
Examensarbete vid Institutionen för geovetenskaper 
ISSN 1650-6553 Nr 305 

 

 

Neck mobility, grazing habits, and 
 intraspecific combat behaviour 
 in the giant pleistocene horned 

 turtle Meiolania platyceps 
 

 

Andréas Jannel 

 

 

 

 

 

 

 

 

 

 

INSTITUTIONEN FÖR 
GEOVETENSKAPER  



 

  



Examensarbete vid Institutionen för geovetenskaper 
ISSN 1650-6553 Nr 305 

 

 

Neck mobility, grazing habits, and 
 intraspecific combat behaviour 
 in the giant pleistocene horned 

 turtle Meiolania platyceps 
 

 

Andréas Jannel 

 

 

 

 

 

 

 

 

 

Supervisors: Benjamin Kear and Stephen Poropat 
2015 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Andréas Jannel and the Department of Earth Sciences Uppsala University 
Published at Department of Earth Sciences, Uppsala University, Uppsala, 2015 
www.diva-portal.org        www.geo.uu.se 



	   2 

Abstract 
Meiolania platyceps is the stratigraphically youngest, and osteologically best-known members 

of the enigmatic Paleogene-Holocene testudinatan clade Meiolaniidae. This study generated digital 

reconstructions of intervertebral mobility using the complete cervical series of M. platyceps as a 

functional model for inferring feeding habits in giant meiolaniid taxa. A combined photogrammetric 

and CT data approach was used to compile surface meshes for each individual vertebra, which were 

then scaled, articulated, and animated to visualise maximal movement through segments radiating 

from the dorsoventral and mediolateral planes. The results show that M. platyceps was incapable of 

any kind of neck retraction, which is not surprising given the massive skull and prong-like squamosal 

horns. In addition, impeded dorsal flexibility via the vertebral processes and projecting anterior margin 

of the carapace suggests that browsing would have been difficult. Indeed, the neck of M. platyceps 

was best capable of downward mobility allowing the skull to tilt forward. This presumably brought the 

muzzle into a grazing position and allowed the animal to feed upon low growing herbaceous 

vegetation, ferns and palm fruits. Because of the insularity and the skull configuration of this aberrant 

turtle, an intraspecific combat behaviour has also been suggested in the reconstruction of the lifestyle 

of M. platyceps. 

Keywords: Testudinata, neck retraction, cervical vertebrae, Photogrammetry, 3D modelling. 

 

Meiolania platyceps est l’un des derniers et mieux connus membre de l’énigmatique clade des 

Meiolaniidae de la période du Paléogène-Holocène. Notre étude fut de générer des reconstructions 

digitales de la mobilité intervertébrale en utilisant la série complète de cervicales de M. platyceps en 

tant que modèle fonctionnel afin d’inférer le comportement alimentaires du taxon des meiolanides. 

Une combinaison de données photogrammétriques et de scannes fut utilisée afin de compiler des 

surfaces en 3D pour chaque vertèbre, mises à l’échelle, articulées et animées afin de visualiser les 

mouvements optimaux selon les plans dorsoventral et mediolateral. Les résultats montrent nettement 

que M. platyceps était incapable de rétracter son cou, ce qui n’est pas surprenant considérant sa tête 

massive et ses impressionnantes cornes. Qui plus est, la flexibilité dorsale, entravée par les apophyses 

vertébrales et la marge antérieure de la carapace, suggère que le « browsing » aurait été difficile. En 

effet, le cou de M. platyceps était mieux à même d’une mobilité ventrale permettant au crâne de 

basculer vers l'avant. Ce qui aurait entraîné le museau dans une position de « grazing » et aurait permis 

à l’animal de se nourrir de végétation herbacée, de fougères et de fruits de palmiers. En raison de 

l'insularité et de la configuration du crâne de cette tortue aberrante, un comportement de combat 

intraspécifique a également été suggéré dans la reconstruction de la vie de M. platyceps. 

Mots Clés: Testudinata, retraction du cou, vertèbres cervicales, Photogrammétrie, 

Modélisation 3D.  
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Populärvetenskaplig sammanfattning 
 

Meiolania platyceps, en stor behornad sköldpadda som levde under Pleistocen, är en av de 

yngsta och osteologiskt mest välkända medlemmarna av den enigmatiska Paleogen-Holocena gruppen 

av testudinata sköldpaddor, dit familjen Meiolaniidae hör. Genom att digitalt rekonstruera exemplarets 

kompletta nacke, inklusive samtliga halsryggens kotor, kunde artens matvanor såväl som dess 

potentiella stridsbeteende mellan individer inom arten beskrivas. De individuella kotorna fogades 

samman genom att kombinera fotogrammetri med CT-data, och efter att ha justerat deras respektive 

storlekar samt artikulerat dem kunde kotornas maximala rörelsevidd animeras såväl dorsoventralt som 

mediolateralt. Den mjukvaran som användes för detta var framförallt 3D Studio Max, dock i mindre 

utsträckning även Agisoft Photoscan Geomagic. Resultatet från de 3D-modeller som genererats i 

denna undersökning stöder hypotesen att M. platyceps saknade förmågan att dra in dess huvud och 

hals i skalet, vilket inte är helt överraskande med tanke på dess massiva skalle och utstickande 

squamosala horn. Skillnaden i hur nacken böjs ventralt jämfört med dorsalt tyder dock på att denna 

sköldpaddas betningstekniker varit desto mer utvecklade, särskilt eftersom vegetationen under denna 

tid bestod till största delen av palmer. Skallens position och konfiguration hos detta märkliga djur ger 

ytterligare information om artens beteende, och det verkar som att intraspecifika slagsmål kan ha 

förekommit hos M. platyceps. 

 

Keywords: Testudinata, hals indragning, halskotor, fotogrammetri, 3D-modellering.
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1. Introduction 
	  
 The order of Testudinata, named by Linnaeus in 1758, is probably the most enigmatic group 

within Amniota. Their origin, phylogenetic position within Amniota and their evolutionary history 

remain unclear, especially due to conflicting evidence provided by molecular and morphological 

studies (Zardoya & Meyer, 2001; Hugall et al., 2007; Chiari et al., 2012; Field et al., 2014). The 

origin of turtles remains a controversial and delicate debate. Three currently viable hypotheses are 

retained: (1) the first one suggested that Turtles could be sister group of Diapsida (clade composed of 

both Lepidosauria and Archosauria clade), (2) or could be sister clade of Lepidosauria, including 

Lizard and Tuatara clade, (3) or in the other hand, sister clade of Archosauria, composed of crocodile-

birds clade. Lyson et al. (2010), using both morphological and molecular studies, place Testudinata 

outside Diapsida. However, the most recent phylogenies propose that Testudinata could be the sister 

group of Archosauria, which encompasses the common ancestor of birds, crocodilians, and all its 

descendants (Fong et al., 2012; Field et al., 2014). Resolving this issue is further complicated by the 

fact that testudinatans are structurally derived from their earliest appearance in the fossil record 

(Odontochelys Li et al., 2008, 220 Myr).  

Members of the testudinatan clade are readily identifiable because of their ossified shell and 

typically edentulous maxilla and premaxilla, although the oldest testudinatans such as, Odontochelys 

Li et al., 2008 retain a palatal dentition. Furthermore, specialized adaptation of the neck (and tail) to 

retract within the shell for protection is remarkable. Yet, relatively few studies have focused on this 

structure, at least from an evolutionary point of view (Gaffney, 1975, 1985; Werneburg et al., 2014). 

This seems surprising given that the seminal taxonomy of Cope (1868) divided the modern order 

Testudinata into two suborders based on their particular method of neck retraction:  Pleurodira (side-

necked), including turtles with neck retraction in the horizontal plane; and Cryptodira (hidden-

necked), containing taxa that employ vertical retraction. Some authors have expanded upon this 

observation with fossils, to suggest that the most basal turtles were not able to retract their neck 

because of the morphology of the cervical vertebrae (Williams, 1950; Gaffney, 1990; Sterli and de la 

Fuente, 2011a). However, these assumptions have not been widely tested, the only exception being 

Werneburg et al. (2014), who inferred a unique mode of neck mobility in the second oldest turtle 

Proganochelys quenstedti Baur, 1887, which was able to tuck its head below the shell in a 

cryptodiran-like neck retraction.  

Meiolaniids are phylogenetically critical because of their contentious evolutionary placement as 

either the earliest cryptodires, or the sister clade to crown Testudinata; the latter rendering them the 

latest-surviving stem testudinatans. In addition, their distinctive anatomy, including unusual cranial 

(and caudal) armour, would have impacted on both their neck retraction and possible behaviour (Sterli 

and de la Fuente, 2011a). This study therefore focuses upon the most completely known meiolaniid 



	   2 

taxon, Meiolania platyceps Owen 1886 from the Pleistocene of Lord Howe Island in the south Pacific, 

for the purpose of reconstructing its neck mobility, potential evolutionary significance of its neck 

retraction mechanism, and apparent ecomorphological convergence as a Gondwanan analogue of 

northern hemisphere giant island tortoises. 

 

2. Aim 
	  

The purpose of the present paper is to test the biomechanical properties of the articulated cervical 

series of the most recent, and best-preserved meiolaniid turtle, Meiolania platyceps, from Lord Howe 

Island in the South Pacific. Digital surface models of each cervical vertebra, and several skulls were 

generated to reconstruct the range of motion possible at each intervertebral joint, and thus overall neck 

flexibility. These manipulations were subsequently used to discuss both feeding movements and 

potential use of the cranial horns for intraspecific combat. 

	  

3.  Background 

3.1.  Discovery history of Meiolania 
	  

Meiolaniidae was a group of bizarre horned turtles known from the Eocene until Holocene 

(Sterli and de la Fuente, 2011b, White et al., 2010) and exclusively in the Southern Hemisphere 

(Woodward, 1901; Gaffney, 1983, 1996; Sterli and de la Fuente, 2012). Their distinctive large horns, 

formed by the squamosal and supraoccipital, and characteristic tails clubs render them 

morphologically aberrant. At present, the Family Meiolaniidae Lydekker, 1887 includes four genera: 

Meiolania; Niolamia Ameghino, 1899 (including Crossochelys Simpson, 1938 [sensu Gaffney, 1996; 

Sterli and de la Fuente, 2011b]); Ninjemys oweni (Smith Woodward, 1888); and Warkalania Gaffney 

et al., 1992.   

Dr. John Foulis, an island resident, was the first to find Meiolania fossils on Lord Howe Island. 

