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ABSTRACT

Three species of Cretaceous marine squamates are described or redescribed. The first,
Pontosaurus ribagustes described from a relatively complete specimen discovered on Hvar
Island, Croatia. Preservati@f identifiable nektonic teleosts within the gastric cavity (the first
identifiable gastric contents described from a dolichosaur) provide strong evidence of a primarily
piscivorous diet. The second described species is a new genus and species eflplesiop
mosasauroid?ortunatasaurus krambergirom the Cenomaniamuronian (U. Cretaceous) of
Dugi Otok, Croatia. Thepecimen preserves an exquisdeelimb showinga unique anatomy
that appears to be transitional betwéégialosaurusandMosasaurusThenew and unique limb
anatomy contributes to a revised scenario of mosasauroid paddle evolution, whereby the
abbreviation of the forelimb and the hydrofoil shape of the paddle evolves either earlier in the
mosasaur lineage than previously thought, or mored than previously considered. The third
description is a reassessment of the lizgntlanizocnemus libanensRe-examination suggests
that characters cited as supporting varamtichosaur affinities are misinterpreted, are
common to many squamates,are homoplastic and tightly linked to aquatic adaptation.
Available data support the conclusion tAahanizocnemus not a dolichosaur, a varanoid, nor
in fact an anguimorph, but may represent a new form of aquatic scincomorph, a group not
previouslyrecognized as having evolved aquatic adaptations. The three descriptions highlight
morphological data that has been erroneously used, or were unavailable for, previous studies. A
systematic analysis of the Pythonomorpha (inclusiieooitosaurugibaguste andPontosaurus
krambergj and exclusive of. libanensiy shows strong evidence for a monophyletic
Aigialosauridae from which the hydropedal mosasauroid condition evolved at least twice. The

results also support dolichosaurs as amamophyletic assenidige that form successive sister



taxa to the derived ophidians. The relationship between mosasauroids (Aigialosauridae) and
ophidiomorphs is less conclusive, recovering the ophidiomorph lineage as arising from within
the Mosasauroidea, most often as asigtoup to the Mosasaurinae. To provide context for their
evolutionary history, nophidian ophidiomorphs are further investigated through
paleobiogeography. Fragmentary discoveries suggest that dolichosaurs originated in the
Valanginian (Early Cretacesyor even the latest Jurassic. Diversity and density peaked in the
Cenomanian as a result of a large radiation in the Tethys and Western Interior Seaway. This
radiation was likely interrupted by the Cenomariamonian Boundary Event, an extinction
eventwhich caused a considerable drop in diversity. dphidian ophidiomorphs persist until

the Maastrichtian, while achieving their largest geographical distribution: spanning Europe,
North America and South America. Their fossil record indicated that thggrgehically
widespread group inhabited nearshore and offshore marine environments, and made several
independent radiations into freshwater environments. Their radiative success was driven by
features that were predisposed to functionality inthe marméen o n ment . Such Opr e
features could explain the propensity of the pythonomorph lineage to invade the water, as
evidenced by multiple lineages independently radiating into the marine environment. Fast
evolution of aquatically adapted features waidhsequently allowed them to colonize the

aguatic environment worldwide.
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manuscript edits.
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t wo parts of the University of Al berta MOOC 6

all the original writing and the bulk of the background research is all my own, H. Stiged he



with literature review, and T. Onuczko, M. Caldwell, and H. Street contributed to edits. The
included text is all my own original work, and has been greatly edited and supplemented for this

thesis from its original format.

The noveltaxonomic binomibs introduced in chapters two and three are not official
under the International Code of Zoological Nomenclature and should not be considered valid at

this time.
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GENERAL INTRODUCTION TO THESIS

Aquatic adaptation, the change from life on the land to life iméter, is one of the
most radical and frequent major evolutionary transitions, yet in many secondary aquatic lineages,
little is known about the progression of adaptations leading to an aquatic life. Of the more than
7000 species of extant squamates, only 8adapted to life in thequaticenvironmeit five
species of sea kraits, thregecies of file snakes, 50 species of true sea snakes, and one iguana
(Caldwell, 2006) Within these 59 specigthere is not a very great diversity of ecological niches,
with most being neashore, tropical reefiwellers. During the Cretaceous however, terrestrial
squamates exhibited a remarkable radiation into ecological roles and aquatic ecosystems around
the world. One group in particulathe Pythonomorphavas responsible for at least three major
radiations: the ophidians (including aquatic himdbed snakes), the dolichosaurs (elongate,
semtaquatic lizards), and the mosasauroids (including the giant;amam, predatory

mosasaurs)Cope, 1869; Palci and Caldwell, 2010; Caldwell, 2012)

The Pythonomorpha has a long history of study dating back to the early 1800s, when
early pioneers of paleorityy and comparative anatomy such as Conybeare, Cope, Cuvier,
Kornhuber, Kramberger, Mantell, Meyer, and Owen weo®gnizingand describing these
fossils(e.g., Cuvier, 1808; Conybeare, 1822; Mantell, 1829; Owen, l@kbll\eyer, 1860;

Cope, 1869; Gorjanovikramberger, 1892; Kornhuber, 190Recent decades have seen a
renewed interest in this group, resulting in an explosion in the number of species described and
revised(e.g., Pierce and Caldwell, 2004; Dutclzadd Caldwell, 2009; Palci and Caldwell, 2010;
JiménezHuidobro et al., 2016; Street and Caldwell, 20T#)ese studies have prompted

guestions surrounding the origins and evolutionary trajectories of lineages within the



Pythonomorphaspecifically,regarding independent evolution, coevolution or convergence of

specific traits related to their aquatic lifestyle.

The investigation of these questions necessitates aagellved phylogeny. Although the
taxonomic status of these groups has changed little since their conception, the interfamilial
relationships of dolichosaurs, ophidians and mosasadr@dd their relave position among
anguimorph and squamate groéigzave been modified and debated. As a result, hypotheses
surrounding the aquatic adaptations of these Cretaceous marine squamates remain similarly

muddled and inconsistent.

To study the remarkable aquatidaptations observed Cretaceous squamates, the focus
must be on the lineages demonstrating terrestrial to aquatic transitions: namely, the dolichosaurs
and the basal mosasauroids (the question of aquatic origins of snakes is beyond the scope of this
thesisand will not be addressed)hese pythonomorph lizards represent an intermediate form
between fully terrestrial squamates and the obligate aquatic mosasaurs that later evolved from
within the Pythonomorpha. They exhibit a combination of traits rangimg fatly terrestrial, to
semi and obligitorily aquatic, and are therefore an ideal transitional group in which to study the
basal marine adaptations within Cretaceous squamates, and their subsequent evolutionary

transformations.

My research investigasevhether aquatic adaptations within Cretaceous squamates were
convergent or plesiomorphicomparesthese traits to other aguatic species, and examine
subsequent variation and modification of these adaptations in relation to our understanding of
pythonomorptpaleoecology. Broader implications of this project include helping to answer the

guestion of whether or not becoming aquatic requires a specific set of characters in order to be



successful, thereby increasing our understanding of convergent evolutiord@pendent

evolution of similar features in species from different lineag@&®s) accomplish this, a thorough
understanding of the evolution and interrelationships of squamates is necéissaterefore
essential to derive a new phylogenetic hjpests that better describes the relationships between
these groups. To that end this thesis has two major goals. The first goal will be to describe new
species and revisit old interpretations, and use that data to construct a hypothesis of
pythonomorph retionships. The second goal will be to better understand the evolution of
aguatic traits in Cretaceous squamates based on their phylogenetic and paleobiogeographical
context. Thus, chapter one will review literature describing and interpreting pythofomorp
lizards and their recent systematic analyses. Chapter two will describe a new species of
dolichosaur, and provide evidence that confirms a long standing hypothesis on dolichosaur
paleoecology. Chapter three will describe a new genus of aigialosaurtined aunew

hypothesis for the evolution of flippers in mosasaurs. Another spégieanizocnemus

libanensi® originally classified as a dolichosd@urs redescribed as@cincogekkonomorpin
chapter four, thus removing confounding data from the Pythonomorpha problem. A phylogenetic
study is performed in chapter five to clarify relationships between pythonomorph lineages, and
revealing support for multiple independent incursions into thénmanvironment. Chapter six

is a paleobiogeographical assessment of dolichosaurs that reveals patterns of origination and
radiation, providing context for their evolution and adaption, including evolutionary drivers.
Finally, with a clearer understandinfjithe phylogenetic and biogeographic constraints on
aguatic adaptation in Cretaceous squamates, it is possible to discuss specifioadaptatn

the group. Chapter sevarill introduce the problem of aquatic adaptation and some of the



solutions evoled by squamates in the context of their evolutionary relationships, answering

guestions surrounding the ancestral or independent acquisition of certain aquatic traits.
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CHAPTER 1 : AREVIEW OF THE TAXONOMY AND
SYSTEMATICS OF PYTHONOMORPH LIZARDS

INTRODUCTION

Lizards and snakes, collectively the Squamata, or scaled reptiles, are generally considered
terrestrial as they have few adaptations that would be considered distinctively aquatic. Today,
only marine iguanas and sea snakes are considered aquatic squidmage®r,Cretaceous

rocks of marine origins from around the world have produced fossilized lizards adapted to
aqguatic life. These fossils represent a dramatic radiation that hapgpehedid-Late
Cretaceou$~95 million years agamya), when a group agiquamate$ the Pythonomorptia
evolved andinderwent a dramatic marine radiati@ardet et al., 2008 By the time of their
extinction at the end of the Cretaceous peri&i(§a) they had colonized marine and

freshwater environments, evolved into a vastly diverse aquatic groupadgiven rise to the
mosasaursa fully aquatic group of top predators who possessed many of the adaptations

distinctive of amaquatic life

The Pythonomorpha is composed of the Ophidia (includinglimmoked, and legless
snakes), the Mosasauridae, and several families of pythonomorph lizards (note that the term
6lizardé is used here and t hr dandfothaut t he r est
paraphyletic assemblage composed ofaphidian, normosasaurid squamates): the
Aigialosauridae, the Dolichosauridae, and sometimes, the Coniasauridae. The phylogenetic
relationships and composition of the Pythonomorpha, including its location \Bitjuiamata, is
heavily debatedCalligaris, 1988; Carroll and Debraga, 1992; Caldy&900; Dutchak and

Caldwell, 2006; Bardet et al., 2008; Caldwell and Palci, 2010; Palci and Caldwell, 2010;



Gauthier et al., 2012However, he phylogenetic analysis BfalciandCaldwell (2010suggest

that the ancestepf pythonomorphs were anguimorph lizards that developed features related to
skull kinesis, strengthening of the braincase, and aquatic locomotioii@pbrphs & subset

of the Pythonomorpha composeddafichosaurs and ophidians) are characterized by additional
features related to limb reduction, additional skull kinesis, body and neck elongation and a fairly

progressive reduction in pectoral girdleraentsPalci and Caldwell, 2010)

The majority of the earliest known pythonomorph lizards originate from the mid
Cretaceous rocks deposited in the Tethys Sea inclioitadities in Croatia and Slovenia
(Adriosaurus, Aigialosaurus, Mesoleptos, Pontosaueus, Caldwell, CarrollandKaiser, 1995;
CornaliaandChiozza, 1852; Kornhuber, 1893, 1901; Kramberger, 1892ahd€aldwell,
2000; Nopcsa, 1908, 1923; PieanedCaldwell, 2004; von Meyer, 1860)ebanon
(Aphanizocnemus, Pontosaur@aldwellandDal Sasso, 2004; Dal Sassal Pinna, 1997and
PalestinelflassiasaurusPolcyn, TchernovandJacobs, 1999 smaller numberfespecies can
also be found in more widely separated localities including the Western Interior Seaway
(Dallasaurus Bell andPolcyn, 2005)Atlantic shelf {allecillosaurus SmithandBuchy, 2008)
and Pacific RimKaganaias Evanset al, 2006) Interestingly, most of the fossil record for
pythonomorph lizards are articulated, monotypic specimens, though fragmentary material has
been found in Australié€Scanlon and Hocknull, 2008he United State@.iggett et al., 2005;

Shimada and Bell, 2006and SpairfHontecillas et al., 2015)

The goal of this chapter is to review the literature diesgy and interpreting
pythonomorph lizards from the first descriptions of these ani(aien, 1842)to the most
recent analyse€Simdes et al., 2017This review will provide context for the current

understanding of pythonomorph relationships, reveal gaps in knowledge and provide a sense of



direction for some of the questions asked throughout this work. Research surrounding the aquatic
adaptations othis group will be summarized in Chapter Eight and are not discussed here in

Chapter 1.

REVIEW

The study of notophidian, normosasaurid pythonomorphs has mostly been done in two major

surges. The first, from the 1850s to the 1920s was descriptive cfpeaies culminating in a
summary by Camfl923)i n hi s ACl assification of the Lizart
little published researcmadolichosaurs, aigialosaurs and mosasauroids until 1988 (exceptions

would include McDowell and Bogert [1954] and Russell [1967]). This year saw the summary of
Cretaceous marine lizards by Calligaris (1988) and marked the beginning of what becomes a

truly renewed interest in the group. Over the next three decades many publications were released

diagnosing, reassessing and analyzing the relationships of the group.

The Ophiosauria (1850 -1900)

The earliest work on pythonomorph lizards was done in the nfi¢dtury with a series of
primary descriptions. These includ€dniasaurus crassidermdDolichosaurus longicollis
(Owen, 1850)andMesoleptos zendrirfiCornalia, 1852)The family Dolichosauridae was
erected by Gervaid852)as a monotypic taxon containing ommdplichosaurus longicltis

(Owen, 1850)Owen (1850) initiated discussion on the broader relationships of the group by

proposing that hi€oniasaurusandDolichosaurusmi ght be malizardse O6i guani ar



In the next several decades, while debate raged over the relationships of mosasaurs (e.g.
Owen, 1877and a series of responses between Cope and Baull898%several more
pythonomorph lizards were introduced into the scientific literafiiceeosaurus tommasin({von
Meyer, 1860)Hydrosauruglater PontosauruslesinensigKornhuber, 1873)Adriosaurus
suess{Seeley, 1881)Aigialosaurus dalmaticysandAigialosaurus novakiKramberger, 1892)

It was during this time frame th&@ope(1869)first proposed the close relationship of snakes and
mosasaurs. He postulated that among squamates, the closest livingsrefatnasasaurs were
snakes and erected the Pythonomorpha to include these taxa. However, the dolichosaurid and

aigialosaurid lizards we now consider part of the Pythonomorpha were not included.

In 1892,Krambergeproduced one of the first comprehensive and comparative works on
these animals, comparing previously described Cretaceous lizards to his new species:
Aigialosaurus dalmaticusThis was the work that established the Aigialosauridae, a family he
erected to contaiActeosaurus, AdriosauryBontosaurugwhich he had renamed from
Hydrosaurus) andAigialosaurus though he acknowledged that within this family, the first three
genera should be subdivided fréxgialosaurus Together with the Dolichasiridae (to which
he only assigneBolichosauru$, these two families formed a grouping he called the
Ophiosauriaa transi ti onal gr oup bMesolemosvas ekcluded ar ds 6 a

from the Ophiosauria and was instead assigned to the Varanidae.

As it turned out, the name fAOphiosauriao w
emended to Dolichosaurisy Boulenger 1893) In this publication, he also proposed a
hypothesis for pythonomorph relationships, regarding the aigialosaurs and dolichosaurs as
ancestral to all other lizards, mosasaurs aaftesi Kramberger (1892) acknowledged the

transitional nature of the Aigialosauridae, arguing that they were ancestral to dolichosaurs,
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pythonomorphs (still only including mosasaurs and snakes), and lacertl@nsesaurus

marchesett{Kornhuber, 1893)vas described soon after.

The Classification of Lizard s (1901-1923)

Kramberger 6s 1892 c | akomhulfei(l004)inhi®deschpos r evi e
of Aigialosaurus (=Opetiosaurus) bucchichm his opinion, the members of the Aigialosauridae
were sufficiently similar to modern varanids to be placed in the family \daaninstead, he
argued that his new speci€x, bucchichiwas a better example of a transitional form between

varanids and pythonomorphs.

Two years latelNopcsa {903)once again revised the Cretaceous lizards of the Istrian
peni nsul a. He supported Krambergerodés interpre
the Varanidae, but disagreed on the composition of the family and its placement. He based the
classification of the Dolichosauridae on small heads, elongated bodies and necks, and reduced
limbs, includingActeosaurus, AdriosauruandPontosaurusn this family with Dolichosaurus
In the largeheaded, shomecked Aigialosauridae he placadjialosaurus, Carsosaurus,
OpetiosaurusndMesoleptosHe concluded that the Aigialosauridae and Dolichosauridae

shared ancestry with varanids, and assigned both to the Lapridos

During this time, Louis Dollo was writing prolifically on mosasaurs, and in his writings
he made several comments regarding aigialosaurs and dolichosaurs, reaching similar conclusions
to NopcsaDollo (1903, 1904a, 1904lepnsidered aigialosaurs true lizards branching off near
the Varanidae, and ancestral to the Dolichosauridae and MosasaWfiliaton (1904)shared

this opinion, emphasizing the close relationship of aigialosaurs and dolichosaarartoigs. He
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also praisd the striking example of evolutigoreserved in the transitidrom terrestrial

varanoids, to seraquatic aigialosaurs, to aquatic mosasaurs.

Over the next few decades, other anatomists and paleontologists continued to publish on
the relationship of these small aquatic lizards and Nopcsa continued to change his interpretations.
Nopcses (1908)review of fossil reptiles expanded on his ideas that snakes had marine origins
and were closely related to dolichosaurs, and further discussed the monophyly of mosasaurs and

shakes.

Contrary to Nopcsa and Kornhuber waigérvéary (1918) who published that similarities
between aigialosaurs and mosasaurs were the result of convergence, stating his doubt that such a

transformation could have occurred in such a short amount oflésgethan ten million years)

Before he died in933, Nopcsa published one last paper on fossil lizard relationships
(Nopcsa, 1923)In this paper (in which he also descritligdolosaurusandPachyopis), he
challenged-éjérvary, revised his own earlier classifications, and placed dolichosaurs and
aigialosaurs in a closer relationship as sistdésfamilies. He grouped all the abewentioned
lizards into the Dolichosauridae, which he divided into tistdgfamilies. The Dolichosauinae
still included the grouping d&cteosaurus, Adriosaurus, Pontosauamsl Dolichosaurus but
also included the newly describEd@lolosaurus The Aigialosaurinae maintained the
AigialosaurusCarsosaurusOpetiosaurugjrouping,but Mesoleptosvas removed and placed in
a third subfamily: Mesoleptinae. He also discussed similarities in aigialosaur and mosasaur
skulls, and between the caudal regiongigialosaurusandPachyophisThese included: small
skulls, a cylindrical bodyreduced limbs, many hypapophyses, and the presence of

zygosphenes/zygantra. He concluded that the ancestors of mosasaurs could be found within the
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Aigialosaurinae, and that snakes were most closely related to dolichosaurs and had a

morphologically similaancestor.

