REASSESSMENT OF THEEVOLUTIONARY HISTORY
OF THELATE TRIASSIC AND EARLY JURASSIC
SAUROPODOMORPHDINOSAURSTHROUGH
COMPARATIVE CLADISTICS AND THE SUPERMATRIX
APPROACH

Omar Rafael Regalado Fernandez

UCL

Submitted for examination for the degredbafctor of Philosophy

I, Omar Rafael Regalado Fernandez, confirm that the p@$ented in this thesis is my own.
Where information has been derived from other sources, | confirm that this has been
indicated in the thesis






Reassessment of the evolutionary history of the Late Triassic and Early Jurassic
sauropodomorph dinosaurs through comparative cladistics and the supermatrix approach

Contents

Y 611 = Lo PP PRSP PPRTPPRPPPR 9
IMPACT STAIEMENL........ e e 11
OULIINE e et e e e e et e e smme e s e e e e 13
ACKNOWIEAGEMENTS.... ..t e 15
1 Evolutionary history and Palaeobiology of Basal Sauropodomorpha.....19

1.1 Definition of SAUropOdOMOrPRE.......ccvviiiiiiiiiiiii e 19

1.2 Importance of understanding Basal Sauropodomorpha interrelationships....28

1.2.1  Origins of qUAAIUPEAAIILY.......ccvviiiiiiiieiiie e 30
1.2.2  Origins Of NEIDIVOIY.......ccoviiiiieiie e 31
1.3 Prosauropoda: basal sauropodomorphs in the precladistic.era.................... 34
1.4 Basal Sauropodomorpha: the cladiStiC.era...........ccoeeeiiiiiiccceieeee s 38

1.4.1 Phylogenetic definitions proposed to describe relationships inside

SauropPOdOMOIPRA........ccci i e e ennn a7
1.4.2 Inconsistencies between the different topologies.............cccoovvvvieeeeeenn.n. 63

1.5 Current hypotheses of the origin of quadrupedalism and giantism in Sauro®la

1.6 CONCIUSIONS.....utiiiiiiiiiiiiii ettt es e 69
2 Comparative ClaiBLiCS...........ccocuuiiiiiiiiiiieeei e e e 71
2.1 Currentincongruenphylogeniedor Sauropodomorpha...........ccccceevveeiiiieene 43
2.2 TAXONOIMIC SCOPIB .. .ieiiieeieeiaauutttbnres s s s s aeeebbbbebs e e e e e e eeesssessse e e e e e et e e e e e eeeesemmeees 74
2.2.1  TaxONOMIC INCIUSION. .....ccciiiiiiiiiiii e 75
2.2.2  GeographiC iNCIUSION. ...ttt ieee e 76
2.3 Standardised searching teChNIQUES..........ccouiiiiiiiiieeniiieeeeee e 82
2.4 StratigraphiC fil..........oi e —————— 96
2.5 Partition @nalySiS......ccooiiiiiiiiii i an— 104
2.5.1  Cranial Partition.........ccooeiiiiiiiiie e e 105
2.5.2  AXIAl PAITItION. ...t e aaaran 117



Reassessment of the evolutionary history of the Late Triassic and Early Jurassic
sauropodomorph dinosaurs through comparative cladistics and the supermatrix approach

2.5.3  Appendicular Partition.............ceuuuuiiummmiireee s errn 130
2.5.4 Continuousversusdiscretecharacters........ccoooveeeeeeeeiiiiieeeiiiie e, 143
2.5.5 PartitionHOMOQGENEITKESES........cceiiiieieieeeiieeeee e s 149

2.6 Differencesn the charactecompositionof the differentphylogenetianatrices..151

2.7 CONCIUSIONS. ... .ettiiiieiee e e e e et eeees e e e e e et e et e et e ettt nnne e e eeeeeeeeeesssnsnnn s smmesssnnne 157
3 Compilation ofthe SUPErMALIIX.........ccuuvurriiiiiiiiieeeiieiieeee e e e 159

TNt R I = {11011 LTRSS 159
3.2 The SUPErM@ X PPIOACKL. ...ttt ieee e e e e e e e eeeme e e e e e e e eee s 160
3.3 Phylogenetic matrices as relational databases..............ccccovieeeeiiiiin e, 166
3.4  Assessment of COMPAtIDIITY..........uueeiiiiiiiiiiiiieee e 168
3.5 Compilation of phylogenetic MatriCes..........cceeeeeeiiiiiieeeiii e 171
3.5.1 Character adjoiNiNg.......cccceiieeeeeeiiiieiieeei e eene e e e, 176
3.5.1.1 Normalisation of Characters.........cccccccviiiiiiiiecceeee 177
3.5.1.2 Formattingof charactestatements.............ccoocvviiivimemnnnniiieieeeeee 177
3.5.1.3 Standardisationf nomenclature.............cooevvviiiiiieeen e 179
3.5.2 Mathematical topology as a proxy to assess homology.............ccccee.ee 181
3.5.3 Comparison of character lISIS..........ccoouiiiiiiiiiiccc e 190
3.5.4 Character analysis: information theQry............ccccoeeviiiiccc s 194
3.5.5 Operational taxonomIC UNILS..............coviiiiiiiiieene e e 204
3.5.5.1 The three main compilations on basal Sauropodomorpha............... 205
3.5.5.2 Recursively modified datasets...........ccevvviiiiiiiieemiiiiiiiiieeeeee e 214
3.5.5.3 Other independent phylogenetic MatriCes............cuuvveriiieeecivvvirenenne. 220

3.6 Overview of character analysis and character cading.............cccoevviecceeeeennn. 225

4 CharaCter @NalYSIS........ccoouuuiiiiiiiiiireeiiiiiiberee e e eeenr s e e e e e eaeaaaeeens 229

o R O - g1 = LI o] = 1= Tod (T £ 231
4.1.1 Infratemporal fENESIIA..........ooiiiiiiieeee e 235
4.12  Supratemporal fENESIIA ........ccoiiiiiiiiii e e 239
4.1.3  DermatOCraniUML........couuiiiiiiueiiiniiimeeeeeeeseetena e e e eeeessss e e e e e e e eaeeaeas 243



Reassessment of the evolutionary history of the Late Triassic and Early Jurassic
sauropodomorph dinosaurs through comparative cladistics and the supermatrix approach

4.1.3.1 FACIAl SEIIBS....uiuiiiitiiiiiiii it ieeeitttb ettt ettt et e e e e e e e eeet e et e e e e e e e e e e e e e e e e e e e aane 243
4.1.3. 1.1 Premaxilla........cccouiiiiiiiiiiiiiieeeiiiiiiiiee et 244
4.1.3.1.2 EXIEINAl NAIIS....cciiiiiiiiieeiieii e 259
4.1.3.1.3 Antorbital fENESTra.........uuuuiiiiiiie e 260
4.1.3.1.4 MaXIlla......ccoouniieiiiie e e 265
A.1.3. 1.5 NASAL....cco i 274

4.1.3.2 OrbItAl SEIES.....ceeeiiiiiiiiiiiei et e e enees s e e e e e e e e e e eeeeeneee 277
R T I - Vo [ = | PP PPPPPPPPPPPPPR 277
4.1.3.2.2 JUQAL it 282
4.1.3.2.3 Prefrontal........cooooooiiiiiioceeee e 286
4.1.3.2.4 POSHTONTAL ...ttt et e e e e e e e e 289
4.1.3.2.5 POSEOIDItAL.....ccco oo 290

4.1.3.3 TEMPOTAl SEIES.......uuiiiiiiiiiiiiiiii ettt e e e e e e e s e e e e e e e e e e 296
4.1.3.3.1 SQUAMOSAL ...ttt ieeei et eer e e e e e 296
G T0C B @ U= To [ = (= 298
4.1.3.3.3 QUAAratojUgal..........cvuvuiriiiiiie s ceeresr e e e srenrr e e e e e e 301

4.1.3.4 VaAUIL SEIIES....cceeeii i it eees sttt e enesss bbb e e e e e e eeaeaaeeeeeenn 305
R I e (0 1 = | PP PP PPRU PP PP 305
4.1.3.4.2 PAriEtal.....ccueeeiiiiiiiiiiiie e 308

4.1.3.5 Palatal SEr@S......uuuueuiiiiiie e rrnr e 309
R TR RV o o = PP 310
4.1.3.5.2 PLEIYQOIQ......eeeeeiiiiiiiiiiee e 311
4.1.3.5.3 PalatiNe.......cccoiiiiiiiiiiiiiiemme e e e e e 314
4.1.3.5.4 ECtOPLEIYGOI. ...ceveiiiiiieeeeeii e 315

4.1.3.6 NEUIOCTANIUNML.....uuuiiiiiiiiiiiieieeeeiaeessseeeeeeeeeeeeaeaeaeeeessmateeaeaaaaaesaaaaesanannns 316
4.1.3.6.1 OCCIPUEOLIC FEQION.......cceiieiieiiiiiiiiemmme e e emera s 321
G T S 21U o] = T T od o] = A USSR 323
4.1.3.6.3 OtOCCIPITAL . .uuueeieee it 323
g TG TN 30 ] o To ] 1 oSS 324
4.1.3.6.5 BaSIOCCIPITAL.......uuviiiiiiiiiiiiiii e 324

4.1.3.7 SPhENOIA FEOIONL.....uiiiiiiiiiiiiieiie ettt e e 325
4.1.3.7.1 ParabasiSphenoid..........cccceuiiiiiiiiiec e 325
4.1.3.7.2 LateroSphenoid.........coooovieiiiiiie e eceeen e 328

4.1.4 Mandibular SEIHES.......coouii e 330

I o A B 1= o | = /PSP 336

5



Reassessment of the evolutionary history of the Late Triassic and Early Jurassic
sauropodomorph dinosaurs through comparative cladistics and the supermatrix approach