Shortly afterwards, he sent the first specimen of Meiolania platyceps to the Australian Museum, 

Sydney in 1844. The genus Meiolania currently contains four species: the well-known Pleistocene 

Meiolania platyceps Owen, 1886, the only species known from Lord Howe Island (Meiolania minor 

Owen, 1886 is considered a junior synonym, Smith Woodward, 1888, Gaffney, 1996); Meiolania 

mackayi Anderson, 1925 from the Miocene of the Walpole Island (Southeast New Caledonia); 

Meiolania brevicollis Megirian, 1992 from the Miocene of Australia; and Meiolania damelipi White et 

al., 2010, from the Holocene of Vanuatu.  
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The phylogenetic placement of Meiolaniidae is extremely controversial. Historically, 

meiolaniids were first thought to be lizards (Owen, 1881) because of similarities in the skull to the 

Australian Thorny Devil (genus Moloch), or the armoured tail to the Somalian Princely Mastigure 

(genus Uromastyx). Others, however, later identified them as cryptodiran turtles (Huxley, 1887, who 

also wanted to rename Meiolania platyceps as Ceratochelys sthenurus), or pleurodirans (Boulenger, 

1887), or even members of the "Amphichelydia" (which included later Mesozoic turtles: Anderson, 

1925; Simpson, 1938). In his comprehensive study, Gaffney (1975) finally proposed that the 

Meiolaniidae belonged within Cryptodira, yet this placement has come under scrutiny, especially with 

Figure	  1.	   	  Simplified	  reduced	  consensus	   tree	  showing	  the	  recent	  clade	  of	  Meiolaniformes	  (Modified	  and	  adapted	  after	  Sterli	  et	  al.,	  2013).	  
Pointers	   show	   the	   alternative	   position	   for	  Patagoniaemys	   gasparinae.	   Black	   circle:	   synapomorphy	   based	   definition.	   Brown	   circle:	   stem-‐
based	  definition.	  Orange:	  Earliest	  known	  turtles.	  Yellow: Pantestudines	  refers	  to	  the	  panstem	  that	  includes	  crown	  Testudines.	  Red:	  Sister	  
taxon	  to	  others	  Meiolaniformes.	  Green:	  Clade	  of	  Meiolaniidae.	  Locations	  where	  fossils	  were	  found	  are	  illustrated	  on	  the	  right	  of	  the	  species	  
name.	  The	  illustrated	  skulls	  are	  connected	  via	   lines	  to	  their	  specific	  names.	  The	  palaeogeography	  from	  the	  Late	  Triassic	  to	  the	  Pleistocene	  
are	  also	  illustrate	  beneath	  the	  figure	  (Modified	  and	  adapted,	  after	  Sterli	  and	  de	  la	  Fuente,	  2012).	  The	  paleogeographic	  maps	  come	  from	  Ron	  
Blakey,	   NAU	   Geology,	   for	   educational,	   non-‐profit,	   non-‐commercial	   purposes.	   Early	   Cretaceous:	   Chubutemys	   copelloi	   (Argentina)	   and	  
Otwayemys	   cunicularius	   (Australia).	   Upper	   Cretaceous:	   Patagoniameys	   gasparinae	   (Argentina),	   Kallokibotion	   bajazidi	   (Europe)	   and	  
Mongolochelys	  efremovi	  (Asia).	  Palaeocene:	  Peligrochelys	  walshae	  (Argentina).	  Eocene:	  Niolamia	  argentina	  (Argentina).	  Oligocene-‐Miocene:	  
Warkalania	  carinaminor	  and	  Meiolania	  brevicollis	  (Australia).	  Pleistocene-‐Holocene:	  Ninjemys	  oweni,	  Meiolania	  platyceps,	  Meiolania	  mackayi	  
and	  Meiolania	  damelipi	  (Australia	  and	  surrounding	  islands).	  
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the discovery of putative meiolaniid sister taxa including Chubutemys copelloi Gaffney, Rich, 

Vickers-Rich, Constantine, Vacca and Kool, 2007 from the Lower Cretaceous of Argentina, which has 

been used to argue for an earliest affinity with stem testudinatans (Sterli et al., 2013). Indeed, the most 

recent reviews of phylogenetic interrelationships amongst initial turtles by Joyce (2007) and Anquetin 

(2012) have instead suggested that Mongolochelys efremovi Khosatzky, 1997 from the Cretaceous of 

Mongolia is the most relative sister taxa of Meiolaniidae. However, it has been noted that only few 

taxa close to Meiolaniidae were incorporated into these datasets (Sterli and de la Fuente, 2011a). 

Consequently, Sterli and de la Fuente (2012) erected a new clade, Meiolaniformes to include taxa 

more related to M. platyceps than to Cryptodira and/or Pleurodira, such as Ch. copelloi; Mo. efremovi; 

Otwayemys cunicularius Gaffney, Kool, Brinkman, Rich and Vickers-Rich, 1998 (Early Cretaceous of 

Australia); Kallokibotion bajazidi Nopcsa, 1923 (Late Cretaceous of Europe); Patagoniaemys 

gasparinae Sterli and de la Fuente, 2011a (Late Cretaceous of Argentina); and Peligrochelys walshae 

Sterli and de la Fuente 2012 (Palaeocene of Argentina). Based on these works, Ch. copelloi represents 

the sister clade of all the others meiolaniform clade (Fig. 1), which achieved a near global distribution 

during the Late Cretaceous. Most significantly, Meiolaniiformes is returned outside of crown 

Testudines (Sterli et al., 2013).  

 

3.2.  Lord Howe Island and Meiolania platyceps 
	  
	  
 Lord Howe Island (Abbreviation: LHI: 31°33’S, 159°05’E) is a small volcanic rise in the 

Tasman Sea, and is about 10km in length from N to S and 1.5km wide from W to E, with a surface 

area of approximately 12km2 (Fig. 3a). The island is located in the South Pacific Ocean, about 600km 

off the east coast of Australia (Fig. 3). The British Navy discovered LHI on February 17, 1788 and no 

traces of any human populations were ever found (Anderson, 2003). It was not settled until 1834 and 

its present population numbers around 300 residents with up to 400 tourists visiting depending on the 

time of year (Hutton et al., 2006). Topographically, the southern part of the island comprises two 

volcanic mounts: Mt. Gower (866m) and Mt. Lidgbird (765m). The North of the Island does not 

exceed 210m in height (Fig. 3a). Many smaller islands can also be found around the main landmass, 

including the famous Ball’s Pyramid (Fig. 3b), which represents the tallest volcanic stack in the world. 

 

3.2.1. Geological Background 

	  
 The geology of LHI comprises volcanic rocks and aeolianites (carbonates deposited by 

aeolian processes: Etheridge, 1889a). The Island was formed as a result of Miocene volcanic activity 

approximately 6.4-6.9 million years (Myr) ago (McDougall et al., 1981). The western margin of Lord 
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Howe Rise produced a volcanic pedestal, upon which LHI rests. Thus, two thirds of the Island is 

composed of volcanic rocks, including the caldera Ball's Pyramid which lies 20km southeast of LHI. 

McDougall et al. (1981) suggest that the Lord Howe Island volcano had a period of activity less than 1 

Myr, which corresponds well to the active period of the majority of the Pacific oceanic vulcanism 

(McDougall & Duncan, 1980). On the other hand, the remaining northern third of LHI is composed of 

Quaternary aeolian calcarenites. These deposits have proved a rich source of fossils that represent a 

subtropical to temperate fauna of foraminifera, bryozoans, snails, birds, and especially the extinct 

Pleistocene turtle, Meiolania platyceps (Gaffney, 1981; Brooke et al., 2003; Fig. 1a-b). All of the 

localities known to produce Meiolania remains are situated in the northern part of LHI around Ned’s 

Beach. During the Pleistocene, several periods of relatively high sea level would have facilitated 

aeolianite deposition on LHI (Brooke et al., 2003). Consequently, it is probable that the Meiolania 

specimens found in Ned’s Beach were buried when sea level was nearly the same as it is now 

(Gaffney, 1983). In addition, although dating of the Ned’s Beach calcarenites remains unclear, the 

stable tectonic state of LHI from 6.4 Myr would likely not have affected the eolian deposits. Thus, the 

Meiolania-bearing beach sands can be correlated with the Pleistocene eolianites chronology, which 

suggests that LHI was possibly first colonised by Meiolania platyceps around 100,000-120,000 years 

ago (Gaffney, 1983).  

Meiolania was a terrestrial herbivorous reptile. This genus equalled many giant island 

tortoises in size and other meiolaniids in the same range. The method of colonisation of the islands of 

the Pacific by these giant turtles remains unknown. Presumably, as observed in extant tortoises 

(Gerlach et al., 2006), Meiolania could have floated or been carried on driftwood across open ocean to 

random islands. 

 

	  
	  

	  

 

Figure	   2.	   (a)	   Upper:	   the	   excavation	  of	   a	   swimming	   pool	   in	  1971	  when	   an	   incomplete	   and	  disarticulated	   skeleton	   of	  
Meiolania	  platyceps	  was	  discovered.	  The	  geology	  was	  composed	  of	  calcarenite	  that	  was	  partially	  unconsolidated.	  View	  is	  
approximately	   toward	   northeast.	   (b)	   Lower:	  Meiolania	   platyceps,	   AMF	   57984,	   skull	   and	   anterior	  margin	   of	   carapace	  
soon	  after	  discovery	  in	  the	  pool	  excavation.	  Specimen	  does	  not	  appear	  to	  be	  in	  place	  although	  it	  may	  have	  been	  returned	  
to	  the	  spot	  where	  it	  was	  found	  for	   the	  photograph.	   In	  addition	   to	   the	  skull	  and	  jaws,	   large	  parts	  of	  the	  shell,	   cervicals,	  
both	   right	   limbs,	   and	  other	   elements	   belonging	   to	   the	   specimen	  were	   found,	  making	   it	   the	  most	   complete Meiolania	  
skeleton	  known	  to	  date.	  Both	  photos	  courtesy	  of	  Mr.	  James	  Dorman,	  Curator,	  Lord	  Howe	  Island	  Museum.	  (Modified	  and	  
adapted,	  after	  Gaffney,	  1983). 
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3.2.2. Biological Background 

	  
The unique geographical and climatic setting of Lord Howe Island has facilitated the radiation 

of an endemic flora and fauna. Indeed, LHI was placed on the UNESCO World Heritage Site list in 

1982, with the surrounding seas declared a Marine Park in 2000.  

 

3.2.2.1. Flora 

 

Oliver (1917) reported that LHI was originally covered by evergreen forest (especially palm 

trees), including scrub, grassland and sedgeland (Pickard, 1984). The early evolution of the LHI 

vegetation was indubitably influenced by the climate, which was reportedly relatively mild 

(Paramonov, 1958). Today, the flora is composed of 241 species in 87 families, with almost half of the 

entire flora (44%) endemic to the island (Hutton et al., 2006). Most famously, four species of palm, 

Figure	  3.	  Illustrations	  of	  a	  global	  view	  of	  Lord	  Howe	  Island	  (Geography;	  Geology;	  Palaeontology;	  Biology:	  including	  Flore	  and	  Fauna;	  and	  	  	  	  	  
Topography).	  Red	  pointer	  shows	  the	  exact	  location	  of	  the	  Island	  in	  the	  Pacific	  ocean	  (31°33’S,	  159°05’E).	  Earth	  image	  derived	  from	  Google	  
Earth	  (2014):	  Image	  Landsat	  of	  US	  Dept	  of	  State	  Geographer;	  Data:	  SIO,	  NOAA,	  U.S.	  Navy,	  NGA,	  GEBCO.	  (a)	  Upper:	  Aerial	  view	  of	  the	  entire	  
island,	  including	  two	  volcanic	  mounts:	  Mt.	  Gower	  (866m)	  and	  Mt.	  Lidgbird	  (765m)	  in	  the	  Southern	  part.	  View	  is	  approximately	  northeast-‐	  
southwest	  (credit	  to	  http://www.lordhoweisland.info)	   (b)	  Lower:	  Ball’s	  Pyramid:	  small	   island	  situated	  to	   the	  South	  of	  Lord	  Howe	  Island,	  
which	   represents	   the	   tallest	   volcanic	   stack	   in	   the	   world.	   View	   is	   approximately	   southeast-‐northwest	   (credit	   to	  
http://www.lordhoweisland.info)	   (c)	   Picture	   of	   the	   vegetation	   of	   Lord	   Howe	   Island,	   including	   the	   endemic	   genus	   Howea,	   Pandanus,	  
Rapanea,	  Clinostigma,	  Cyathea,	  Acicalyptus.	  (Determined	   thanks	   to	   the	  picture,	   the	  reports	  must	   be	   interpreted	   very	   cautiously;	   credit	   to	  
Lord	  Howe	  Island	  Tourist	  Association).	  View	  is	  approximately	  toward	  north.	  (d)	  Gallirallus	  sylvestris:	  most	  famous	  “living”	  endemic	  specie,	  
after	  M.	  platyceps,	   of	   Lord	   Howe	   Island,	   also	   called	   the	   “Lord	   Howe	  Woodhen”	   (credit	   to	   http://www.lordhoweisland.info).	   Beneath	   the	  
pictures,	  a	  view	  topographic	  of	  Lord	  Howe	  Island	  from	  North	  to	  South	  (after	  Ramsay,	  1889).	  	  
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including the well-known genus Howea, which forms more than 70% of the island’s current 

vegetation (Savolainen et al., 2006, Fig. 3c). The remaining plants are most similar to those of Norfolk 

Island (North-East from LHI, 29°03’S, 167°95’E), the two landmasses sharing several regional 

species. In the absence of large animals, the vegetation seems to have only partially adapted to their 

influence. The introduction of goats, mice, cats, and other animals by human settlers has therefore 

triggered considerable ecosystem disruption, although, the rate of species loss has been considerably 

less than the corresponding fauna (Recher and Clark, 1974; Dodson, 1982; Hutton et al., 2006; 

Wilkinson and Priddel, 2011).  