The moslasting classification was made by Ca(@p23)in his extensive work
ACI assi ficati on (1®23)plackedcthe Dolichasauddad) Aigialdsauarigdae and
Varanidae inside the Superfamily Varanoidea. He also first classified the Mosasauroidea: a
superamily containing the Mosasauridae and being a sstperfamily to Varanoidea.
Together, the Mosasauroidea and Varanoidea comprised the Platynota. Serpentes was placed
outside of the Sauria, as a separate suborder. According to his classificationjalus&ugidae
containedAigialosaurus, Opetiosaurus, Carsosauarsl Mesoleptosand were defined by fused
frontals, pterygoid teeth, reduced limbs and broadened feet. He defined a dolichosaur as having
axial elongation, a small skull, thirteen cervicaltebrae, and some aquatic adaptation in the
limbs and tail. According to this diagnosis, he includeteosaurus, Adriosaurus,

DolichosaurusandPontosaurusn the Dolichosauridae.

From Camp to Russell (1954 -1967)

Campobds cl assi fi c adceptedmodebosrelationeghipfea seeerab | |y
decades. In 1954/cDowell and Bogerpublished a monograph &mantharotus in which they
placed Lanthanotidae, Dolichosauridae and Aigialosauridae in a polytomy. They also described
the mosasaur lineage arising from the Aigialosauridae. Their work laid out each of these groups,
their identifying characteristics, and theiembers. Within the Aigialosauridae was

Aigialosaurus CarsosaurusOpetiosaurus?Mesoleptosand ‘Eidolosaurugwhich they gave a
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secondary interpretation as a lanthanotidfeosaurusAdriosaurus, Pontosaurus, ?Pachyophis,

?SymoliophisandDolichosauus comprised their Dolichosauridae.

The geologically oldest proposed aigialosaur was described in a very short paper by
Kuhn (1958). He described a skull roof fragment found in Late Jurassic deposits from Solnhofen,
Germany, and referred it Rroaigialosaurus huenias it predated any other aigialosaur

previously described. The specimen has now unfortunately been lost.

Campbs 1923 <classification was revised in
(Camp and Allison, 1961put the &atus of Cretaceous marine squamates did not change much

excepting that they gained anotlctysely related familythe Helodermatidae.

Russell (1967p u bl i shed one of the key works in mo
Systematics and Morphology of American$Ma s aur s 6. Though the focus
American mosasaurs, pythonomorph lizards were also discupsethrily as an example of
what a transitional mosasaur might have been like. Like Camp (1923) the decades following

Russel | 6s wo Hithe oppytbodamorphdizandse r y

The first cladistic analyses (1988 -1993)

Besides the discovery of fragmentary coniasaur material from North AnjBeta
Murry, andOsten, 1982)the next major research on pytharaph lizards commenced with a
summary of reptiles from Komen and Lesina (Hvar Islandlaligaris (988) Though the

publication provides a nice overview of diversity, it does not give any new descriptive details on
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these lizards (except one new specimen briefly referr@patiosaurus now described as

Komensaurus or any new hypotheses on relationships (he supphidpdsés 1923phylogeny).

Four years lateiCarrollandDebraga1992)published on the taxonomy and
phylogenetic relationships of aigialosaurs. They redescfgtiosaurus bucchicland
Aigialosaurus dalmaticys and descr i bed CHdwevergstaad of givingnite w s p e
a for mal taxonomic binomen, they simply refer
notable thing about this publication was that it used a computer generated cladistic analysis to
construct cladograms and from there to hypothesize a phylagealationships (the first time
this had been done on pythonomorph lizards). Their analysis used fifteen characters and ten
terminal clades including Aigialosauridae (which was coded using the three species they had
described earlier in their paper). TAgialosauridae was recovered in a polytomy with
Cherminotus-SaniwaandLanthanotus¥aranus Mosasaurs and dolichosaurs were not

included.

The same authors published a larger scale version (142 characters, 17 taxa) of this
analysis a year later, this ttnwith mosasaurs as the fo¢lebraga and Carroll, 1993pnce
again, Aigialosauridae was coded as a terminal taxon, prohibiting any comments on the
relationships within that family. Howey, the Aigialosauridae and Mosasauridae were recovered
as sister groups forming the Mosasauroidea, which was found in turn to be the sister group of the

Varanidae.

The dissertation of Bell (1993) produced another analysis of mosasaur systematics. It is
argued that his study gained more traction th

redundant characte(®utchak, 2005)Like Carroll and Debrag@Carroll and Debraga, 1992;
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Debraga and Carroll, 1993je focus was on mosasaurs and only a few small; agumaitic

forms were chosen. However, unlike earlier analyses, the Aigialosauridae was broken into

multiple terminal taxand therefore testats monophyly for the first time. The analysis (151

characters, 37 taxa) usBdllasaurus( at t he ti me, referred to only
OpetiosaurusAigialosaurusand the Trieste Aigialosaur but did not include anlctiosaurs.

When the research was publisi{Bell, 1997a) it had been edited to 142 characters. This

analysis did not recover a monophyletic AigialosauridaelalmaticusndKomensaurugthe
TriesteAigialosau) plotted out with the &lisaurinesDallasaurus(the Dallas aigialosaur$ll

into a polytomy with the dlisaurineaigialosaur clade, and the clade containing the rest of the
mosasaurg). bucchichiwas located at the base of the tree, as the sister group to all other
mosasauroi ds. I n addition, Bell 6s repults did
between mosasauroids and varanids. It is extremely important to note here that this character set
has formed the basis of almost every mosasauroid phylogeny for twenty years, fre801997

and did not get a significant review falimost two decadgg.g., CaldwelandPalci, 2007,

DutchakandCaldwell, 2006, 2009)

Ten years of description and discussion (1995  -2005)

Beginning in 1995, and coinciding with the discovery of several new pythonomorph
lizards, there was a resurgence in the study of aigialosaurs and dolichosaurs independent of
mosasaurids as well as in relation to broader squamate relationships. This bedgaa w
redescription ofCarsosaurus marchese(tCaldwell et al., 1995hich was focused particularly

on describing and comparing the forelimbgancluded an analysis of aigialosaur phylogeny
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using 66 characters and ten taxa. As it was published before Bell (1997), this makes it the first
published phylogenetic analysis of aigialosaurs. Unfortunately, the resultshafuhstic search
produceda polytomy of aigialosaurg\{gialosaurus, Carsosaurus, Opetiosauarsl the Trieste
aigialosaurputside of thevlosasauridae, whereas the strict consensus produced a polytomy of
all five taxa. Subsequent tests removing problematic characters gave sugpert for a
monophyletic Aigialosauridae within a monophyletic Mosasauroidea. This paper also referred

Opetiosaurugo Aigialosaurus.

Caldwell( 1996) examined mosasauroid | imb evol ui
(1993) matrix. Caldwell removed over half of the taxa (37 taxa to 15), and many characters
deemed to be phylogeneticallpinformative (151 characters to 91). In contradiction to Caldwell
et al.o6s (1995) earlier findings, the strict

of the Mosasauridae, and the majority rule recovered a paraphyletic Aigialosauadzaty

on the stem of the Mosasauridae tree.

Several studies ih997 and 1998 did not focus on pythonomorph lizards in particular, but
by including pythonomorphs in analyses of squamate relationships, they nonetheless provided
some context on their plament.Lee (1997)provided a novel hypothesis for varanoid and snake
affinities by using mostly fossil taxa (10 of 15) in his analysis. This provided strong support for
the Pythonomorpha inclusive of mosasaurs and snake$1998)expanded on this work and
created a larger dataset with more taxa and characters. Once again, mosasauroids and snakes
formed a well supported cladleghe Pythonomorplé which nestd within the Varanoidea,
supporting the close relationship proposedyrollandDebraga1992) Two descriptive
papers on legged snakes also supported this relatioi@ighwell and Lee, 1997; Lee and

Caldwell, 1998)
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The year 1997 also marked the first new

Aphanizocnemus libanengBal Sasso and Pinna, 199The description was accompanied by a
small phylogenetic analysis based@ebragaandCarroll (1993) A. libanensidormed a

polytomy with the Aigialosauridae and the mosasaurid clade (containing four terminal taxa).
Interestingly, no other dolichosaurs werdlinied in the analysis. The authors concluded that
Aphanizocnemusccupied a transitional position between terrestrial varanids and fully aquatic

mosasaurs.

The redescription o€oniasaurus crassider{€aldwell and Coper, 1999and the
description of a new specigSpniasaurus gracilodengEaldwell, 19993)prompted two further
analyses: one smaller analysis focusetherrelationships of aigialosaurs, coniasaurs and
mosasauréCaldwell, 19993)and the second among the greater SquafGaidwell, 1999h)

For the first (Caldwell, 1999a), the Bell matrix was once again pared down, this time to 73
characters and 11 taxa (including three aggalrs). The results were similarGaldwell

(1996) showing a paraphyleticigialosauridae wittConiasaurusccupying the sistgposition

to mosasaurgaldwell (1999b)performed an analysis of highkavel squamate phylogeny using
the characters and matrix B$tes, DeQuieroz, and Gauthi@®88)which placed coniasaurs and
the Mosasauroidea (Aigialosauridae and Mosasaeyith a clade. The sister group of that clade
were the snakes in 12 out of 18 shortest trees supporting the pythonomorph groupind-aénlike
(1998) varanids were on the opposite side of the tree. The new hypothesis was that
pythonomorphs were not derived varanoids, but basal platynotans, or maybe even basal
anguimorphs. This hyghesis was not universally accepted, and was contradictdhgyrand

Rieppel(1999)who questioned treatment of the taxa and characters.
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In 1999 Polcyn, Tchernov and JacothsscribedHaasiasaurugittelmani a new basal
mosasauroid from Israel. It was originatlgmedasHaasia gittelmanand had to be renamed
because the generic name was preoccyleltyn et al., 2003No other new comments on

relationships were made.

Completing aedescription oAdriosaurus suessieeandCaldwell (2000)also
investigated the sisteroup relationships of mosasauroids with dolichosaurs, pontosaurs,
adriosaurs and snakes. Using a versiobeafs (1998)dataset (updated to 258 characters and 32
taxa), they recoverefldriosaurus Aphanizocnemysind Dolichosauridagdoniasaurusand
Dolichosauru$ as successive sister groups to snakes. The-gistep to thiglolichosawsnake
clade was the aigialosaurosasaur clade (here named Mosasauridae instead of Mosasauroidea),
supporting a monophyletic Pythonomorpha. In this analysis, the Pythonomorpha still sat within

Varanoidea, as the sister group to Varanidae.

Once again opposing the close relationship of mosasaurs and snaKeshemawvet. al.
(2000)andRieppelandZaher(2000) who argued that the skull and dentition characteristics
uniting these groups were convergent. They did however, support the close relationship of

mosasaurs and varanids.

Caldwell (20000once again modified Bell 6s (1993)
(Caldwell, 1996, 1999ayhen he performed a cladistic analysis on six genera of mosdsaer, t
species of aigialosaur, two species of coniasauDaridhosaurus longicolligthe redescriptive
focus of the paper). Using this matrix of twelve taxa and 66 characters, he recovered the
Aigialosauridae as a distinct clade (with urmiged internal elationships). Alhough the strict

consensus tree showed a polytomy between mosasaurs, Aigialosabdlic®saurusand the
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coniasaurs; the majority rules tree found Aigialosauridae and mosasaurs in a clade distinct from

the included dolichosaurBolichosaurusandConiasaurus

Lee and Scanlon (2002) further adaptedG@a&lwell 000)dataset, reducing the number
of characters by ten, and addidMgsoleptos zendrin{which was redescribed in thegs). The
results were essentially the same as in Caldwell (2000), except that the newly included
Mesoleptosvas now found to be the closest relative of snakes, followédibngsaurusand then

other dolichosaurs.

A smallMoroccanmosasaudescribed byBardet, SuberbiolandJalil (2003)provided
more evidence for thevolution of mosasaurs from within tAégialosauridaeTethysaurus
nopcsaihad many features that appeared intermediate between aigialosaurs and more derived
mosaaurs providing a clearer picture of how mosasaurs could have evolved from within the
aigialosaur lineaga&Vhen included irCaldwells 2000)datasetTethysaurusvas recovered as
the sister group to the derived mosasauroids, with aigialofapeti¢saurus, Carsosaurasd

Aigialosaurg forming the sistegroup to TethysauruldHalisaurusand other mosasaurids]].

Following the trend of redescription&cteosaurus crassicostat(Galligaris, 1993was
redescribed in 2004, which resulted in this specimen being referfattittsaurus suessi
(Caldwell and Lee, 2004Pontosaurus lesinensigas also redescribed Byerce and Caldwell
(2004). Analyzing it in a phylogenetic cont ex
to fifteen taxa and 159 characters. The results were essentially the same: a monophyletic
Pythonomorpa, with a monophyletic dolichosasnake lineage as the sister group to a
monophyletic aigialosaumosasaur lineag@ontosaurudell between [Dolichosauridae,

Aphanizocnem{sandAdriosaurusin the comb leading to the Ophidia. It is interesting to note
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here that even though this and plenty of other phylogenetic studies assessed the relationships of

dolichosaurs in the 19906s and early 2000s, n
Dolichosauridae (senstiamp, 1923) but i nstead recovered them a:
to snakes.

Also described in 2004 w&sarentonosaurus minea(iRage and Néraudeau, 2004)
was described as an aigialosaur on the basis of several pachyostotoic veatphraal rib, and
a fragmentary pectoral girdle. It hasie to the partial nature of the specimeot been useith

phylogenetic analysis since.

Vidal and Hedges2004)used a molecular study to tiydisprove the pythonomorph
hypothesis, but as mosasaurs can obviously provide no molecular data, their inference is

guestionable.

Lee Q005)performed an interestinseries of phylogenetic analyses whereby he used 248
osteological (based on Lee and Caldwell, 2000),dtB8ranatomical, and 18 ecological traits to
test the major relationships of extirartd extant squamatekhe analysis was run multiple times
usingdifferent subsets of characters and taxa, deletion tests, and character weighting. The tests
were mostly congruent. The results support the monophyly of the Mosasauroidea (Mosasauridae
and Aigialosauridae), and t hees,foimingsicoessive of do
outgroups after the pythonomorph lineage splits from the mosasauroids. Varanoids formed the

outgroup to the Pythonomorpha.
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The question of monophyly (2005 -present)

Bell andPolcynrs 2005)description oDallasaurusturneri was accompanied by a
systematic analysis using the mostly unmodified datageeib{1997) excluding or ignoring
changes applied bgaldwell (1996, 1999a, 2000Dnce again, the included aigialosaurs were
Aigialosaurus, Dallasaurus, Opetiosaurasyd the Trieste aigialosaur. This time they also
includedHaasiasaurusThe results of this analysis obged the polytomy at the base of the tree
and showed a paraphyletic Aigialosauridaellasaurusand t hei r fATaxon novum
taxon that has still not been described as of 2017) plotted out as sister taxa to the mosasaurines,
Haasiasauruss the sisteiaxa to the russellosaurimalisaurine clade, andpetiosaurusand
Aigialosaurusas sister taxa to the rest of the mosasauroid lineage. Though a lot of criticisms can
be made surrounding their choice of taxa and characters, this paper outlines anextremel
important question: that of the monophyletic or polyphyletic nature of derived mosasaurs. Bell
and Polcyn argue that paddike limbs (previously thought of as a synapomorphy of derived
mosasaurs) evolved at least twice within the Mosasauroidea. fidetopology supports
traditional subfamily groupings of mosasaurs suggesting that each mosasaur subfamily could
have been a separate aigialogadiation, which would therefore make the Mosasauridae

polyphyletic.

Later that yeartHaberandPolcyn(2005)describedludeasaurus tchernobased on a
partial skull. They identified it as a possible dolichosaur, but acknowledged that the material was
insufficient to firmly identify it as an aiggi
systematic analysi@ell andPolcyn, 2005)it plotted out withDallasaurusas the sister taxon to

the mosasaurines.
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Buchyet al. 005)contributed significantly to mosasauroid paleobiogeography when
their summary of Mexican marine squamates was published. In it they briefly describe several
derived mosasaurs (including a holotype specimen), isolated vertebrae assigned to
Mosasauroidea, and an articulated partial aigialosaur preserving squamation that would be fully

described latefSmithandBuchy, 2008)

Dutchak and CaldwelRQ06)used the redescription gigialosaurus dalmaticu® edit
several characters as they had been interpreted by Bell and Polcyn (2005) and perform their own
systelat i ¢ analysis on that data set. Their resul
Dallasaurusat the base of the mosasaurirtéaasiasaurusAigialosaurusand the Trieste
aigialosauias sequential outgroups at the base of the russelostatisaurine clade, and

Opetiosauruss the sister group to all other mosasauroids.

The year 2006 was an exciting one for pythonomorph researchers, with two nearly
complete species being described, both with accompanying systematic arizdjcdes!l (2006)
described a second speciesPohtosaurus: P. kornhuberdditionally, he used a highly
modified version (77 characters)®Bierce and Caldwell'?004)matrix to analyze
pythonomorph relationshép The results were fairly well supported, with the strict consensus
showingAdriosaurusas the sister taxon to ophidiafsntosaurugP. kornhuberiandP.
lesinensifforming a sister clade tAdriosauruspphidians]; and Dolichosauridae and
Aphanizocnmusfalling out basal to the above. The sister clade of all these were the

mosasauroids (Mosasauridae and Aigialosauridae).

The second new species was a pythonomorph lizard from (apans et al., 2006)

Kaganaias hakusamsisis unique in being from the Pacific, and for being one of the oldest
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pythonomorph lizards: dating from the Valangia n U0 Haf the EanyiCretacgaus. In
their analyses (based are, 1998 LeeandCaldwell, 2000 andRieppelandZaher, 200p
Kaganaiasplots with dolichosaurs whehey are include@ee andCaldwell, 2000; Rieppeind
Zaher, 200@xpandell and when they are not, it falls out with the amphisbaenians in a sister

clade to pythonomorphsee, 1998)

PalciandCaldwells 2007)description of a new dolichos&uAdriosaurus
microbrachi® critically assessed the characters tmebnomicc o mposi ti on of Bel |
(2005) data matrix. This led to a different series of cladograms and therefore different
hypotheses regarding the evolution of mosasauroid features. Thisyzegpsignificant in that it
defined Ophidiomorpha for the first time: the clade inclusive of Ophida and the dolichosaurs
(including the Dolichosauridae, pontosaurs, adriosaurs, etcy.ddimed the group as being
characterized by (1) elongation of theweal region (>10 cervical vertebrae); (2) elongation of
the dorsal region (>35 precloacal/presacral vertebrae); (3) zygosphenes/zygantra in the
precloacal/presacral region; (4) limb reduction or loss, especially in the forelimbs. It eXxcludes
but formsa sister group with the Mosasauridae and Aigialosauridae (Mosasauroidea). The
Pythonomorpha was redefined as the clade containing the Ophidiomorpha and Mosasauroidea.
These definitions are the basis of the naming conventions used in this thesis. dredidthot
address ingroup relationships of the mosasauroid lineage, but did so for the Ophidiomorpha.
They recovereddriosaurusas the sister taxon to the Ophidia, witbhanizocnemusnd the

Dolichosauridae forming successive siggepups.

