
Eromangasaurus australis). The relationship of the
E. australis holotype cannot be evaluated further
here, owing to the sparsity of sampled vertebrae
(three). Regardless, E. australis plots with the main
cluster of Australian specimens on PCA diagrams
(Figure 15, Appendix Figure 4) and near the Early
Cretaceous non-Australian ‘Cimoliasaurus’-grade
forms listed above, which also share overlaps with
the styxosaurine cluster.

Australian elasmosaurids from Lower Creta-
ceous (Aptian-Albian) deposits (Sachs, 2005; Kear,
2007; Kear, 2016; Kear et al., 2017; Otero, 2016;
O’'Gorman et al, 2019b) share ‘Cimoliasaurus’-
grade cervical morphologies with other early elas-
mosaurids, and overlap taxa of similar age (e.g., C.
colombiensis). Late Cretaceous ‘Cimoliasaurus’-
grade specimens (Kawanectes lafquenianus, CM
Zfr 115, AMNH FARB 2554) are generally well dis-
criminated from the Australian elasmosaurids.
However, two Late Cretaceous ‘Cimoliasaurus’-
grade taxa, the Maastrichtian Vegasaurus molyi
and the Campanian-Maastrichtian Tuarangisaurus
keyesi, plot quite close to Australian specimens
with low dispersion, and the latter also overlaps
styxosaurines and E. australis (QM F11050). Thus,
some Late Cretaceous forms strongly diverged
from analysed Early Cretaceous morphologies, but
others appear to retain them. The degree to which
this similarity reflects retention of plesiomorphic
characters, and thus relationships, or subsequent
convergence between Early and Late Cretaceous
elasmosaurid cervical vertebrae (due to shared
functional morphology) cannot be determined with-
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out more detailed phylogenetic analysis. The
Cenomanian Thalassomedon haningtoni plots with
wide dispersion and is the only specimen on PCA
plots (e.g., Figure 15) to overlap all identified elas-
mosaurid clusters (styxosaurines, Australian and
non-Australian ‘Cimoliasaurus’-grade elasmosau-
rids, and aristonectines).

The Late Cretaceous styxosaurine and aris-
tonectine clades were consistently separated in all
vertebral analyses. Thus, it is tempting to specu-
late that the general distribution of most ‘Cimolia-
saurus’-grade morphotypes between the
styxosaurines and aristonectines supports a plesi-
omorphic origin of the ‘Cimoliasaurus’-grade cervi-
cal morphotype, with subsequent divergence of
more derived styxosaurines and aristonectines
(Otero, 2016; Fischer et al., 2020). The relatively
distinct Late Cretaceous ‘Cimoliasaurus’ grade K.
lafquenianus — CM Zfr 115 group also could be
considered divergent from the Early Cretaceous
forms. However, although such a hypothesis is
supported by the available data, it is not possible to
exclude convergence. The Early Cretaceous Aus-
tralian Opallionectes andamookaensis is clearly
distinct from contemporary Australian specimens,
and Kear (2006a) noted the difficulty of assigning
the species to subclade without adequate skull
material. The present analysis suggests closer
morphological affinities with the latest Cretaceous
aristonectines in all plots (e.g., Figures 14-16,
Appendix Figures 2-4), but a phylogenetic relation-
ship in that case is not supported by current phy-
logenies (e.g., O'Gorman et al., 2019a).