3.2.2.2. Fauna 

	  
Recher & Clark (1974) listed a diversity of invertebrates including ~50% endemic species. At 

present, the vertebrate assemblage comprises mainly birds, fishes, two terrestrial reptiles, and two 

species of bat (Etheridge, 1889b, Paramonov, 1958). A large number of marine turtles nesting on the 

island were reported in early accounts (Etheridge, 1889b). Many recommendations were made in order 

to ensure the preservation of the remaining natural biocoenosis (Recher & Clark, 1974; Hutton et al., 

2006). The most famous endemic species of the Island is Gallirallus sylvestris Sclater, 1869 the “Lord 

Howe Woodhen” (Fig. 3d). Only bird (such as Puffinus Brisson, 1760; Pelagodroma Reichenbach, 

1853; probably a penguin Eudyptula Bonaparte, 1856; Pterodroma Bonaparte, 1856) and Meiolania 

fossils have been found, which probably correlates with the limited exposures of fossiliferous 

sediments on the Island. 

 

4. Materials & Methods 

4.1.  Fossil specimens 
	  

All of the Meiolania platyceps specimens used in this study are held in the Australian Museum, 

Sydney (AMF).  Eight associated cervical vertebrae were selected from AMF 57984 (Fig. 4), an 

incomplete skeleton found disarticulated in 1971 during excavations for a swimming pool (Gaffney, 

1983). These vertebrae are well preserved, including complete centra and zygapophyses (except for 

the right section of the cervical VIII neural arch). Two skulls, AMF 81965 and MMF 13825 (Mining 

Museum, Sydney: MMF; but held now at Geological Survey of New South Wales, Londonderry, New 

South Wales, Australia) from different individuals were also used. Only MMF 13825 was CT scanned 

at the University Veterinary Centre in Sydney. These provided examples of the occipital-cervical 

articulation and the cranial roof respectively. Diagenetic effects such as erosion or deformation were 

negligible on all specimens.   
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Figure 4. 3-D models of the eight cervical vertebrae of Meiolania platyceps AMF 57984, indicated on the left side of the figure, 
respectively in anterior, posterior, left, right, dorsal and ventral view (Modified and adapted). Scale = 5 cm. 
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4.2.  Cervical Vertebrae Osteology 
	  
 The complete osteology of the cervical vertebrae has been described previously from AMF 

57984 by Gaffney (1985). The resulting osteological terminology is outlined in  

Figure 5.  

 

 

4.3.  Photogrammetry 
	  

Several different software packages were used in order to reconstruct the neck of Meiolania 

platyceps in three dimensions. Photogrammetry utilized images of each cervical taken from multiple 

angles in two separate sessions per vertebra (one with the anterior surface down, the other with the 

posterior down using a Nikon D90 with an AF-S Nikkor 18-105mm lens, and a Canon IXUS 220 HS). 

As described by Falkingham (2012), the number of photographs necessary to render a 3D model 

varies according to the complexity of the specimen and to the required resolution of the digital model; 

in our case, an average of seventy photographs per vertebra was taken. Afterwards, reconstruction of a 

surface model of each element was achieved using AgiSoft PhotoScan. Several meshes were repaired 

in GeoMagic Studio 2012. In particular, the non-preserved left atlanteal neurapophysis was 

reconstructed by mirroring the right one. The elements were rearticulated in 3D Studio Max, and the 

finals 3D models exported as three-dimensional PDFs from GeoMagic Studio 2012.  

 

 

Figure 5. Drawing showing morphologic features of the 7th cervical of Meiolania platyceps AMF 57984 (Modified and adapted, after 
Gaffney, 1985). (A) Anterior view. (B) Left Lateral view. (C) Dorsal view. Scale  = 2,5 cm. 



	   10 

4.4.  Measurements  
 

In order to improve the accuracy of measurements, pictures were taken within the 3-D Studio Max 

2014 version software using the “Capture Still Image“ tool. Different methods were performed to 

determine the more realistic range of motion. First, each was imported in Adobe Illustrator Artwork 

15.0 as a *.tiff file to perform the measurements at each joint. In this process, points and lines were 

settled at specific and identical positions for all pictures, following the method employed by 

Werneburg et al. (2014). Lateral views were used to illustrate the neutral and maximum dorsal and 

ventral movements, while a dorsal view was used for the lateral range of motion (neutral, left, right; 

Fig. 6). Choice of the “neutral” position followed Stevens and Parrish (1999), more recently applied 

by Stevens et al. (2013). These studies defined the osteologically neutral pose (ONP) as the 

undeflected state of an intervertebral joint (Fig. 6A); however, it must be noted that ONP does not 

necessarily reflect the habitual life pose (Taylor et al., 2009). Consequently, the neutral articulation 

was constrained by centring of the pre- and postzygapophyses with the centra. Measurements in lateral 

view were obtained using the ventral lines of the centra,  whereas in dorsal or ventral view the midline 

Figure 6. Definitions of angle measurements (raw mobility). (A–E) Definition of angles exemplified by the Joint IV between 
the 4th and 5th cervical vertebrae of Meiolania platyceps AMF 57984. Angles between vertebrae were measured along the ventral 
border of the centrals in lateral view and along the neural spines in dorsal view, using points and lines settled at specific and 
identical positions for all pictures. Angles between vertebrae in respectively: (A) ONP: osteological neutral pose. (B) Maximum 
dorsiflexion. (C) Maximum ventriflexion. (D) Maximum left lateral flexion. (E) Maximum right lateral flexion. Scale  = 2,5 cm. 
Supplemental material of the other joints are presented in Appendix in the supporting information part.  
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of the neural spine was the reference point (Fig. 6). To obtain the angle in both motion (lateral and 

dorsoventral), a simple rotation of the line was undertaken until achievement of alignment to within 

0.1° (Fig. 6A-E). However, an uncertainty estimates of at least 1°, even more, can be assumed given 

the cartilaginous intervertebral pads. Indeed, according to Taylor et al. (2013), restoring the missing 

cartilage to fossil vertebrae would raise the range of mobility. In that case, their presence would infer 

an underestimate of the true ranges of motion.  

 

4.5.  Animations  
	  

The polymesh cervicals were imported into 3D Studio Max 2014 version as *.obj files and the 

neck and skull digitally articulated (Fig. 7A-C, supplementary material). The mobility between the 

eighth cervical vertebrae (CV8) and the first dorsal vertebrae (DV1) was not modelled, since DV1 was 

firmly adhered of the internal surface of the carapace and thus was immobile.  As mentioned by 

Werneburg et al. (2014), the mobility between CV8 and DV1 vertebrae shows implausible results for 

dorsoventral mobility because this joint is structurally different in earliest turtles relative to all extant 

turtles. As such, CV8 was considered to be a fixed point. Note though that this does not imply that 

mobility was impossible. Indeed, CV8 was not fixed to the shell in Meiolania platyceps, suggesting 

that slight movement could have occurred. Specific tools were used to create the more ‘life-like’ 

animation. Pivots were located at the middle end of the posterior articular surface of each cervical 

centrum (Fig. 7D) to allow articulation. Each cervical joint was therefore treated as a linked system 

because of the sharing of a common pivot point (Fig. 7E). Rendering textures were applied for 

aesthetic visualisation. The linked elements of the neck and skull system were manipulated to produce 

the desired movement. In order to export the animation as a *.avi file, render files were initially 

created as *.tga files. Subsequently, the generated files were imported into the 3DS Max RAM player 

to save the animation. Specific adjustments were made to improve the short animation, such as the 

speed, brightness, reflections, etc. For easier manipulation, cameras were generated (Fig. 7F) with the  

“Path constraint” tool to construct geometric elements and maintain stable motion. A script was also 

created in order to handle several cameras at the same time (Supplementary material from Movie S1 to 

Movie S12). 
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5. Results 
	  

The neck of Meiolania platyceps (AMF 57984) consists of eight cervical vertebrae, designated 

CV1 to CV8 from the atlas to the most posterior cervical, respectively. Following the joint notation of 

Williams (1950), the Walther's formula of the cervical series of M. platyceps could be expressed as:  

Figure 7. (A-C) 3-D Reconstruction of the entire neck of Meiolania platyceps including the eight cervical vertebrae of 
the specimen AMF 57984 and the almost complete skull of the specimen AMF 81965, articulated in 3D Studio Max 
2014 version. Initial reconstruction in ONP: osteological neutral pose, defined by the undeflected state of an 
intervertebral joint. (A) Lateral view. (B) Top view. (C) Bottom view. (D) Illustration of the pivot point at the middle 
end of the posterior articular surface of the 7th cervical centrum of Meiolania platyceps AMF 57984, allowing the most 
realistic articulation (created for each 3-D object). (E) Illustrations of the animated range of motion of the linked 
reconstruction of the entire neck in posterior orthogonal view, including dorsiflexion (up), ONP flexion (middle) and 
ventriflexion (down). (F) Illustration of a generated camera essential for the creation of the different animations. Scale = 
5 cm. Supplemental material: Movie S1, Movie S2, Movie S3, Movie S4, Movie S5, Movie S6, Movie S7, Movie S8, 
Movie S9, Movie S10, Movie S11, Movie S12. 
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| 1 (( 2 (( 3 (( 4 )) 5 )) 6 )) 7 )) 8 ). The shape of the brackets reflects the nature of the articular surfaces 

of the vertebrae (hence, CV2-CV3 are opithocoelous, CV4 is biconvex, CV8 is procoelous, and so 

on). In each case a roman numeral can be used to designate each articulation. As there are eight 

vertebrae, there are seven intervertebral joints: the most anterior joint (Joint I) is that between CV1 

(atlas) and CV2 (axis), whereas the most posterior joint (Joint VII) is in between CV7 and CV8. The 

range of motion in the dorsoventral and transverse planes varies at each cervical joint, but the 

articulation facets are all of approximately the same size. The degree of movement enacted between 

successive cervical vertebrae depends mainly on the cotyles and condyles, as well as the 

zygapophyseal overlap. The cervical mobility is most constrained by the latter. Indeed, disarticulation 

of the zygapophyseal complex is inconceivable, and thus represents a significant constraint on the 

range of motion. The prezygapophyses articulated with the postzygapophyses of the preceding 

vertebra, with the postzygapophyses overlying the prezygapophyses. The rotation at the zygapophyses 

is also restricted by contact of adjacent neural spines. In accord with the undeflected state of contacts, 

M. platyceps shows a remarkably straight neck in ONP.  

 

5.1.  Cervical Joints 
	  
	  
Joint I 

The first cervical joint is that between the atlas and the axis. The axis has opisthocoelous 

centra. The anterior part of the atlas is broadly concave that faces the convexity on the condylus 

occipitalis of the skull. The posterior articular surface of the atlas forms a cotyle, which articulates 

with the condyle of the axis. The mobility of the atlas-axis complex is very restricted, not only because 

the anterior cotyle of the CV2 is less pronounced but also by the tight articulation of the neural arch. 