In2007, 4t er years of being included in phylog
was finally described and nam@daldwell and Palci, 2007Komensaurus carrolivas

identified as a new genus, contrary to the past synonymization of this specimen with
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CarsosaurugCaldwell et al., 1995; Caldwell, 1998Jhe primary description also inspired a

cruci al eval uation of Bell and Polcynbds (2005
relationships of Mosasauroidea. A data matrix basedutohakandCaldwells 2006)dataset

was revised to include 142 characters and 38 terminal taxa. This analysis supported the

polyphyly of mosasaurg] with Dallasaurusbeing the sister group of the mosasaurines,
CarsosaurusandKomensaurusghe sister group of the halisauringssellosaurine clade, and

Aigialosaurusas the sister group to all other mosasauroids.

As previously mentioned, another mosasauroid was described the next year.
Vallecillosaurus donrobertgpreserves the posterior half of a basal mosasauroid from Mexico
(Smith and Buchy, 2008}t provided evidence that pythonomorph lizards had achieved
intercontinental distribution before the evolution of the mosasaurs. This hypothesis seems to be
supported by otbr finds of isolated veebrae reported from this time: includipgssible
dolichosaumaterialfrom Australia(Scanlon and Hocknull, 2008francgHoussaye, 2010)
Kazakhstar{Averianov, 2001)KansagShimada and Ystesund, 200@hd possibly Patagonia

(Albino, 2000)

Conrad(2008) performed a large and very extensive phylogenetic study ainsges.
His findings were similar to other, smaller studies on pythonomorph and mosasaur relationships:
a Hennigian comb of aigialosaurs leading to the derived mosasaur groups, with the dolichosaurs
(Dolichosaurus, AphanizocnemasdConiasauru} as the ster group. The polyphyly of
aigialosaurs was not really tested, as he did not indadlasaurusor Judeasaurusvhich had
previously been resolved as basal mosasaufiBedsandPolcyn, 2005; CaldwelndPalci,
2007; HabeandPolcyn, 2005)He also attempted to resurrect an old, but never properly defined

name for the dolichosaaigialosauimosasaur clade: Mosasauria (March, 1880) which had been
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mentiored in older literature (mostly in the early 1900s), and generally used interchangeably
with Pythonomorpha. Presumably, Conrad (2008)

his analysis recovered snakes in a completely different place.

In their redesription of Aigialosaurus(here officially renamed fromdpetiosaurus)
bucchichj DutchakandCaldwell (2009)once again completed a phylogenetic study based on a
heavily modified version of Bell and Rail cynods
the generic level where possible in order to focus on larger scale interrelationships of
mosasauroids (i.enot at the specimen or species level). The analysis included five small, semi
aguatic mosasauroidaigialosaurus bucchichandA. dalmaticus Komensaurus, Dallasaurus,
andHaasiasaurusThe authors chose not to includarsosauruslue to the low number of
characters that could be coded. Though the study provided fairly good resolution within the
Mosasauridae, the relationships of the saquaic mosasauroids was less clear. Among trees
one step longer than optimum, the hypothesis wasftig&tlosaursandDallasaurusform
successive outgroups to the Mosasauriddielg§stesand more derived mosasaurs). Outside of
this, Komensaurus, HaasiasauraadHalisaurusformed a group. Under strict consensus, this
relationship broke down into a polytomaynongthe five genera. The placementHdlisaurus
was slightly surprising given that it is hydropedal (ieguatically adapted limbs) rather than
plesiopedal (i.e, terrestrially adapted limbs) like the rest of the genera within the polytomy. It is
also interesting in that firovides a paraphyletic hypothesis for aigialosaurs rather than

polyphyletic.

PalciandCaldwell (2010)n their redescription ofActeosaurus tommasiniiclude a
cladistic analysis of several marine squamates (including Mosasauridae, Dolichosauridae,

Aigialosauridae, pontosauisdriosaurus ActeosaurusAphanizocnemugsand living and fossil
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snakes. Their trees found no support for a monophyletic Dolichosauridae inclusive of
PontosaurusAll of their recovered tree topologies found support for the moylgpof the
Ophidiomorpha, inclusive of the Dolichosaurid@®lichosaurus, ConiasaurjisPontosaurus
Aphanizocnemyg\driosaurus Acteosaurusand Ophidia. The Mosasauroidea (Aigialosauridae
and Mosasauridae) was recovered as the sister group to Optiiglansuch that the
Mosasauroidea and Ophidiomorpha together formed the Pythonomorpha. The authors also
described a new species of ophidiomorph lizard this sameAg@osaurus skrbinensis
(Caldwell and Palci, 2010Yhey added this species into their analyBedci and Caldwell

2010) and not surprisingly, obtained the same results. The only difference beiAg that

skrbinensisvas found to be the sister groupfofsuessi

A treatise byCaldwell(2012)e x t ensi vel y di scussed the conc
kin, the dolichosaurs and aigialossjuas a biologically distinct unit. He concluded that the
current usage of the term démosasaurd describe
were large and had derived flippers, rather than a true biological group (mosasaurs in this sense
beingm | yphyl eti c) . He proposed that fAAigial osau
more accurate term to describe the lineage of lizards that developed hydropedal limbs in several
descendant lineages. A second conclusion washieg was aomplete lak of evidence to
support the hypothesis that mosasaurs (and their kin) were derived varanoids. In fact, they could
not be placed confidently in the Platynota or Varanoidea, but appeared to fit well as basal

anguimorphs along with snakes.

Since this timelittle new taxonomic data or phylogenetic hypotheses of note has been
published on pythonomorph lizards. They continue to be used in squamate and mosasaur

phylogenieqe.g, Conrad et al., 2011; Gauthier et al., 2012; Simdes et al., 281d an isolated
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teeth and some vertebral material from Spain has been attributed to pythonomorph lizards
(Houssaye et al., 2013;ddtecillas et al., 2015However, lack of new taxa or new hypotheses

regarding relationships has somewhat stalled the study of this group.

Summary

The Pythonomorpha has a long history of study dating back to the early 1800s, when
early pioneers ofgdeontology and comparative anatomy such as Conybeare, Cope, Cuvier,
Kornhuber, Kramberger, Mantell, Meyer, and Owen were recognising and describing these
fossils. Naturally following the alpha taxonomic studies of these species came a series of
hypothesesn the relationships of snakes, dolichosaurs and mosasauroids and their broader
placement within Squamata. Recent decades have seen a renewed interest in this group, resulting
in an explosion in the number of species described and revised. The appbtabomputer
generated statistical models have been used to test the relative support for different phylogenetic
hypotheses. These studies have generated a huge amount of new anatomical information and
phylogenetic hypotheses. However, the lack of conseaisiong these analyses means that large

scale taxonomic revision of the group has not been done, leaving several questions open.

The hypothesized placementmfthonomorph lizardat the base of mosasaur and snake
lineages, means that these taxa are emlgimportant when trying to reconstt evolutionary
relationships and adaptive hypotheses. Major questions surround the origins and evolutionary
trajectories of lineages within the Pythonomormhh as thoseegarding the monar
polyphyly of obligaé aquatic mosasaurs, the relationship of snakes among other squamates, and

the independent evolution, coevolution, or convergence of specific traits.
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The investigation of these questions necessitates aagellved phylogeny; however, no
phylogenetic stdy has specifically attempted to resolve the relationships within the whole of the
Pythonomorpha. Instead, the focus has generally been to contextualize a single specimen, or to
determine the internal relationships of the ophidians, the dolichosaung, mosasauroids.

Broader level comparisons have been coincidental, usually due to the choice of outgroups or
ingroups. To date, no study has specifically attempted to resolve relationships at the base of the
pythonomorph lineage using dolichosaurs andadogaurs, which could help to settle some of
these outstanding problems. One of the major goals of this thesis is to perform this necessary

step, providing the most inclusive hypothesis of basal pythonomorph interrelationships to date.

The questions of nere mosasaurs and snakes fit within the Squamata remains a difficult
and intensely debated probleend, Martill, Tischlinger,andLongrich, 2015) The close
relationshipof snakes and mosasauesnains uncertain and is outside the scope of this work to
attempt to resolvddowever, due to the possible monpohyly of snakes and other pythonomorphs,
it is impossible to completely exclude snakes from the discussion of pythonomorph phylogeny.
Indeed, it seems that the snake origins question has been the driving force for niaggreti
studies including pythonomorph lizards, and it is possible that results from this work may

provide evidence for this debate.

The remainder of this chapter will summarize existing data on pythonomorph lizards, and

the comparative material usadthis thesis.
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THE FOSSIL RECORD OF PYTHONOMORPH LIZARDS

Pythonomorph lizards are represented by about 27 species (20 genera) in the fossil
record. These are rare finds. Preservational, geographic, and taphonomic biases in this group
make biodiversityifficult to assess. This is exemplified by the fact that most of the described

species are monotypic and known only from single specimens.

The next section will provide a briefrerview of the taxa involved in the Late Cretaceous-land
to-sea radiation afquamates. Where possible, | have included relevant notes on the discovery
and history of the specimen, and information on stratigraphy, paleoenvironment and

paleoecologyvhich are important considerations for understanding adaptations.

Pythonomorpha incertae sedis

Isolated material found worldwide has been variously diagnosed as dolichosaur,
aigialosaur, or pythonomorph remains. Generally, this is too fragmentary and poorly preserved to
be confidently assigned to a genus or even family, though it cdribzde to a better

spatiotemporal understanding of pythonomorph radiation.

New World pythonomorph grade vertebral remains have been described from the middle
Turonian of South Dakot@/onLoh and Bell, 1998)the upper Turonian of Columb{Rarame
Fonseca, 1994, 199#he Cenomaniaiuronian of Texas, South Dakota, Colorado, and Kansas
(Martin and Stewart, 1977; Bell et al., 1982; Bell and Polcyn, 1996; Cicimurri and Bell, 1996;
Shimada and BelR006; Shimada et al., 2006, 2007; Shimada and Ystesund, 209Twer

Turonian/lower Cenomanian of Mexi¢Buchy et al., 2005)and possibly the Campanian
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Maastrichtian of Patagon{describedAlbino, 2000;dolichosaur affinitiesScanlonand

Hocknull, 2008)

Tethyan material attributed to pythonomorph lizards comes from at leastidt@oces of
isolated teeth and some vertebral material from Upper Cretaceous (Late Cartfzatyan
Maastrichtian) of SpaifHoussaye et al., 2013; Hontecillas et al., 20C5)e specimen,
originally described as a snafieage and Richter, 1994; Rage and Werner, 1889)een
reinterpret ed(Sadonand dotknull,i2@0&peveral instadices of isolated
material lave been reported from Turonian age deposits in Fi@&eage, 1989Bardet et al.,
1998a, 2008; Houssaye, 2018hd a single report from a Late Maastrichtian locdlipurent et
al., 2002) Sightly further from the central Tethys region are reports from the Cenomanian

Turonian of KazakhstafAverianov, 2001)

A more recent and potentially interesting find was that of a possible dolichosaur from the
latest Albian of Queensland, Austrajacanlon and Hocknull, 2008y his discovery is notable
because it represents the first fmmarine Gondwanan dolichosaur, found in a fluvial deposit. It
is also the oldest (or secomddest) recorded Australian squamate. The authors compared it
most favorably withConiasaurusbut the single vertebra is worn and brokeohthat it is

difficult to assign to a family let alone a genus.

0Ai gi al os anosasadrid fhasasauroids)

The family Aigialosauridaékramberger, 1892\as erected foAigialosaurus
dalmaticus.Similar lizards from surrounding areas were quickly added, thereby expanding the

family (e.g, CarrollandDebraga, 1992; Kornhuber, 1893, 1901, Nopcsa8,19923) These
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animals are roughly one to two metres in length, are mostly CenomBmianian in age, and

are found primarily in Tethyan deposits. Their close relationship with mosasaurs has long been
understood, as stated Williston (1904 p. 4%: i . . . no more striking ex
presented in all vertebrate paleontology than that chdjuaticmosasaurs of the Upper

Cretaceous, through the semiaquatic aigialosaurs of the Lower Cretaceous, from the

(hypothetical) terrestrial varanoids of the&wle r most Cr et aceous or Upper

The Mosasauroidag€amp, 1923)ndeed shows a remarkably complete sequence of
morphologies from near shore reef dwellers to open ocean top predators. The most primitive
members of this cladet h e 0 ai @ aradmallgranretairswdight bearing, terrestrial legs
(plesiopedal) and hips (plesiopelvic). Aquatic adaptations include a long, laterally flattened tail
that likely powered anguilliform swimming. These animals are generally considered to be semi
aguatic, being fully able to mve on land or in the water. The larger, later members of this
grou@t h e & madsvare @bligatesaguatic animals suited to open water pyGaitwell,

2012) Their nonweight bearing legs and girdles were optimally adapted for swimming
(hydropedal and hydropelvic). In these larger, later forms, the tails shortdatderto their

body length and developed vertical, heterocercal flukes.

Recent analyses suggest that the Aigialosauridae may be paraphyletic, with derived
mosasaur families originating multiple times from within the gri@aidwell et al., 1995; Bell
and Polcyn, 2005; Dutchak and Caldwell, 2006; Caldwell and Palci, 2B0&) so, the term
Oai gialosauré has persisted in the |Dutthakr at ur e
and Caldwell, 2006)a semiaquatic lizard possessing some mosasaurid features (especially in
the head, e.ga circular quadrate), but retaining terrestrial, welggdringlimb and body

featur es. I n a similar vein, Omosasaur s o, a p
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obligatorily aquatic animal with aigialosalike cranial morphology, and aquatically adapted
tails, limbs, and hipgCaldwell, 2012) Theneed to clean up mosasaetated nomenclature in

light of our new undestanding of their relationships is evident.

Below are reviewed species (nine genera) generally considered aigialosaurs.

Aigialosaurus

Synonyn® OpetiosaurugKornhuber, 1901Caldwell et al., 1995)pg 526

Aigialosaurus bucchichiKornhuber, 1901)
Holotype: BSP 1901/002/00010005

Referred material: n/a

Age: Late Cenomanian

Location: Hvar Island, Croatia

Data: Specimen visit, photos and drawings by M. Campbell Mekarski

Notes: This impressive specimen was found in a limestone quarry between the

villages of Starigrad and Vrboska in Hvar Island, Croatia. It was originally described as the
monotypic genu®petiosaurugKornhuber, 1901)Several authors suggested that it may be a
junior synonym ofAigialosaurug(Carroll and Debraga, 1992; Caldwell et al., 1995; Caldwell,

2000; Dutchak and Caldwell, 200@hough other studies disagrd@kll andPolcyn, 2005;
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Polcyn et al., 1999)it was eventually officially reassignedAdgialosaurus(Dutchak and

Caldwell, 2009 makingOpetiosaurus junior synonym. The fossil preserves most of the
skeletonon slab and counter slab. Until recently the two halves were housed at two institutions:
an unnumbered postcranial slab at NMW, and the cranial slab and vertebral fragments at GBA.
In 2011 the NMW slab was given to the GBA on permanent loan, where itiveasagspecimen

number (0005). In life, the animal would have been betwekb in long.

Figure1-1 Holotype ofAigialosaursbucchichi(BSP 1901/002/00001 0005). Interpretivalrawingfrom Dutchak
and Caldwell 2009.

Aigialosaurus dalmaticugKramberger, 1892)

Holotype: BSP 190211501
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Referred material: n/a

Age: Late Cenomaniatarly Turonian

Location: Hvar Island, Croatia

Data: Specimen visit, photos amhiltawings by M. Campbell Mekarski

Notes: Like A. bucchichj this specimen was discovered in a limestone quarry

bet ween Starigrad and Vrboska. It was the fir

articulated and nearly complete, missing thstprior portion of the tail. It was redescribed by
Dutchak and Caldwe({R006), and in latedirectly compared té. bucchichiDutchak and

Caldwell, 2009)

Figure1-2 Holotype ofAigialosaurusdalmaticus(BSP 190211501). Interpretive drawirigom Kramberger 1892.

Aigialosaurus novaki(Kramberger, 1892)

Holotype: ? (missing)

Referred material: n/a

Age: Late Cenomaniatarly Turonian
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Location: Hvar Island, Croatia

Data: From the literature

Notes: This species was also erected by Kramberger when he desaribed
dalmaticus It was a segment of 38 articulateslidal vertebrae from the same outcrop.as
dalmaticus It is considered aomen dubiunsince there are no features differentiating it from
any other taxgCaldwell et al., 1995)The specimen was last seen in Trieste, Italy, but is now

considered lost.

Figure1-3 Holotype ofAigialosaurusnovaki(lost specimen). Interpretive drawifigm Calligaris1988

Carsosaurus

Carsosaurus marchesettKornhuber 1893)

Holotype: MCSNT 9963

Referred material: n/a
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Age: Cenomanian

Location: Komen, Slovenia
Data: Specimen visit, photos and drawings by M. Campbell Mekarski
Notes: This monotypic specimen is complete except for the skull and neck. In

life, it would have been roughly two metres long, making it one of the largest aigialosaurs. It
provides proof of viviparity in aigialosaurs, as the specimen represents a gravid female

containing at least four embryos, identified ®@gldwell and LeeZ001)
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Figure1-4 Holotype ofCarsosaurus marcheseffMCSNT 9963). Interpretive drawing from Caldwell, Carroll and
Kaiser, 1995.

Dallasaurus

Dallasaurus tuneri (Bell and Polcyn, 2005)

Holotype: TMM 432091

Referred material: DMNH 8121-8125, 81278141, 81438149, 81518157, 81618180

Age: Middle Turonian

37



Location: Cedar Hill, Dallas County, Texas, USA
Data: Specimen visit, photos and drawings by M. Campbell Mekarski

Notes: TheDallasaurusmaterial is fragmentary and mostly disarticulated skull
and postcranial elements. Unlike most small Late Cretaceous marine squamates, this animal
shows some evidence of hydropelvic anatomy: notably the anteriorly directed superior iliac

procesgBell and Polcyn, 2005; Caldwell and Palci, 2007)

Figure1-5 Holotype ofDallasaurus turneriTMM 43209-1: cranial elementskigure adapteftom Bell and
Polcyn, 2005. A D i teeth of indeterminate positions illustrating range of tooth morphologyy E maxilla
fragments in (E, F) medial and (G, H) occlusal view;il,p#ietal fragment in (1) ventral and (J) dorsal view; Ki L
medial frontal fragment in (K) dorsal and (L) ventral view; M, N Bngular in (M) lateral, (N) anterior and (R)
medial view; splenial in (O) lateral view; scale bar is 1 cm.