Specimen QM F3567 plots well within the
styxosaurine distribution (e.g., Figures 14-16,
Appendix Figures 2-4), consistent with the previous
assignment of QM F3567 to Styxosaurus (Sachs,
2004). Notable also is the recovery of Elasmosau-
rus platyurus well within the styxosaurine cluster,
providing evidence that this taxon falls within that
clade (in which case it should be called Elasmo-
saurinae). The shared ‘elongate’ nature of the ver-
tebrae of styxosaurines/elasmosaurines, such as
Styxosaurus, Elasmosaurus, and Albertonectes,
was interpreted as a consequence of endemism
within the restricted Western Interior Seaway (WIS)
of North America (O’Keefe and Hiller, 2006; Otero,
2016), and elasmosaurids possessing styxosau-
rine/elasmosaurine cervical centra previously were
not known outside the WIS (Otero, 2016). Whether
the morphological similarity of QM F3567 reflects
relationship (Sachs, 2004) or convergence again
will require analysis of additional material, ideally
skulls.
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FIGURE 16. Taxon/specimen average plot for anterior cervicals of Australian plesiosauromorph specimens and non-
Australian elasmosaurids. Data for QM F3567 and RM FR271 from Sachs (2004); Opallionectes andamookaensis
from Kear (2005a); Elamosaurus platyurus, Thalassomedon haningtoni, Callawayasaurus colombiensis and Cm Zfr
115 from O’Keefe and Hiller (2006); Aristonectes quiriquinensis from Otero et al. (2014); Albertonectes vanderveldei
from Kubo et al. (2012); Vegasaurus molyi from O’Gorman el. (2015); Tuarangisaurus keyesi from Hiller et al. (2017);
AMNH FARB 1495, AMNH FARB 5835, Styxosaurus snowii, and AMNH FARB 2554 from Otero (2016); Aristonectes
parvidens from O’Gorman (2016a); Kawanectes lafquenianus from O’Gorman (2016b); Lagenanectes richterae from
Sachs et al. (2017) and Jucha squalea from Fischer et al. (2020).

CONCLUSIONS

On the basis of morphometric analysis of
anterior cervical vertebral remains alone, most
examined Australian elasmosaurid specimens fall
within the ‘Cimoliasaurus’-grade morphotype that
includes basal elasmosaurids and non-aristonec-
tine weddellonectians (O’Gorman et al., 2019a,b).
However, almost all Australian specimens and con-
temporary (Early Cretaceous) non-Australian
‘Cimoliasaurus’-grade morphotypes plot closer to
the styxosaurine than to the aristonectine morphol-
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ogy. Although this could imply a plesiomorphic con-
dition for the ‘Cimoliasaurus’-grade cervical
morphology, it cannot be distinguished from mor-
phological convergence in the present analysis.
Specimens QM F3567 and Opallionectes anda-
mookaensis consistently plot within the elasmo-
saurine (styxosaurine) and aristonectine
morphospaces, respectively, suggesting phyloge-
netic diversity within the Australian elasmosaurid
fauna. Morphometric analysis was more effective
at differentiation of specimens at higher taxonomic
levels (i.e., family), as is highlighted by the distinct



separation of the Australian polycotylid (QM
F12719) from all elasmosaurid taxa on all plots.
The consistent distinction of known styxosaurines/
elasmosaurines and aristonectines in the present
analysis provides some confidence in relative posi-
tions of the Australian specimens, despite their
incompleteness. More complete sequences of
Australian elasmosaurid vertebrae, including differ-
ent ontogenetic stages, would allow more effective
comparisons with other taxa, and recovery of such
materials should be a priority for fieldwork in the
Eromanga Basin. Future iterations of these analy-
ses should also sample plesiosaur taxa more
broadly, especially as recent years have witnessed
the description of numerous new xenopsarian taxa
(e.g., Sato et al., 2006; Berezin, 2011; Otero et al.,
2016; Otero and Soto-Acufia, 2021). Regardless,
even in this relatively limited study, vertebral
remains were found to have substantial higher-
level taxonomic utility in the absence of skulls, and
comparative morphometrics offers a powerful tool
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for incorporating plesiosaur postcranial materials
into diversity studies. Although vertebral morpho-
spaces alone may not be sufficient to elucidate
lower level taxonomy, more comprehensive plots
with more variables, and comparison of individual
vertebral positions may be useful for posing or test-
ing phylogenetic hypotheses.
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All measurements of CW, CH and CL are in mm. Incomplete measurements are represented by

x. VLI and BI are ratios.

(WoD: width of diapophyses; Ns Ht: neural spine height; Nc Ht: neural canal height; Nc W: neural
canal width; Angle: angle with centre of centrum; Dbfs: distance between foramina subcentralia;
CV: cervicals; DV: dorsals; C: caudals).