Despite this, a range of motion of a few degrees can be observed in both dorsoventral and mediolateral 

planes (Fig. 8-9). This complex would have articulated in a fashion distinct from the remaining 

vertebrae, suggesting that the majority of the movement in this part of the neck was between the 

occipital-atlanteal joint. This atlas-axis was preserved in articulation with the skull in MMF 13825, but 

the range of motion could not be determined because of firm attachment by encrusting sediment 

(Supporting information).  

 

Joint II 

Joint II between CV2-CV3, is formed between two opisthocoelous centra. Dorsiflexion is 

heavily restricted by the zygapophyseal complex. However, this does not affect the ventral range of 

motion, except by the cotyle lip of the 2nd vertebra at around 5°. The reduced postzygapophyses of 

CV2 allow significant lateral flexibility with the widely separated prezygapophyses of CV3. 
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Nevertheless, the large neural spine of CV2 limits lateral motion to less than 11° on both sides (Fig. 8-

9 and supporting information).  

 

Joint III 

The third cervical vertebra is opisthocoelous, whereas CV4 is biconvex; the joint between 

these two centra is therefore opisthocoelous. Joint III appears to have allowed higher dorsiflexion than 

ventriflexion (in the order of 6°), as evidenced by the elongate posterior centrum component of CV3, 

which constrains the movement at the base of the articulation. In contrast to joint II, dorsiflexion is 

also greater because of the divergent prezygapophyses of CV4, as well as the more elongated and 

continuous postzygapophyses of CV3. Thanks to this configuration, the lateral mobility is also more 

significant: between 12° (right) to 14° (left) (Fig. 8-9 and supporting information). 

 

Joint IV  

Like joint III, joint IV shows the same transition as in eucryptodires, with CV4 being biconvex 

and CV5 procoelous. Consequently, mobility at joint IV is more constrained by the zygapophyseal 

complex than the centrum articulations. The postzygapophyses of CV4 are larger and formed a tight 

connection with the prezygapophyses of CV5. The range of motion shows a marked difference 

between dorsiflexion and ventriflexion, and in left versus right. The dorsiflexion is greater, around 

13°, versus 7° in ventriflexion. In contrast, the left lateral flexibility is 14.4°, whereas it is 28.2° in 

right lateral mobility (Fig. 8-9 and supporting information).    

 

Joint V 

Joint V is procoelous and allows extensive mobility relative to CV6. This movement is 

accentuated by the well-developed elliptical articular facets of both the postzygapophyses and 

prezygapohyses on the 5th and 6th vertebra, respectively, which impart substatnital dorsoventral and 

lateral ranges of motion. Flexibility is about 10° dorsoventrally, in correlation with the ONP. 

Flexibility is around 18° in the lateral plane (Fig. 8-9 and supporting information). 

 

Joint VI 

Joint VI is procoelous, similar to joint V. Despite the restriction in motion imposed by the 

zygapophyseal facets, it allows increased lateral mobility. The postzygapophyses of CV6 nonetheless 

restrict ventriflexion to 8.5°. In contrast, the dorsiflexion does not exceed 5°. This can be explained 

because of the elongated prezygapophyses of CV7 but also by the relative curve of the neural spine of 

CV6. In this configuration, the lateral mobility is around 11° (Fig. 8-9 and supporting information). 
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Figure 8. Illustrations of the 3-D models of the seven different joints of Meiolania platyceps AMF 57984 articulated within 3D 
Studio Max 2014 version. The joints are indicated on the left side of the figure, respectively in ONP, dorsiflexion, ventriflexion, 
lateral left and lateral right view. The measures of the angles are not shown here but the same method than in Figure 3 was used for 
each joint (see supporting information). Scale  = 5 cm.  
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Joint VII 

The posterior-most joint VII is similar to joints V and VI in its dorsoventrally compressed oval 

shape, which places more of a restriction on the vertical movement than in the transverse plane. 

Association of the prezygapophyses of CV8 and the neural spine of CV7 constrain the dorsi. 

Paradoxically, the ventriflexion is less limited due to the reduced postzygapophyses of CV7 (= around 

6°). Lateral mobility to an angle around 6.4° (left) versus 10.9° (right) was possible (Fig. 8-9 and 

supporting information). 

 

5.2.  Complete neck reconstruction 
	  

In general, the flexibility of the entire neck of Meiolania platyceps reveals a quite significant 

range of motion (Fig. 9).  However, it can be illustrated that these angles vary depending on the plane 

of mobility, with dorsiflexion greatest within joint III to IV. Conversely, ventriflexion is most 

significant in joint II and VI, with lesser ranges of motion expressed at the other joints (Fig. 9A). The 

lateral range of motion appears to be relatively similar when compared from left to right, except for 

joint IV, which has increased right-hand flexibility (Fig. 9B).  The kinematic flexibility of the 

complete neck in M. platyceps was thus variable with dorsiflexion at around 24.7° versus 28.9° 

ventriflexion (Fig. 9C). The right lateral neck movement extends through 28.1°, as opposed to 24.1° 

for the left side (Fig. 9D). Joints III-IV show a greatest range of motion in dorsiflexion versus 

ventriflexion, with joints II-V-VI more flexible in the ventral rather than the dorsal plane. Likewise, it 

appears that lateral mobility was higher within joint III-IV-V and constrained by the zygapophyses in 

joints II-VI-VII. Although the angles measured at each joint depend on their configuration, the entire 

reconstruction of the neck shows its own constraints. For example, the rearticulation of the multi-

jointed system of eight cervical vertebrae manifests less mobility than if each angle of all joints were 

added together. Moreover, despite their compatible size, the morphology of individual vertebrate 

varies substantially along the column. The anterior central articulations are opisthocoelous, but 

become procoelous from joints V to VII because of the biconvex nature of CV4. This results in 

contrasting flexibility at each joint, but also along the entire neck.  Furthermore, the zygapophyses are 

narrow, and the diapophyses are short and wide anteriorly, but become thinner posteriorly. The 

diapophysis of CV8 is more elongated than in any other cervical vertebrae. The neural spines become 

more extended and slender from CV2 to CV7. Lastly, although the neural spine of CV8 is missing, its 

morphology and that of CV7, both could restrain the flexibility in relation with the shell (Gaffney, 

1990)  
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6. Discussion 
 

Neck retraction 

 

The results obtained in this study clearly show that M. platyceps was incapable of either 

cryptodiran-like or pleurodiran-like neck retraction, which is not surprising given the massive skull 

and prong-like squamosal horns. Neck retraction in testudinatans is therefore not solely dependent 

upon the cervical vertebrae configuration as previously concluded by Sterli and de la Fuente (2011a). 

The lateral range of motion available to M. platyceps appears to have been slightly asymmetrical, with 

Figure	   9.	   (A-‐B)	   Graphics	   illustrate	   the	   mobility	   of	   the	   complete	   animated	   neck	   of	   Meiolania	   platyceps	  AMF	   57984. (A) Dorsoventral 
flexibility along the neck, including ONP, dorsiflexion and ventriflexion. (B) Lateral left and right flexibility along the neck. (C-D) Reconstructed 
range of dorsoventral movements of the neck of M. platyceps. (C) Dorsoventral flexibility. (D) Left and Right lateral flexibility. Scale = 5cm. 
Supplemental information: Figure 16. 
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greater mobility on the right side. The asymmetry has to be taken really cautiously, not only because 

intervertebral cartilages and soft tissues are not handled, which as described later may have an 

influence on the real neck mobility, but above all because only the best complete specimen of M. 

platyceps has been selected in this study. It is tempting to suggest that this asymmetry illustrate a 

potential variability in the real range of motion, but the sample size simply isn’t large enough to make 

this suggestion. In that case, further works on the reconstructed range of motion on different neck of 

M. platyceps are necessary to get confidence intervals in order to claim an interpretation in the 

difference between right and left flexibility. However, this would not have enabled pleurodiran-like 

neck retraction because of the constraints placed upon mobility by the zygapophyseal complex. Thus, 

lateral mobility throughout the cervical series is relatively low (not exceeding 20°, except at Joint IV), 

and contrasts markedly with the high lateral mobility encountered in extant pleurodiran turtles 

(Werneburg et al., 2014).  

The current consensus on the evolution of neck retraction in non pantestudine turtles is that 

primitive turtles were not able to retract their neck because of the morphology of the cervical 

vertebrae. The majority of the researches consider the amphicoelous vertebrae as a basal character 

(among turtles) and mostly concluded that this configuration within Triassic to earliest Jurassic turtles 

did not allow neck retraction. However, with the exception of Werneburg et al. (2014), no-one has 

ever verified these assumptions in fossil taxa. This work shows that M. platyceps was not able to 

retract its head, although including a derived cervical series, by considering that opisthocoelous, 

procoelous and biconvex vertebra are derived.  

The higher flexibility in joints III-IV-V is facilitated by the biconvex CV4 and the opisthocoelous 

articulations at joint III versus the procoelous joint IV. At first sight, the evolution of cervical 

vertebrae in turtles is confusing (Vaillant, 1881; Williams, 1950; Levinton, 2004; Herrel et al., 2008). 

The morphology itself is usually simple, counting only concavities and convexities, but the patterns 

are further complicated. Indeed, different combinations of the cervical articulations vary between 

amphicoelous, procoelous, opisthocoelous and biconvex vertebra. It is commonly considered that the 

cervical vertebrae of turtles are primitively amphicoelous (recovered in Proganochelys, 

Kayentachelys, and Kallokibotion) and the centrum variations form a derived condition. In that case, 

central cotyles are more primitive than condyle and biconvex vertebrae are even more derived. From 

fossil to living turtles, a large number of cervical joint combinations can be highlighted. The evolution 

of the biconvexity in the neck of turtles is particularly an arguable subject. The biconvex vertebra is 

present reasonably early in turtle evolution as it is recovered since the Lower Cretaceous (Sinemydids; 

Spoochelys; Chubutemys) up till now. This peculiar adaptation has been shown to be irregular not only 

within family but also intragenerically. In 1888, Vaillant suggests that this biconvexity should play an 

important part in the retraction of the neck. The study of the cervical central patterns seems to show 

certain regularities (Williams, 1950; Levinton, 2004). Oddly, only 16 patterns have been found in the 

evolutionary stage of turtle’s neck, although there should be 28 possible combinations (8 joints with 
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convexities and concavities). Everything suggests that the action of selection is detected in these 

regularities. It is obvious that the adaptive evolution of the cervical series among turtles is related of 

an interaction between development and the external environment. During ontogeny, the vertebra 

develops from individual ossification center, formed by the fusion of sclerotome from two adjacent 

somites (Shapiro, 2014). The nature of the joint is fixed after the joints areas are determined. Then 

bones replace the cartilage. It could be suggested that selection plays an important role in the 

developmental mechanism of joint determination (Levinton, 2004). In that case, the presence of a 

biconvex vertebra might be interpreted as an adaptive mechanism. The majority of living turtles own a 

biconvex vertebra, even if it has been observed that few specimens of Bellemys arachnoides had only 

proceolous joint and some genus of the Trionychidae family, commonly known as softshell turtles, 

possess only opisthocoelous joints, with the exception of the cervico-dorsal joint (Williams, 1950). 