Haasiasaurus

Haasiasaurus gittelman{Polcyn et al., 1999)
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Holotype:

Referred material:

Age:

Location:

Data:

Notes:

HUJ-PAL EJ693

HUJ-PAL EJ694, EJ69698, EJ700, EJ701, EJAIBS5

Early Cenomarain

OEin Yabrud, Ramallah, Palestine
Specimen visit, photos and drawings by M. Campbell Mekarski

The partially articulated specimen consists of a mandible, jaw, and body

fragments in several blocks. The genus was renamedHeasiain 1999 due to it being a

junior homonym(Polcyn et al., 2003)

Figure1-6 Holotype ofHaasiasaurus gittelmarfHUJ-PAL EJ693: cranial elements). Interpretive drawing from
Polcyn, Tchernov and Jacobs, 1999. A, Left mandible and skull elements in medial view; B, left mandible in lateral
view; C, lateral view of left maxilla; scale bar is 1 cm.
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Judeasaurus

Judeaswurus tchernovi(Haber and Polcyn, 2005)

Holotype: HUJI P4000

Referred material: n/a

Age: Late Cenomaniaiarly Turonian

Location: Unknown locality in the Judean Hills (either Israel or West Bank)
Data: Specimen visitphotos and drawings by M. Campbell Mekarski
Notes: Theincomplete skull that makes up this specimen includegdghe

maxilla with five anterior teeth, a right jugal, fused frontals and parietals, both postorbitofrontals,
supratemporals, squamosals, quadrates and partial mandibles, fragments of cervical.Mértebrae
was originally described as a varanoid that was closely related to mosasaurs. In the limited
phylogenetic studies it has been included in, it falls Bedlasaurus Bardet and colleagues

(2008)describe it as a oO0dolichosauro rather then
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Figure1-7 Holotype ofJudeasaurus tchernofiHUJI P4000: skull ad neck) Interpretive drawing from Haber and
Polcyn, 2005. Scale bar is 1 cm.

Komensaurus

Komensaurus carrolliiCaldwell and Palci, 2007)

Holotype: MCSNT 11430 (originally MSCNT 9961), 11431, 11432

Referred material: n/a

Age: Late Cenomanian

Location: Tomal evica, Slovenia

Data: Specimen visit, photosnd drawings by M. Campbell Mekarski

Notes: This specimen is broken into three slabs. The largest contains a large

portion of the articulated postcranial material, the other two contain disarticulated material: one
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with cervical and skull fragments, tléher with jaw and caudal fragments. This species was
originally assigned t@petiosaurugCalligaris, 1988) It is referred to in the literature as the
O0Trieste aigial os a(Garrdl and Debsagayl1692;DebragaabdlCarmlgt i on s

1993) It was redescribed byaldwellandPalci(2007)who erected a new genus for it.

Figure1-8 Holotype ofKomensaurus carrolfMCSNT 11430, 11431, 1143Zyhotographs from Caldwell and
Palci 2007. A, postcranial skeleton; B, cervical vertebrae and skull elements; C, caudal vertebrae and cranial

elements; scalbar is 5 cm.

Proaigialosaurus

Proaigialosaurus huen(Kuhn, 1958)
Holotype: ? (missing)

Referred material: n/a

42



Age: Late Jurassic

Location: Solnhofen, Bavaria, Germany
Data: From the literature
Notes: This specimen an impression of the dorsal surface of the skiglinow

considered lost. Its last known location was a private unnamed collection. The assignment of
this species is contentions. It was originally and briefly described as an aigialosaurid and was
accompanied by a sketchloffstetter(1964)thought that it might be a juvenile marine
sphenodontiain he suggesteBleurosaurug however, he never saw the specimen irsQe.

Carroll (1988)stated thaProaigialosaurudikely belongs to the Aigialosauridae, but later
consideredt anomen dubiumas the description was insufficient to establish the identity of the
genus, and the only known specimen could not be lo¢&doll and Debraga, 1994js loss is

unfortunate, because if an aigialosaur, it would be the oldest record of a mosasauroid worldwide.

Figure1-9 Holotype ofProaigialosaurus huenjunnumbered)interpretive drawing based on Kuhn, 1958.
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Vallecillosaurus

Vallecillosaurus donroberto{Smith and Buchy, 2008)

Holotype: UANL-FCT-R27

Referred material: n/a

Age: Early Turonian

Location: Solnhofen, Bavaria, Germany

Data: From the literature

Notes: Like Komensaurusthis specimen is preserved in three slabs: a part and

two pieces of counterpart. Together, they preserve the posterior half of tiie incthyding the
taild in articulationBeforei t was formally descri bed, it

aig al o (Bwhyetal., 2005)

Figure1-10 Holotype ofVallecillosaurus donrobertqUANL -FCT-R27). A, photographs, and B, interpretive

drawing from Smith and Buchy, 2008. Scale bar is 5 cm.

44



Unnamed?mosasauroid

Gen. et sp. noyPaparella et al., 2015)

Holotype: MPUR NS 161

Referred material: n/a

Age: Upper Campaniafower Maastrichtian

Location: Nardo,Lecce, Puglia, Italy

Data: Specimen visit, photos and drawings by M. Campbell Mekarski

Notes: The specimen, yet to be formally described, is beautifully preserved. It is

preserved on a limestone slab articulated and almost complete from the Headrttetior

portion of the tail. Notably, it shows exceptional preservation of some soft tissues including
muscles and scales. This specimen is particularly interesting because even though it is the
youngest mosasauroid yet found, it still retains agubtiadapted morphologies that are

considered basal. This indicates that this ecology and body plan were successful throughout the

Late Cretaceous, contemporaneous with the larger, fully aquatic mosasaurs.
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Figure1-11 Undescribed, soato-be holotype (MPUR NS 161Photograph by M. Campbell Mekarski.

0Dol i ¢ ho s aaphidsai opliidiomarphs)
The relationships of 6dolichosauridsd with
squamates, is more uncentdinan the aigialosaurs. The Dolichosauridae (within the
Dolichosauria) was established to h8ldlichosaurusonly (Kramberger, 1892and was
considered closely related to the Aigialosauridd@pcsa(1903, 1908knlarged the group,
including Acteosaurus, AdriosaurwdPontosaurusHe thought that dolichosaurs were more

closely related to snakes than mosasaurs and aigialosaurs.

Recent phylogenetic analys@3aldwell, 2000; Lee and Caldwell, 2000; Palci and
Caldwell, 2007,2013 eem t o support Nopcsadbs hypothesi s,
successive sister groups to ophidians, and aigialosaurs forming thgsieto mosasaurs.
According to this interpretation, dolichosaurs are a paraphyletic assemblage: an evolutionary

6graded6 along the road to snakes. T(Bariendher wi
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Caldwell, 2010) Therefore, the correct name for these animals would b@pioiian
ophidiomorphs. | will continue to use the term dolichosaur throughout in reference to this

assemblage due to its convenience anaiistl use.

Dolichosaurs are known mainly from the Cenomanian of Europe and North America.
They are fairly smadl less than a metre in lengthwith a long neck, a long tail, and reduced
limbs. They are diagnosable by their elongate necks (>10 cervical vertebrae)tectonues
(>35 presacral vertebrae), zygospheggantra articulations throughout the entire presacral

region, and a reduction in forelimb elements. Currently, there are ten described genera.

Acteosaurus

Acteosaurus tommasinijvon Meyer, 1860)

Holotype: MCSNT 9960

Referred mateéal: n/a

Age: Late Cenomanian

Location: Komen, Slovenia

Data: Specimen visit, photos and drawings by M. Campbell Mekarski

Notes: This articulated specimen is relatively complete from anterior cervical to

the ~19th caudal vertebrae. The specimsarery small, and shows notable reduction of the

forelimbs. It was initially described by von Mey@860)who thought it was closely related to
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Dolichosaurudongicollis, but autapomorphic enough to erect a new genus. It was redescribed

by Palci and CaldwellZ010)

Figure1-12 Holotype ofActeosaurus tommasiiMCSNT 9960). A, photographs, and B, interpretive drawing from
Caldwell and Lee, 2004.

Acteosaurus crassicostatuBescribed by Caligaris 1993, reevaluateddajdwell and Lee

(2004)who referred it tAAdriosaurus suesgsee below).

Adriosaurus

Adriosaurus microbrachigPalci and Caldwell, 2007)

Holotype: MCSNT 7792

Referred material: n/a
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Age: Late Cenomanian

Location: Komen, Slovenia
Data: Specimen visit, photos and drawings by M. Campbell Mekarski
Notes: This specimen is articulated and completaT the posterior cervical to

the anterior caudal vertebrae. The specimen is very small, and the majority of the bones have
been naturally sheared off, such that most vertebrae are visible as sections through the dorsal
plane. This specimen is especialiyaresting, as it shows extreme reduction of the forelimbs

resulting in a complete loss of elements distal to the humerus.

Figure1-13 Holotype ofAdriosaurus microbrachifCSNT 7792). Interpretive drawing from Palci and Caldwell,
2007. Scale bar is 5 mm.

Adriosaurusskrbinensis(Caldwell and Palci, 2010)

Holotype: SMNH 2158

Referred material: n/a

Age: Late Cenomanian
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Location: The village of Skrbina, northwest of Komen, Slovenia

Data: Specimen visit, photos and drawings by M. Campbell Mekarski

Notes: This fossil isan articulated specimen from posterior half of the skull to the
anterior part of the tail. Most of the skull, the preserved limb elements, and some of the caudal
and cervical series are preserved as natural moulds. Phosphatic matter in the abdommnal regio
interpreted as gastric content. The specimen was recovered during the renovation of an old stone

house.

Figure1-14 Holotype ofAdriosaurusskrbinensigSMNH 2158). Interpretive drawing from CaldwetidPalci,
2010. Scale baris 1 cm.

Adriosaurus suesgiSeety, 1881)

Holotype: The oOVienna specimend NMW unnumbered

Neotype: BMNH R2867

Referred material: MCSNT 9400
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Age: Late Cenomanian

Location: Komen, Slovenia (Vienna specimen and MCSNT 9400); Hvar

Island, Croatia (NHM R2867)

Data: Information on holotype from the literature, NHM R2867 was

visited, photographed and sketched by M. Campbell Mekarski

Notes: The Vienna holotype was an articulated postcranial skeleton which was
stored in the Geological Museum at the Uniitgrsf Vienna. Recent searches for the specimen
have not been able to retrieve it, and it is therefore considered lost. A neotype was designated in
2000 byLee and CaldweNHM R2867). The new specimen is a nearly complete and
articulated. It was originally identified @ggialosaurusby Nopcsa 1908 1923, but ths was

not a robust identification as he grouped all dolicho$ikarforms together without any analysis
of characters. The specimen MCSNT 9400 is an articulated section of dorsal vertebrae with
shoulder girdle and forelimbs preserved as part and coanteltpvas originally described as a
new species balligaris,(1993) who named i#\cteosaurus crassicostatuhe specimen was
reevaluated bZaldwell and Le€2004)who excluded it fromActeosaurusand referred it to
Adriosaurus suessimakingAceteosaurus crassicostataigunior synonym oAdriosaurus

suessi.
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Figure1-15 Neotype ofAdriosaurus sues§BMNH R2867). Interpretive drawing from Lee and Caldwell, 2000.
Scale baris 1 cm.

Adriosaurus sp.

Several specimens have been ascribektittosaurus but not identified or differentiated at a

species level.

Specimen: MCSNT 7749, 7793, 7794, 9400, 11426

Age: Late Cenomanian

Location: Komen, Slovenia

Data: Specimen visit, photos and drawings by M. Campbell Mekarski

Notes: A series of specimens described by Palci (2007) in his PhD thesis have

been asigned to the genusdriosaurus They vary in completeness from a single element to a
nearly complete individual. Most are articulated, and several are nearly complete. Unfortunately

for some, the preservation is fairly poor, and those that are betten@@sire missing key
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diagnostic features like the skull and limb elements. Some specimens are compared to other

Adriosaurusfossils inPaki and Caldwell 2007)

Figure1-16 Photographs of severAdriosaurusfossils. A, MCSNT 7749; B, MCSNT 7793; C, MCSNT; 11426,
D, MCSNT 9400; E, MCSNT 7794.

Aphanizocnemus

Aphanizocnemus libanensi@®al Sasso and Pinna, 1997)

Holotype: MSNM V783
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Referred material: n/a

Age: Middle Cenomanian

Location: En Nammoura, Lebanon

Data: Specimen vis, photos and drawings by M. Campbell Mekarski

Notes: This tiny specimen is fully complete and articulated from premaxilla to the

tip of the tail. The specimen barely measures 30 cm. The skeleton is in generally excellent
condition, apart from the sKulvhich was significantly damaged during preparation. There is
speculation that it may represent a juvenile since it shows body ratios and ossification patterns

often found in juvenile individual@Dal Sasso and Pinna, 199While certainly aquatic, it is

very unique in many of its features, and may not represent an anguimorph at all.

Figure1-17 Holotype of Aphanizocnemus libanenglSNM V783). Photograph by M. Campbell Mekarski.

Carentonosaurus

Carentonosaurus mineau{Rage and Néraudeau, 2004)

Holotype: MNHN IMD 21
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Referred material:

Age:

Location:

Data:

Notes:

MNHN IMD 1-59

Late Cenomanian

CharenteMaritime, western France (IMD 21); northern

Spain (IMD 159)

From the literature

This specimen is represented by isolated vertebrae, a fragment of the

pectoral girdle, and a rib. Further material from Asturias (Northern Spain) was referred to

Carentonosaurusp. byVullo, Bernardez, and Buscalioni #8009 and includes more vertebrae,

a rib, and a partigaw. The geology indicates that these animals lived in shallow and fairly warm

water on the inner shelRage and Néraudeau, 20@4)d/or in coastal lagoons with tidally

influenced channel®/ullo et al., 2009)

Figure1-18 Holotype ofCarentonosaurus minea(VNHN IMD 21: mid- to posterior dorsal vertebra). Interpretive
drawing from Rage and Néraudeau, 2004; scale bar is 1 cm.
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Goniasaurus

Coniasaurus crassiden@®wen, 1850)

Holotype: BMB 007155

Referred material: BMB 007157, 012485FSHM VP-1399914002, 14778

NHM R 1937 SDSM 25896, 349935000 SMUSMP6901829;

TMM 402391, 418851; WMNM P19913

Age: Cenomanian (and Coniacian?)

Location: Sussex, England; Westfalia, Germany; Texas, South Dakota,
Kansas, USA

Data: Data from BMB, NHM, SMUSMP: specimen visit, photos and

drawings by M. Campbell Bkarski. Data from FSHM, SDSM, TMM,

WMNM: from the literature.

Notes: Numerous fossils have been identifiedcasrassidengrom Southern
England(Caldwell and Cooper, 1999Vestern German{Diedrich, 1997)and the central

United States including TexéBell et al., 1982; Cicimurri and Bell, 1996; Jacabsl., 20053)
KansagqLiggett et al., 2005; Shimadand Ystesund, 2007 olorado(Shimada et al., 2006and
South DakotgBell and Polcyn, 1996; Von Loh and Bell, 1998)he hobtype consists of
vertebrae and the right ramus of the lower jaw, including several of the characteristically thick
teeth. The syntype (BMB 007157) which was also describe&oviogn (L850) is an articulated

length of 12 dorsal vertebrae. These specimens have been discussed and figured several times in
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the literaturgOwen, 1850, 1878; Morris, 1854; Willett, 1871; Woodward and Sherborn, 1890;
Crane, 1892)making it the best studied of the pythonomorphs from this time. The other
specimens assigned to this species are usually classified ba the characteristic tooth
morphology, but several blocks consist of other bones: primarily vertebrae and skull elements.
Some of the Texas material (SMUSMP specimens) may be from slightly younger strata from the
late Cenomanian late Turonian. Twoecimens from Kansas, tentatively assigned to the

species, date from the Coniaci@@himada et al., 2007and SantoniaShimala and Bell,

2006)and represent the youngest occurrence of this species. An additional report from
Saskatchewan, Canada that was tentatively assigr@ohiasaurus crassidengould represent

the more northern occurrence of the genus in North AmeCiagenbaa et al2006)

Figure1-19 Holotype ofConiasaurus crassidef8MB 007155). Photograph by M. Campbell Mekarski.

Coniasaurus gracilodengCaldwell, 1999a)

Holotype: BMNH R44141
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Referred material:

Age:

Location:

Data:

Notes:

n/a

early Cenomaian

Sussex, England

Specimen visit, photos and drawings by M. Campbell Mekarski

This specimen consists of a block and several isolated elements. The block

contains a few articulated vertebrae, rib fragments and a scapwoicbrBhe isolated elements

include the frontal, a lacrimal, and a jaw fragment containing teeth. The material was initially

figured and identified aBolichosaurus longicolliby Milner (1987in Owen [1987]), but was

not formally described untCaldwell (1999awho erected a new species for the material.

Figure1-20 Holotype ofConiasaurus graciloden®MNH R44141). Photograph by M. Campbell Mekarski.
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Coniasaurus sp.

Several specimens have been assigné&btoasaurus but not identified or differentiated at a
species level. The material spans the middle Cenomanian to middle Santonian and originates
from the Tethys and Western Interior Seaway. These include an isolated vertebra from the mid
late Cenomanian of Asgtias, Spair{Vullo etal., 2009) and a number of reports from the

Southern United StatéBell et al., 1982; Bell and Polcyn, 1996; Liggett et al., 2005; Shimada
and Bell, 2006; Shimada et al., 2006, 2007; Shimada and Ystesund, PO@ost interesting

of these is material reported from the Late Cenomanian of Texas represerdsspeated adult

and juvenile (M. Polcyn, pers. comm.).

Dolichosaurus

Dolichosaurus longicollis(Owen, 1850)

Holotype: BMNH R 49002

Referred material: BMB 008567; BMNH R 32268, R 49907, R 49908

Age: Cenomanian

Location: Kent and Sussex, England; Westphalia, Germany

Data: Specimen visit, photos and drawings by M. Campbell Mekarski

Notes: The holotype specimen preserves the head, forelimbs and dorsal portion of

the spine. The other four slabs contain articulated and unarticulated remains ahfore

hindlimbs, and vertebrae from cervical to caudal regions. The only cranial materidlas in t
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holotype and it is poorly preserved. These specimens are redescribed tog€&talkeinms}!

(2000) BMNH R 32268 was found in the same quarry are the holotype. It was originally named
Raphiosaurus dalidens(Owen, 1842put was later referred to &s longicollisby (Owen, 1850,
1851,1878) I n Cal dwe | (Cadsell,r2@00)besnotes ihtpthte diamgnostic characters

of Dolichosaurusare not comparable to the known osteologZohiasaurusand therefore

could be found to be congeneric based on information from future discoveries. Fragmentary

remains attributed tD. longicollishave also een reported from Westphalia, Germany

(Diedrich, 1997, 1999)

Figure1-21 Holotype ofDolichosaurus longicolligBMNH R 49002). A, photograph, and B, interpretivawing
from Caldwell, 2000.