APPENDIX TABLE 1.
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Vertebra
Position/
Specimen  vertebra no. cw CL CH WoZ Ns Ht Nc Ht NcW Angle Dbfs
QM F12719 CV3 X 39.4 63.9 X X 21.95 18.55 X X
CVv4 59.1 36.5 58.7 X X X X 40 7.7
CV5 63.95 345 62.45 X X 20.25 18.75 X 17.15
CV6 60.05 35.55 56.55 X X X X 30 5.65
Ccv7 66.1 34.55 65.25 X X 18.65 18.5 30 X
Cv8 63 33.9 58.05 X X X X X 10.25
DV4 69.115 35.3 63.9 133.85 69.6 17.9 18.05 35 X
DV6 64.1 35.85 61.4 X 53.9 21.6 18.8 45 X
Dv7 63.7 34.5 60.15 X X X X X X
DV8 65.1 37.8 68.35 X X X X X X
DV9 66.8 311 69.65 X X X X X X
DV10 67.4 37.55 57.35 X X X X 35 X
DV11 63.3 42.9 67.9 X 87.1 21.85 19.3 55 X
DV12 63.45 40.6 64.9 X 86.3 20.45 X 55 X
DV13 63.15 32.35 68.8 X X X X X X
DV14 63.4 33.75 59.85 X X 19.5 17.5 55 X
DV15 63.05 40.35 70.3 X X 22.45 18.3 X X
DV16 71 39.9 65.8 X X 22.6 18.75 40 X
DV18 67.95 39.7 67.75 X X 20 17.5 X X
DV19 66.3 34.9 65.65 X X 2145 18.3 X X
DV21 62.45 39.65 66.4 X 76.45 19.45 15.25 45 X
DV23 69.2 35 66.6 X X 17.95 16.55 40 X
DV25 64.6 36.3 62.9 X X X X X X
DV26 66.1 38.2 X 104 51.1 20.9 20.2 X X
Dv27 X 33.65 60.95 X X 22.9 21.15 35 X
DV28 X 43 70.3 X X X X 35 X
DV29 X 39.35 66.85 X X 21.2 19.4 45 X
QM F11050 QM F11216 69.1 66.1 51.3 X X X X X X
QM F11219a  66.65 64.45 49.25 X X X X X X
QM F11218 X X X X X X X X X
QM F11219b  72.75 71.65 52.15 X X X X X X
QM F11217  104.15  99.05 84.45 X X X X X X
QM F11217 105.2 98.15 87.65 X X X X X X
QM F12934 CVv4 84.7 86.9 65.95 X X X X X 43
CV5 70.9 73.55 53.85 X X X X X 7.4
CV6 84.5 88.3 65.9 X X X X X 5.1
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Vertebra
Position/

Specimen  vertebra no. cw CL CH WozZ Ns Ht Nc Ht NcW Angle Dbfs
Ccv7 78.05 79.3 59.65 X X X X X 6.6
Ccv8 81.95 84.35 62.4 X X X X X 5.5
CV9 111.7 97.5 93.5 X X X X X 6.1
CV10 90.95 94.6 80.2 X X X X X 7.7
CV11 95.4 94.4 76.15 X X X X X 7.75
CV12 101 98.6 78.4 X X X X X 9.35
Cva23 123.15 83.45 89.45 X X X X X 9.5
Cv24 103.85 97.45 93.3 X X X X X 12.25
DV8 97.6 77.45 86.45 X X X X X X
DV9 103.9 76.65 87.55 X X X X X X
DV14 112.3 78 87.15 X X X X X X