4.1.4.2 SPIENIAL......eiiii i ————- 340
O B T U =V o U PP 340
N I N R 1N o To U = U TP 341
A LD DN ON et ——— 341
4.1.5.1 Premaxillary teeth.............ooviiiiiiiiiiiieee 342
4.1.5.2 Maxillary teth........coo o 343
4.1.5.3 Dentary teeth.......oeeiiiiiiie e 346
4.2 AXIAl CRAIACIOIS . . e aaame 349
4.2.1  Vertebral COIUMN. ... e 349
4.2.2  CerIVICAl VEIEDIAR. ... e e e aans 371
A.2.2. 0 AUAS ... e ———— 371
B2 2. 2 DX S e e ————— 372
4.2.2.3 ANtErior CErviCal VEIEDIAEG. ... ..ot reme e 376
4.2.2.4 Posterior cervical Vertebrag. ..o 385
4.2.3 DOrSalVEIEOIAG. . ... oo e 387
4.2.3.1 AnteriordorSalVertehra@. ... e 387
4.2.3.2 Middle dorsal Vertebrae. ..ot 394
4.2.3.3 PoSteriordorsalVertehrae . ... ..o 397
424  SACIANCIEOIAG . ... o e e e 403
4.2.4.1 Dorsosacral/ertebrae.......c..coovee oo A0S
4.2.4.2 PrimordialVertehrae.... ..o 404
4.2.4.3 Sacrocaudalertebrae. ......c.ooee v rennane . AOB
425  CaUdal VEIEDIAG. ... e aaens 406
4.2.5.1 Anterior caudal VEITEDIAR. ... ..o e eee e 406
4.2.5.2 Middle caudal VEIEDIAEO. ... ... eee e eaaans 407
4.2.5.3 Posterior caudal VEItehIra. ......coveeeeee e 407
4.2.5.4 Distal caudal VEITEDIAR. .......oeeeeeee e e eeem e e e d 407
4.2 5.5 N BVIONS ...t et e aaana e 408
4.3  AppendiCular CRAraCteIS..........cuuuuiii et ee e e e e e 410
4.3.1  Pectoral Qirdle.........ooieieiiiiiie et 410
S T I I S (<] (6] OO & 1 0
4.3.1.2 ClaVICIO ..o eee e neneee . A10



Reassessment of the evolutionary history of the Late Triassic and Early Jurassic
sauropodomorph dinosaurs through comparative cladistics and the supermatrix approach

R T R T O o] = T oo OO PPPPPPPPPPR 410
4.3.1.4 SCAPUIA.....cciiiiiiiieeeeiiiieieeieeee e enme e 413
4.3.2  FOrelimb.. .. 419
4.3.2. 1 HUMEBIUS ... it e e e e e e e e e e e ennsmnes 419
4.3.2.2 RAGIUS.....coiiiiiiiiiiiiii sttt e e e erena s e e e e e e e e e e e e e e e e annnn e e as 427
I T T U | - TR 427
4.3.2.4 CAIPAIS....ceiiiiiieeieiie e aeee e 429
4.3.2.5 MELACAIPAIS.......uuuuiiiriiiiiiiii it ieeeiit bttt et e e e e e e e eeemr e e e e e e e e e e e e e e e e e e e 430
4.3.2.6 Manual digitS.........cuuuuuuuuuiiiiii i e ceeeeiiers e e e e e e e e e e e eeeera e e e e e e e e e e e e e eeenannen 433
4.3.3 PelVIC QIrdl........cco e e 435
4.3.3. L TIUM oo e et s et e 437
4.3.3.2 PUDIS ..ottt 446
4.3. 4 HINAINMD oottt 452
A.3.4.1 FOIMUL...euiiiiiei et e e e et s e e e e e e e es e e e e e e snn e s 452
T | o] - SRR PPPPP 462
4.3.4.3 FIDUIA.....co o eee e errr e e e e e e e e e e e e e 466
4.3.4.4 ASIAQAIUS.......uuuiiiiiiiiiiiiii ettt 467
4.3.4.5 CalCaAN@UIML......oeiiiiiiiiiiiie s e e e e e e e e e e e aneea s s s e e e e e e e e e e eeeeeeeeessannns 470
4.3.4.6 MetatarSalS.........cooveiiiiiiiiiiiiimce et e e e e e e 470
4.3.4.7 Pedal digitS.......ccooiiiiiiiiiiiimme e e e e e e e 473
4.4 FINAI FEMAIKS .. .uiiiiiiiiiiiiiee e reee s 475
5  PhylogenetiC @nalySES..........ouuuuuuiiuiiiiiireeeeeier e eeeeae e 477
5.1 RESUILS...eeeiieiiiiiiiie e 477
o 00 0t R | =1 T Yo L3S ar7
5.1.2 Description of the tOpOIOgIES.........ccoeviiiiiiiiiie e 480
5.1.2.1 EQUAI WEIGNTS.....eiiiiiiiiiiiiiiie e 480
5.1.2.1.1 Node 138 SauropodoOmMOrPRa.........cceeeeiiiiiiiiime e 482
5.1.2.1.2 Nodes 152, Bagualosauria, and Node 151...............ccovvvvieemennnnnnn. 482
5.1.2.1.3 NOAE 16Q.......cceiiiiiiiiiiiiiiiieeess it e e e e e seereeee e eeeereaaeeaeeeaeeas 483
5.1.2.1.4 Nodes 150, 149, 148, 147: unequivocal sauropodomarphs.........483
5.1.2.1.5 Node 146, PlateOSauUIIa. ..........uuuuiiiiiiie e eeeeee s 484
5.1.2.1.6 NOAE 155, ... eeer e seere e e e e e e e e e e aaaaaaeas 488

7



Reassessment of the evolutionary history of the Late Triassic and Early Jurassic
sauropodomorph dinosaurs through comparative cladistics and the supermatrix approach

5.1.2.1.7 Node 175, Mussauridae, Node 183, Node 173, Node.179.......... 488
5.1.2.1.8 NOUES 154 ......cuuuuiiiiiiiiiiiiiiiieeeiiiieieeeeee e e e e e e e e e e e e s s e e e e e e e e e e e e e e e na e 490
5.1.2.1.9 Node 159, ANCRISAUIA...........uuuuiiiiiiei e eeeen s 491
5.1.2.1.10 Node 167, Sauropodiformes, and Node 166, Riojasauridae...... 492
5.1.2.1.11 Node 165: Lessemsauridae and Node.182.............ccceeevvieeenennn. 495
5.1.2. 112 NOUE LB4......e ettt mmme e e e e 495
5.1.2.1.13 Node 187, Plateosauravidag...........c...eveevniiiemmiiieirieeiieeeieeeieeeeae 496
5.1.2.1.14 Node 163, Melanorosauridae and Node 162..............................496
5.1.2.1.15 Node 169, SAUIOPOAA..........uuuuumiiiiieieceecriiiiree e e e e e e e e e e e e v eeeen e 497
5.1.2.2 Extended implied weighting.............ccccoevviviiiee e 497
5.1.2.3 Bayesian analySiS.............uuuuuuuuiiiiiiceeiiiiisise e e e s smnn e e e e 504
B  CONCIUSIONS....coiiiiii it e e e e e e e e e e eeaanmmnees 511
G I I 1S o U 1= [ o R SSP 511
6.1.1  HErDIVOIY....oueeeiii e 512
6.1.2 Quadrupedality and gigantiSm...............ooeviiiiiimmmeeeeeeeeeeeie s 520
6.2  SYNINESIS....cco i ar—————— 523
T REEIENCES.....cc oo eeeaaees 527
8 Figures and TablaBIdeX.........ccooeeeiiiiiiiiiiieeee e 571
LS B AN o] 0= [0 [ o1 SO STN 602



Reassessment of the evolutionary history of the Late Triassic and Early Jurassic
sauropodomorph dinosaurs through comparative cladistics and the supermatrix approach

Abstract

Non-sauropod sauropodomorphs, also known as 'basal sauropodomorphs' or ‘prosauropod:
have been thoroughly studi@drecent years. Several hypotheses on the interrelationships
within this group have been proposed, ranging from a complete paraphyly, where the grouy
represents a grade frapasalsaurischias to Sauropoda, to a group on its own. The grade
like hypothesigs the most acceptetowever, the relationships between the different taxa
are not consistent amongst the proposed scenarios. These inconsistencies have be
attributed to missing data and unstable (i.e., poorly preserved) taxa, nevertheless, at
extensie comparative cladistic analysis has found that these inconsistencies instead com:

from the character coding and character selection, plus the strategies on merging data sets

Furthermore, a detailed character analysis using information theory and matbkemat
topology as an approach for character delineation is explored here to operationalise
characters and reduce the potential impact of missing data. This analysis also produced th
largest and most comprehensive matrix after the reassessment and oglesatiom of

every character applied to this group far. Additionally, partition analyses performed on this
data set have found consistencies in the interrelationships withinsauwapod
Sauropodomorpha and has found strong support for smaller cladeassBtiteosauriga
RiojasauridaeAnchisauridaeMassospondytiae and Lufengosamrae. The results of these
analyses also highlight a different scenario on how quadrupedality evolved, independently
originating twice within the group, and provide a bettanfework to understand the palaeo

biogeography and diversification rate of the first herbivore radiation of dinosaurs
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Impact Statement

This research focused onsiting as many museums and reassessing as many fossils as
possible during three years study. This projectwas possible thanks to the existence of
Natural History Collections. In 2017, during the writing of this thesis, the holotype skeleton
of one species levant for the analysis herei@pngxianosaurysvas destroyed because the
exhibition hall where it was displayed in China collapsed. This dinosaur was deleted from
this datasetand aressentiapiece of information got lost. Rather than being an isolated case,
the safety of our natural heritage canbpetaken for granted. On 26 April 2016 the National
Museum of Natural History (NMNH) in New Delhi, India, got ravaged by a fire and the
building along with its collection got destroyed. Two years later, 3 September 2018, the
National Museum of Brazil, Ride Janeiro, was also destroyed by a fire that consumed most
of its collection. On 4 December 2017, the Society of Vertebrate Paleontology sued the
Government of the United States when it was announced that the Grand Stascaisate

and Bears Ears Nathal Monuments in Utah would be reduced in area. These two
monuments ar&aluable palaeontological resources, even two dinosaurs analysed in this
thesis came from these monumemisamosaurusand Seitaad and there are potentially
many more yet to be diseered or reclassified.

This thesis shows that as palaeontology tackles more complex problems, we rely on more
countries to acknowledge the societal and cultural value of their natural heritage and the
importance of its preservation. The supermatrix appr@ac character analysis have been
useful to give in giving insight into the enigmatic evolutionary history of sauropodomorphs
and this will encourage other researchers to apply them to other fossil groups. The dinosaur
analysed in this thesis were diseoed as early as 1837, and as this work has shown showed,
nearly 200 years later there is still a lot of new information that can be extracted from these
fossils. As new methods evolve, such as the ones implemented and developed herein, the
need to be rasited. Our societies need to take natural heritage more seyitostnsure

future researchers can also observe them
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Outline

1. The study of the origin of quadrupedalism in basal sauropodomorphs has produced a
large bog of literature. These studies are taxmased, and they are connected by

hypothetical scenarios on the evolution of basal sauropodomorphs. Comparative anatomy
studies have also involved to a lesser degree the adaptations that led to herbivorous diets,

gigantism, and pneumaticity.