Eidolosaurus

Eidolosaurus trauthi(Nopcsa, 1923)
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Holotype:

Referred material:

Age:

Location:

Data:

Notes:

GBW 1923/1

n/a

middle-late Celmmanian

Komen, Slovenia

Specimen visit, photos and drawings by M. Campbell Mekarski

This specimen preserves most of the body (posterior cranial to posterior

caudal) as a natural mouldalci 007)addressed this specimen in his thesis.

Figure1-22 Holotype ofEidolosaurus trauth(GBW 1923/1). Photograph by M. Campbell Mekarski

Kaganaias

Kaganaias hakusanesis(Evans et al., 2006)

Holotype:

SBEI 1568
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Referred material:  SBEI 196, 197, 199, 258, 260, 261, 567, 834 -838, 845, 1266,

1532, 17931796, 1799, 1800, 2007, 2012.

Age: ValanginianHauterivian

Location: north-central Honshu, Japan

Data: From the literature

Notes: The holotype of this specimen exists as part and counterpart of a relatively

complete, articulated postcranial skeleton including partial hindlimbs. Other material is primarily
isolated skull and vertebral elements. The paleoenvironment is fairly uniqprgahe non

ophidian ophidiomorphs; instead of a shallow marine environment, the sediment indicates a
freshwater swamp on a floodplgiisaji et al., 2005jairly far from the ocean. The stratigraphical
position of this animal is also much older than other ophidiomorphs, and is Pacific, not Tethyan.

This makes this specimen very informative and significant in this group.
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Figure1-23 Holotype ofKaganaias hakusaneng|SBEI 1568). A, slab and B, counterslab with hindlimb, from
Evans et al, 2006; scale is 1 cm.

Mesoleptos

Mesoleptos zendrini{Cornalia, 1852)
Holotype: Unnumbered and lospecimen from Slovenia

Referred material: Unnumbered and lost specimen from Croatia

Age: early Late Cretaceous
Location: Komen, Slovenia (type); Hvar Island, Croatia (lost specimen)
Data: From the literature
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Notes: The type specimen was an articulated and nearly complete individual
preserving hind limbs and a series of vertebrae from the dorsal to anteriorseaiaads. This
specimen is now considered Igsee and Scanlon, 2002Another referred specimen from Hvar
Island(Kramberger, 1892) which is also considered lostvas removed from the genus bge

and Scanlorf2002)

Mesoleptos sp.

Several specimens have been referredasoleptoqCalligaris, 1988)Coincidently, all are

articulated fossils preserving part of thadly without any cranial material.

Specimen: MCSNT 9962

Age: Cenomanian

Location: Komen, Slovenia

Data: Specimen visit, photos and drawings by M. Campbell Mekarski

Notes: MCSNT 9962 is once again an articulated partial body, fairly complete

from the middorsal to the pelvis but preserves no limbs. It was most recently described by

(Palci, 2007)n his thesis.
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Figure1-24 Mesoleptosp. (MCSNT 9962). Photograph by M. CarepitiMekarski.

Specimen:

Age:

Location:

Data:

Notes:

HUJ-PAL EJ699

early Cenomanian

OEin Yabrud, Pal estine

From the literature

HUJ-PAL EJ699(Lee and Scanlon, 200®) another partial articulated

body fossil. It consists of caudal and dorsal vertebrae, a shoulder girdle and partrabfreli
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Figure1-25 Mesoleptosp (HUIPAL 699). Photograph interpretive drawing from Lee and Scanlon, 2002; scale is 2
cm.

Pontosaurus

Pontosaurus kornhuber{Caldwell, 2006)

Holotype: MSNM V3662

Referred material: n/a

Age: Cenomanian

Location: Valley of Al Gabour, near En Nammoura, Lebanon

Data: Specimen visit, photos and drawings by M. Campbell Mekarski
Notes: This beautifullypreserved animal is complete and articulated from the

head to the tip of the long tail. It even preserves some soft tissues including scales, tracheal rings

and cartilage. It is the most complete pythonomorph lizard described to date.
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Figure1-26 Holotype ofPontosaurus kornhube(MSNM V3662). Interpretive drawing from Caldwell, 2006.

Pontosaurus lesinensi@Kornhuber, 1873; Kramberger, 1892)

Holotype: GBW 1873/4/1

Referred material: n/a

Age: late Cenomaniarearly Turonian

Location: Hvar Island, Croatia

Data: Specimen visit, photos and drawings by M. Campbell Mekarski

Notes: This monotypic specimen is an articulated individual that is complete from

the head to the posterior dorsal section. It is fairly rare among Late Cretaceous marine squamates
in that the head is fairly well preserved. It was originally descrilyeddonhuber {873)who
named itHydrosaurug= Varanug. It was later reamedPontosaurusdy Kramberger 1892)
The specimen was more recently redescribeBibgce and Caldwe(R004) A second slab

(GBW 1873/ 4/ 2) was also included in Kornhuber
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specimen missonthe cranial, cervical and posterior caudal material. It was removed from the

genus and referred to Dolichosauridaeertae sedivy Pierce and Caldwell (2004).

Figure1-27 Holotype ofPontosaurudesinensifGBW 1873/4/1). A, photograph and B, interpretive drawing from
Pierce and Caldwell, 2004; scale is 5 cm.

Ophidiomorphaincertae sedis

Dolichosaurincertae sedigKornhuber, 1873; Pierce and Caldwell, 2004)

68



Specimen: GBW 1873/4/2

Referred material: n/a

Age: Late CenomanianEarly Turonian

Location: Hvar Island, Croatia

Data: Specimen visit, photos and drawings by M. Campbell Mekarski
Notes: This nicely preserved specimen was originally describeddsghuber

(1873)asHydrosaurus lesinenselong with another specimen. These twocgpens were later
renamedPontosaurudy Kramberger 1892) In 2004, when Pierce and Caldwell redescribed

this material, they removed this specimen from the gPomsosaurusand referred it to
Dolichosauridae. They recommend further preparation and a detailed redescription before it can

be assigned to a taxon.
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Figure1-28 Dolichosaurincertaesedis(GBW 1873/4/2). Photograph by M. Campbell Mekarski.

CONCLUSIONS

To date there has been over 150 years of investigation on Cretaceous marine lizards. These
animals are considered closely related and fall into two groups: 1) the aigialosaurs, who are
geneally accepted to be close relatives of mosasaurs, and 2) the dolichosaurs. The diversity of
pythonomorph lizards provides an opportunity to study the transition of terrestrial squamates to
marine environments. Such studies however, necessitateaseled phylogenies.

Unfortunately, there is a high degree of uncertainty surrounding several critical relationships: the

position of this group within the Squamata, the relationship of dolichosaurs with snakes, the
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monao or paraphyly of the Aigialosauridae,dathe subsequent implications for the polyphyly of

the Mosasauridae.

In light of the complexityof taxonomic groupingassociated with the Pythonomorpha
(seeCaldwell, 2012) I will for the purposes of this study continue to use the informal terms
6aigialosaumnd 6and deécicrihesa hese assembl ages
monophyletic. The term O6pythonomorph I|izards'
and aigialosaurs, without reference to the other clades within the Pythonomorpha (snakes and

Omosmas@u.

The questions outlined above emphasize the need for additional data to help resolve some
of these problematic relationships. The next two chapters will contribute to this body of
information by describing two new species: a new dolichosaur and gerews of basal

mosasauroid (aigialosaur).
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CHAPTER 2 : ANEW CENOMANIAN -TURONIAN

PONTOSAURUS FROM THE DALMATIAN COAST, CROATIA,

AND THE FI RST DESCRI BED o0DOLI CHOSA
CONTENTS

ABSTRACT

The Upper Cretaceous limestones from the Dalmatian Coast of Croatia and the Komen Plateau
of Eastern Italy and Slovenia have produced a large number of well preserved fossil aquatic
marine ophidiomorphs with distinctively long, cylindrical bodies and small reduced limbs. These
includeAcetosaurus tommasinAdriosaurus suessfdriosaurus skrbinensigdriosaurus
microbrachis Mesoleptos zendriniandPontosaurus lesinensim thelate 18th century, a fossil
lizard was found in Upper Cenomanian platy limestones on Hvar Island, Croatia. It was in the
possession of a local collector until 1982 when it was donated to the Croatian Natural History
Museum in Zagreb, Croatia. The 36 cmddossil is well preserved and articulated, missing

only the anterior tip of the skull and the greater part of the tail. The new itagescribed and
diagnosed by the following features: elongate pontekieeiskull; unique supraoccipitglarietal
articulation, with supraoccipital resting on top of and formirghaped suture with parietal;
elongate axial skeleton is (12 cervical, 29 dorsal vertebrae); robustcisentar ribs; a

reduction of the appendicular skeleton, flatter joints, and a broadeiihg manus and pes;

shorter forelimbs than hindlimbs; considerable damsotral expansion of the caudal region. The
new taxornwas unequivocally at least partially aquatic: pachyostotic ribs, a laterally compressed
tail, and reduced, flattened limbs iodte adaptations for undulatory locomotion. Local
sedimentation and associated fauna provide evidence for a productive tropical rudist reef

ecosystem on shallowinner shelf Preservation of identifiable nektonic teleosts within the
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gastric cavity (thdirst identifiable gastric contents described from a dolichosaur) provide strong
evidence of a primarily piscivorous diet. This supports the interpretation of this animal as an
ambush predator, able to hide in nooks and crannies, and agile enough fslcatehtail

propelled locomotioin a shallow marine environment.

INTRODUCTION

In 1873, Andreas voKornhuber an Austria naturalist and paleontologist, described a new
species of Cretaceous lizard found in the platy limestones on Hvar Island (=Isola di,Lesina)
Croatia(Kornhuber, 1873)Kornhuber postulated that this small (roughly a metre long), elongate
lizard was prdominantly aquatic, being a skillful swimmer and agile diver thatlvohase its
prey.He named this lizartlydrosaurus lesinenslzased on similarities between this animal and
the extanHydrosaurug=Varanug, though he frequently referenced the similarities it shared
with snakes. Decades lat&ramberger (1892)etermined that this animal shared more
similarities with other Cretaceous Tethyan liza#d$eosaurugvon Meyer, 186Q)Adriosaurus
(Seeley, 1881andAigialosaurus(Kramberger, 1892han it did withVaranus Hydrosaurus

was subsequently renamBdntosaurus lesinensand placed into the newly erected

Aigialosauridae with the other Cretaceous lizgitamberger, 1892)

In 1903, NopcsaeevaluatedPontosaurusand several other Cretaceous marine lizard,
and emended the Dolichosauridpeeviously erecteds a monotypic family by Gervais
1852 for Dolichosaurus longicollisto includeDolichosaurugOwen, 1850)Pontosaurus,
ActeosaurusandAdriosaurusWithin the closely related family Aigialosauridae, Nopcsa kept

Aigialosaurus but also include@€arsosaurusMesoleptosandOpetiosaurusThese
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designations have essentially lasted until today, though their monapimgytonger

unconditionally acceptedlolichosaurs are recovered as a successive series of outgroups to the
ophidians or as a sister group to mosasauroids, while aigialosaurs waver between a monophyletic
sister group to mosasaurids and a paraphyletic lineage from which mosasaurs aritee multip
times(Lee and Caldwell, 1998, 2000, Caldwell, 1999b, 2006; Bell and Polcyn, 2005; Palci and
Caldwell, 2010; Caldwell andafi, 2007; Palci and Caldwell, 2007; Conrad, 2008; Conrad et

al., 2011; Gauthier et al., 201Fven so, these fossil forms are generally accepted to be closely

related.

Aigialosaurs and dolichosaurs (and mosasaurs and snakes), are represergdine of
history during which squamates were at their peak in terms of aquatic adaptation. Today, only 59
species of squamates (58 sea snakes, sea kraits and file snakes, and 1 lizard, the marine iguana)
are adapted to life in the marine environment. Thie Cretaceous however, waspulatedoy
many marine squamate families, occupying rstaare and open ocean habitats in a variety of
ecological nicheCurrently, there are nineedcribed genera of dolichosaurs (raphidian
ophidiomorphs) and nine aigedaurgnornrmosasaurid mosasaurojd¥he Upper Cretaceous
limestones of the Dalmatian Coast of Croatia, and the Komen Plateau of Eastern Italy and
Slovenia have been of utmost importance to the stuthese two closely related groups as they
have produed the majority of its fossil representatives. Among the dolichosaurs, these include
Acetosaurus tommasinidriosaurus suessfdriosaurus skrbinensis, Adriosaurus
microbrachis Mesoleptos zendriniandPontosaurus lesinensi§hese same rock units haaiso
produced welpreserved basal mosasauroids includiigalosaurus dalmaticus, Aigialosaurus

bucchichi, Komensaurus carrolliijndCarsosaurus marchesetti
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Pontosauruss currently represented by two species of wiHohntosaurus lesinensis
the generic type. As mentioned, it was described by Kornhuber in 13#&lessaurusased on
two specimens, and was redesignated by Kramberger in 1892. The specimens were not re
examined in details until 2004. After extensive additional prepara&ience and Qdwell
redescribed the more commetf the two specimens, and removed the less complete specimen
from Pontosaurustreating it as cf. Dolichosauridae. A phylogenetic analysis based on the
reprepared and redescribed specimen provided support for a monophyletic Pythonomorpha
(Cope, 1869)nclusive of mosasaurs, aigialosaurs, dolichosaurs and snakes. The dolichosaurs
formed a par aphAgribsaurusand theRpmtosadireddrming successive sister

taxa to the Ophidia.

Caldwell (2006)described a second specief?ohtosaurusthis one from Lebanon
Pontosaurus kornhubgrCaldwell, 2006is incredibly well preserved, articulated from head to
the tip of the tail, and preserves soft tissues inclydgquamation and elemis of the respiratory
system. A phylogenetic analysis was conducted based on the dataset of Pierce and Caldwell
(2004), and unsurprisingly, similar results were achieved: Aigialosauridae was recovered as the
sister group to the Mosasauridae, and the do$iaurs formed a Hennegian comb with Ophidians
at the tip (= the OphidiomorphRalci and Caldwell, 2007As a rault of this and othgisee
above) studies, the Dolichosauri@atihe conventional taxon f@olichosaurus, Pontosaurus,
Acteosaurus, AdriosaurendConiasaurugOwen, 1850 shouldtherefore bereated as
including onlyDolichosaurusandConiasaurussince these tend to show a sister group
relationship. The other taxa, if included, would make the family paraphyletic rendering the name
taxonomically incorrectHowever,lwi | | continue to use the term

non-ophidian ophidiomorphs.

93



Here | describe a new speciesRaintosaurusreconstruct its paleoenvironment based on
sedimentological and micropaleontological characteristics, infer aspecgafebecology
based on abdominal contents and anatomical features, and present the results of a phylogenetic

analysis of ophidiomorph lizards.

Institutional Abbreviations 8 HPM Croatian Natural History Museum (Hrvatski
prirodoslovni muzej), Zagreb, CroatiGBA Geologisches Bundesanstalt Osterrich, Wien,

Austria;MCM , DJ, KK , andMC refer to authors.

MATERIALS AND METHODS

Discovery and acquisitio® Records of the material described in this paper date to the
late 18" century. During this time Dalmatian towns were populated with wealthy collectors, who
assembled rich collections of natural history objécBa d i | . Amoh@ti8ege)were the
Fafogna brothers, whabtained the specimen described in this stiithg fossil was stored in the
GaragninFafogndibrary in Trogir, Croatia where it was identified and preseated fossil fish
until 1982. At this time, it was transferred to the Department of Geology and Paleontology at the
Croation Natural History Museum in Zagreb. In 1987, the fossil was the subject of the graduate

work of Dragen JapundDs.Z. ubBajerrakthaer eswipierar ¢ i b.

Preparationd The fossil was prepared by DJ in 1987. Before preparation, many of the
bone® including the limbs, some vertebrae, and parts of thecGkwdire covered in matrix. Due
to the fragility of the bones, chemalgpreparation was used instead of removing the matrix
mechanically, and followed the techniqueCaibper and Whittington (1963yormic acid was

chosen over hydrochloric or acetic acid so as not to dissolve the calcium phosphate within the
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bones A mild solution of 5% formic acid allowed for a slow, controlled dissolution of the
limestone. Polywyl acetate was applied to exposed bones repeatedly as they were uncovered in
order to protect them during the acid preparation. In total, roughly forty hours of preparation was

required to prepare the specimen to its current state.

Investigationd Drawingsand illustrations were made by MCM, DJ and MC directly
from the original specimen using a dissecting microscope and camera lucida attachmayds. X

were commissioned by DJ.

GEOLOGICAL CONTEXT

The fossil discussed here originates from Hvar Islandoat@@n Island in the Adatic
Sea. The exact location of discoveryigertain but prolific fossiliferous limestone found
between the villages of Staerad and Jelss the mostly likely origin of the specimen
(Kramberger, 1892Field research suggests a more spedifcation:a quarry 2.5 km east of

Stari Grad, and 500 m north of the road connedtiegwo villagegRadoy i, 1975)

Hvar Island is one ia series of geological structures that form the Adriatic Belt. It is a
fragment of a larger, more comprehensive Tethyan Pléta@aias since disintegrated through
neotectonic movemenits position and relationship to other geologic units within thaatidr
has generated a great deal of interest over time due to its colraactpaleontological

importance.

The fossibearing units of Hvar, and analog layers of central Dalmatia (including the

TriesteKomen Plateau of Italy and Slovenia) are a thiakbcoaate facies of Upper Cretaceous
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rock that occur layered between dolomite. The limestone is a light, yellowish grey, and is very
dense. It is laid down in slabs roughly one to three centimetres thick, with iron oxide stripes at
the joints. These rocksave been extensively studied over the past 200 years due to the frequent
discovery of attractive fossil vertebrates including a good collection of fish anehgeuatic
reptiles(Kornhuber 1873) Romer (1966Wwentsofar as to describe it as a classic area of

Cretaceous vertebrate study.

Beginning in the late 1 century and continuing to the present, a series of authors
described semaquatic lizards from Dalmatia and compared them with each @&berosaurus
tommasinii(von Meyer, 186Q)Pontosaurus lesinens{gornhuber, 1873)Carsosaurus
marchesett{Kornhuber, 1893)Aigialosaurus (Opetiosaurus) bucchi¢Kiornhuber, 1901)
Adriosaurus suesgbeeley, 1881 )Aigialosaurus dalmaticuandA. novaki(Gorjanovic
Kramberger, 1892Eidolosaurus trauth{Nopcsa, 1923)Mesoleptos zendrin{Cornalia, 1852)
Komensaurus carroll{Caldwell and Palci, 2007)andPontosaurus kornhube(Caldwell, 2006)
One of the commonalities between these works is the expressiogetainty in the age of the

rock that bears the refas.