Apart from these exceptions, which represent a reasonable minority and isolated cases in the entire 

diversity, it suggests that the presence of a biconvex vertebra is well established in the neck 

configuration of extant turtles. Additionally, some extinct turtles also have one (or more) biconvex 

vertebra. Although its location is variable, the biconvexity seems to be due to natural selection in the 

evolution of the neck retraction. It is reasonable to consider then, that neck retraction in turtles might 

be associated with the development and morphology of the cervical vertebrae. In light of this 

developmental constraints may control the occurrence of the 16 specific patterns found in the cervical 

series of turtles. It seems that some joints are presumed to be held constant because of their rigid 

functional requirements. Williams (1950) outlined that cervical fourth, fifth, seventh and eight are 

located within mobile morphogenetic fields. And it appears that only simple processes during 

ontogeny are required for the development of a peculiar centra to another, since it depends on the 

migration of the intervertebral fibrocartilage (Smith, 2009). Further works on these developmental 

constraints could provide appropriate results on these suppositions. Finally, the presence of a biconvex 

fourth cervical in M. platyceps should be related as a derived character. Not to mention that this 

character differentiate them from primitive pleurodire in which the fourth cervical is opisthocoelous 

and fifth biconvex. Then, based on its occurrence in earliest members of Testudinoidea and 

Trionychoidea (Gaffney and Meylan, 1988; Meylan and Gaffney, 1989), this biconvex fourth cervical 

may be a primitive condition as well. Consequently, considering the range of motion of M. platyceps, 

this biconvex vertebra would have simultaneously permitted greater dorsiflexion and could be 

interpreted as: (1) the remnants of a “basal turtle” neck retraction mechanism similar to that proposed 

for Proganochelys (Werneburg et al., 2014); or (2) secondary loss of neck retraction via constraint of 

dorsiflexion in joint I, II, VI, and partially in joint VII, driven by the large skull. Note that this analysis 

does not prove the reduction of the retraction mechanism concomitant with the evolution of head 

armor as previously thought by Simpson (1938). Even if M. platyceps was unable to retract its head, 

the range of motion reconstructed here shows dorsal and ventral neck mobility patterns consistent with 

cryptodirans, which corroborates the results of Werneburg et al. (2014).  
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In a biomechanical point of view, the presence of soft tissues may permit movement not expected 

on the basis of osteology alone (McGowan, 1999). This assumption is particularly true regarding to 

the cervical series of the neck. In all living animals, a pad of tissue between articular surfaces of centra 

separates adjacent vertebrae, exception of the occipito-cervical and atlas-axis joint. Strictly speaking, 

these intervertebral pads are formed during ontogeny of an outer ring of fibrocartilage called annulus 

fibrosus, surrounding the nucleus pulposus. A synovial capsule is also present between one vertebra’s 

postzygapophyses and the prezygapophysis of the next. The functional role of these intervertebral 

pads is principally mechanical. It provides the vertebral elasticity and compressibility (Pack, 2001; 

Kardong, 2011; Shapiro, 2014). In a paleontological point of view, these intervertebral pads are not 

recovered in the fossil record. Restoring the missing cartilage to fossil vertebrae should have an 

undoubtedly influence on the true range of motion of the neck because the bone of one vertebra never 

directly touch the next (Dzemski and Christian, 2007; Cobley et al., 2013). The intervertebral space 

should be related to the shape of the vertebral centra because both part at formed at the same time 

during ontogeny (Shapiro, 2014). However, Dzemski and Christian (2007) showed that the layer of 

cartilage does not always closely follow the covering articular surfaces. It is therefore even more 

difficult to infer intervertebral pads in fossil. Then, Taylor and Webel (2013) had highlighted that the 

thickness of cartilage in intervertebral joint varies significantly among taxa. However, intervertebral 

spaces among extant turtles are comparatively minimal and look remarkably similar to the tight 

synovial articulation of birds (Weisgram and Splechtna, 1990; Taylor and Webel, 2013; Werneburg et 

al., 2014). We could reasonably infer that M. platyceps had to own similar tight cartilaginous pads 

such as extant turtles. Although several patterns are recognized among turtles, the osteology of the 

articular facets varies only with convexities and concavities as previously described. This is consistent 

with the hypothesis that fossil turtles, such as M. platyceps, should present similar cartilaginous pads 

to those found in extant turtles. More remarkably, according to Taylor and Wedel (2013), restoring the 

missing cartilage to fossil vertebrae would raise neutral posture commensurately. In the case of M. 

platyceps, although the intervertebral pads could be tight, the range of motion found here might have 

been more significant. In this optic, we can consider that the truly range of motion proposed here will 

underestimate rather than overestimate the possible range of motion. Further works on the associated 

musculature is needed to shed more light on the evolution of neck retraction in turtles (Sterli and De la 

Fuente, 2011b). Detailed modelling could bring meaningful quantitative results.  

 

In view of flexibility along the entire neck, ventriflexion appears to be more pronounced than 

dorsiflexion. This is facilitated by the greater ventral flexibility of the most posterior joint V and VI. It 

is feasible that these had a greater leverage on the entire neck flexibility than more anterior joints, 

except for joint VII, which is constrained by the shell. The cervico-dorsal joint characterize one of an 

important center of motion of the neck retraction in extant turtles (Williams, 1950; Herrel et al., 2008). 
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But according to Werneburg et al. (2014) this joint is structurally different in earliest turtles relative to 

all extant turtles, such as Proganochelys and/or Meiolania. Indeed, the cervical vertebrae are actually 

higher than they are long and have short centra and high neural arches (Sterli and De la Fuente, 

2011b). Even if the mobility of the cervico-dorsal joint in M. platyceps were plausible, the conceivable 

range of motion should be entirely limited by the shell. We must notice that CV8 is in contact with the 

first and motionless dorsal vertebra DV1. And these two vertebrae, if not more, are located under the 

roof of the shell. Due to the projecting anterior carapace margin and extrapolated long neural spine of 

CV8, restored alike the CV8 osteology of P. quenstedti (Gaffney, 1990), extensive dorsiflexion would 

have been difficult, if not impossible. The ventral flexibility could be slightly increased, which would 

be consistent with our following hypothesis and the proposed greatest grazing habits of M. platyceps. 

Further works in the reconstruction in three dimensions of the first dorsal vertebra (DV1) are 

necessary to assert or refute the supposed slight flexibility of the cervico-dorsal joint. In addition, the 

massive squamosal horns would have further limited dorsal neck mobility (especially dorsiflexion), as 

would the mass of the soft tissue in the dorsal region of neck (Cobley et al., 2003). Further works on 

the different earliest taxa are necessary to explore such hypotheses in more detail.  

 

 

Feeding behaviour 

 

The initial role of the distinction of the head and the trunk in animals, and thus the occurrence of 

the neck, includes several hypotheses, such as the occupation of the aerial environment. Whatever the 

initial role, any existing structure may be utilized in novel ways to suit the current needs of an animal 

(Berthoz et al., 1992). In light of this, it can be suggested that the ability of the necks, such as 

balancing or moving, evolves stress along the neck (Dzemski and Christian, 2007). The neck mobility 

is likely to be related to specific activities of the animals such as alert rest, locomotion and feeding 

habits (Stevens et al., 2013).  Depending on the activities, the constraints would be different since the 

forces acting in a joint between two vertebral centra depend on the angle between the plane of the 

intervertebral joint and the horizontal plane (Christian and Dzemski, 2007). In fact, during locomotion, 

the neck is exposed of strength of flexion and extension within the cervical series. In the same way, 

the different heights and distances of the food are directly correlated with neck mobility of the animal. 

The preferred feeding neck posture should demonstrate the distribution of the food chosen (Upchurch 

and Barrett, 2000; Preuschoft and Klein, 2013). Thus, it is important to consider the evolution of 

vegetation and climate variation on LHI to explore the evolution of feeding habits in M. platyceps. As 

previously stated, LHI may have been colonised by M. platyceps around 100,000-120,000 years ago. 

Given the stable tectonic phase (Gaffney, 1983) and the relatively low climatic variation in LHI area 

since its colonisation, we could expect that the current endemic vegetation of LHI is a fairly accurate 



	   22 

reflection of the flora throughout the Pleistocene. Furthermore, LHI is mainly composed of palms 

(70%), scrubs, rushes and herbaceous plants, with almost half of the flora endemic to the island. 

Paramonov (1958) showed that the evolution of several endemic species of palms could only have 

occurred under mild climatic conditions on the island over a long period of time. Moreover, Owens 

(2008) suggested that the appearance of coconut palms on LHI was a consequence of its warm 

surrounding currents and microclimate. Assuming these observations are correct, it suggests that the 

actual vegetation was reasonably equivalent during the existence of Meiolania on the island. The 

observed capacity for considerable downward mobility of the neck in M. platyceps (Fig. 10) could, 

therefore, be indicative of ground foraging for palm fruits and/or grazing. Indeed, the enhanced 

mobility at the occipito-atlanteal articulation, would have allowed the skull to tilt forward almost 

vertically. This presumably brought the flattened muzzle into a grazing position and allowed the 

animal to feed upon low growing herbaceous vegetation. Higher level browsing is also conceivable, 

but the constraints imposed on the dorsal flexibility by the vertebral processes and the projecting 

anterior margin of the carapace suggests that this type of herbivory would have been difficult, and 

further compounded by the weight of the head. M. platyceps was thus probably a mixed feeder, which 

accords with the mild climate (with  temperature range fluctuation from 13° to 25° C) and limited 

seasonal fluctuations on LHI. The great contrast between the North and the South of the Island in 

terms of topography, geology and thus biological data might suggest that Meiolania varied its range 

with food availability.  

 

One interrogation concerns the arrival of M. platyceps on LHI. Because of the peculiar and 

isolated biogeography of this island, it is complicated to consider a straightforward migration. 

Following the general island rules, nowadays revisited, it is tempting to consider the “gigantism” of 

M. platyceps as an effect of island insularity. The closest relative forms, in terms of body sizes and 

lifestyle, of the extinct horns turtles from the Pleistocene of LHI are the giant tortoises of the 

Galápagos, Seychelles and Mascarene islands. The extant large bodied turtles are thought to have 

achieved their large size as a consequence of relaxed predation pressure, competitive release, or as an 

adaptation to increased environmental fluctuations on islands (Case and Schwaner, 1993; Pritchard, 

1996; Jaffe et al., 2011). Further previous works on these extant giant tortoises have highlighted the 

significance of overwater dispersal islands (Case, 1978; Arnold, 1979; Case and Schwaner, 1993; 

Pritchard, 1996; Itescu et al., 2014). Indeed, large tortoises are known to be positively buoyant and 

readily float between islands (Gerlach et al., 2006). This physical particularity allows them to hold 

their neck above the water to breathe. In light of this, large tortoises would have a greater chance of 

surviving the journey over water from the mainland, in contrast to small tortoises. Thus, their small 

surface area to volume ratio would allow the reduction of osmotic water loss. And a reduction of their 

rate of sink can be permits, which remain the tortoise near the surface with less energy, but also 

maintain their high body temperature (Sato et al., 1998; Hatase and Tsukamoto, 2008). It is reasonable 
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to assume that similar events would have played an important role over the initial migration of M. 

platyceps in LHI. In addition, the descriptions of new fossils of giant turtles in Australia and South 

America have underlined the hypothesis of this preadapted gigantism, which might be a necessary 

condition for successful colonisation of oceanic islands (Case, 1978; Arnold, 1979; Pritchard, 1996). 