C1 111.6 72.8 80.6 X X X X X X
Cc2 106.1 61.7 80.4 X X X X X X
C3 105.5 70.7 78.15 X X X X X X
C4 50.5 40.35 37.3 X X X X X X
C5 54.6 39.6 43.65 X X X X X X
C6 60.75 50.1 52.1 X X X X X X
c7 73.85 52.45 65.15 X X X X X X
Cc8 85.05 55.25 65.7 X X X X X X
C9 81.95 56.85 75.65 X X X X X X
C10 93.6 60.4 75.65 X X X X X X
Cc1 86.6 60.5 74.15 X X X X X X
C12 98.15 54.6 82.05 X X X X X X
C13 91.55 57.4 77.05 X X X X X X
X 104.1 64.6 X X X X X X X
X 73.7 X 55.05 X X X X X 4.3
X X 87.2 X X X X X X 22.95
X X 91.15 X X X X X X 25.2
X 115.2 85.8 X X X X X X 25
X X 87.3 X X X X X X 17.3
X X 82.2 X X X X X X 36.3
X 106.5 74.25 X X X X X X X
X 110.65 81.5 X X X X X X X
RM FR269 CV5 71.2 83.8 63.85 X X X X X 8.55
Ccv7 76.75 73.2 57.4 X X X X X 9.7
Ccv8 64.4 72.95 57.2 X X X X X 4.6
CV10 76.4 83.5 63.75 X X X X X 7.45
CV11 119.5 79.35 75.5 X X X X X 16.4
CV12 107.45 79.35 72.3 X X X X X 12.3
Cv14 84 53.7 66.95 X X X X X X
CV16 97 72.95 75.6 X X X X X X
Cv17 105 80.75 76.65 X X X X X 10.2
CV18 94.9 87.9 71.85 X X X X X 9.6
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Vertebra
Position/

Specimen  vertebra no. cw CL CH WozZ Ns Ht Nc Ht NcW Angle Dbfs
CV19 87.2 93.4 74.9 X X X X X 9.65
P1 112.35 81.75 86.45 X X X X X X
P2 111.5 80.95 87.1 X X X X X X
P3 110.95 80.65 86.9 X X X X X X
P4 110.9 81.2 86.5 X X X X X X
DV1 109.55 91 76.55 X X X X X X
DVv2 109.5 91.55 76.9 X X X X X X
DV16 86.6 51.5 59.25 X X X X X X
DV17 87.85 74.6 78.55 X X X X X X
DV23 94.5 60.9 65 X X X X X X
S1 94 60.95 65.2 X X X X X X

Cc2 84.25 51.65 68.2 X X X X X 13.55
X X 50.6 X X X X X X X
X X 82.15 X X X X X X 9.2
X X 68.8 76.5 X X X X X 21
X X 68.5 76.5 X X X X X 19.85
X X 68.1 76.9 X X X X X 211
X X X 77.35 X X X X X X
X X X 75.7 X X X X X X
X X 77.4 X X X X X X X
X X 53.35 X X X X X X X
X X 72.85 X X X X X X X
X X 70.95 X X X X X X X
X X 70.85 X X X X X X X
X X 70.2 X X X X X X X
X X 70.2 X X X X X X X
QM 20825 DV4 116.8 79.05 87.2 X X X X X X
DV5 101.85  78.95 88.95 X X X X X X
DV6 102.25 79.15 88.9 X X X X X X
DV7 102.9 70.3 79.95 X X X X X X
DV8 92.15 66.2 80 X X X X X X
DV9 92 66.45 81.65 X X X X X X
DV10 103.8 83 96.45 X X X X X X
DV11 101.9 79.15 87 X X X X X X
DV12 101 79 86.05 X X X X X X
DV13 116.8 82.7 92.25 X X X X X X
DV14 116 82.95 92.05 X X X X X X
DV15 116.1 89.8 103.2 X X X X X X
DV16 116 89 103 X X X X X X
DV17 110.5 95.1 101.2 X X X X X X
DV18 109.95 94.05 100.5 X X X X X X
DV19 109.9 95.75 102.25 X X X X X X
DV20 108.6 88.6 106.5 X X X X X X
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Vertebra
Position/
Specimen  vertebra no. cw CL CH Woz Ns Ht Nc Ht NcW Angle Dbfs
DV21 108.95 88.75 105.5 X X X X X X
DV22 110.5 85.45 100 X X X X X X
DV23 102.9 61.25 7 X X X X X X
DV24 102.9 61.35 7 X X X X X X
DV25 96 63.15 75.55 X X X X X X
QM L39 Cv2 81 88 67 X X X X 45 9.55
CV3 93.25 90.5 70.75 X X X X 45 8.55
CV13 122.85 84.4 87.6 X X X X 25 16.35
CV14 103.2 74.9 81 X X X X 25 17.3
CV15 104 86.15 84.65 X X X X 30 19.3
CV16 114.1 85.5 81.15 X X X X 15 20.75
Isolated PL PL1 76.65 77.05 66.15 X X X X 45 6.9
PL2 78.4 81.1 64.2 X X X X 45 6.15
QM F171282 X 108.4 98.8 88.35 X X X X 35 12.05
APPENDIX TABLE 2.