2. The hypothetical scenarios have produced conflicting evidence on the characters that

support the clades, definitions and interrelationships within Sauropodomorpha.

3. This work constitutes a revision of the literature on bsmalopodomorphs and presents

the most complete and neasmprehensive dataset ever published.

4. The new phylogenetic scenario obtained from the analysis of this revised dataset is
contrasted with the previous knowledge of basal sauropodomorph anatormyy mai

locomotion, but also gigantism, feeding, and biogeography.
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O World, why do you wish to persecute me?

How do | offend you, when | intendly to fix beauty in my intelleand never my intellect
fix on beauty?

Sor Juana Inés da Cruz(16511695

Sonnet 146, as translated by Edith Grossman in Sor Juana Inés de la Cruz: Selected Works (2014)

To my heroes that were dressed up in gold
Only hoping one day could be so bold
Whee have all the gay guys gone?
If we are all in the gutter, it doesn't change who we are

'‘Ccause some of us in the gutter are looking up at the stars

Michael Holbrook PennimaandSkyler Stonestreet
Fragmenof Good Guys 2015
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1 Evolutionary history and Palaeobiology of Basal

Sauropodomorpha

1.1 Definition of Sauropodomorpha

Sauropodomorphi one of the threemajor cladesof non-avianMesozoicdinosaurs
thatoriginatedn theearlyCarnian(237-227Mya), theothertwo beingTheropodand

Ornithischia(Sereno,1999a;Martinezetal., 2011;Baronetal., 2017a) Whereaghe

first sauropodomorphseregracile,bipedalanimalswveighinglessthan10kg (Benson
etal., 2014) by the Middle Jurassidherewasan establishedrendtowardsgigantic,

quadrupedallinosaurgSandeetal.,2011;Figurel.l).Fossilsof thisgrouphavebeen
foundon all continentsandby the Middle Jurassicsauropodomorphisadreachech

worldwidedistribution(Upchurch,1995;Upchurchetal., 2004a).

The branchbaseddefinition usedhere for Sauropodomorph& the mostinclusive
cladethatcontainsall taxamorecloselyrelatedto Diplodocusthanto Herrerasaurus
Passeror Triceratops(Baronetal., 2017a) This definition is the mostappropriatgor
this studysincethecompositiorof thestempartof thecladeis of interestfor thiswork.
The earliestsauropodomorphkave beenidentified from the Carnianagedstrataof
South America, including Saturnalia (Langer, 2003), Buriolestes(Cabreiraet al.,
2016)andBagualosaurugPrettoet al., 2018)from Brazil, aswell asthe Argentinean
taxon Panphagia(Martinezand Alcober, 2009), and Nyasasaurugrom the Middle
Triassicof TanzaniaBaronetal., 2017a) Furthermorethereis Eoraptor, for which

thereis somedebateon whetheror notit is a sauropodomorpfSerencetal., 2012)
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Figure 1.1. Time-calibrated phylogram showing the traditional relationship modelbetween the
three main dinosaur lineages (Ornithischia, Sauropodomorpha, and Theropoda).he red bars
represent single genera, and the blue bars represent suprageneric taxa. In the traditional model,
Sauropodomorpha and Theropoda share a common ancestor @rform the clade Saurischia.
Sauropodomorpha is comprised of two main groupings: basal Sauropodomorpha and Sauropoda.
This phylogram ambiguously represents Basal Sauropodomorpha as the sister taxon of
Sauropoda, but basal sauropodomorphs are paraphyletic #h respect to sauropods. The
silhouettes show the derived characteristic bauplan of Sauropoda, and the similar bauplans of
non-sauropod sauropodomorphs, nofgenosaurian ornithischians, and nomeotheropod
theropods (modified from Sereno, 1999a

The synapomorphies that are used to diagnose Sauropodomorpha as a clade vary from
study to studyGauthier, 1986; Sereno, 1999a; Langer and Benton, 2006; Baron et al.,
2017a) Fourmajor character sets that have been compiled to dateUp@hurch et

al., (2007), Yates, (2007), Petial., (2011), and Sekiya et al., (201B)e apomorphy

based definition of Sauropodomorpha has been in constant flux as these datasets
produce different results and have been used as the basis for many further analyses
(e.g. Sertich and Loewen, 2010; Otero and Pol, 2013; McPhee et al., 2014, 2015a,
2015b; Wang et al., 2017)
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Accordingto Upchurchetal. (2007),theapomorphybasediefinition of
Sauropodomorphig* (Figurel.2):

1) areducedchumber(five to six) of neurovasculaforamina(C15.1),

2) afirst dentarytoothinseta shortdistancerom the anteriormostpartof thedentary
(C87.1),

3) a strongconstrictionbetweenthe sacralrib andthe transverserocessof thefirst
primordial sacralvertebra(C143.1),

4) afibular facetfacinglaterallyandvertically oriented(C263.1),
5) aconcavdateralmarginof the proximalendof metatarsall (C272.1),and

6) aproximalwidth to lengthratio of metatarsaV/ greaterthan0.25(C279.1).

1 The notation for character statements and character stais as follows: C154 denotes character
number (C) 154 in a list, C154.1 refers to character state 1 of character 154.
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Synapomorphies for Sauropodomorpha
Upchurch et al., (2007)

Facial series of Melanorosaurus Mandible of Plateosaurus engelhardti

readi in lateral view (based on in lateral view (based on specimen AMNH

NM QR3314 in Yates, 2007b). 2409).

263.1

Astragalus of Guaibasaurus candelarensis
(based on MCN PV2356, in Langer et al.,
2010).

Sacra of Plateosaurus engelhardti (top based on
specimen SMNS 13200) and Ammosaurus major

(bottom based on YPM 208).

Astragalus, distal tarsals, and metatarsals of

Blikanasaurus cromptoni (based on specimen

SAM K403 in Galton and Heerden, 1998).

Figure 12. lllustration of the characters that are considered as synapomorphies of
Sauropodomorpha according to Upchurch et al. (2007Y-he code number indicates the character
number statement and thecharacter states in the character list by Upchurch et al. (2007).
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Theanalysigperformedoy Yates,(2007b)proposedhefollowing synapomorphiefor
Sauropodomorphérigure1.3):

1) askull to femurratio lessthan0.6 (C1.1),
2) aheightto lengthratio of thedentarygreaterthan0.2 (C98.1),
3) astraightlong axis of thetoothcrowns(C116.1),

4) aloss of the postzygodiapophyse#&#minain the fourth to eighth cervicalneural
archeqC142.1),

5) weaklydevelopedaminaein thefourthto eighthcervicalvertebragC143.1),

6) alossof the prezygodiapophyseddminaandthe associatedriangularfossain the
middledorsalvertebragC158.1),

7) ahumerudengthto femurlengthratio betweer0.65and0.7 (C205.1),
8) atransverseaistalhumeralwidth to humeralengthratiogreatethan0.33 (C211.1),

9) an iliac pubic pedunclelonger than the anteroposteriowidth of its distal end
(C251.1),and

10) a posteriorendof thefibular condyleon the proximalarticularsurfaceof thetibia
placedanteriorly relative to the posteriormargin of the proximal articular surface
(C304.0).
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Synapomorphies for Sauropodomorpha
Yates (2007b)

I
Reconstruction of Plateosaurus engelhardti based on Galton Humerus of
and Upchurch (2004). Massospondylus

carinatus (specimen

BP/1/4934)

Mandible of Plateosaurus engelhardti

in lateral view (based on specimen AMNH

2409).

Middle to posterior cervicals of

Plateosaurus engelhardti (specimen SMNS 13200)

Tibia and fibula of Guaibasaurus

candelarensis in proximal view e

Ilium of Yunnanosaurus
(based on specimen MCP 3944-pV

robustus (specimen
in Langer, 2003). (sp

CUP 2102)

Figure 1.3 lllustration of the characters that are considered as synapomorphies of
Sauropodomorphaaccording to Yates (2007b). The code numberindicatesthe charactemumber
statemenandthe charactestatesn thecharactetist by Yates(2007b).

24



By contrastthe analysisof Pol etal., (2011)indicatesthe following synapomorphies
(Figurel.4):

1) askull to femurratio lessthan0.666(C1.1),
2) cervicalvertebradongerthantheanteriordorsalvertebragC128.1),

3) a deltopectoralcrest slanting perpendicularto the transverseaxis of the distal
condyleg(C173.1),

4) a humeraldistal width accountingfor more than threetimes the humerallength
(C175.1),

5) aradius80% shorterthanthe humerugC180.0),
6) atriangularandpointedpreacetabulgprocesgC207.)),

7) aniliac pubic peduncletwice the length of the anteroposteriowidth of its distal
width (C217.1),

8) anexpandediistalischialendwith respecto therestof the shaft(C225.1),

9) anasymmetrichfourthtrochantemwith asteepedistalslopthanthe proximalslope
(C247.1).
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Synapomorphies for Sauropodomorpha
Pol et al. (2011)

Reconstruction of Plateosaurus engelhardti based on Galton
and Upchurch (2004).

Forelimb of M. carinatus
(specimen SAM-PK-K5135)

5.1
Humerus of
Massospondylus 207.1
carinatus (specimen
BP/1/4934)

Ilium of Yunnanosaurus
robustus (specimen
CUP 2102)

Figure 1.4 lllustration of the characters that are considered as synapomorphies of
Sauropodomorpha according to Pol et al. (2011)The code number indicates the character
number statement and the character states in the character list by Pol et al. (2011).
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Finally, thelist compiledby Sekiyaet al., 2013includesthe charactetists published
by Upchurch(2007)and Yates(2007b),and proposesa new setof synapomorphies

for Sauopodomorpha:
1) askull thatis 50% of thelengthof thefemur(C1.1),

2) aninfratemporafenestraborderedor morethan50%of its lengthby thesquamosal
(C87.0),

3) aquadratdoramencompletelyencircledby the quadratgC102.1),
4) adentaryventrally curvedtowardsits tip (C132.1),
5) ahindlimb to trunklengthratio lessthanl (C237.0),

6) aratio of thetransversevidth of thedistalendof thehumerugo thehumerallength
greaterthan0.333(C292.1),

7) aratio of the length of the pendtimate phalanxof manualdigit Il to the second
metacarpalessthanl (C331.9).

8) astronglylaterally curvediliac bladein dorsalview (C355.1),

9) aniliac pubic pedunclewith ananteroposteriowidth twice aslargerelativeto its
distalwidth (C3561),

10) atransversavidth of thedistalarticularsurfaceof metatarsaV in distalview less
thanits anteroposteriodepth(C480.1),and

11) anungualof pedaldigit Il longerthanpedalphalanxil.2 (C499.1).