Case (1978) even assume that the extant insular giant turtles may be actually “dwarf” in relation to the 

continental giants turtles. This observation can be comparable in the case of M. platyceps because 

Neogene-Pleistocene mainland meiolaniids were already huge (carapace lengths >1 metre: Gaffney, 

1996, Sterli and De la Fuente, 2011a; Sterli et al., 2013). If we assume that these assumptions might 

be accurate, one interrogation relate to the way of travel would permit M. platyceps to colonize LHI. 

In light of this, considering the paleoceanography of the Tasman Sea, it can be suggested that the East 

Australian Current (EAC) might have facilitated the initial migration of M. platyceps. Indeed, the EAC 

generate a current vortex in the Tasman Sea between Australia and New Zealand, such as the Tasman 

Front (Nilsson and Cresswell, 1981; Martínez, 1994; Nelson and Cooke, 2001, Tilburg et al., 2001). 

Such a current would have been a great help in carried these giant turtles to the island. Furthermore, 

the “gigantism” may have been selectively maintained to allow island tortoises, and presumably M. 

platyceps, to survive prolonged periods of reduced resource availability and drought (Jaffe et al., 

2011). In that case, M. platyceps might have already manifested large body-sizes at the time of their 

establishment on LHI, and because of the extremely limited habitable topography of LHI, maintained 

a subsequently low population density and genetic diversity. 

 

 

Extinction 

 

The reasons for the extinction of M. platyceps remain unknown and undoubtedly cannot be 

explained by a single Theory. It is generally accepted that the majority of the Cenozoic megafauna 

went extinct at the end of the last glaciation (also called the Late Pleistocene Extinction: Roberts et al., 

2001; Elias and Schreve, 2007). Several hypotheses have been proposed to explain these extinctions, 

such as important environmental perturbations and/or the impact of human colonisation, known as the 

Martin’s Pleistocene Overkill Hypothesis. In the case of M. platyceps, human influence is not a viable 

explanation for its extinction as the Island seems to have only recently been discovered, and there is 

not evidence of human occupation on LHI during the Late Pleistocene (Anderson, 2003). However, 

others localities of the genus Meiolania may have been affected by humans, such as M. damelipi in 

Vanuatu, Southwest Pacific (White et al., 2010). The disappearance of these giant horned turtles of 

LHI could have been facilitated by the reduction of the land area of the island due to postglacial sea 

level rise during warm periods between ice ages, recorded by the presence of different eolianites in the 

stratigraphy (Gaffney, 1983; White et al., 2010). Due to its isolation and its relatively small areas, LHI 
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could never have supported large populations of such big animals. Consequently, the submergence of 

several part of the Island would have affected their habitat, and thus their food and resources. 

Furthermore, it is obvious that these giant horned turtles would have maintained a subsequently low 

population density and genetic diversity. These assumptions relate to the specie M. platyceps, taking 

into consideration the topography and biology of LHI, but also the paleoclimatology and 

paleoceanography of this locality. In that sense, the extinction of the genus Meiolania, in general, has 

to include not only climate variations of the specific species area, but also the evolution of their 

resources availability. It is reasonable to think that the different Meiolania species may not have been 

extinct at the same time, and thus several effects would have played roles more or less critical on their 

disappearance.  

 

 

Intraspecific combat behaviour 

 

Meiolaniids are particularly characterised by their cranial horns. In agreement with our 

research, that M. platyceps was incapable to retract its neck, it is obvious that their horns would make 

it even more difficult for their head to be pulled into their shell. Several studies (Geist, 1966, 1971; 

Schaffer and Reed, 1972 ; Farlow, 1975 Farke, 2004) have demonstrated the importance of the horns 

in the establishment of intraspecific dominance hierarchies or defending territories. Structures similar 

to the horns of these gigantic extinct turtles can be found among living vertebrates (eg: Chamaeleo 

jascksonii, or in ungulates in general). The potential correlation between Meiolania horns and these 

hypotheses has never, to our knowledge, been rigorously investigated in the case of Meiolaniids. In 

this context, we tentatively propose that similar functions would have been of great importance in 

Meiolaniids cranial morphology. In the other hand, it is assumed that one of the major utilities of the 

ornamental traits is used in aggressive displays in competition for mates or for other resources 

(Berglund et al., 1996). This distinctive feature in Meiolaniids could be firstly interpreted as a 

defensive mechanism for protecting the exposed neck from attack. In accordance, the Meiolaniids 

continental taxa, which include Niolamia argentina, Ninjemys oweni, Meiolania brevicollis, and 

Meiolania mackayi have stronger and more elongate horns (horns lengths >50 centimetre: Gaffney, 

1983), which would have provided them with a defence against predators such as Megalania and 

Thylacoleo (known as the « Marsupial Lion ») from the Late Pleistocene of Australia. These giant 

Meiolaniids were formidable turtles, which combined horned head, the typical tortoise, but armoured, 

carapace and a heavily protected tail that also sported spines. It can be suggested that their armoured 

tails might have been used as a club. Everything suggests that their conformation was a remarkable 

defence attribute. In the same way, regarding the skull, the squamosal horns of Meiolaniids are more 

or less striking. In comparison of its evolutionary mainland predecessors, M. platyceps possessed 



	   25 

relatively small horns. Because of the insularity of this aberrant turtle on LHI, and especially the 

absence of predators, it could be reasonable to postulate that the reduced horns of M. platyceps might 

be a remnant of more elongate defensive weapons. It is also interesting to notice that their bony 

protrusions may have produced a larger horn in life as suggested by Owen (1881) and Gaffney (1983).  

It is also conceivable that the horns differed in morphology and expression between males and 

females. Yet, sexual dimorphism was tested with 50 horn cores of the species M. platyceps using the 

scale areas system developed by Simpson (1938), with the results inconclusive due to the apparent 

lack of bimodality (Gaffney, 1983). Both sexes were probably equipped with similar horns (but 

possibly distinctive) in size and shape. Nonetheless, it is important to keep in mind that, without large 

sample sizes, it is inevitably hard to detect a clear bimodal distributions in fossil taxa (Hone, 2012). 

Alternatively, variety of horns is observed among Meiolaniids, which could reflects differences in 

species-specific displays and fighting behaviour. This observed variability in the squamosal horns 

would be thus consistent with species recognition. Gaffney (1992) has shown that M. platyceps own a 

remarkable degree of variation in horn development, which is distinctly recurved. The difficulty is to 

apprehend the function of such morphology. Caro et al. (2003) found significant correlations between 

horn morphology and fighting, mating and social systems among Bovidae. However, it would be 

uncertain to directly presume from that of bovids due to the disparate phylogenetic origin.  

In order to infer the behaviour of M. platyceps, it is necessary to base reconstructions on 

knowledge of extant relatives. Several researches in extant relatives giant turtles have highlighted that 

a quite aggressive behaviour between males is observed during the breeding season, which is 

commonly true for the majority of terrestrial turtles. They usually attempt to flip their opponents by 

destabilisation (Fritts, 1984; Lovich et al., 1988; Vitt, 2008; Piper, 2009; Polo-Cavia et al., 2011). 

Similar intraspecific combat may therefore have been an important part in the lifestyle of M. 

platyceps, as seen in extant turtles such as the giant Galápagos tortoises, which appears to be a 

ritualistic competition for height (Fritts, 1984; Fig. 10A). It is thus reasonable to infer that such extinct 

giants would have used their horns (and probably tail spikes) to fight other males for the right to mate. 

It is extremely laborious to construct a conceptual model of the lifestyle of M. platyceps, or fossil in 

general. Therefore, the biomechanical system of the neck proposed in this paper could bring a 

fundamental source of information to determine, or more accurately inferred, the type of behavioural 

signals employed by M. platyceps. These comparisons may ultimately be shown to be invalid, but they 

provide at least a premise of hypotheses for considering the mechanism and modes of M. platyceps 

behaviour. However, further works are needed to extend such assumptions in Meiolaniids in general. 

Their characteristic horns and especially the ventriflexion observed here by increased the complete 

neck flexibility could support this hypothesis (Fig. 10B). The extensive cotyle of the atlas and 

condylus occipitalis suggest an important range of motion of the head (Fig. 10C), and may support 

antagonistic head shoving behaviour or horn-locking between males during displays for dominance in 

M. platyceps. In the fossil record, such assumptions have already been proposed in the case of 
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ceratopsian dinosaurs. Farlow and Dodson (1975) and Farke et al. (2009) even suggested that 

ceratopsian horns have functioned primarily in intraspecific combat. This comparison is yet restrained 

by the fact that M. platyceps owned only two small squamosal horns, and other bony protuberances. 

However, similarity in the use of cranial horn could be observed in the rostral and preocular horns of 

the extant Chamaeleo jacksonii (Bustard, 1958; Van Mater, 1971). Although in comparison M. 

platyceps has small horns, the 3D reconstruction of the skull of the AMF 81965 specimen allowed us 

to observe the well configuration of a probable head-to-head combat in M. platyceps. Indeed, as notice 

in Figure 9, downward mobility allows the skull to tilt forward. Altogether, the superior part of the 

skull of M. platyceps, including the nasal, frontal, parietal, postorbital, squamosal and supraoccipital, 

forms a relatively horizontal plane area. In addition, bony protuberances are more or less pronounced 

in these different bones. Gaffney (1983) have shown the strong quality of these structures. The 

possible horn locking position is observed in Figure 9. The horn contact of M. platyceps may have 

been made on the slight lateral and medial surfaces of the superior part of the skull. This peculiar 

disposal of the skull, permits by the neck mobility, would have allowed a greater area of contact when 

the horns were locked between both of the protagonist (Fig. 10C). Thus, it appears that most of the 

force would have been applied to these surfaces in the probability of such head-to-head contact. 

However, a straight muzzle contact, with horns pointing up, is implausible. 3D modelling of other 

mainland Meiolaniids, which had more elongated horns, could be interesting to explore in order to 

discuss the overall head-to-head possibilities. Another good living model could be observed in the 

marine iguana Amblyrhynchus. Although this iguana lacks horn-like structures, the top of the head is 

very rugose and it is commonly observed a head-to-head contact during confrontation (Carpenter, 

1967; Farlow and Dodson, 1975). The functional comparison between the head-to-head contacts of M. 

platyceps and those of marine iguana might be broadly acceptable. In parallel, the hypothesis of a head 

or flank butting behaviour in M. platyceps could have been employed to attempt to flip their opponents 

by destabilisation, as observed in living terrestrial tortoises.  

It is important to keep in mind that each of these assumptions, including defensive or intraspecific 

combat, does not necessarily preclude the other, but is not proof that the behaviour actually happened. 

Nonetheless, this work places some limits upon the fighting behaviour of these animals. The study and 

the discoveries of news Meiolaniids fossils allow us to get closer and better apprehend the 

evolutionary force behind the aberrant appearance of these astonishing turtles. 
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7. Conclusion 
	  

(1) Meiolania platyceps was incapable of both cryptodiran-like and pleurodiran-like neck 

retraction as highlighted by the reconstructed range of motion of the digitized cervical 

vertebrae.  