The fossiliferous Aschisto |imestone (refe
contains abundant fish, reptiles, invertebrates and pl&his, 1891) Numepus geologists have
attempted to datihis rockin the last 150 year and yet the results are still imprecise. Starting in
1873, early researchers were bagcidforth between assigning them to the Upper versus Lower
Cretaceouskornhuber (1873argued for Lower Cretaceous based on similarities in fish fauna
between Hvar andtloer localitiesBaasan{1879)agreed hat t he fAschi st o | i me
Cretaceous in agahile Kramberger (1892n his desciption of Aigialosaurus argued for the

Upper Cretaceous, ai@bhle (1901pgain supported Lower Gexeous. In 195%Herak
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conducted an audit of the geological structure of the island to assess groundwater coHeitions.
concluded that the upper dolomite layeas Upper Cretaceous in age, based partially on the
presence of thestreiform molluskChondrodontgStanton, n.d.)Langer (1961forroborated

these findings with additiohanolluscan generand foraminiferans, and proposethaldle to

upper Cenomanian age.

Il n the 196006s and broAdersanalysesolGrataaeloustnd a ms mad e
Palaeogene rocks within the Dinarides and the neighbouring coastgl Rlesd oi | i | , 1960 ;
Pol gak, 1965; Borovil, 1., Marinlil, S. & Maj
1976) This resulted in a better understanding of the fossil deposits, geological composition,
paleogeography, and sedimentary corretatvith other areas, but still did not provide a more

specific date on the Hvar limestones than Upper Cretaceous.

Severalpper s in the 197006s specifically addres
comparing theipccurrences to better tin@librated deposits elsewhere. These included two
paper s b yl97R,de756pwn the fish of Cretaceous Dalmatia, specifically comparing
them with North American depositd.e r a k , Ma r i n1976idocanredtedfhe | g a k (
occurrencef a characteristic Cenomaniaammunity of invertebrates including
Ichtyosarcolites bicarinatus, Ichtyosarce# monocarinatugsee alséar € and ,%hder , 20
Turonian invertebrates includinderinea olisiponensigndNerinea requieniThey concluded
that Hvar limestones contained Cenomanian and Turonian parts, but there was no evidence of

anydelineation between the layers.

Rudist reefs were widespread in the upper Cenomanian, distributed across the

Mediterranean Tethys. Rudists were used in several studies on Mediterranean (including
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Croatian) geology to subdivide Upper Cretaceous limestgassg the Cenomanian to
Campanian. These studies generally agreed with previous results from invertebrate studies,
declaring Cenomaniahuronianage¢ Par ona, 1926; Polgak, . 1964, 1

Praeradiolitesrudists were an important index fossil, dating into the Cenamé&hirronian.

Herak (183) discussed the problems associated tighorigin and tectacs of the
Adriatic belt.This led to arelaboration of his ideas 985 and 1986when he reconstructed the
tectonics of the Adriatic and Dinaric areautlining four geotectonic zoneB.y t he 19900 s,
recognised the tectonic movents had resulted in an Upper Cenomanian transgressive trend
represented by a set of repeating sequences. Fossiliferous layers containing giant clams, rudist
reefs, and rudstones represent ramp/shelf margin; fined grained limestones, microbial mats, and
arhydrites represent shallow, hypersaline lagoons or intertidal foRea d ov | i | , 1987 ;

Zappaterra, 1990; Vlahovil et al., 1994)

Most recent work has focused on examining specific localities and secatidihsao,
enhancing and improving the detail and accuracy of the stratigraphy, paleogeography and
tectonics of the Dalmatian Coast(eRadov | i | et al ., 1983a; VIahov
2009) and more precisely, the Late Cretaceous of Kivlta r i n | i | rich é &.92011) Di e d
These most recent studies have led to revisions of the geological maps and sections which
provide, at last, a firm understanding of the paleoenvironment that the described lizard would

havelived in.

Depositional environmend The dense, yellovgrey limestones of Hvar have been the

subject of study for almost two hundred years. The result is a relatively refined understanding of
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the depositional environment that existed during the time of the ophidiomorph lizards, in the

Cenomaran and Turonian.

Hvar Island preserves a weleveloped carbonate series that spans the upper
Cenomanian to lower Turonian across the Adriatic DinariHesak, 1986)Theseries is
chaacterized by repeatirgedimentary sequences signifying multiple shallowipgequences
composed of rudisiominated shallow carbonate platform, hypersaline, stagnant lagoons, and

intertidal/supratidal strat@iedrich et al., 2011)

Analysis of oxygenisotopdsP ol gak and sowthathegUpper 1975)
Cretaceous seranged from 226 , the temperature of a modern tropical sea. On an open shelf,
these conditions would have favored the growth and proliferation of rudist patch reefs, which
would have played a key role in the geology of thedaiiealuding the differentiation of facies
within the carbonate platform. The facies containing abundant rudist fossils is also rich in
benthic organisms including mussels, clams, worms, echnoids, oysesd o v | i | 1975,
Radov]| il eThe eatbonates aré gahilar wakessqpaekstons( Ti gl j ar | 1976)
composed o$hell fragments and fossil detritighe presence of pelagic elements (notably,
cephalopods)indicate a shelf in contact with the open sea. Above these facies layers are usually
found a second type of laminae, one characterized by a finer mudgtckestone and an
absence of fossils. These finérasifications are linked with localized depressions in the seafloor
forming shallow lagoons. In these areas, poor circulation and increased water temperature would
cause a decrease in oxygen, and an increase in salt concentration and deposition. [ldvese sha
subtidal lagoons had conditions unsuitable to the plethora of benthic organisms of the shelf,
explaining the low density of fossils. However, the evaporitic conditions that made these lagoons

unsuitable for benthic habitation also made them idedahfopreservation of vertebrates. The
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low oxygen, high saline environment led to a slow rotting of fish and reptile carcasses, and the
higher deposition rate increased their chance of burial. It is these layers that yield the well
preserved reptiles, incluty the one described herein. Other sparsely preserved organisms of
various environmental originland plants, crustaceans of the shallow shelf, cephalopods of the
deeper shelf indicate a depositional environment with marine and continental influences, and
further support the lagoonal interpretation. A regression of the sea results in the gradual
disappearance of the lagoons: becoming first distal intertidal, then middle and upper intertidal,
and finally supratidal during the low stand maximum in the lateddenomaniafDiedrich et

al., 2011) These widespread sandflats were dominated by bioléesiaad preserve extensive
dinosaur trackwayiedrich, 2010) The onset of a new transgressaaused by a slowly

sinking bottom eventuallforms a shallow carbonate platform, initiating a new rudist patch reef
system, and completing the cycle. Hundreds of deta@and incomplete sequences combine to
form a limestone layer hundreds of metres thick. Caused by a sinking sea floor and the
deposition of marine carbonate sediment, it records the transgressive trend typical of upper

Cenomanian Tethyan sedimefi8edrich et al., 2011)

SYSTEMATIC PALEONTOLOGY

SQUAMATA Oppel, 1811

ANGUIMORPHA Furbringer, 1900

PYTHONOMORPHA Cope, 1869

GenusPontosaurukramberger, 1892
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Type SpeciesPontosaurugesinensiKornhuber, 1873

Synonynd Hydrosaurus lesinensis

Holotyped GBA 1873/4/2: articulated skeleton including skull, 12 cervical vertebrae, 28

dorsal vertebrae, forelimbs and shoulder girdles, fragmentary hindlimb and pelvic girdle.

Typelocaltyd Hvar | sl and (=1sola di Lesina), 43A

Cenomanian (Upper Cretaceous) platy limestones.

Revised generic diagnosé Long and slender marine lizard possessing unique
supraoccipitaparietal articulation, with supraocdig@ resting on top of and formingshaped
suture with parietal; elongation of all postdentary bonesl,2L8ervical vertebrae; hypapophyses
with large unfused peduncles on all cervical vertebrae except the a29;@Gsal vertebrae;
strong, uniform, emicircular ribs curving to the distal point; coracoid without n@ttered from

Pierce and Caldwell, 2004)

Pontosaurus ribagustesp. nov.

(Figs. 14)

Diagnosi® A small (~30 cm snoepelvis), slender lizard with a laterally compressed
body; arrowheaghaped parietal ornamentat around (anterior and lateral) the parietal

foramen; elongate neck and body with 41 presacral vertebrae (12 cervical, 29 dorsal); well
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developed zygospheraygantrum articulations; thickened dorsal ribs showing some degree of
pachyostosis bent in a saincle; ribs associated with ultimate dorsal vertebra; at least one pygal
vertebra; extremely anteroposteriorly broad neural spines on the anterior caudal vertebrae
forming an almost uninterrupted wall of bone; laterally compressed tail with elongaté neura
spines and haemal arches; reduced pelvic and pectoral girdles; scapula with rectangular posterior
process and fenestra; front limbs shorter than rear (humerus:femur = 1:2); elongate preacetabular

iliac process.

Remarksd Pontosaurus ribagusteshares théollowing features with other basal
ophidiomorphs (e.gDolichosaurus, Adriosaurus, Acteosaurus, Pontosaurus, Coniasaurus
elongate, cylindrical body with over 25 dorsal vertebrae (29), and 10 or more cervical vertebrae
(12); reduced limbs, especiallyrfee | i mbs (humerus: femur & 1:2);

fibula; articulated haemal arches; long, narrow neural spines on caudal vertebrae.

Can be differentiated fromther ophidiomorph lizards in the following ways:
Acteosaurusas distally straight ribwith a greater degree of pachyostdss the gracile,
curved ribs oPontosaurus ribagustgrAdriosaurushas an Mshaped frontaparietal suturdin
P. rubagustethis suture is almost straightglatively narrower heads on the long bones
(humerusradius, ulna, femur), a broader ilium, and distally straight, very pachyostot{wsibs
narrow, consistently curving ribs B ribaguste); Carentonosaurublas wider vertebrae, nen
pachyostotic neural spin@sachyostotic irP. ribagustey, and smallepostzygapophyses relative
to prezygapophys size Coniasaurusas swollen, bulbous crowns on the posterior dentition (vs.
the impressions iklPM 10807showing uniformly tapering teeth), frontal ala that projects
laterally at a much sharper angiedmoregracile, angular vertebraBplichosaurushas a

smaller head, at least 19 cervical vertelfvae ~12 inP. ribaguste), more gracilaibs, and an

102



anterior sacral rib that is much thinner than the posterior sacral riin @sribagustemwhere
botharesimilar in size)Eidolosaurushas fewer dorsal vertebrae (23 vs. 29), extremely
pachyostotic ribs almost as thick as their corresponding vertebrae afgdongly slight
pachyostosis in anterior dorsal ripgprruniform ribs giving the body a spindéapgunlike

t he cont i nuo u s-opbidian bphidiomorphsamdfaneknrbs amly slightly shorter
than hindlimbgvs. a dramatic difference . lesinensis Kaganaiashas fused haema(ss.
articulating) moreweakly curved ribs, more than 86rsal vertebragss. 29) neural arches that
do not project over the following vertebss. overlapping arches . ribaguste), andneural
arches with very little waisting, exhibiting a roughly constant width anteropostefstly
hourglass shape . ribaguste); Mesoleptosias unusually long, posteriorly tapering trunk
vertebrae with a high aspect rafinore so than other nasphidian ophidiomorphsHistally
straight ribgvs. distally curving)a sinuous humerus (may be taphonomic), taller hepnaes,

andfewer dorsal vertebrae (approximately\z329.

Etymologyd This species is named for its ecological role as a swimmer and piscivore
shown by the dietary remains preserved in
country of origin) riba, is fish; andg ster, lizard. This name is doubly appropriate given that the

specimen was originally interpreted and presented as a fossil fish.

Type Locality and Horizond Upper Cretaceous (Upper Cenomariamonian) of Hvar
Island, Croatia. Betweethe towns of Stari Grad and Jelsa. Part of the Adflunaric

Carbonate Platform.

Holotyped HPM 10807 housed in the Hrvatski prirodoslovni muzej (Croatian Natural

History Museuni HPM), Zagreb, Croatia. The specimen is encased in a block of platy

103



limestae that preserves the incomplete articulated body of one individual in dorsaFuggne(
1). The skull is preserved posterior to the prefrontals and exposes the posterior right mandible.
The postcranium preserves a complete cervical and dorsal sergzsd#) vertebrae, pelvic and

pectoral girdles, and incomplete remains of all four limbs.

OSTEOLOGICAL DESCRIPTION

Overall Impression

The specimen discussed in this paper is preserved in a limestone slab roughly 50 cm long,
20 cm wide and 2.5 cm thick. The specimen is articulated and mostly complete from the skull to
the anterior caudal region. The anterior part of the skull and theitpabthe tail are missing,
cut off at the edges of the limestone slklg@rel). The 36 cm specimen is exposed in dorsal
view from the cranium to the posterdorsal series, where the body twists, exposing the pelvic
and caudal regions in left lateraéw. The skull was flattened and compressed from the right
during fossilization. It is consequently preserved deformed and broken in dorsal view, with the
right mandible exposed in lateral view. The postcranial axial skeleton suffered minimal
taphonomiaddamage and is in tight articulation. The pelvic and pectoral girdles are fragmentary
and il-defined, a result of excessive acid preparation. The right forelimb is crushed against the
body, and the elements of the manus are broken, dislocated and difficidirpret. The left
forelimb is further from the body and is better articulated than the right; however, most of the
manu al region appears Omeltedd together due
preserved of the limbs, though it is stillssing most of the tarsal elements. The right hindlimb

lies underneath of the body though elements are recognisable emerging from under the base of
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Figure2-1 The holotype oPontosaurus ribagustdHPM 108)7), housed in the Hrvatski prirodoslovni muzej
(Croatian Natural History Museum), Zagreb, Croadiaphoto;B, interpretive drawing Abbreviations: c, cervical
vertebrad, dorsal vertebrap, pygal vertebraGrey lines in (B indicate impressions onlghaded areas represent
gastric content.

the tail. There are several large cracks through the slab, obscuring trexetlasea, and the

anterior pelvis.

Skull

As in other dolichosaurs, the skull and jaws are long, smooth and sl€iglee@). Theskull
elements remain mostly in articulation, though interpretation of the individual elements is made
difficult by the degree of crushing and shattering, obscuring natural edges. Most of the snout is

missing, cut off just anterior to the orbits. The hsaidiclined and embedded in the sediment in
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Figure2-2 Head and anterior cervical vertebradPaitosaurus ribagust§HHPM 10807) A, photographB,
interpretive drawingAbbreviations: bo, basioccipitalg, cervical vertebragr, coranoidd, dentaryf, frontal;j,
jugal; la, lacrimal;m, maxilla; op, opisthotic;p, parietal;p-r, parietal ramuspf, parietal foramenpof,
postorbitofrontalpopr, paraoccipital process of the exoccipidgisthotic;prf, prefrontal;pro, prootic;pt,
pterygoid;q, quadraterap, retroarticular processa surangularsog supraoccipitalsp, splenial;sg, squamosalst,
supratemporal Asterisks label possible sclerotic ring fragments. Where two sides are labeled redichiails
preceded by. (right) orl. (left). Scale bars equal 1 cm.
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such a way that the skull roof is visible in dorsal view, while the right side of the skull and
mandible has been rotated dorsolaterally, exposing the lateral aspects. The basisranium

exposed in dorsal view and remains in articulation with the atlas.

Maxillad The posterior portion of the right maxilla is badly fragmented, although several
fragments remain in contact with the prefrontal. A slender posterior process projectingdrom t
deeply notched posterior maxillary margin is overlain by fragments of what is likely the anterior
process of the jugal. No teeth are preserved, though a bulbous mass on the ventral border of the
maxilla resembles the tooth pedestals describ&bmosairus lesinensigPierce and Caldwell,

2004) and would match the position of thesteriorend of the tooth rown bothP. kornhuberi

(Caldwell, 2006 )andA. dalmaticugCarroll and Debraga, 1992)

Lacrimal & A subtrapezoidal fragment overlying the maxilla is interpreted as the
lacrimal. It is in contacwith the maxilla anteriorly and the prefrontal superiorly. It is similar in

size and shape to the lacrimalA§ialosaurus dalmaticugCarroll and Debraga, 1992)

including a small dorsoposterior process. The lacrimal would have contributechtttehier
orbital marginbetween the pfeontal above and the jugal below. It is still in articulation with a
fragment of the maxilla anteriorly. The presence of the lacrimal represents a clear difference
from snakes, where it is abs€éhee and Caldwell, 19984 lacrimalwas identified in
Pontosaurus lesinensiyy Kornhuber(1873) but Pierce and CaldwgR004)revised this,

identifying it instead as a piece of the prefrontal.

Prefrontald Fragments of both left and right prefrontals are identifiabRantosaurus
ribaguster though the right is better preserved. Both elemamdroken, cut off by the edge of

the limestone slab, but it appears that the element would have been long and tapering posteriorly
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as inP. lesinensigPierce and Caldwell, 2004nhd other mosasauroi{id3ebraga and Carroll,
1993) The medial border is fairly flat where it walihave articulated with the lateral eddehe
frontal, though it has several uneven spines that may have formed an interdigitating suture.
Laterally, it articulates with the lacrimal and the maxilasmall bump on the posterolateral

edge is identified as a small supraorbital process.

Jugald Due to the extreme breakage and flattening of the lateral surface of the skull, the
identification of the jugal is problematic. Two pieces are tentativelyiicehtthe first, a very
thin and elongate element sitting superior to the coronoid; the second piece, which sits on the
lateral surface of lacrimal and/or maxilla, may represent the anterior point of the jugal. If these
interpretations are correct, thdretjugal would have extended just anterior to the orbit as in

mosasauroid@Debraga and Carroll, 1998pdP. kornhuberiCaldwell, 2006)

Frontald The frontal is almost completely preserved, and is only missing the anterior
border and processes. It is long, flat, and approximately the same length as the parietal. As in
ot her d&édol i ¢ h o sshaped s dorsal wdd expandet anteriody larad pasteriorly,
and constricted above the orbits. As the prefrontal and postorbitofrontal do not meet, the borders
of this constriction would have formed the dorsal margin of the orbits. There also appears to be a

slight sagittal crst on the frontal as i@oniasaurus graciloden&aldwell, 1999a)

The posterior margiof the frontal was slightly shattered as it was forced against the
paretal, but in life the margin would have been essentially straightRsntosaurus lesinensis
(Pierce and Caldwell, 2004)ith perhapsa slight posterior projection of the lateral edges which
would have overlain parietal lappets a®irkornhuber{Caldwell, 2006)A distinct vdley

forms a gap between the frontal gratietal. This gap could be taphonomic, or a true anatomical
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feature indicative of mesokinesis in the skull or delayed dermatocranial ossification (as discussed

for P. kornhuberj Caldwell, 2006)

Theright anterolateral corner (including the right lateral process) of the frontal may be
preserved as a displaced element sitting between the displaced right prefidrgterygoid. It
preserves a groove running near the lateral surface that couldtbateeal counterpaxf the
groove visible on the left anterolateral edge of the frontalvéver the interpretation is
uncertain: an alternative interpretation for this elemeasithe palatal ramus of the right

pterygoid, due to its contact with the quadrate ramus posteriorly.