A moredetailedcomparisorof thesefour analysesis presentedn Chapter2. These
synapomorphyists showthattheproposedetsof synapomorphiegartly conflict with

eachother.Althoughnonsauropodauropodomorphhave beenconsideredo form a
gradefrom basalsaurischiango sauropodsthere is only partial consensu®n the

charactestatessupportingthe monophylyof Sauropodomorpha
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1.2 Importance of understanding Basal Sauropodomorpha interrelationships

Sauropodsavea very distinctive bauplan,possessingmall headsJong necksand
tails, complex vertebral lamination, a columnar gait, and a quadrupedalstance
(Wilson, 2002; Upchurch et al., 2004a; Sanderet al., 2011) It has long been
establishethatsauropodareamonophyletiggroup(Gauthier,1986;Upchurch 1995;
Wilson, 2002; Galton and Upchurch,2004; Sanderet al., 2011) The most recent
commonancestof Sauropodavaslikely alreadyquadrupeda{Sanderetal., 2011)

meaningthat the acquisition of quadrupedalitymust have occurred before their
radiation.To understandow thesemorphologicaladaptationsed to this changeput
alsothe origins of herbivory,or the trend of gigantism,we needto comprehendhe

phylogeneticistory of no-sauropodarsauropodomorphs.

Conversely,the taxa traditionally referredto as 6 p r o s a uhadore diverée
bauplanghan sauropodsrangingfrom gracile, bipedaland cursorialforms, suchas

Saturnalig and Thecodontosauruf_angeret al., 1999, 2007; Bentonet al., 2000;

Langer,2003) to large-sized, bipedal animalssuch as Ruehleia and Plateosaurus
(Galton,1999a,2001a;BonnanandSenter2007) andlargequadrupedalaxa suchas

Melanorosaurusand Lessemsauru@Galton, 1985a;Pol and Powell, 2007; Peyrede

Fabreguesand Allain, 2016 Figure 1.5). This diversity of body planshasposeda

challenge to our understanmhg of the interrelationships at the base of

Sauropodomorph&wo main scenariohiavebeenproposedo describehis diversity:

eitheré p r o s a Uarnogsisterdadeto SauropoddColbert,1964;Galton, 1990;

Sereno,1999a;Galtonand Upchurch,2004) or they represenmmembersf the same
lineageof Sauropodahatgraduallyacquiredadaptation$o a quadrupedastanceand

specialisationdor a herbivorousdiet (Langer et al., 2010b; McPheeet al., 2014,

2015b;Fothetal., 2015)
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1.2.1 Origins of quadrupedality

Previous analyses suggest that these adaptations originateepmase fashion. This
scenario necessitates a gradual appearance of these featurasriib@ropod, non
sauropodomorph saurischiangr nonsaurischian dinosaurs to more derived
sauropods. Although it has been widely accepted that this is the(Xatss and
Kitching, 2003; Remes, 2007; Fechner, 2009; Yates et al., 20 are several
problems related to the high degree of homoplasy that this scessuines (See 1.4).
These homoplasies are mostly reversals, and their distribution varies greatly between
different phylogenetic analyses (e.g. Upchurch et al., 2007; Yates, 2007; Pol et al.,
2011; Sekiya et al., 2013).

Sauropods, a deeply nested clade wiauropodomorphahare a bauplaill of the
nonsauropodan dinosaurs have beendeagferred to
Galton, 199; Galton and Upchurch, 2004p r mor e recently as
saur op o d@.moBampett and Upchurch, 2007; Upoth et al., 2007; Yates,

2007a)

The earliest sauropodomorphs are from the early Carnian of Brazil and Argentina (see
above). An early peak in sauropodomorph diversity occurred in the Norian (Late
Triassic, 227208.5 Mya) but was followed by a drop in the Rhaetian (Late Triassic,
208.5201.3 Mya; Barrett and Upchurch, 2005)he group survived the Triassic
Jurassic mass extinction with no effect on their diversity, buteusauropod
sauropodomorphs became extinct before the Middle Jur@aiett and Upchurch,
2005; Upchurch and Barrett, 2005Yhis decline on the diversity of basal
sauropodomorphs coincides with the onset thfeaeusauropod radiati¢Barrett and
Upchurch, 2005; Upchurch and Barrett, 2005; Mannion et al., 2011; McPhee et al.,
201§ Figure 16).

Thelack of consensusnthephylogenetidiistoryof Sauropodomorphiaom its basal
mostmembergo theorigin of sauropodebscuresnanyaspect®f the biology of this
groy. The mostfrequentlyaspectsare classification diversity, andlocomotion,but
understandindpiogeographyandevolutionof bothfeedingmechanisnandbody size

rely on havingawell-resolvedphylogenyfor this partof thetree.

Moreover, a reconstructia of the ontogeneticseriesof various sauropodomorph

generais also neededto better understandthe diversity of this clade, since the
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taxonomic units included in previous phylogenetic analyseshave included an
assortmenbf specimensof all ages,from juveniles such as Ignavusaurus(Knoll,
2010) MassospondylugChinsamy,1993;Reiszetal.,2013) MussaurugCerdaetal.,
2014)andYunnanosauruéSekiyaet al., 2013) to subadults,e. g. Aardonyx (Yates
etal.,2010)andadults.

1.2.2 Origins of herbivory

0 Pr o s a wereimtially segardedascarnivorousdueto the morphologyof their

teethand claws (Von Huene,1932; Swinton, 1934; Lull, 1953) Plateosaurusvas
considered as a largesized carnivorous predator (Swinton, 1934) whereas
Anchisaurug(Lull, 1953) and AmmosaurugVon Huene,1932) were thoughtof as
smallactivecarnivores. Themorphologyof theteethand manussupportedheideaof

largeprosauropodbeingcarnivorousasoriginally hypothesisedor Melanorosaurus
(Chariget al., 1965) and MassospondylugCooper,1981) A scavenginghabit was
proposedfor the latter taxon, eventhoughthey were startingto be recognisedas

memberof the samegroupthatincludedsauropoddy this time (Cooper,1981)

Severalstudiesbasedon comparisonsof 6 p r 0 s a dentiignsvdtid those of

iguanidlizardsled to the suggestiorthatall 6 p r 0 s a uwerelgrgeldherbivorous
as with the more derived sauropods(Galton, 1973, 1976, 1984, 1985b, 1986a;
Fairman,1999; Barrett,2000) Overtime, this suggestiorbecamethe consensusn

prosauropoddiet, and ideasof a carnivorousdiet were side-lined. Some studies
continuedto suggesthat carnivorousor omnivorousdietswerestill plausiblebased
on tooth morphology. For example,it was observedthatin 6 pr o s a uthe
maxillary anddentaryteethare mesiodistallyexpandedaretaller than theyarewide,

are labiolingually compressed|ack cingula, are not recurved,and have serrated
margins(Barrett,2000) This contrastswith ornithischianteeth,which arepresumed
to be associatedvith herbivory,which havea triangularshapeandareasymmetrich

in bothdistalandmesialviews.

In the caseof iguanids,it was initially thoughtthat Iguana and Ctenosaurawere
exclusively herbivorous,but further studieshave shown that iguanid herbivory is
presentonly in more advancedtaxa, whereasmore primitive iguanids such as
Brachylopusand Diprosaurushavecarnivorousor omnivorousdiets (Barrett,2000)

Moreover,lguana hasbeenshownto have facultative herbivory, with evidenceof
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scavengeannd predatoryhabits.Phylogeneticstudiesindicatethat the adaptationgo
herbivorywereacquiredn thecontextof aprimitively carnivorousliet (Barrett,2000;
Cabreiraetal., 2016)

As 60 pr o s a uwer pomgiderédsauropodomorphdinosaurs,a hypothesisof
phenotypicplasticity in the group was proposed so that animalslike Plateosaurus
wereherbivorousput Anchisaurusvasomnivorous(Charigetal., 1965). The cranial
anatomy of 6 pr o s a ualso mdicdted'that adaptationsto an exclusively
herbivorousdiet werenot presentn all membersf the group,basedon the absence
of aventrallydisplacedcraniomandibulajoint, a reducedcoronoideminenceandthe
absencef a preciseocclusion(Kermack,1984) Kermack(1984) proposedheidea
of omnivorouddietsind p r 0 s a ucongil@tingpre\iousanalyseshatalsoshowed
thatin many generatherewere apical and mesialwear facetsthat suggestedome
degreeof herbivory.

The high diversity of speciesn sauropodomorpibearingformationshasled to the
suggestionthat phenotypicplasticity and niche partitioning also implied that an
omnivorousdiet was neededto complementthe nutrientsfrom scarcexerophytic
plantsandto avoid competition(Charig et al., 1965; Cooper,1981; Barett, 2000;
SanderandKlein, 2005;Button et al., 2014; McPheeet al., 2015b) Severalspecies
come from formations whose lithology indicates arid, semtarid, or dry season
environments. The small gracile dinosaurs from Argentina (Panphagia
Chromogisarus and Eodromaeusalso putatively Eorapton have beenfound in
sedimentghat correspondo volcanicallyactivefloodplainswith heavyrain seasons
(Carnian, 235221.5 Mya; Martinez et al.,, 2011) whereas large bodied
sauropodomorphsuchas Coloradisaurus Leyesaurusand Riojasaurus have been
found in sedimentsfrom lacustrine,equatorialand humid environments(Norian,
221.5205.6Mya; Bonaparte]1972)
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The sauropodomorphdrom the Late Triassic of Germany (i. e. Sellosaurus
PlateosauruRuehleiaand Efraasig andEngland(i. e. AsylosaurusCamelotia and
Thecodontosaurysalso Agnosphytis potentially a silesaurid)include a range of

gracileandlargesizedanimals,and comefrom sedimentsf lacustrine fluvial, and
deltaicenvironmentsiepositedn semtarnd conditions(Sander1992;Hungerbuhler,
1998a; Galton, 2001a, 2007) These palaeoenviromental reconstructionsmight

indicatethat omnivorousdiets could allow thesedinosaurgo increasetheir nutrient
intakeby havingscavengeor predatoryhabitsduringthe dry season$Cooper,1981;
Gowetal., 1990;Barrett,2000)

The palaeoenvironmentakconstructionsnd the high diversity of generamakethe
omnivorousdiet scenariothe mostlikely (Barrettet al., 2010) andthusa clearand
concisephylogenetiscenarias neededo understandheoriginsof thespecialisations
of the feedingmechanismsseenin sauropodssincetooth morphologyaloneis not
necessarilareliablepredictorfor diet. Thefirst sauropodsomefrom formationsthat
correspondto fluvial and lacustrine environments deposited under semiarid
conditions(Smithetal., 1993;RaceyandGoodall,2009)

A caveaton this hypothesids the fact thattaxonomicrevisionsof severalgeneraare
long overdug(Sunetal., 1985;Moser,2003;YatesandBarrett,2010) An interesting
fact thatcontrastswith the high diversity of basalsauropodomorphis the high level

of endemisnseenin the sauropodomorpbearingformations.The SouthAmerican
and African faunas,for example,shareno speciesbetweenthem, regardlesf the
palaeogeographidispositionof Pangaeaas can be seenin Figures1.5and1.6. A

consensugbhylogenycanshedlight into the similaritiesbetweernthe faunasandthe
biogeographidistoryof thegroup

1.3 Prosauropoda: basal sauropodomorphs in the precladistic era

The first attempts to classify dinosaurs involved the selection of certain features that

were considered i mportant to un@wenstand the
1854; Cope, 1866; Huxley, 1870; Seel@g87, 1888; Marsh, 1895; Von Huene,

1914a, 1914b; Matthew, 1915; Abel, 191Bjecladistic methods aimed to produce a

hierarchical classification in which there are lower classes nested in higher classes.