Queensland Museum Collections sample numbering for the associated vertebrae of specimen

QM F11050 (Eromangasaurus australis).

Current number Other number Description Trip
QM F11050 GSQ F10552 Posterior of skull 1
QM F11050 AM F60056 Anterior of skull 2
QM F12216 GSQ F10550b Cervical vertebra 1
QM F12217 GSQ F10551 Two cojoined vertebrae 1
QM F12218 GSQ F10550a Ventral impression of 12216 1
QM F12219 na Two vertebrae not in contact 2
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APPENDIX FIGURE 1.

Taphonomic interpretations for RM FR436. A. Specimen RM FR436 showing sequence based
on size with uniform shearing direction resulting from toppling to either side before shearing. B.
Hypothesis 1, with vertebrae oriented according to size and toppling either direction. C. Hypoth-
esis 2, with two sections of the neck deposited on different sides. D. Hypothesis 3, with vertebrae
oriented randomly, prior to shearing.
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APPENDIX FIGURE 2.

Plot for height index (HI) against breadth index (BI) for Australian plesiosaurians and non-Austra-
lian elasmosaurids. Data for QM F3567 and RM FR271 from Sachs (2004); Opallionectes anda-
mookaensis from Kear (2005a); Elamosaurus platyurus, Thalassomedon haningtoni,
Callawayasaurus colombiensis and Cm Zfr 115 from O'Keefe and Hiller (2006); Aristonectes
quiriquinensis from Otero et al. (2014); Albertonectes vanderveldei from Kubo et al. (2012);
Vegasaurus molyi from O'Gorman el. (2015); Tuarangisaurus keyesi from Hiller et al. (2017);
AMNH FARB 1495, AMNH FARB 5835, Styxosaurus snowii, and AMNH FARB 2554 from Otero
(2016); Aristonectes parvidens from O'Gorman (2016a); Kawanectes lafquenianus from O’Gor-
man (2016b); Lagenanectes richterae from Sachs et al. (2017) and Jucha squalea from Fischer
et al. (2020).
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Plot for vertebral index (VLI) against breadth-height index (BHI) for Australian plesiosaurians and
non-Australian elasmosaurids. Data for QM F3567 and RM FR271 from Sachs (2004); Opal-
lionectes andamookaensis from Kear (2005a); Elamosaurus platyurus, Thalassomedon haning-
toni, Callawayasaurus colombiensis and Cm Zfr 115 from O'Keefe and Hiller (2006);
Aristonectes quiriquinensis from Otero et al. (2014); Albertonectes vanderveldei from Kubo et al.
(2012); Vegasaurus molyi from O'Gorman el. (2015); Tuarangisaurus keyesi from Hiller et al.
(2017); AMNH FARB 1495, AMNH FARB 5835, Styxosaurus snowii, and AMNH FARB 2554
from Otero (2016); Aristonectes parvidens from O'Gorman (2016a); Kawanectes lafquenianus
from O’Gorman (2016b); Lagenanectes richterae from Sachs et al. (2017) and Jucha squalea

from Fischer et al. (2020).
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APPENDIX FIGURE 4.