Parietald The parietal is a very wide, rectangular element. B&atosairus
kornhuberj the anterolateral projections of the parietal are broadly overlapped by the
postorbitofrontalCaldwell, 2006) The dorsal surface has a brpad f | acresbe nneodr e6 s i mi | .
to the condition irP. kornhuberiCaldwell, 2006thanP. lesinensigPierce and Caldwell,
2004) In contrast, the parietal foramen is more similar in siZe tesinesisthanP.
kornhuber;j it is similar to both species and to mosasauroids in the distance it sits from the
frontal-parietal sutur¢Carroll and Debraga, 1992; Debraga and Carroll, 1993; Pierce and
Caldwell,2004; Caldwell, 2006)Anterior and lateral to the foramen are a pair of anteromedially
oriented ridges thairiginate from the anteriormost point of contadth the prootic and project
anteriorly to form an arrowheahaped ornamentation around thegtal foramen (in dorsal
view). As inP. kornhuberi t here i s a very broadly expanded
which rises slightly to meet the anterior margin of the prd@aldwell, 2006)andformsthe

origin of the anteriorly directed ridge bracketing the foramen on the parietal table.
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The posterior margin i broad contact with the supraoccipital, and at the midline, this
contact forms @ainterdigitating wshaped sutureyhich is synapomorphic for the genus
PontosaurusThe contact between these elements is planar as in snakes; the supraoccipital does

not lie beneath the parietal as in lizards. This would have formed an elongate and very flat skull.

The parietal ramus is broken and dislocated on both sides. The right side is more
completely preserved and identifiable; it lies laterally displaceddrdut in line with® the rear
margin of the parietal table medially and the decensus parietalis lat€radlyight ramus is still
in articulation with the supratemporal and overlies the squamosal and the paroccipital process of

the exoccipitabpisthotic.

Postorbitofrontald The postfrontal and postorbital Bbntosaurus ribagusteappear to
have fused to fan thetetraradiate postorbitofrontal. Both left and right sides are preserved,
though the lateral side and posterior tip of the right postdrontal is damaged, and the
posterior ramus of the left postorbitofrontal is brokefrttoé main body of thelement this

description is derived from both elements.

The postorbitofrontal is composed of the main body of the element which sits just
posterior to the frontgbarietal suture. Branching from this point are four distinct rami. The
anterior (frontal) amus clasps the posterolateral corners of the frontal. This ramus is relatively
thin and long, reaching up the frontal halfway between the base, and the beginning of the
supraorbital constriction. The medial (parietal) ramus is narrow and short and s¥ledap
parietal just posterior to the frondphrietal suture. The lateral (jugal) ramus is short (roughly the
same length as the medial ramus) and very broad. Due to dahmagegal contact cannot be

observedThe posterior (squamosal) rampseserved o both sidesis extremely long and thin,
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making up roughly half the anteriposterior length of the element. Each forms the lateral
margin of a supratemporal fenestra, extending posteriorly almost the full length of the parietal
table to contact the squesal at an oblique angle. Overall, the entire configuration and shape is

extremely similar td?ontosaurus kornhube(Caldwell, 2006)

The condition of the postorbitofrontalpgrticularlyinteresting inrPontosaurus
ribaguster Although fusion between the postorbital and postfrontal is clearly advanced, a groove
extending from the lateral margin of the anterior ramus medially to join the margin between the
medial and posterior rami cleailydicates the position of the common suture. This makes the
anterior and medial rami homologous to the prefrontal, and the lateral and posterior rami
homologous to the postfrontal. This could represent an intermediate stage between the more
oblique, unfued postorbital and postfrontal Bf lesinensisand the fully fused postorbitofronal
of P. kornhuberiPierce and Caldwell, 2004; Caldwell, 200B)s important to note that even
though fusion appears incomplete, thepghand orientation of the four ramifh ribagusteris
almost identical t¢. kornhuber; but distinct fromP. lesinensiswhich has less developed lateral
and medial rami that are oriented more obliquely. It is important to note here that the presence of
the postfrontal/postorbital/postorbitofrontal is variable among squamates, with various
familiesd and genera within those famil@egpossessing different combinations of one, two, or

none of these elemenfSstes et al., 1988; Caldwell, 2006)

Squanmosab The anterior portions of both squamosals are preserved in articulation with
the postorbitrontals. The postorbitofrontal appears to sit in a groove on the atdtsral
surface of the squamosal, making it appear that the squamosal is clasping the postorbitofrontal.
The rear portion of the squamosal is preserved only on the right side ppeerlay the

displaced supratemporal arcade. The squamosal is long and thin and forms the posterolateral
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border of the supratemporal fenestra. Posteriorly, the squamosal cups the dorsal margin of the
guadrate, and in life would have contacted the descepdaogss on the posterior

supratemporal. Anteromedially it lies in contact with the prootic and -&uidrical fragment
interpreted as part of the epipterygoid. Posteromedially it borders the lateral margin of the

paroccipital process of the exoccipitglisthotic.

Supratemporald The supratemporal is a small, elongate block of bone that sits
lengthwise against the parietal ramus. It extends posteriorly beyond the parietatkpéording
slightly to form a clubshaped descending process that articulatgsthe squamosal and
guadrate. The element is also preserved lying over top of the paroccipital process of the

exoccipitalopisthotic andnayhave contacted it in life.

Exoccipitald The braincase suffered the highest degree of breakage of the entjre sku
making meaningful interpretation of the braincase elements difficult. Two fragments can be
confidently assigned to the exoccipitaisthotic. The first is the robust paroccipital process.

This contacts the supraoccipital dorsomedially, and the sqahohmsolaterally. The process is

a large oval, depressed in the middle, extending to an arcuate point ventrolaterally at the most
ventral point of contact with the squamosal (likkdesinensisFigure3; Pierce and Caldwell,

2004) The second fragment preserves the exit foramen for cranias&XIl. It articulates

dorsally with the supraoccipital, medially with the basioccipital, and laterally with the

paroccpital process fragment. Together, these two fragments give a good idea of the shape of the
right half of the exoccipitabpisthotic a hatcheshaped in posterior view, broadest laterally and

narrowing medially, very similar tdaranus

112



Supraoccipitald The ventral margin of the supraoccipital was rotated dorpaly
mortem and lies in dorsal view posterior to the parietal. It has a very long broad aciortsetty
with the posterior margin of the parietal: a feature unique to pontosaurs among gguamat
(Caldwell 2006) The element retains this broad expansiongiasty forming a deep,
rectangular element. The right lateral rotation of the skull in this area means that the posterior
margin is obscured by breakage and other bone fragments, and the foramamroagnot be
located. Posteriorly, it overlaps and underlaps the exocegpiathotic, although crushing and

rotation has rendered the exact position of the suture indeterminant

On the median dorsal surface is a raisedht a pesbthat originatest the parietal
suture and narrows posteriorly down the midline of the elemeRt. kornhuberi(Caldwell,
2006)this area was interpreted to have housed an unossified element whichhaeuld
overlapped the parietal dorsallijhis morphology is evidenced kh lesinensigPierce and
Cddwell, 2004) which shows a sutectangular supraoccipital with a clov@raped
anteromedial shelf overlapping the pariéteform a wshaped suturg¢ nd t he &ést emd e X
down the midline groove of the supraoccipitaéxpect that the same nptrology would have
existed here, evidenced by the rough texture of the bone in this area (visible under
magnification). As discussed Rierce and Caldwell (2004) and Caldwell (2QQ6js is a similar
configuration to snakes; the only diffecenbeing that in skes the supraoccipital never

overlaps the parietal.

Prootic?d An element tentatively identified as the prootic is visible in parallel contact
with the squamosal. It has been taphonomically rotated outwards, and in life would have been

ventral to this element.
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Basioccipitald The basioccipital is preserved as a pair of round tuberosities sitting in
contact with fragments of the atlas. The base of the occipital condyle may be visible posteriorly,

identified by a narrowing then abrupt widegidelineated by a rim.

Quadrated The right quadrate has been rotated such that it is visible in right lateral
view. It remains in articulation with theamus formed by thequamosal, supratemporal and
parietal, which formed the suspensory arcade fromiwthe quadrate would hanghe left
guadrate is obscured by the braincase, but the dorsal surface can be identified. As in other
pythonomorphs, the quadrate is a backwards&pe. Though the element is broken in places, it
is possible tadentify asmall,rounded swelling (the remains of theprastapedial procgss
posterior to the large, posteriorly extended head, and a well developed tympanic ala. The
infrastapedial procesaost of thesuprastapedial process are missing as a result of breakage
(indicatedby the uneven margins ofdtelement)The quadrate shaft is robust and almost
vertical. Ventrally, a largesaddleshaped ventratondyle(roughly half the length of the

maximum anterieposterior length of the quadrate) articulates broadly with thexgular.

The quadrate isiilar in shape t&ontosaurus lesinensadP. kornhuber,i but has a
larger, more squared ofentralcotyle (Pierce and Caldwell, 2004; Caldwell, 2006)s also
shorter and squatter than the quadrate.désinensisOverall, the quadrate morphology is very

similar to other dolichsaus and mosasauroi@ussell, 1967; Carroll and Debraga, 1992)

Pterygoidd The majority of the right pterygoid is visible between the skull roof and the
right mandible The anterior segmedtincluding the entire palatal ramtuss obscured, but the
posterior segment is almost completely visible in right lateral view. It is a long, broad element

lacking any trace of pterygoid teeth. A small process arising from the midgdhe dorsal
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surfacebears tharticulationfor the basipterygoid process of the basisphenoid. The posterior end
of thequadrate ramusxtends backwards to contact the quadrate underneath the displaced right
suspensorial arcade. Ventrally, the robustmettygoid process angles anteriorly. A smaller,
pointed process anterior to the ectopterygoid process is the likely a part of the articulation with
palatine. A long shallow furrow runs lengthwise from the posterior end to the epipterygoid
process. Overalthis element is indistinguishable from thatRefintosaurus lesinensfPierce

and Caldwell, R04). It is also very comparable to the elemewhitified as the postorbitofrontal

in Adriosaurus skrbinensig€aldwell and Palci, 2010yhich| suspect is a misidefitation, and

that this element in the latter represents the left pterygoid (pers. obs.).

Ectopterygoidd The ectopterygoids cannot be confidently identified in this specimen. A
small, rectangulairagment emerging from between the squamosal and the prootic has been

tentatively identified as the ectopterygoid due to its position and its columnar shape.

Sclerotic plate® A collection of small, square elements bordering the supraorbital
constrictionof the frontal on both left and right sides are interpreted here as sclerotic plates.
Based on their size, there would have been roughly twelve of the elements in each ring. Similar
squared elements can be observed in the orBit kbrnhuberi and thouglhey were colorized
by Caldwell (2006) in a figur8 of that publication, theywere not identified as such in the text,

nor discussed regarding their presence and importance.

Lower jaw

The right mandible, exposed in lateral view, is well preserved fn@metroarticular
process to the edentulous posterior portion of the dentary. It remains in articulation with the

guadrate posteriorly, and lies almost in contact with the right maxilla anteriorly. It appears to
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have been compressed anterodorsally, aaritexior ends of the surangular and angular appear
crushed and overlapping the dentary. The left mandible is under the skull, and only the

retroarticular process is visible posterior to the braincase in medial view.

Dentaryd Only the posterior, edentulopsrtion of the right dentary is preserved in
lateral view. The rest is missing, cut off at the edge of the limestone slab. The posterior end is
overlapped by the maxilla and the splenial. The obscured posterior margin of the dentary means

that the presenaa an intramandibular joint cannot be determined.

A natural mold of the left dentary and maxilla is visible between the right lateral margin
of the frontal and the right prefrontal. Curved, pointed impressions oriented dorsally and
ventrally are most lily the impressions of occluding maxillary and dentary teeth. Not much
detail can be gleaned from these impressions other than the approximate shape and size of the

marginal teeth; they are curved and pointed, and fairly typical of an anguimorph.

Spleniald The posterolateral splenial bulges beneath and posterior to the dentary
lateral view A small knoblike process is visibldorsally on the splenialentary sutures also
observed irPontosaurus lesinensfpers. obs.). In lateral view, it looks very similaRo

lesinensigPierce and Caldwell, 2&).

Coronoidd The coronoid is a low, sloping element that sits on the dorsal edge of the
surangular. The anterior process is fairly long, but the extent of its contacts with the splenial and
dentary are uncertain due to damage in this area. Doilsalglightly concave, and there
relatively large posteromedial process extending dorsally from behind the surangular (compared

to the smaller coronoid processhflesinensisPierce and Caldwell, 2004)
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Angulard The angular is an extremely long, splint of bone that runs below the articular.
Anteriorly, it contacts the splenial; in lateral view, it is overlain dorsally by the angular. It is
difficult to discern the posterior extent of this element, as several cracks along the ventral margin
of the mandible conceal the true posterior margire fil¥o most probable margins between the
retroarticular process and the angular are immediately below the posterior margin of the
coronoid (as iVaranu$g or just posterior to that point (asfRontosaurus lesinensiRierce and

Caldwell, 2004)

Surangulard Laterally, the surangular is long arabust.It stays dorsoventrally tall
throughout its length, narrowing posteriorly far less thaRantosaurus lesinensfRierce and
Caldwell, 2004) The damage at the anterior end of the surangwanmthat the shape of the
contact with the dentary cannot be determined. Anterodorsally, the element flattens on the
dorsolateral surface to crea seat for the coronoid.small, low coronoid buttress can be
observed at the posterior end of this skaterally, in the middle of the element are three
circular depressions in a line. A small foramen sits in a longitudinal groove on the postérodorsa
surface (also observed kh lesinensis Posterodorsally, the surangular rises slightly to contact
the ventral surface of the quadrate. Laterally, the surangular appears to be the sole contributor to
the articular cotyle, to the exclusion of the artacullThough there is a crack through the slab in
this area, small portions of the suture are visible anterior to the crack, and posterior to the
guadrate contact. Posteriorly, the contact with the articular is obfuscated by a crack in the

limestone that nus almost exactly through the suture.

Articular -Prearticular 8 Damage and cracking throughout the manditiscures the
suture betweethe articular and prearticular. Rontosaurus lesinensibe elements are fused

into one compound bor{@ierce and Caldwell, 2004 state also observed in mosasauroids
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(Russell, 1967; Debraga and Carroll, 1998)teriorly, the (pre)articular is extremely narrow,
running ventrdl to the surangular to contact the angular at the anterior margin. Posterior to the
articular cdayle, the articular forms a broad, rectangular retroarticular process which is preserved

on boththeleft and right sides of the skull. The posterior margin is arcuate, and not inflected.

Postcranial skeleton

The postcranial skeleton Bontosaurus ribagustes articulated, almost complete, missing only
the posterior part of the taiFigurel). Thereis some minor breakage and crushing throughout,
and some damage resulting from acid preparatich is most noticeable on the limbs. The
vertebrae suffer the most breakage, and are run through with calcite in many places (especially
the neck). The anti®r half of the skeleton lies in dorsal view, slightly rotated laterally towards
the right side. Just anterior to the pelvic girdle, the body is axially rotated to the right, exposing
the posterior part of the skeleton in left lateral view. The cerviagss bent to the right, while

the remainder of the skeleton is laid out relatively straight.

Axial skeleton

Sixty-three vertebrae are preserved as relatively complete elements (Figure 1). It is
possible to recognise twelve cervical vertebrae inclusitke atlasaxis complex, 29 dorsal
vertebrae, two sacral vertebrae, one pygal vertebra and 19 caudal vertebrae. The cervical and
dorsal vertebrae are preserved in dorsal view, the pygal and caudal vertebrae in left lateral view.

The dorsal and cervicakrtebrae are all articulated to their adjacent ribs.
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Cervical regiond The cervical series is completely represented, though it is the poorest
preserved portion of the axial skeleton. The neural spines have been sheared off, leaving the
centra, neural cafg and fragments of transverse processes and zygapophyses. Twelve cervicals
are identified, from C1 (preserving the neural arches and intercentrum) to C12, identified as such
due to it placement relative to the sternal cartilage, humerus, and pectorehisieand the
morphology of the adjacent ribs. This gives the same cervical cobatndgsaurus kornhuberi
(=12, Caldwell, 2006)but more thafPontosaurus lesinensfs10/11; Rerce and Caldwell,

2004) A cervical count of ten or greater is diagnostic of the Ophidiomorpha, including
pachyophiidgLee and Caldwell, 1998; Lee et al., 1988y other dolichosau(€aldwell, 2000;

Lee and Caldwell, 2000; Palci and Caldwell, 2010)

Like P. lesinensis, P. kornhubeandActeosaurushe cervical vertebrae increase
caudally in width and length, but the change is minimal. The atlas (C1) is only recognized from
the left and right neural arches, the rest is obscured within the crushed fragments of the back of
the skull. Pe- and postzygapophyses are variably present, but are in general better preserved on
the right side. The prezygapophyses are straight and narrow, while the postzygapophyses are
shorter, and appear more squared off and robust. The close articulatierveftdbrae and
orientation of preservation means that the presence of zygosphenes and zygantra is impossible to
determine. Synapophyses are visible from the third cervical onwards, but cannot be identified on
C1 or C2. Hypapophyses are visible in latetalv on the C4 and C5. Posterior to this, these
processes are hidden: initially covered by the cervical ribs, then the entire vertebral column

rotates so that the vertebrae are only visible in dorsal view.

Remnants of cervical ribs can be seen on the left side beginning at C5 and C8 on the

right, though in life the first cervical ribs were probably located more anteriorly. The cervical
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ribs on C57 are straight, splidtke and tiny: less than half the lehgdf the associated centrum.

The ribs associated with are much more robust, longeat least the length of the

centrun® and curved. An abrupt increase in size is again noticeable in the ribs of C11 and C12.
The heads on ribs CA1IR are anteriorly expaed, unicapitate, and show an antedorsal ridge

running lengthwise along the rib shaft.

Dorsal regiond The dorsal region is made up of 29 vertebrae, for a total presacral count
of 41 vertebrae. This is the similar to most other dolichosaurs withleetiabsal counts
includingP. lesinensi¢28 dorsals, 40 presacrals; Pierce and Caldwell, 260&prnhuberi(26
dorsals, 38 presacrals; Caldwell, 200&Jriosaurus sues$P9 dorsalsl.ee and Caldwell, 2000)
Adriosaurus microbrachi€28 dorsalsPalci and Caldwell, 2007andActeosaurug27 dorsals
Palci and Caldwell, 2010MesoleptogCornalia, 1852andEidolosaurugNopcsa, 1923)vere
bothdescribed as having 23 dorsal vertebrae,micchosaurus longicollist least 32
(Caldwell, 2000)all well outsidethis range. Like the other twontosauruspecies and otine
dolichosaurs, the vertebrae increase in size posteriorly until the last few vertebrae before the
pelvis, where the vertebrae show a decrease in size and robustness that corresponds to a decrease
in rib length and thickness. P. lesinensisthis transibn happens around the®6f 28 dorsals,
in P. kornhuberthe 229 of 26, and irP. ribagusteraround the 22 of 29. The posteriemost
dorsal vertebrae also appear to be more tightly articulated than the anterior series, though this

could be an artifaaf taphonomy, resulting from torsion of the body.