This arrangement was based on seeking ovecatiprehensive similarities, which

were used to create genera that were then grouped into families, which were then
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grouped into orders, and so on. This paradigm has been referred to as a Haeckelian
classification(Mayr and Bock, 2002)Under this scheme, earlier discoveries of
prosauropod terial were classified either as theroptiable 11), or as dinosaurs

that were related to theropods and saurop®eblé 12). For Prosauropoda, roughly

half of all of the named taxa were discovered and described before the cladistic era,
producing a large body of work that is still relevant as a safrckaracters and taxa,

but that does little to shed light on relationships. Earlier Haeckelian classification did
not produce testable phylogenetic hypotheses, since, in the end, all of the hypotheses
rely on the level of agreement on the position tlzathetaxon has on the evolutionary
history (Mayr and Bock, 2002)

The first classifications corsie r ed &épr osauropods ' Hueare a t vy
(1932 established their similarity with sauropods and erected the group
Sauropodomorpha, comprising dwdivisions: Prosauropoda and Sauropoda. The
relationship between these two groups was obscured by the poor fossil record and the
poorly understood stratigraphy of the Triassic at the (lmeas, 201Q)On one hand,

there was the idea thatgsauropods were an independent lineage that originated
before Sauropoda, but whisharech common ancestarith Sauropodg§VvVon Huene,

1932; Young, 1942; Colbert, 1964; Charig et al.63;9Steel, 1970; Galton, 1971)
Alternatively, Prosauropoda was also considered as the lineage that gave rise to
sauropodgVan Heerden, 1979; Cooper, 1981, 1984; Galton, 1985a; Galton and Van
Heerden, 1985)The different degrees of silarity defined several families, and the
taxonomic composition of these svdargely debated on the characters that were
considered important. Although several groupings were proposed, and an assortment
of families erected, their taxonomic content vageeatlythrough time depending on

the characters chosen to define them.
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Table 11 Comparative table of the different classification systems proposed in the late 19th

century. The blue shading indicates the place where O6prc
classification system.
Cope (1866) | Huxley (1870) | Seeley (1874) | Marsh (1878-84)] Cope (1883) | Seeley (1887)
Scelidosauridae | Scelidosauridae | Stegosauria o
: : Orthopoda | Ornithischia
Orthopoda Iguanodontidae | Ornithopoda
Goniopoda| Megalosauridae | Megalosauridae
Compsognatha | Compsognatha Hallopoda
Table 12 Comparative table of the composition of the order Saurischia as defined by Marsh
(1895) and subsequent classifications derived from it in the early 20th century that considered
6prosauropodsd as an independent Thedghtrbluesshade an | i neage
indicates the groups were the families of 6prosauro

6 pr os a uweoeglasdifedas carnivorous dinosaurs, whereas in Huene (1914a, b) the order
Pachypodosauria was erected to include carnivorous dinaars and sauropods. Subsequent
classification models were amendments to restrict the definition of Pachypodosauria to include
anything that was not a coelurosaurian, a theropod, or a sauropod.

Marsh, 1895 von Huene, 1914a, b Matthew, 1915 Abel, 1919
= = =
Coeluria == Podekosauridae | =5 | Podekosauridae | S5 | Podekosauridae
= Hallopodidae o] Hallopodidae = Hallopodidae
Compsognatha
psog % Coeluridae % Coeluridae % Coeluridae
< Hallopoda i | Compsognathidae | i |Compsognathidae | & | Compsognathidae
D 2 [ ‘2
=T =
Q | £ | anchisauridee | & =
o Megalosauridae | ~ |  plateosauridae § Anchisauridae % Zanclodontid.
oY |Dryptosauridae | 2 Sellosauridae = | Zanclodontidae | = | <2Nclodontidac
w . =T Am id = Plateosauridae & | Plateosauridae
Labrosauridae AN maosauridae = =
Thecodontosauridae | &2 ]
|:I—: R @ Massospondylidae & &
[ Zanclodontidae)| () Meoal d — —_
Anchisauridae | O zeﬂilgszﬂ; daz S | Megalosauridae | & | anehisalridae
Ceratosauria | 2- a a < | Deinodontidae | < | mMegalosauridae
> Ceratosauridae i | Ornithomimidae | o3
I = =
<
Cetiosauridae
SAUROPODA | & | Setiesauridee | gAl)ROPODA | SAUROPODA
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During the precladistic era, the origin of dinosaurs wagl@y disputed, ananany
studiesaimed to understand the origins of large body size. Some of the earliest
scenarios of the evolution of quadrupedalism, for example, in sauropods were based
on the assumption that saurischians and ornithischians did n& ahaommon
ancestor (Seeley, 1887, 1888; Baur, 1891; Huene, 1914a; Colbert, 1964; Romer,
1971). This model proposed that the families of prosauropods, Thecodontosauridae,
Plateosauridae, Plateosauravidae, Anchisauridae, and Melanorosauridae, were part of
atransformational sequence that gradually lost their bipedality because of an increase
in body size. Under this model, quadrupedalism in sauropods was a reversal, with

melanorosaurids as a transitional group.

The main challengeto this scenariccamefrom stratigraphy.The bedsthat contained
plateosaurideindthecodontosaurids Europewereyoungerthanthe bedsin South
Africa that yielded melanorosauridmaterial (Charig et al., 1965). Moreover,
anatomical considerationsof the reduction of the manual and pedal digits in

prosauropodand sauropodded to the proposalthat quadrupedalitywvasthe default
conditionfrom apseudosuchiato sauropodjait, makingprosauropodsffshootsfrom

this main quadrupedalineage (Charig et al., 1965). The key characterthat linked

Thecodontosauridaand Plateosaurida¢o the sauropodomorpHineage was their
spatulatedentition. This stratigraphic incongruenceled to the proposition that
prosauropodsvere so-called Aideadend®, a term that at that time alluded to the
extinction of sideshootbranchespr that prosauropodsind sauropodshad different
origins(Charigetal., 1965).

The monophyly ofProsauropodatarted to be widely accepted based on several
characters but most significantly the highly reduced digit V in #s{@ruickshank,

1975; Van Heerden, 1978, 199AIthough weakly supportedit became the more
plausible option when the adaptations that dinosaurs acquired for an erect gait were
considered to be too complex to evolve independently several times from
0t hecodon t(Golhert01964; €muitkshank3¥5).

Overall, the frameworks to test thmeany arrangements proposed by Haeckelian
classifications were not strong enough to provide falsifiable explanations for the origin
of quadrupedalitfFigure 17). Moreover, much of the taxonomic work done during

this period was not contested for a long time, due to the small number of dinosaur
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specialists that worked on these animals. The taxonomi&satféosurus (Moser,

2003) Eucnemesaurystuskelosaurugboth discussed in Heerden, 1979; Yates,
2007b; McPhee et al., 2013)JelanorosaurugPeyre de Fabrégues and Allain, 2016)
andYunnanosauru@Barrett et al., 2007; LU et al., 2007; Sekiya et2dl1,3)have been
recently addressed, but there is still no complete revision of all of the materials referred
to these taxa.

1.4 Basal Sauropodomorpha: the cladistic era

Theadvent of cladisticeame in the first half of the $@&enturywhen method started

to be developed to study the classification of b{idgchell, 1901) on insects with

the first proposed character liTillyard, 1921) and to understand evolutionary
patterns in plant&Zimmerman, 1943)The cladistic approach considers each character
transformation as evidence of groupi@thuch and Brower, 200Jhis trangormed
from an ordering system based solely on hierarchical arrangemeprapes ordering
system based on patterns of des¢btayr and Bock, 2002)instead of trying to put
emphasis on the place that each individual taxon would have in the hierarchy, there is
an emphasis on the character distribution and character hiBiggnt and Wagner,
2001; Mayr and Bock, 2002; Sereno, 2007&)is approach is known overall as a
Henningian cladification, where the groups that are produced are clades: hgpbtheti
scenarios were all the taxa contained in a clade have a shared giMagtgnd Bock,
2002)
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Pre-cladistic era

Blikanasauridae (Galton and Heerden, 1985) 0

Melanorosauridae (Galton, 1985b)

lelanorosaurus
Riojasaurus

1985

Anchisauridae (Cooper, 1981) 'non-melanorosaurid' prosauropods

Plateosauridae (Heerden, 1979) [Yunnanosauridae

Vulcanodontidae (Cooper, 1984)

Gryponichidae
Plateosauravidae

AN

Anchisauridae (Galton and Cluver, 19?6)|’non-melanc|rosauricl' prosaur‘opods|

Anchisauridae (Ammosauridae,

1975

Thecodontosauridae, Massospondylidae,

Melanorosauridae (Raath, 1972) [Wulcanodon |
Anchisauridae (Galton, 1971)[non-melanorosaurid’ prosauropods]|

Prosauropoda Gryponichidae, Yunnanosauridae)

1965 Palaeopoda (Colbert, 1964)

Melanorosauridae (Romer, 1956) |Plateosauravidae|

Melanorosauridae (Charig et al., 1965) Camelotia, 'Gresslyosaurus’

(Steel, 1970) Plateosauridae (Plateosauridae, Teratosauridae,

Lufengosaurus, Herrerasaurus)
Melanorosauridae (Platoesauravidae,
Melanorosauridae)