(2) The results support grazing habit by combining the relatively stable evolution of the 

vegetation, but also the range of mobility of the neck.  

(3) Intraspecific combat can be proposed as a function for the squamosal horns based on the 

antagonistic behaviour of extant turtles and the absence of predators on LHI.  

 

Figure	  10.	  (A)	  Photography	  of	  an	  agonistic	  behaviour	  between	  two	  giant	  Galápagos	  tortoises	  Chelonoidis	  nigra,	  showing	  a	  ritualistic	  competition	  
for	   height	   (photography	   credit	   to	  http://www.swerdloff.us).	   (B)	  Three-‐dimensional	   reconstruction	   and	   animation	  of	   a	   probable	   intraspecific	  
combat	  behaviour	  between	  two	  three-‐dimensional	  complete	  neck	  (including	  the	  eight	  cervical	  vertebrae	  of	  the	  specimen	  AMF	  57984)	  and	  skulls	  
(MMF	  13825)	  of	  Meiolania	  platyceps,	  in	  a	  lateral	  view.	  (C)	  Top	  view	  of	  a	  conceivable	  intraspecific	  combat	  showing	  the	  contact	  between	  both	  of	  
the	  skull.	  	  Scale = 5cm. Supplemental material: Movie S12.	  
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Exploration of the biomechanical properties of articulated cervical series in Meiolania platyceps 

provide important inferences about vertebral kinematics and behaviour. Future models should 

obviously incorporate features of the musculature, and mechanical properties of soft-tissue 

connections.  
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Figures and Table captions:  
 
Table I:  Angle measurements (raw mobility) of the different joints from the dorsoventral and mediolateral 
planes (in degree °)  

 
Figure 1 Simplified reduced consensus tree showing the recent clade of Meiolaniformes (Modified and adapted 
after Sterli et al., 2013). Pointers show the alternative position for Patagoniaemys gasparinae. Black circle: 
synapomorphy based definition. Brown circle: stem-based definition. Orange: Basal turtles. Yellow: 
Pantestudines refers to the panstem that includes crown Testudines. Red: Sister group of Meiolaniformes. 
Purple-Blue: Monophyletic group. Green: Monophyletic group of Meiolaniidae. Locations where fossils were 
found are illustrated on the right of the specie name. The illustrated skulls are connected via lines to their 
specific names. The palaeogeography of known meiolaniform diversity from the Early Cretaceous to the 
Holocene are also illustrate beneath the figure (Modified and adapted, after Sterli and de la Fuente, 2012). The 
paleogeographic maps comes from Ron Blakey, NAU Geology, for educational, non-profit, non-commercial 
purposes. Early Cretaceous: Chubutemys copelloi (Argentina) and Otwayemys cunicularius (Australia). Upper 
Cretaceous: Patagoniameys gasparinae (Argentina), Kallokibotion bajazidi (Europe) and Mongolochelys 
efremovi (Asia). Palaeocene: Peligrochelys walshae (Argentina). Eocene: Niolamia argentina (Argentina). 
Oligocene-Miocene: Warkalania carinaminor and Meiolania brevicollis (Australia). Pleistocene-Holocene: 
Ninjemys oweni, Meiolania platyceps, Meiolania mackayi and Meiolania damelipi (Australia and surrounding 
islands). 
 
Figure 2 (a) Upper: the excavation of a swimming pool in 1971 when an incomplete and disarticulated skeleton 
of Meiolania platyceps was discovered. The geology was composed of calcarenite that was partially 
unconsolidated. View is approximately toward northeast. (b) Lower: Meiolania platyceps, AMF 57984, skull 
and anterior margin of carapace soon after discovery in the pool excavation. Specimen does not appear to be in 
place although it may have been returned to the spot where it was found for the photograph. In addition to the 
skull and jaws, large parts of the shell, cervicals, both right limbs, and other elements belonging to the specimen 
were found, making it the most complete Meiolania skeleton known to date. Both photos courtesy of Mr. James 
Dorman, Curator, Lord Howe Island Museum. (Modified and adapted, after Gaffney, 1983). 

 
Figure 3 Illustrations of a global view of Lord Howe Island (Geography; Geology; Palaeontology; Biology: 
including Flore and Fauna; and     Topography). Red pointer shows the exact location of the Island in the Pacific 
ocean (31°33’S, 159°05’E). Earth image derived from Google Earth (2014): Image Landsat of US Dept of State 
Geographer; Data: SIO, NOAA, U.S. Navy, NGA, GEBCO. (a) Upper: Aerial view of the entire island, 
including two volcanic mounts: Mt. Gower (866m) and Mt. Lidgbird (765m) in the Southern part. View is 
approximately northeast- southwest (credit to http://www.lordhoweisland.info) (b) Lower: Ball’s Pyramid: small 
island situated to the South of Lord Howe Island, which represents the tallest volcanic stack in the world. View 
is approximately southeast-northwest (credit to http://www.lordhoweisland.info) (c) Picture of the vegetation of 
Lord Howe Island, including the endemic genus Howea, Pandanus, Rapanea, Clinostigma, Cyathea, 
Acicalyptus. (Determined thanks to the picture, the reports must be interpreted very cautiously; credit to Lord 
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Howe Island Tourist Association). View is approximately toward north. (d) Gallirallus sylvestris: most famous 
“living” endemic specie, after M. platyceps, of Lord Howe Island, also called the “Lord Howe Woodhen” (credit 
to http://www.lordhoweisland.info). Beneath the pictures, a view topographic of Lord Howe Island from North 
to South (after Ramsay, 1889).  
 
Figure 4 3-D models of the eight cervical vertebrae of Meiolania platyceps AMF 57984, indicated on the left 
side of the figure, respectively in anterior, posterior, left, right, dorsal and ventral view (Modified and adapted, 
after Gaffney, 1985). Scale = 5 cm. 
 
Figure 5 Drawing showing morphologic features of the 7th cervical of Meiolania platyceps AMF 57984 
(Modified and adapted, after Gaffney, 1985). (A) Anterior view. (B) Left Lateral view. (C) Dorsal view. Scale  = 
2,5 cm. 
 
Figure 6 Definitions of angle measurements (raw mobility). (A–E) Definition of angles exemplified by the Joint 
IV between the 4th and 5th cervical vertebrae of Meiolania platyceps AMF 57984. Angles between vertebrae 
were measured along the ventral border of the centrals in lateral view and along the neural spines in dorsal view, 
using points and lines settled at specific and identical positions for all pictures. Angles between vertebrae in 
respectively: (A) ONP: osteological neutral pose. (B) Maximum dorsiflexion. (C) Maximum ventriflexion. (D) 
Maximum left lateral flexibility. (E) Maximum right lateral flexibility. Scale  = 2,5 cm. Supplemental material of 
the other joints are presented in Appendix in the supporting information part.  
 
Figure 7 (A-C) 3-D Reconstruction of the entire neck of Meiolania platyceps including the eight cervical 
vertebrae of the specimen AMF 57984 and the almost complete skull of the specimen AMF 81965, articulated in 
3D Studio Max 2014 version. Initial reconstruction in ONP: osteological neutral pose, defined by the 
undeflected state of an intervertebral joint. Respectively: (A) Lateral view. (B) Top view. (C) Bottom view. (D) 
Illustrations of the animation of the range of motion of the linked reconstruction of the entire neck in lateral 
view, including dorsiflexion (up), ONP mobility (middle) and ventriflexion (down). (E) Illustration of the pivot 
point at the middle end of the posterior articular surface of the 7th cervical centrum of Meiolania platyceps AMF 
57984, allowing the most realistic articulation (created for each 3-D object). (F) Illustration of a generated 
camera essential for the creation of the different animations. Scale = 5 cm. Supplemental material: Movie S1, 
Movie S2, Movie S3, Movie S4, Movie S5, Movie S6, Movie S7, Movie S8, Movie S9, Movie S10, Movie S11, 
Movie S12. 
 
Figure 8 Illustrations of the 3-D models of the seven different joints of Meiolania platyceps AMF 57984 
articulated within 3D Studio Max 2014 version. The joints are indicated on the left side of the figure, 
respectively in ONP, dorsiflexion, ventriflexion, lateral left and lateral right view. The measures of the angles are 
not shown here but the same method than in Figure 3 was used for each joint (see supporting information). Scale  
= 5 cm.  
 
Figure 9 (A-B) Graphics illustrate the flexibility of the complete animated neck of Meiolania platyceps AMF 
57984 (inspired by Dzemski and Christian, 2007; Cobley et al., 2013). (A) Dorsoventral flexibility along the 
neck, including ONP, dorsiflexion and ventriflexion. (B) Lateral left and right flexibility along the neck. (C-D) 
Reconstructed range of dorsoventral movements of the neck of M. platyceps. (C) Dorsoventral flexibility. (D) 
Left and Right lateral flexibility. Scale = 5cm. Supplemental information: Figure 16. 
 
Figure 10 (A) Photography of an agonistic behaviour between two giant Galápagos tortoises Chelonoidis nigra, 
showing a ritualistic competition for height (photography credit to http://www.swerdloff.us). (B) Three-
dimensional reconstruction and animation of a probable intraspecific combat behaviour between two three-
dimensional complete neck (including the eight cervical vertebrae of the specimen AMF 57984) and skulls 
(MMF 13825) of Meiolania platyceps, in a lateral view. (C) Top view of a conceivable intraspecific combat 
showing the contact between both of the skull.  Scale = 5cm. Supplemental material: Movie S12. 
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Figure 12. Definitions of angle measurements (raw mobility). (A–E) Definition of angles exemplified by the Joint II between 
the 2nd and 3rd cervical vertebrae of Meiolania platyceps AMF 57984. Angles between vertebrae were measured along the 
ventral border of the centrals in lateral view and along the neural spines in dorsal view, using points and lines settled at specific 
and identical positions for all pictures. Angles between vertebrae in respectively: (A) ONP: osteological neutral pose. (B) 
Maximum dorsiflexion. (C) Maximum ventriflexion. (D) Maximum left lateral flexion. (E) Maximum right lateral flexion. 
Scale  = 2,5 cm. 

Figure 11. Definitions of angle measurements (raw mobility). (A–E) Definition of angles exemplified by the Joint I between 
the atlas and the axis of Meiolania platyceps AMF 57984. Angles between vertebrae were measured along the ventral border 
of the centrals in lateral view and along the neural spines in dorsal view, using points and lines settled at specific and identical 
positions for all pictures. Angles between vertebrae in respectively: (A) ONP: osteological neutral pose. (B) Maximum 
dorsiflexion. (C) Maximum ventriflexion. (D) Maximum left lateral flexion. (E) Maximum right lateral flexion. Scale  = 2,5 
cm. 
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Figure 13. Definitions of angle measurements (raw mobility). (A–E) Definition of angles exemplified by the Joint III 
between the 3rd and 4th cervical vertebrae of Meiolania platyceps AMF 57984. Angles between vertebrae were measured 
along the ventral border of the centrals in lateral view and along the neural spines in dorsal view, using points and lines 
settled at specific and identical positions for all pictures. Angles between vertebrae in respectively: (A) ONP: osteological 
neutral pose. (B) Maximum dorsiflexion. (C) Maximum ventriflexion. (D) Maximum left lateral flexion. (E) Maximum 
right lateral flexion. Scale  = 2,5 cm. 