The butterflyshaped neural arches common to dolichosaurs are well preserved. -The pre
zygopophysesproject anterolaterally at slightly less thér to the sagittal planélhe smaller
triangularpostzygopophysegroject laterally. The facets do appear to incline above the

horizontal to face ventrolaterally. Zygospherygantra articulations are present throughout the
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dorsalcolumn, and are most visible around0-D14. The neural spines are broken difugh

their bases are easily identified along the column, and in some places their remains can be seen
projecting over the subsequent vertebral cessranAdriosaurus skrbinensi€aldwell and

Palci, 2010)The neural spines are thick and robust (more so th@ali@ntonosaurus minegui

Rage and Néraudeau, 200dihd appear pachyostot@verall,the vertebraare broad (wider

than long), robust, and rounded, indicating some degree of pachyostosis. Pachyostosis can also
be observe in Carentonosaurus minea(iRage and Bradeau, 2004 )Adriosaurus suessi

(Seeley, 1881Mesoleptos zendrirfiCornalia and Chiozza, 1852), and pachyophiid snakes.

All dorsal vertebrae support ribs that articulate with the anteriorly positioned
synapophyses (as in other ophidiomorgtisyce and Caldwell, 2004)he right ribs are
partially visibleuntil aboutdorsal vertebra 15. Posterior to this, the animal is rolled enough that
only the left ribs are gible.Rib tips visible between the rib cage on the left side (especially
around D2124) show thdrue length of the ribs (fivsix vertebral lengths), which almost meet
the opposing ribln profile, the ribs appear slightly flattened dorsoventrally. Whtezg
articulate with the vertebrae, the ribs have slightly expanded heads, broader than seen on the
cervical ribs. Farther from the zygapophyses, they get rounder, before narrowing to a point
distally. The dorsal ribs protrude almost laterally from thellme before bending ventrally and
posteriorly to form a rough semicircle which is unlike the relatively straight riBstebsaurus
tommasinii(Palci and Caldwell, 20109r the distally straight ribs dflesoleptos zendrin{Lee
and Scanlon, 2003ndAdriosaurus suesgbeeley, 1881)This results ira deep and laterally
compressed body profile that was likely vertically oval in cross sedtlus.is also in contrast to
ActeosaurugCalligaris, 1993; Palci and Caldwell, 20H))dAdriosaurus(Seeley, 1881; Palci

and Caldwell, 2007; Caldwell and Palci, 204)o have heavily pachyostotic vertebrae and ribs
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along their length. The anterior ribs are extremely robust and may represent a pachyostotic
adaptabn to a coastal aquatic lifestyle as seeAimialosaurus bucchichiDutchak and
Caldwell, 2009). This is in stark contrast to the slender rildotithosaurus longicollis

(Caldwell, 2000)

The last nine ribs (D2D29) are markedly thiner than the more anterior ribs as in
Kaganaias hakusanengiBvans et al., 2006andthefinal three ribs appear distinctly shorter
than the resthey are damaged, making their precise length difficult to determine. Riglative
short ribs associated with the last three vertebrae is also obseR®atasaurus kornhuberi
(Caldwell, 2006)a condition noted by Kornhubét901)wh o descri bed t hem as
ribs. This pattern of graglly increasing and then abruptly decreased pachyostosis along the
dorsal series varies in precise location among species, but is also Aggalosaurus bucchichi
(Dutchak and Caldwell, 2009p. kornhuberi{Caldwell, 2006)P. lesin@sis(Pierce and
Caldwell, 2004)Dolichosaurus longicolligCaldwell, 2000) andK. hakusanensigEvans et al.,

2006)

Sacral regiord The left pelvic region clearly shows both sacral vertelniste their
respective sacral riba articulation with the iliumThe sacraVertebrae are noticeably smalle
than thepreceding dorsal vertebrae. The transverse processes are hugely expanded, almost as
wide as their associated vertebrae are long, a situation also obsefdetsaurus skrbinensis
(Caldwell and Palci, 2010Yhesacral ribsare in contact along the distal half of their length
with the second curving forward slightly to meet the first. The shape of the first is more bulbous
distally, the second is more subrectangular. Therfbsst p pear s t o have a di st e
whereit abruptly narrows to articulate with the ilium. The newhes are short, stout, and

round; the first in particular, appears almost semicircular in lateral view. Comparisons between
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the sacral vertebrae Bontosaurus ribagusteand that oP. lesinensigndP. kornhuberare
difficult due to the poor presedtion of the sacral region all three speimens, thouglall are

interpreted as having two sacral vertelRierce and Caldwell, 2004; Caldwell, 2006)

An alternative hypothesis would be an interpretation more similar to that seen in
Pontosaurus kornhube(Caldwell, 2006) It is possible that the crack that obliterates the pelvis
of P. ribagusteruns through the first sacral, rather than th& @8rsal and that the plattke
bone fragments anterior to wHatave identified as thirst tranwverse process are the first sacral
6ri bdéd aligned with the second sacral transver
element | identified as the second sacral vertebrae would be a pygal in contact with the ilium (as
in P. kornhuber). This woud give the animal a dorsal count of 28, a sacral count of two, and a

pygal count of two.

Pygal regiomd Immediately posterior to the second sacral vertebra is a vertebra in
contact with the ilium but not articulated with it. This is interpreted as a pygtbra as it does
not possess haemal arches. Addateosaurusthe vertebra is slightly shorter anteroposteriorly
than the posterior dorsals and anterior cau@dRasci ar Caldwell, 2010) It resembles the two
pygals ofPontosaurus kornhube¢Caldwell, 2006)n havingreduced neural spes, longer
centra relative to the sacrals, and a distally narrowed transverse processPUkdikehuberi

however, the transverse process is directed anteriorly.

Caudal regiond Pontosaurus ribagustgareserves the remains of 19 caudal vertebrae in
left lateral view. The whole tail appears laterally compressed @skarnhuberj Caldwell,
2006), and very tall as a result of elongate haemal and neural spines. As in other dolichosaurs,

the vertebral centra are longer than tall, and do not contribute tmticis compression; this is
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another feature distinguishing them from mosasau®dssell, 1967)The zygapophyses

remain quite robust and la@esspecially the prezygapophy8ethroughout the preserved

portion of the tailThis is very similar to the situation AkcteosaurugPalci and Caldwell, 2010)
The vertebrae showrainimal decrease in size from the first to last, indicating that the tail would
have been very long, probably contributing to at least half of the total body length. For
comparisonP. kornhuberhas a coplete tail numbering 163 vertebrae; 63% of its body length

(Caldwell, 2006).

The first caudal shows the remains of enlarged transverse processes that are noticeably
different in shape and orientation from the remainder of the caudal vertebrae. Téeefinstto
project anteriorly, and the second laterally. This is a similar observation to that made by
Caldwell (2006) in his description &ontosaurus kornhubenwvho describes an anteriorly
di r e c-shaped pigess in dorsal view. He suggests tha thigght be lymphapophyses:
modified transverse processes that support lymph node clusters superior to the cloaca.
Alternatively (or additionally), it could represent the insertion fomtheaudofemoralisa
muscle integral to taifiriven locomotion. Théransverse processes on the remainder of the
caudal vertebrae are broken off, but their bases are dorsoventrally thin and axially quite long,

stretching almost the entire length of the centra.

The first caudal vertebra also shows a unique neural spinédhology compared to the
rest of the caudal region. It is much broader, is more squared off at the corners, and projects
more dorsally than the remainder of the neural spines. This gives the appearance of an almost
continuous surface of bone laterally, witkry few spaces. This seems consistent with a laterally
compressed tail and a robust area of attachment for largal caustcle. The remainder of the

neural spineare thinner (anteroposterioyyand project more posteriorly (about 40° off the
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horizonta) similar to the anterior caudals Bbntosaurus kornhuberHowever, the posterior
neural spines dP. ribagusterare not as broad & kornhuberileaving larger spaces between

them. The neural spines show a shelf roughly halfway up the anterior margin.

The haemapophyses are positioned posteriorly on the centrum, such that the haemal
arches contact the anterior margin of the following vertebra. Rikgosaurus kornhuberihe
haemals oP. ribagusterdo not fuse to the haemapophyggaldwell, 2006) The haemals
themselveduse roughly halfway down their length, forming a true haemal avhith extends
ventrally into a haemal spin&hey are about twice as long as the neural spinisgossiblethat
the depth of the tail would have been at least twice that indicated by the osteology based on the

soft tissue preservation i kornhuber(Caldwell, 2006)

Appendicular skéeton

The appendicular skeleton is mostly present, but not well preserved. Both right and left
forelimbs lie beside the trunk in relatively natural position on their respective Bidgesg3).
The left limb is better preserved than the right, with most the carpal elements and phalanges
preserved in place. The rightb suffered more severe damaglis rotated about the
longitudinal axis of the humerus resulting in the dislocation anakbge of the more distal
elements. The radius and ulna are crossed, and the bones of the manus are scattered. The left and
right coracoids are visible, as is the left scapula. Some cartilage associated with the sternum and
pectoral girdle is also preservethe pre and epipodials are the same length and together make
up about half the total length of the forelimb (similar to the conditidPointosaurus lesinensis

andP. kornhuberiPierce and Caldwell, 2004; Caldwell, 2006he hindlimb elementare
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figured in Figure 4. The left hindlimb lies away from the body and is mostly present, except for
the metatarsal elements and most of thddilixcept for the distal phalanges, the right hindlimb
lies underneath the body. However, epipodial elemeamtde identified between the ribs, and

most of the tarsals are exposed. The right pelvis is completely obscured by the body, but the left
pelvis is mostly complete and exposed. Unfortunately, a break in the limestone block passes

straight through the anter pelvic region, obscuring many details.

The front legs are about half the length of the back legs, which makes them
proportionally shorter than iR. kornhuberi The front limbs are slightly shorter than the length
of the head, which is similar to tleendition inP. lesinensisThe femur is longer than the
tibia/fibula, and the combined length of these elements is roughly equivalent to the length of the
pes. ThusP. ribagusterfollows the trends in pontosaur limb evolution outlined by Caldwell
(2006):1) reduction in limbs relative to body size; 2) reduction of the forelimb relative to the

hindlimb; and 3) reduction of the prand epipodial elements relative to the manus and pes.

Pectoral girdled Though the degree of breakage and crushing makesrigtiaipn
difficult, it does appear that the scapula and coracoid are unfused as in most aigi§imaals
and Debraga, 1992Foniasaurus gracilodeng&aldwell, 1999a)Dolichosaurus longickis
(Caldwell, 2000 andActeosaurus tommasir(iPalci and Caldwell, 20107 his is cantrary to the
interpretation oP. lesinensigPierce and Caldwell, 2004the condition inP. kanhubericould
not be determinefCaldwell, 2006) None of the scapulae or coracoids is complete and therefore
the relative sizes of the two elements is uncertain, though they do appear to be reduPed as in
lesinensigPierce andCaldwell, 2004)Unusually, there is a foramen visilwa both left and
right scapula near the glenoid; a feature also present@arentonosaurus minea(lRage and

Nérauwleau, 2004but absent in other dolichosauf$ie scapulablade (visible on the left side) is
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Figure2-3 Forelimbs and pectoral region Bbntosaurus ribagustgiHPM 10807) A, photograph of left forelimb
and girdle;B, interpretive drawing of AC, photograph of right forelimb and girdl®; interpretive drawing of C.
Shaded areas represent cartilaginous remAbitseviations: co, coracoidep, epiphysis;h, humerusijnt,
intermediumy, radius ra, radiale;sg scapulau, ulna;ul, ulnare2-5, distal carpalsi-v, metacarpalsScale bes
equal 5 nm.

guite long, and projects posteriorly. The coracoid margin is broken bilaterally, but is slightly
more complete on the right side. It appears to be roughigtfaped as i€oniasaurusand
HaasiasaurugCaldwell, 1999a; Polcyn et al., 1999) coracoid forameiis identifiable on the
left side, though the presence of an anterior emaigmaannot be confirmed. | cannot

reasonably identify any clavicle or interclavicles.

Cartilage preserved anterior and medial to the coracoid on the right side is interpreted as
the supracoracoid cartilage. Fragments of the sternal cartilage are ddobasween the dorsal

ribs 1-4 on the left side, along with fragments of probable bronchial cartilages.

Overall, the pectoral girdle is relatively small and gracile, corresponding to the reduction

of the forelimbs.
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Humerusd Both left and right humerira preserved in dorsal view. The right humerus
suffered less breakage and better preserves anatomical details. The humerus is expanded at both
ends, costricted at migshaft andsmall foughly two vertebrae longtypical of a dolichosaur
Thick epiphyses are present on both proximal and distal heemsmally, the lgeral tuberclas
quite large, and there is a crest for the attachment of the deltoid muscle. Distally, as in
Pontosaurus lesinensédP. kornhuberj the capitulum and tridea appear flattened and
reduced. The distal epiphysis bears a bulbous expansion over the capitulum that articulates with

the radius.

Radius and ulnad The epipodials are not well preserved on either side: on the right,
they appeadissolvedaway midshat, leaving only fragments of the distal and proximal ends;
the left side is more complete, but the manus has beendlgyeg, dislocating and crossing the
ulna over the radius. The left foreli@tstill in articulation though medially crushédshows
that te radius and ulna are in close proximity proximally where they articulate with the
humerus. Distally, they were most likely divergent, as evidenced by the position of the right
carpal elements, resulting in a wide antebrachial spaceRainsaurus kormuberi(Caldwell,
2006) This is common to most mosasaurdigsissell, 1967; Caldwell et al., 19%)d
dolichosaurs (e.gAdriosaurus suessi,ee and Caldwell, 200@ndcontribued to the formation

of a wide, flat forearm.

The radius is simple and réidte, with a squared off proximal end, and an exjza) flat
distal end. Medially, it is concave, and laterally it is fairly straight. Overall, it is extremely

similar in shape t®ontosaurus kornhube(Caldwell, 2006)
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The ulna is broaddghan the radius, but a similar length. It is thickened proximally and
distally, and is constricted along the shaft. The proximal expansion is greatdrisgmolssible to
identify the remains of the olecranon process on the proximal end of the lefumivag around
the humerus, very similar in shapeAdriosaurus skrbinensi€aldwell and Palci, 2010Yhe

distal epiphysis is well developed and articulates with the ulnare.

Carpalsd The crushed and dislocated nature of the right manus prohibits meaningful
interpretation, but the majority of the left wrist is better preserved. There are four carpal elements
presrved in each of the proximal and distal rows. The ulnare, intermeproximal centrale,
and radiale make up the proximal row, and distal catpalshrough fiveare inthe distal row.
There is no identifiable pisiform element, which is not unexpegtezh the poor preservation of
the fifth digit. The ulnare is large and laterally contacts a small intermedium, which is in turn
contactingalargecentrale. Small fragments of the radiale are preserved lateral to the centrale.
The remnants of the radiadee one of the few identifiable carpal elements in the right limb, and
based on this, the radiale was quite laagd sub rectangular. Below these four elements are
carpals two through five. The third and fourth are still in articulation with their regpect
metacarpals, while metacarpals two and five have been taphonomically disturbed. Like other
dolichosaurs, carpal four is the largest, followed by carpals three, five and two. Overall the
carpal morphology of all thrde@ontosauruspecies is similafPierce and Caldwell, 2004;
Caldwell, 2006)flattened and dtally enlarged, which may haveqventednrist mobility,

especially pronatian

Metacarpalsd Though it is possible to tentatively identify metacarpals in the right
manus, it is the left manus that best preserves them. All five are present. Howevett, diné firs

fifth are mostly broken away, leaving fragments and impressions. The third metacarpal is the

129



longest (roughly the length of the pand epipodials combined), followed by the fourth, and
second. The first and fifth appear shorter than the resthémtexact lengths are uncertain. The
three preserved metacarpals are elongate and straight, expanded at the ends, and constricted
midshaft. Metacarpals two, three and four articulate with their respective distal carpals, and it
appears that metacarpaldimay have articulated with distal carpal five and the ulnare, but this

could be taphonomidisplacement

Phalange® The phalanges are mostly preserved, with the distal ends of digit one, two,
four, and five preserved as natural moulds. The phalangealimappears to be 24-5-3,
which is primitive for lepidosaur@Carroll, 1988) Like other dolichosaurPpntosaurus
lesinensisPierce and Caldwell, 200£0ntosaurukornhuberj Caldwell, 2006 Adriosaurus,
Palci, 2007)the longest digit is the fourth, then the third, second, fifth and first. The length of
the digits relative to each otherassentially the same lengthtaghe othePontosauruspecis
(pers. obs.). The phaiges are hourglastaped and typical of other dolichosaurs. The small
terminal unguals are poorly preserved, but appear-iik@and pointed, with a wetleveloped

ventral tubercle.

Pelvic girdled Only the left half of the pelvic girdle is exposed ie gpecimen, the right
being presumably hidden under the body. Only the ilium is well preserved. The other elements
are obscured by a break in the limestone slab, which passes through the first sacral vertebrae, the

ischium, and the pubi&igure 4)

The lium is extremely elongate through the posterior superior iliac crest, which
articulates with the two sacral ribs and contacts the pygal vertebra. Anteriorly, the element

expands to meet the ischium and pubis before narrowing and hooking ventrally into the
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preacetabular iliac process, which is much more elongate than skete@saurus tommasinii
(Palci and Caldwell, 2L0) or Adriosaurus suesglLee and Caldwell, 2000)ike Pontosaurus
kornhuberi(Caldwell, 2006)andDolichosaurus longicois (Caldwell, 2000) A small

anterodorsal process is visible just above the acetabular depression

Figure2-4 Hindlimbs and pelvic region dfontosaurusibaguster(HPM 10807) A, photograp showing left and
right hindlimbs, pelvic region, posterior dorsal and anterior caudal vertdbragerpretive drawing of (A). Grey
lines indicate impression8bbreviations: a, astragalus;a, calcaneumgau, caudal vertebraep, epiphysisfe,
femur;il, ilium; ics, ischium;lf, left fibula; It, left tibia; pu, pubis;pyg pygal vertebrarf, right fibula;rt, right tibia;
sp, sacral process:v, metatarsals 1 to 5.

The large, robust pubis is broken, but the general hastiagte typical of dolichasirs is

visible. The proximal head of the element is mostly present, preserving the pubic foramen and
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