Plateosauria (Colbert, 1964) Palaeosauria (Colbert, 1964)

(R

1955

Yunnanosauridae
Massospondylidae
Dromicosaurus

Yunnanosauridae (Young, 1942)

1945

Thecodontosauridae (Anchisauridae)

Plateosauridae (Massospondylidae, Melanorosauridae ’:;I"a";gz:ﬂzg:ee
Gryponichidae, Plateosauravidae, Yunnanosauridae) e
Herrerasauridae, Staurikosauridae, Riojasaurus
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Gryponichidae (Huene, 1932) |Aetonyx palustris
Plateosauravidae(Huene, 1932)

Plateosauravus stormbergensis

1935

Sauropodomorpha (Huene, 1932)
Melanorosauridae (Huene, 1929) GG

Prosauropoda (Huene, 1920)

Pachypodosauria (Abel, 1919) g;r;:::’si‘:‘n;gj::

Pachypodosauria (Matthew, 1915)

1925

1915
Pachypodosauria (Huene, 1914a,b)

Massospondylidae (Huene, 1914a)
Ammosauridae (Huene, 1914b)

1905

Plateosaurus
Massospondylus
Thecodontosaurus
Euskelosaurus

1895 Platecsauridae (Marsh, 1895)

. . Anchisaurus
Lo8s Anchisauridae (Marsh, 1885) TSI

Teratosaurus
Zanclodontidae (Matthew, 1915)

P. cullingworthi

Massospondylidae
Thecodontosauridae (Haughton, 1924) |Thecodontosaurus

Anchisauridae
Zanclodontidae
Plateosauridae
Carnosauria
'prosauropods'
Sauropoda

Massospondylus carinatus

Figure 1.7 Timeline showing the
different groups (orders or
families) erected during the pre
cladigtic era. The content of eac
group is inside the blue boxes to tf
right. Whilst some of these name
are still in use, they do not relate t
the initial definitions proposed
here.




Cladisticsprovidestestabldrameworkssincetherearetwo setsof hypothesesa hypothesiof
primary homology, which are hypothesesof homology basedon similarity of structure,
position or function, and a hypothesisof secondaryhomology, which is supprted by its
distributionin atree,i.e. thereis evidencefrom topologythatit is not homoplasy(Patterson,
1988) Thefirst phylogeneticanalysisto apply a cladisticrationaleto sauropodomorph&as
performedby Paul (1984) who proposedthat a group called Segnosauriavas relatedto
ornithischians and that prosauropods,as a monophyletic group, were linked with
ornithischiansinadé P h y t o d i hgpotkeaissimilaréodhe onesuggestedby Bakkerand
Galton(1974).Gauther (1986)performedhefirst truecladisticanalysigo testthemonophyly
of dinosaursand birds and he also provided severalcommentson Sauropodomorpha-e
suggestedhat Sauropodomorphaas a lineageof saurischiardinosaursthe sistergroup of
thergods, and not related to ornithischians.He also presentedlimited evidence that
prosauropodwsereaparaphyletigroup,with sometaxacloserto sauropodriginsthanothers
(Gauthier,1986).Segnosauriavere shownto be a group of theropoddinosaurgPerle,1979;
BarsboldandPerle,1980;Barsbold,1983) now referredto astherizinosauroid¢Russelland

Dong, 1993) and have been excluded from further considerationof sauropodomorph
phylogeny(Figurel1.8).

The term 6dsauropodomorphdé is applied here ¢
Oprosaur opods Ghealaddtiddesranu r dobpaosdasl s aur opodomor p
here to refer to any nesauropod that is in the sauropodomorph lineage, including the most

primitive sauropodomorphs, an evolutionary grade rather than a clade.

Galton (1990did not perform a numerical cladistic analysis but he was the first to look at a
large number of the relevant taxa, and recovered prosauropods as a monophyletic group, which
he regarded as the sistaxon to Sauropod@Figure 19). Two families were proposed:
Plateosauridae and Melanorosauridae. The other families formed a grade leading towards
plateosaurids and melanorosaurids. The same arrangenssatevabtained by a more formal
numerical cladistic analysis (including 18 ingroup sauropodomorphs) that retrieved a
monophyletic group with two clades: Plateosauridae and Melanorosauridae, but with different
definitions(Gauffre, 1996)

Monophyly of Prosauropoda was supported by the first cladistic analyses, but these were
applied to only small datasets where sauropods were assumed to represent an outgroup. In

Sereno (1999 Pr os aur op od daxon tosSautopoda. Is ithis tnew view, the
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prosauopods are unified by a large claw pointing inwards with a twisted thumb, proportionally
long cervical vertebrae, such as those fourllateosaurusndMassospondylysnd a highly
conserved skeletal design (Sereno, 1999). In contrast, an alternatiwsisanabced
Coloradisaurugn a basal position, even more basal thhecodontosaurysnd the existence

of Plateosauridae and Melanorosauridae was supp{B&aton et al., 2000)Subsequent
cladistic analyses continued assuming prosauropod monofifgythurch, 1998; Wilson and
Sereno, 1998; Wilson, 2002; Galton and Upchurch, 2Bigire 1.10).

In one of the earliest works that included a comprehensive assessment of 212 osteological
features and 20 taXyates and Kitching, 2003p me of t he Oprosauropods
basal sauropods for the first ti me, wher ea
Prosauropodaé clade that was the sister <cl ad
t he name 6Pr os aess inclusivd aiice thee mostme@bustl forms, such as
Melanorosaurusreadi or Blikanasauruscromptonj were placed within Sauropoda. The

position ofAnchisaurusvas challenged based on the findings in Yates and Kitching (2003),

and a redescription of the material led to the conclusion tAathisauruspolyzelusand
Melanorosaurusreadi were the most basal members of the clade Sauropoda, rather than
prosauropodsthis being the first time that Anchisauridae was considered a derived family
within Sauropodomorpha rather than a primitive one. Prosauropoda coritafeagosaurus
MassospondylyRiojasaurusPlateosaurusand possiblyEfraasia(Yates and Kitching, 2003;

Yates, 2004Figure1.11).
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Coloradisaurus
Lufengosaurus
Plateosaurus
Blikanasaurus ™
Melanorosaurus
Riojasaurus
Camelotia cl

Plateosauridae

Sauropoda
Thecodontosaurus
Anchisaurus
E Massospondylus
Yunnanosaurus
_%Sellosaurus =
q Melanorosauridae
Euskelosaurus
Massospondylus
Sellosaurus Plateosauridae
Coloradisaurus
Plateosaurus

Yunnanosaurus

Riojasaurus Melanorosauridae
Anchisaurus

‘% Lufengosaurus

Ammosaurus

Figure 19 Fi r st cladistic scenari os of mo n o p h yAboeget i ¢ opr
Cladogram representing therelationships of prosauropods as the sister taxa of Sauropoda, obtained by

Galton, 1990. Below. Cladogram showing a division of prosauropods in two families with a different
composition from that in Galton, 1990. Analysis performed by Gauffre, 1996.
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Figure 1.10 Summary of results from several studies that supported the relationships of Prosauropode
a monophyletic group: A) Sereno (1999), B) Benton et al. (2000), C) Galton and Upchurch (2004).
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Herrerasaurus ischigualastensis
Neotheropoda

Saturnalia tupiniquim
Thecodontosaurus spp
Efraasia minor

| Riojasaurus incertus

| 7 Plateosaurus engelhardti

| | Coloradisaurus brevis

| Plateosauridae Massospondylus can’n_atus
Sauropodomorpha Lufengosaurus huenei
Anchisaurus polyzelus
Melanorosaurus readi
Blikanasaurus cromptoni
Antetonitrus ingenipes
Isanosaurus attavipachi
Kotasaurus yamanpalliensis
Vulcanodon karibaensis
Shunosaurus lii
Barapasaurus tagorei

_E Omeisaurus spp
Neosauropoda

Figure 111 Cl adogram showing a partial paraphyly of prosa
(=Plateosauridae), as a paraphyletic series of melanorosaurid sauropodomorphs, according to Yates and
Kitching (2003).

Sauropoda
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Another analysis puldhed by Yates (2003b) produced a phylogeny that included 164
osteological features, compiled from the ones used in previous an&lysksn, 1985c;

Gauthier, 1986; Sereno, 1993; Sereno and Novas, 1993; Novas, 1994; Wilson and Sereno,
1998; Benton et al., 2000; Rauhut, 2003#&)s thorough reassessment confirmed that amongst

1 4 dional prasauropods' there was no evidence of subgroupings. This led to the proposition
that OProsauropoda’ was compl et évhtgs, 2p0da) ap hy | «
After the removal ofColoradisaurus a reduced cladistic consensus of the five most
parsimonious trees showed that there were only two potential groupings within the paraphyletic

0 Pr os a uFigorp tild.a 6

A thorough discussion of treadistic analyses that were performed between 2004 and 2018 is
presented in Chapter 2.

Crurotarsi
Marasuchus
Ornithischia
Herrerasauridae
Neotheropoda
Saturnalia

T. antiquus

T. caducus
Efraasia
Plateosaurus
Anchisaurus
Riojasaurus
Lufengosaurus
Coloradisaurus
Massospondylus
Yunnanosaurus
Euskelosaurus
Melanorosaurus
Blikanosaurus
Vulcanodon
Eusauropoda

L

/"

Anchisauria

Massospondylidae

Figure 1.12Cl1 adogram showing the complete paraph23003y). of Opr c
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1.4.1 Phylogenetic definitions proposed to describe relationships inside
Sauropodomorpha

New analyses performed on larger collections of taxa and characters led to either partial or

nearcomplete paraphyly of Prosauropgézalton and Upchurch, 2004; Smith and Pol, 2007;

Upchurch et al., 2007a; Kutty et al., 2007; Ezcurra, 2010; Sekiya, 2010; Yates2étlal.,

Novas et al., 2010; Pol et al., 2011; Sekiya et al., 2013; Otero and Pol, 2013; McPhee et al.,

2015b, 2015a; Otero et al., 2015; Peyre de Fabregues et al., 2015; Wang et al., 2017; Chapelle

and Choiniere, 2018; Zhang et al., 2019¢veral phylogeetic clades have now been erected

to capture these alternative groupings and are listed chronologically .bEae 13

summarises this information inhéerarchical order for context.