Principal Components Analysis for anterior cervicals of Australian xenopsarians (including poly-
cotylid QM F12719) and non-Australian elasmosaurids using shape variables. Data for QM
F3567 and RM FR271 from Sachs (2004); Opallionectes andamookaensis from Kear (2005a);
Elamosaurus platyurus, Thalassomedon haningtoni, Callawayasaurus colombiensis and Cm Zfr
115 from O'Keefe and Hiller (2006); Aristonectes quiriquinensis from Otero et al. (2014); Alber-
tonectes vanderveldei from Kubo et al. (2012); Vegasaurus molyi from O'Gorman el. (2015);
Tuarangisaurus keyesi from Hiller et al. (2017); AMNH FARB 1495, AMNH FARB 5835, Styxo-
saurus snowii, and AMNH FARB 2554 from Otero (2016); Aristonectes parvidens from O'Gor-
man (2016a); Kawanectes lafquenianus from O’'Gorman (2016b); Lagenanectes richterae from
Sachs et al. (2017) and Jucha squalea from Fischer et al. (2020).
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APPENDIX FIGURE 5.

Principal Components Analysis for posterior cervicals of Australian xenopsarian specimens and
non-Australian elasmosaurids using shape variables. Data for QM F3567 and RM FR271 from
Sachs (2004); Opallionectes andamookaensis from Kear (2005a); Elamosaurus platyurus, Tha-
lassomedon haningtoni, Callawayasaurus colombiensis and Cm Zfr 115 from O'Keefe and Hiller
(2006); Aristonectes quiriquinensis from Otero et al. (2014); Albertonectes vanderveldei from
Kubo et al. (2012); Vegasaurus molyi from O'Gorman el. (2015); Tuarangisaurus keyesi from
Hiller et al. (2017); AMNH FARB 1495, AMNH FARB 5835, Styxosaurus snowii, and AMNH
FARB 2554 from Otero (2016); Aristonectes parvidens from O'Gorman (2016a); Kawanectes
lafquenianus from O’Gorman (2016b); Lagenanectes richterae from Sachs et al. (2017) and
Jucha squalea from Fischer et al. (2020).
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APPENDIX TABLE 3.

PCA scores, % variance and eigenvalues for shape variables for posterior cervicals of newly
described Australian xenopsarian specimens (including previously described QM F3567 from
Sachs, 2004 and including polycotylid QM F12719) and posterior cervicals of non — Australian
plesiosauromorph specimens. Data for QM F3567 and RM FR271 from Sachs (2004); Opal-
lionectes andamookaensis from Kear (2005a); Elamosaurus platyurus, Thalassomedon haning-
toni, Callawayasaurus colombiensis and Cm Zfr 115 from O'Keefe and Hiller (2006);
Aristonectes quiriquinensis from Otero et al. (2014); Albertonectes vanderveldei from Kubo et al.
(2012); Vegasaurus molyi from O'Gorman el. (2015); Tuarangisaurus keyesi from Hiller et al.
(2017); AMNH FARB 1495, AMNH FARB 5835, Styxosaurus snowii, and AMNH FARB 2554
from Otero (2016); Aristonectes parvidens from O'Gorman (2016a); Kawanectes lafquenianus
from O’Gorman (2016b); Lagenanectes richterae from Sachs et al. (2017) and Jucha squalea
from Fischer et al. (2020).

PC1 PC 2 PC3
HI 0.54329 -0.4349 0.71812
Bl 0.82681 0.12873 -0.54756
BHI 0.14569 0.89123 0.42952
Eigenvalue 870.552 245.535 2.91016
% variance 77.798 21.942 0.26007
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APPENDIX TABLE 4.

PCA scores, % variance and eigenvalues for SD-normalised data (cf. Vakil et al., 2020) for ante-
rior cervicals of newly described Australian xenopsarian specimens (including polycotylid QM
F12719) and anterior cervicals of non — Australian plesiosauromorph specimens. Data for QM
F3567 and RM FR271 from Sachs (2004); Opallionectes andamookaensis from Kear (2005a);
Elamosaurus platyurus, Thalassomedon haningtoni, Callawayasaurus colombiensis and Cm Zfr
115 from O'Keefe and Hiller (2006); Aristonectes quiriquinensis from Otero et al. (2014); Alber-
tonectes vanderveldei from Kubo et al. (2012); Vegasaurus molyi from O'Gorman el. (2015);
Tuarangisaurus keyesi from Hiller et al. (2017); AMNH FARB 1495, AMNH FARB 5835, Styxo-
saurus snowii, and AMNH FARB 2554 from Otero (2016); Aristonectes parvidens from O'Gor-
man (2016a); Kawanectes lafquenianus from O’'Gorman (2016b); Lagenanectes richterae from
Sachs et al. (2017) and Jucha squalea from Fischer et al. (2020).