Figure 14. Definitions of angle measurements (raw mobility). (A–E) Definition of angles exemplified by the Joint V 
between the 5th and 6th cervical vertebrae of Meiolania platyceps AMF 57984. Angles between vertebrae were measured 
along the ventral border of the centrals in lateral view and along the neural spines in dorsal view, using points and lines 
settled at specific and identical positions for all pictures. Angles between vertebrae in respectively: (A) ONP: osteological 
neutral pose. (B) Maximum dorsiflexion. (C) Maximum ventriflexion. (D) Maximum left lateral flexion. (E) Maximum 
right lateral flexion. Scale  = 2,5 cm. 
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Figure 15. Definitions of angle measurements (raw mobility). (A–E) Definition of angles exemplified by the Joint VI 
between the 6th and 7th cervical vertebrae of Meiolania platyceps AMF 57984. Angles between vertebrae were measured 
along the ventral border of the centrals in lateral view and along the neural spines in dorsal view, using points and lines 
settled at specific and identical positions for all pictures. Angles between vertebrae in respectively: (A) ONP: osteological 
neutral pose. (B) Maximum dorsiflexion. (C) Maximum ventriflexion. (D) Maximum left lateral flexion. (E) Maximum 
right lateral flexion. Scale  = 2,5 cm. 

Figure 16. Definitions of angle measurements (raw mobility). (A–E) Definition of angles exemplified by the Joint VII 
between the 7th and 8th cervical vertebrae of Meiolania platyceps AMF 57984. Angles between vertebrae were measured 
along the ventral border of the centrals in lateral view and along the neural spines in dorsal view, using points and lines 
settled at specific and identical positions for all pictures. Angles between vertebrae in respectively: (A) ONP: osteological 
neutral pose. (B) Maximum dorsiflexion. (C) Maximum ventriflexion. (D) Maximum left lateral flexion. (E) Maximum 
right lateral flexion. Scale  = 2,5 cm. 
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Figure S1 Three-dimensional reconstruction of the atlas of Meiolania platyceps (AMF 57984). 
(PDF) 
 
Figure S2 Three-dimensional reconstruction of the CV2 of Meiolania platyceps (AMF 57984). 
(PDF) 
 
Figure S3 Three-dimensional reconstruction of the CV3 of Meiolania platyceps (AMF 57984). 
(PDF) 
 
Figure S4 Three-dimensional reconstruction of the CV4 of Meiolania platyceps (AMF 57984). 
(PDF) 
 
Figure S5 Three-dimensional reconstruction of the CV5 of Meiolania platyceps (AMF 57984). 
(PDF) 
 
Figure S6 Three-dimensional reconstruction of the CV6 of Meiolania platyceps (AMF 57984). 
(PDF) 
 
Figure S7 Three-dimensional reconstruction of the CV7 of Meiolania platyceps (AMF 57984). 
(PDF) 
 
Figure S8 Three-dimensional reconstruction of the CV8 of Meiolania platyceps (AMF 57984). 
(PDF) 
 
Figure S9 Three-dimensional reconstruction of the skull and mandible of Meiolania platyceps (AMF 81965). 
(PDF) 
 
Figure S10 Three-dimensional reconstruction of the skull of Meiolania platyceps (MMF 13825). 
(PDF) 
 
Figure S11 Three-dimensional reconstruction of the complete neck (including the eight cervical vertebrae of the 
specimen AMF 57984) and skull (AMF 81965) of Meiolania platyceps in ONP (Osteological Neutral Pose).  

Figure 17. Definitions of angle measurements (raw mobility). (A–B) Definition of angles exemplified by the complete neck 
reconstruction (including the eight cervical vertebrae of the specimen AMF 57984) and the skull of the specimen AMF 
81965 of Meiolania platyceps. Angles between the different planes were measured along the central of the centrum in 
lateral view and along the neural spines in dorsal view, using points and lines settled at specific and identical positions for 
all pictures. Angles between vertebrae in respectively: (A) (middle) ONP: osteological neutral pose. (up) Maximum 
dorsiflexion. (down) Maximum ventriflexion. (B) (left) Maximum left lateral flexion. (right) Maximum right lateral flexion. 
Scale  = 5 cm 
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(PDF) (Figure not included in this thesis PDF due to uploading limits; if interesting, please see the adjacent Zip 
file “Figure S11-S15”). 

Figure S12 Three-dimensional reconstruction of the complete neck (including the eight cervical vertebrae of the 
specimen AMF 57984) and skull (AMF 81965) of Meiolania platyceps in dorsiflexion. 
(PDF) (Figure not included in this thesis PDF due to uploading limits; if interesting, please see the adjacent Zip 
file “Figure S11-S15”). 

Figure S13 Three-dimensional reconstruction of the complete neck (including the eight cervical vertebrae of the 
specimen AMF 57984) and skull (AMF 81965) of Meiolania platyceps in ventriflexion. 
(PDF) (Figure not included in this thesis PDF due to uploading limits; if interesting, please see the adjacent Zip 
file “Figure S11-S15”). 

Figure S14 Three-dimensional reconstruction of the complete neck (including the eight cervical vertebrae of the 
specimen AMF 57984) and skull (AMF 81965) of Meiolania platyceps in left lateral flexibility. 
(PDF) (Figure not included in this thesis PDF due to uploading limits; if interesting, please see the adjacent Zip 
file “Figure S11-S15”). 

Figure S15 Three-dimensional reconstruction of the complete neck (including the eight cervical vertebrae of the 
specimen AMF 57984) and skull (AMF 81965) of Meiolania platyceps in right lateral flexibility. 
(PDF) (Figure not included in this thesis PDF due to uploading limits; if interesting, please see the adjacent Zip 
file “Figure S11-S15”). 

Movie S1 Three-dimensional reconstruction and animation of the atlas-axis joint: Joint I of Meiolania platyceps 
(AMF 57984). 
Representative range of motion used in this reconstruction (reflecting the order of apparition of the frames): 
ONP, ventriflexion, dorsiflexion, left lateral flexibility, right lateral flexibility and maximal circular movement 
in all possible views.  
(MOV) 

Movie S2 Three-dimensional reconstruction and animation of the Joint II between CV2 and CV3 of Meiolania 
platyceps (AMF 57984). 
Representative range of motion used in this reconstruction (reflecting the order of apparition of the frames): 
ONP, dorsiflexion, ventriflexion, left lateral flexibility, right lateral flexibility and maximal circular movement 
in all possible views.  
(MOV) 

Movie S3 Three-dimensional reconstruction and animation of the Joint III between CV3 and CV4 of Meiolania 
platyceps (AMF 57984). 
Representative range of motion used in this reconstruction (reflecting the order of apparition of the frames): 
ONP, dorsiflexion, ventriflexion, left lateral flexibility, right lateral flexibility and maximal circular movement 
in all possible views.  
(MOV) 

Movie S4 Three-dimensional reconstruction and animation of the Joint IV between CV4 and CV5 of Meiolania 
platyceps (AMF 57984). 
Representative range of motion used in this reconstruction (reflecting the order of apparition of the frames): 
ONP, dorsiflexion, ventriflexion, left lateral flexibility, right lateral flexibility and maximal circular movement 
in all possible views.  
(MOV) 

Movie S5 Three-dimensional reconstruction and animation of the Joint V between CV5 and CV6 of Meiolania 
platyceps (AMF 57984). 
Representative range of motion used in this reconstruction (reflecting the order of apparition of the frames): 
ONP, dorsiflexion, ventriflexion, left lateral flexibility, right lateral flexibility and maximal circular movement 
in all possible views.  
(MOV) 

Movie S6 Three-dimensional reconstruction and animation of the Joint VI between CV6 and CV7 of Meiolania 
platyceps (AMF 57984). 
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Representative range of motion used in this reconstruction (reflecting the order of apparition of the frames): 
ONP, dorsiflexion, ventriflexion, left lateral flexibility, right lateral flexibility and maximal circular movement 
in all possible views.  
(MOV) 
 
Movie S7 Three-dimensional reconstruction and animation of the Joint VII between CV7 and CV8 of Meiolania 
platyceps (AMF 57984). 
Representative range of motion used in this reconstruction (reflecting the order of apparition of the frames): 
ONP, dorsiflexion, ventriflexion, left lateral flexibility, right lateral flexibility and maximal circular movement 
in all possible views.  
(MOV) 
 
Movie S8 Three-dimensional reconstruction and animation of the complete neck of Meiolania platyceps (AMF 
57984). 
Representative range of motion used in this reconstruction (reflecting the order of apparition of the frames 
following the camera generated): ONP, dorsiflexion, ventriflexion, dorsiflexion and ONP.  
(MOV) 
 
Movie S9 Three-dimensional animation of the reconstruction of the complete neck of Meiolania platyceps 
(AMF 57984). 
Representative of the manipulation and articulation of the different vertebra during three-dimensional 
reconstruction in the ONP.  
(MOV) 
 
Movie S10 Three-dimensional reconstruction and animation of the complete neck (including the eight cervical 
vertebrae of the specimen AMF 57984) and the skull (MMF 13825) of Meiolania platyceps. 
Representative range of motion used in this reconstruction (reflecting the order of apparition of the frames 
following the camera generated): ONP, dorsiflexion (x2), ventriflexion (x2), right lateral flexibility (x2), left 
lateral flexibility (x2) and all possible range of motion of the neck.  
(MOV) 
 
Movie S11 Three-dimensional reconstruction and animation of the complete neck (including the eight cervical 
vertebrae of the specimen AMF 57984) and the skull (AMF 81965) of Meiolania platyceps. 
Representative range of motion used in this reconstruction (reflecting the order of apparition of the frames 
following the camera generated): ONP, dorsiflexion (x2), ventriflexion (x2), right lateral flexibility (x2), left 
lateral flexibility (x2) and all possible range of motion of the neck. And representative of the jaw mobility of M. 
platyceps.  
(MOV) 
 
Movie S12 Three-dimensional reconstruction and animation of a probable intraspecific combat behaviour 
between two three-dimensional complete neck (including the eight cervical vertebrae of the specimen AMF 
57984) and skulls (MMF 13825) of Meiolania platyceps. 
Representative range of motion used in this reconstruction (reflecting the order of apparition of the frames 
following the camera generated): ONP, dorsiflexion, ventriflexion, left lateral flexibility, right lateral flexibility 
and contact between both of the skulls of the opponents. 
(MOV) 
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Neck mobility, grazing habits, and intraspecific 
combat behaviour in the giant pleistocene horned 
turtle Meiolania platyceps 
 
Andréas Jannel 
 
 

Meiolania platyceps is the stratigraphically youngest, and osteologically 
best-known members of the enigmatic Paleogene-Holocene testudinatan 
clade Meiolaniidae. This study generated digital reconstructions of inter-
vertebral mobility using the complete cervical series of M. platyceps as a 
functional model for inferring feeding habits in giant meiolaniid taxa. A 
combined photogrammetric and CT data approach was used to compile 
surface meshes for each individual vertebra, which were then scaled, 
articulated, and animated to visualise maximal movement through 
segments radiating from the dorsoventral and mediolateral planes. The 
results show that M. platyceps was incapable of any kind of neck 
retraction, which is not surprising given the massive skull and prong-like 
squamosal horns. In addition, impeded dorsal flexibility via the vertebral 
processes and projecting anterior margin of the carapace suggests that 
browsing would have been difficult. Indeed, the neck of M. platyceps was 
best capable of downward mobility allowing the skull to tilt forward. This 
presumably brought the muzzle into a grazing position and allowed the 
animal to feed upon low growing herbaceous vegetation, ferns and palm 
fruits. Because of the insularity and the skull configuration of this aberrant 
turtle, an intraspecific combat behaviour has also been suggested in the 
reconstruction of the lifestyle of M. platyceps. 
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