GuaibasauridaeBonaparte et al., 1999wasoriginally namedto includeonly Guaibasaurus
atthebaseof 6 P r 0 s a u butafteotht distqveryof a secondmore completespecimen,
this clade was expandedto include Saturnalig as the earliest diverging lineage within
Sauropodomorphalthoughthis wassuggesteavithout a phylogenetianalyss (Bonaparteet
al., 2007) SubsequentlyEzcurra(2010) extendedthis definition to include Agnosphitys
Panphagia and Chromogisaurugorming the basaimost clade SauropodomorphéEzcurra,
2010; Novaset al., 2010; Sekiyaet al., 2013 Figures1.19 and 1.21). Yateset al. (2010)
recoveredGuaibasauridaasthe sistercladeof Sauropodomorpheatherthanits mostbasal
lineage(Knoll, 2010;Yatesetal., 2010;Pol etal., 2011;OteroandPol, 2013;McPheeet al.,
2015b,2015a;Peyrede FabreguesndAllain, 2016;Figuresl.17, 1.22and1.23.

Plateosauria Tornier, 1913 was definedas a nodebasedtaxon containingthe mostrecent
commonancestoof Plateosauridaand MassospondylidaéSereno,1998,1999b) The same
definitionwasemployedby GaltonandUpchuch (2004)but Massospondylidaeiasreplaced
by JingshanosaurudJpchurchet al. (2007) proposedlingshanosauruss a basalsauropod,
redefining Plateosauriaas the clade containing Plateosaurida@nd Massospondylidaeand
possiblyLufengosaurugFigure1.14 andFigure 1.18). Few studiesappliedthis definition for
PlateosaurigKutty etal., 2007;Sekiya,2010;Figurel.15andFigure1.17). Theresultsderived
from the datasebf Yates(2007)havedefinedPlateosauriasincluding all sauropodomorphs
exceptfor the mostbasalforms (Ezcurra,2010;Knoll, 2010;Novasetal., 2010; Yateset al.,
2010;McPheeetal., 2015b;Figurel.17).

PlateosauridaeMarsh, 1895hasbeenproposedasa stembasedaxonthatincludesall taxa
more closely related to Plateosaurusthan to Massospondylidae(Sereno, 1999) or
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YunnanosauruandMassospondylu&altonandUpchurch 2004). In Upchurchetal. (2007),
this cladeis definedasincluding PlateosaurusRiojasaurus and Coloradisauruswhereagshe
inclusion of Lufengosaurusgs equivocal (Figure 1.14). In Yates (2007), Plateosauridaés
restrictedto Unaysaurusand Plateosaurusandit wasretrievedassuchin severalsubsequent
analyseqSmith and Pol, 2007; Ezcurra,2010; Sertichand Loewen,201Q Figure1.17). In
Yates,etal. (2010),PlateosauridamcludesalsoRuehleiaacorclusionthatwasalsofollowed
by Knoll (2010) (who made it more inclusive by grouping therein Riojasauridae,
MassospondylidagndAnchisauria),andChapelleandChoiniere(2018) Sekiya(2010)used
the datasetfrom Upchurchet al. (2007) and defined Plateosauridaes a core group of
prosauopodsplacedasthe sistertaxon of SauropodaNovaset al. (2010, includedin this
family the Indian prosauropodaklapallisaurus PlateosauridagontainedUnaysaurusand
Plateosaurusn subsequengtudies(OteroandPol, 2013;McPheeetal., 2015b,2015a;Wang
etal., 2017 butis retrievedunresolvedn Peyrede FabregueandAllain (2016)(Figurel.23).

MassopodaYates, 2007is a stembasedcladecontainingall thosetaxamorecloselyrelated
to Saltasaurudoricatusthanto Plateosauruengelhardtj effectively containingAnchisauria,
MassospondylidaandRiojasauridagY ates,2007a;Ezcurra,2010;Knoll, 2010;Novasetal.,
2010;Yatesetal.,2010;Poletal.,2011;McPheeetal., 2015b,2015%; Figures1.17, 1.19and
1.22). Thecontentof Massopodas differentin Peyrede Fabregue$2016)sinceRiojasauridae

is placedin amorebasalpositionthanPlateosauridag-igure1.23).

MassospondylidaeHuene, 1914b hasbeendefinedas a stembasedtaxonthat includesall
taxa more closely related to Massospondylusthan to Plateosaurus thus including
Massospondyluand YunnanosaurugSereno,1999b) or Massospndylus Coloradisaurus
and Lufengosaurug(Yates and Kitching, 2003; Yates, 2007a Figure 1.18. Subsequent
analysesappliedthe samedefinition as Yatesand Kitching (2003), but it hasalsoincluded
Glacialisaurus(Ezcurra,2010,Knoll, 2010),JingshanosauruéYatesetal., 2010),Pradhania
(Novasetal., 2011),AdeopapposauruandLeyesaurugOteroandPol, 2013;McPheeet al.,
2015b, 2015a; Otero et al., 2015) Ignavusurus (Chapelle and Choiniere, 2018) and
SarahsaurugChapelleand Choiniere,2018) Severalanalysexoncludedhowever thatthis
cladecontainednly Massospondylugrates,2003a;GaltonandUpchurch,2004;Kutty etal.,
2007; Pol and Powell, 2007a;Upchurchet al., 2007a) In the topology producedin Sekiya
(2010), the clade is synonymous with PlateosauriaPol et al. (2011) retrieved a clade
Massospondylidae containing Massospondylys Yunnanosaurys Gyposaurus and
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Lufengosaurus (Figure 1.20). Finally, this clade was restricted to Massospondylys
AdeopapposaurysandLeyesauruswhereaslingshanosauruss placedasthe sistertaxonof

AnchisauriaandLufengosaurusindGlacialisaurusareplacedwithin their own family asthe

sistertaxon of Anchisauria+ Jingshanosaurugn Peyrede Fabreguet al. (2016) (Figure

1.23).

Anchisauria Galton and Upchurch, 2004wasdefinedasthemostinclusivenodebasedaxon
thatincludesthe mostrecentcommonancestonf Anchisaurusand MelanorosaurugFigure
1.13). The term was originally defined to comprise Anchisaurus Ammosaurus and
Melanorosaurida€¢Galtonand Upchurch,2004). More recentanalyseshangedhe topology
sothatthis cladecontaineddl sauropodomorphaxceptfor the mostbasalforms (Kutty etal.,
2007;Upchurchetal.,2007g Figuresl.14and1.16). In thetopologyobtainedby Yates(2007),
Anchisauriawvasrestrictedo excludebasalsauropodomorphglateosauridspnassospondylids
andriojasauridgSmithandPol,2007;Yates,2007a;Ezcurra,2010;Knoll, 201Q Novasetal.,
2010;Yatesetal.,2010;Pol etal.,2011;0OteroandPol,2013;McPheeetal., 2015b;Peyrede
FabrégueandAllain, 2016;Figuesl.17,1.19 1.20, 1.22and1.23. With this definition,some
topologiesincludemassospondylidwithin Anchisauria(McPheeetal., 2015b),or includeall
sauropodomorphsexcept the basaimost forms, such as Thecodonotosaurusr Efraasia
(Sekiya,2010;Sekiyaetal., 2013 1.18and1.20)

Anchisauridae Marsh, 1885 was originally defined as comprisingonly Anchisaurusand
Ammosaurubut laterrecoverednly in GaltonandUpchurch(2004);Upchurchetal. (2007),
Kutty etal. (2007)andSekiya(2010).In Upchurchetal. (2007),this cladeis weaklysupported.

SubsequergtudieshavenotincludedAmmosaurugasa separat€®©TU.

SauropodiformesSereno,2007bwasoriginally definedastheleastinclusivecladecontaining
Mussauruspatagonicusand Saltasaurusloricatus (Figure 1.22). This definition is not
applicableto severaphylogeniedecaus®f theexclusionof Mussaurudgrom thedatasete.g.
Kutty et al., 2007; Yates,2007a;Ezcurra,2010; Knoll, 2010; Pol et al., 2011; Yateset al.,
2011;Sekiyaetal.,2013;Peyrede FabréguesndAllain, 2016) In analysesvhereMussaurus
is included,Sauropodiformess retrievedasall the sauropodomorpdinosaurghatareat the
baseof the melanorosauridyrade,excluding Anchisaurusand the massospondylidsyhich
altogetheform MassopoddMcPheeetal., 2015ab; OteroandPol, 2013).In earlieranalyses

thatusedMussaurusSauropodiformebecomes synonymof eitherPlateosaurigGaltonand
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Upchurch,2004),an unrankedcladebetweenSauropodomorphand Anchisauria(Upchurch
etal.,2007;Kutty etal.,2007),or PlateosauridaéSekiya,2010).

Riojasauridae Yates, 2007 was defined as a stembasedclade containing Riojasaurus
incertus but not Plateosaurusengelhardti Massospondyluscarinatus or Anchisaurus
polyzelusin previousworks,this cladewassynonymisedvith MelanorosauridagGaltonand

Upchurch,2004; Kutty et al., 2007) or Plateosaudae (Kutty et al., 2007; Upchurchet al.,

2007a; Sekiya, 2010) with different contents.However, this clade consistentlycontains
Eucnemesaurus subsequentvorks (Ezcurra,2010;Knoll, 2010;Novasetal., 2010; Yates,
2010;0teroandPol,2013;McPheeetal.,2015b,2015a;Peyrede FabregueandAllain, 2016;

Figuresl.19and1.22).

Melanorosauridae Huene, 1929 was first conceived as containing Melanorosaurus
CamelotiagandLessemsauru&altonandUpchurch2004,Upchurchetal., 2007, Figurel.14,
Kutty etal., 2007, Figure1.16). However,in theanalysedasednthedatasebf Yates(2007),
this definition is extendedto include sauropodike 6 p r 0o s a uandospumplods@vhich
almostoverlapsthedefinition of Anchisauriawith the exclusionof somebasalforms,suchas
Yunnanoaurus and Anchisaurus(Yates,2007a; Ezcurra,2010; Knoll, 2010; Novaset al.,
2010;Yatesetal., 2010;Pol etal., 2011;OteroandPol, 2013;McPheeet al., 2015b,20153;
Peyrede FabregueandAllain, 2016 Figures1.17,1.19 1.20,1.22 and1.23. Discussion®n
whichbasalb a n ¢ h i areexcludedtrandhed me | a n o gradsaeestill dordrdversial,
to thepointwherethebasalpartof Anchisaurishasbeenresolvedasa polytomyof all thebasal
membergPeyrede FabregueandAllain, 2016 Figurel.23).