Loadings PC1 PC 2 PC3
sdCW 0.58584 -0.44901 0.67467
sdCL 0.55382 0.82958 0.071199
sdCH 0.59166 -0.33194 -0.73468
Eigenvalue 2.68097 0.257741 0.06129
% variance 89.366 8.5914 2.043

APPENDIX FIGURE 6.

Principal Components Analysis for anterior cervicals of Australian xenopsarian specimens
(including polycotylid QM F12719) and non-Australian elasmosaurids using SD-normalised data
(cf. Vakil et al., 2020). Data for QM F3567 and RM FR271 from Sachs (2004); Opallionectes
andamookaensis from Kear (2005a); Elamosaurus platyurus, Thalassomedon haningtoni, Calla-
wayasaurus colombiensis and Cm Zfr 115 from O'Keefe and Hiller (2006); Aristonectes
quiriquinensis from Otero et al. (2014); Albertonectes vanderveldei from Kubo et al. (2012);
Vegasaurus molyi from O'Gorman el. (2015); Tuarangisaurus keyesi from Hiller et al. (2017);
AMNH FARB 1495, AMNH FARB 5835, Styxosaurus snowii, and AMNH FARB 2554 from Otero
(2016); Aristonectes parvidens from O'Gorman (2016a); Kawanectes lafquenianus from O’Gor-
man (2016b); Lagenanectes richterae from Sachs et al. (2017) and Jucha squalea from Fischer
et al. (2020).
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Plot of PCA versus CH/CW for Australian plesiosaurians and non-Australian elasmosaurids. A.
PC1 versus CH/CW. B. PC2 versus CH/CW. Data for QM F3567 and RM FR271 from Sachs
(2004); Opallionectes andamookaensis from Kear (2005a); Elamosaurus platyurus, Thalassom-
edon haningtoni, Callawayasaurus colombiensis and Cm Zfr 115 from O'Keefe and Hiller (2006);
Aristonectes quiriquinensis from Otero et al. (2014); Albertonectes vanderveldei from Kubo et al.
(2012); Vegasaurus molyi from O'Gorman el. (2015); Tuarangisaurus keyesi from Hiller et al.
(2017); AMNH FARB 1495, AMNH FARB 5835, Styxosaurus snowii, and AMNH FARB 2554
from Otero (2016); Aristonectes parvidens from O'Gorman (2016a); Kawanectes lafquenianus
from O’Gorman (2016b); Lagenanectes richterae from Sachs et al. (2017) and Jucha squalea

from Fischer et al. (2020).
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APPENDIX FIGURE 8.

Principal Components Analysis versus Vertebral Length Index for Australian plesiosaurians and
non-Australian elasmosaurids. A. PC1 versus VLI. B. PC2 versus VLI. Data for QM F3567 and
RM FR271 from Sachs (2004); Opallionectes andamookaensis from Kear (2005a); Elamosaurus
platyurus, Thalassomedon haningtoni, Callawayasaurus colombiensis and Cm Zfr 115 from
O'Keefe and Hiller (2006); Aristonectes quiriquinensis from Otero et al. (2014); Albertonectes
vanderveldei from Kubo et al. (2012); Vegasaurus molyi from O'Gorman el. (2015); Tuarangisau-
rus keyesi from Hiller et al. (2017); AMNH FARB 1495, AMNH FARB 5835, Styxosaurus snowii,
and AMNH FARB 2554 from Otero (2016); Aristonectes parvidens from O'Gorman (2016a);
(2016b); Lagenanectes richterae from Sachs et al.

Kawanectes lafquenianus from O’Gorman

(2017) and Jucha squalea from Fischer et al. (2020).
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