Sauropoda, Marsh 1878. As a cladistic definition, this term has beenappliedto several
dinosaursln athoroughrevisionof the group, Sauropodavas definedasthe leastinclusive

clade conaining all the taxa that are more closely related to Saltasaurusthan to

MelanorosaurugYates,2007a) The definition usedhereto distinguishbetweensauropods
and basalsauropodomorphis asthe clade containingthe most recentcommonancestorof

Vulcanodorkaribaensisand EusauropodéSalgadoet a., 1997) This definition is preferred
becaus® p r 0 s a wamdeapropddsvérerecognisedspartof thesameineagebasedna

detaileddescriptionof Vulcandon(Cooper,1984 Figuresl.13and1.14).

Eusauropoda Upchurch, 2004 was defined as a nodebasedtaxon that includesthe most
recentcommonancestorof Shunosaurusind Saltasaurusand all the descendantsf that
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ancestor NonethelessWilson and Sereno(1998) re-defined Eusauropodaas a stembased

includingall taxamorecloselyrelatedto Saltasaurughanto Vulcanodon

Blikanasaurus
? Kotasaurus
Vulcanodon
| — Barapasaurus
Sauropoda L— Shunosaurus

Thecodontosaurus

Saturnalia
T r— Ammosaurus
I — Anchisaurus

Melanorosaurus

Prosauropoda

r— Camelotia

b | @esSEMSaUrus

Jingshanosaurus
—T— Yunnanosaurus
Massospondylus

| Mussaurus

| Coloradisaurus

Plateosauridae — Gyposaurus
= | ufengosaurus

Euskelosaurus

r— Plateosaurus

— Sellosaurus

Figure 1.13. Cladogram depicting the monophyly of Prosauropoda, showing two families: Plateosauridae
and Anchisauridae=Melanorosauridae, after Galton and Upchurch (2004).
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-

Melanosauridae

Eusauropoda — — —

Marasuchus
Eoraptor
Heterodontosaurus
Lesothosaurus
Herrerasaurus
Guaibasaurus
Coeloph ’ysis
Saturnalia
Thecodontosaurus
Efraasia
Mussaurus
Gyposaurus
Ammosaurus
Anchisaurus
Plateosauravus
Yunnanosaurus
Massospondylus
Lufengosaurus
Coloradisaurus
Plateosaurus
Riojasaurus
Jingshanosaurus
Blikanasaurus
Camelotia
Lessemsaurus
Melanorosaurus
Antetonitrus
Chinshakiangosaurus
Kotasaurus
Vulcanodon
Barapasaurus
Shunosaurus
Camarasaurus
Omeisaurus

Figure 1.14. Cladogram published in Upchurch et al. (20079 showing a 6core

(=Plateosauridae).
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Euparkeria
Crurotarsi
Marasuchus
Silesaurus
Ornithischia
= Herrerasaurus
- Staurikosaurus
Eoraptor
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Guaibasaurus
LE Chindesaurus
Neotheropoda
Saturnalia
Pantydraco caducus
Thecodontosaurus antiquus
Efraasia
Plateosauravus
Ruehleia
Unaysaurus
Plateosaurus gracilis
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Yunnanosaurus
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Isanosaurus
Tazoudasaurus
Vulcanodon
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Barapasaurus
Patagosaurus
Mamenchisaurus
Omeisaurus
Cetiosaurus
Neosauropoda

Saurischia /

Sauropodomorpha —

Plateosauria —

Plateosauridae
Riojasauridae — —

I

Massospondylidae —

Anchisauria —

Sauropoda —

Gravisauria —

Eusauropoda —

Figure 1.17. Topology produced in Yates eal. (2010 with the modifications done by Smith and Po{2007).

55



Marasuchus
—— Heterodontosaurus
_E Lesothosaurus
Eoraptor
Herrerasaurus
Guaibasaurus
Coelophysis
Saturnalia
Thecodontosaurus
Efraasia
, r—Ammosaurus
Sauropodomorpha - Anchisaurus
- Plateosauravus
’4— Yunnanosaurus
Massospondylus
Lufengosaurus
Riojasaurus
Plateosaurus
Gyposaurus
Coloradisaurus
Mussaurus
Xixiposaurus
Antetonitrus
_" Chinshakiangosaurus
Sauropoda — - Kotasaurus

Vulcanodon

Barapasaurus

Shunosaurus
Eosauropoda — — — — ™ Omeisaurus
— Camarasaurus

-1
Prosauropoda —

~
Plateosauria -~

e

r

Plateosauridae -~

el

Figure 1.18. Topology produced by Sekiyg2010 based on the dataset by Upchurch et a(2007).
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Figure 1.19. Topology produced by Novas et al(2011), including Indian prosauropods, based on the dataset

published by Ezcurra (2010)

which is in turn an amended version of the dataset published by Smith and

Pol (2007).This topology recovers Guaibasauridae as thieasalmost part of the tree.
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Euparkeria
Crurotarsi
Marasuchus
Silesaurus
Ornithischia
= Herrerasaurus
- Staurikosaurus
Chindesaurus
LE Guaibasaurus
Neotheropoda
[~ Eoraptor
= Panphagia
— Chromogisaurus
= Saturnalia
Pantydraco
Thecodontosaurus
Efraasia
Unaysaurus
I'E Plateosaurus engelhardti
Plateosaurus gracilis
Plateosauravus
Ruehleia
— Riojasaurus
I'E Eucnemesaurus fortis
Eucnemesaurus entaxonis
Anchisaurus
Massospondylus
I'E Adeopapposaurus
Leyesaurus
Lufengosaurus
Coloradisaurus
Glacialisaurus
= Jingshanosaurus
L Seitaad
Yunnanosaurus
Mussaurus
Aardonyx
Melanorosaurus
Blikanasaurus
Antetonitrus
Lessemsaurus
Leonerasaurus
Gongxianosaurus
Vulcanodon
Isanosaurus
Tazoudasaurus
Shunosaurus
Mamenchisaurus
Barapasaurus
Omeisaurus
Patagosaurus
Cetiosaurus
Neosauropoda

Saurischia — —

Plateosauridae
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Riojasauridae
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—
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Sauropodiformes — -

Sauropoda —

Figure 1.22. Topology produced in McPhee et al. (2015b), including the revision &ucnemesaurus This

recovers a compl et e paraphyl vy, but resol ves three

Riojasauridae and Massospondylidae Noteworthy, Guaibasauridae is considered a basal theropod,
whereas Eoraptor is moved to the basamost part of Sauropodonorpha, agreeing on the position of
Eoraptor as a sauropodomorph as posited by Martinez et al. (2011), and as redescribed later by Sereno et
al. (2013).
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Figure 1.23. Topology obtained in Peyre de Fabregues and Allaif2016 after the revision of
Melanorosaurus Only Massospondylidae is retrieved as a cluster, although with a more reduced definition,

and does not resolve the basal part of Anchisauria.
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Table 13. Definitions of clades pertaining Sauopodomorpha in hierarchical order from more primitive to

more derived.

commonancestoof ShunosauruandSaltasaurus

Clade Definition Type
Sauropodomorpha| Thecladeincludingall thetaxamorecloselyrelated| Stembased
to Diplodocusthanto Herrerasaurus Passeror
Triceraptops
Guaibasauridae | Thecladecontainingall taxamorecloselyrelatedto | Stembased
Saturnaliathanto Plateosaurus
Plateosauria Thecladecontainingthe mostrecentcommon Nodebased
ancestoof PlateosauridaandMassospondylidae
Plateosauridae | Thecladeincludingall thetaxamorecloselyrelated| Stembased
to Plateosaurushanto Massospondylidae
Massopoda Thecladeincludingall thetaxamorecloselyrelated| Stembased
to Saltasaurughanto Plateosaurus
Riojasauridae Theleastinclusivecladeof taxamoreclosely Stembased
relatedto Riojasaurughanto Plateosaurus
Massospondylysr Anchisaurus
Massospondylidae| Thecladeincludingall thetaxamorecloselyrelated| Stembased
to Massospondyluthanto Plateosaurus
Anchisauria Thecladeincludingthe mostrecentcommon Nodebased
ancestoof AnchisaurusaandMelanorosaurus
Anchisauridae | ThecladecontainingAnchisaurussndAmmosaurug Stembased
but not Plateosaurusr Massospondylus
Sauropodiformes | TheleastinclusivecladecontainingMussaurusand | Nodebased
Saltasaurus
Melanorosauridae ThecladecontainingMelanorosaurusand Stembased
Sauropodabhut not Yunnanosaurusor Anchisaurus
Sauropoda Theleastinclusivecladecontainingthemostrecent| Nodebased
commonancestoof Melanorosaurusand
Saltasaurus
Eusauropoda Theleastinclusivecladecontainingthe mostrecent| Nodebased
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1.4.2 Inconsistencies between the different topologies
All the terms above have been given to different topologies througlteteture. Overall,
disagreements on whether there is a-goosauropod clade, an arrangement of several smaller

monophyletic groups, or whether the tree is essentially pectinate.

In an analysis performed by Peyre de Fabregtias (2015), it was proposed that the source

of discrepancies might lie in the choice of characters in each analysis. The#jvedatasets

most often used to explore early sauropodomorph relationships (i. e., Upchurch et al., 2007,
Yates, 2007 and Pol et a2011) were independent compilations of characters in the literature
plus additions from personal observatiofsis study by Peyre de Fabregeeal.(2015) noted

that character choice and character scoring are at the root of the inconsistencid¢wigener,
character scorings are based mostly on the way in which the character states are defined.
Therefore, essentially the same character can be linked to a different set of character states if

these are defined incompatibly.

For example, the characitsation of the complexity of character statements (number of
character states) showed that while Upchurch et al. (2007) had only 2% of its characters worded
as multistate characters, this number increases to 14% and 15% in Yates et al. (2010) and Pol
et al (2011), respectively. Upchurch et al. (2007) employed additive binary coding in all of the
characters, whereas Yates et al. (2010) and Pol et al. (2011) used transformational characters
more often. The three matrices have the same proportion of neomohahactergPeyre de
Fabrégues et al., 2015)

Nevertheless, there are two significant differences: the taxonomic scope and the character
coding that affects the final topology through the character scores. This might be more
important for the treatment of continuous characters since they can be coded through binary
coding strategies or as multistate characters. Exploring these differencesddraishe scope

of this thesis where the information coded in each character statement is analysed and

compared through the different matri¢ese Chapter 3 and Chapter 4)

1.5 Current hypotheses othe origin of quadrupedalism and giantism in Sauropoda

There is an extensive literature regarding the locomotion and the stances of basal
sauropodomorphs that dates from as far back as the beginning of"tber20ry. Because of

this, it makes sense to use this information to contrast the differences beexgonssothe
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data setsthat deal directly with the evolution of basal sauropodomorphs. An extensive

summary of studies on locomotion in basal sauropodomorphs can be consulted in Appendix 1.

Questionsaboutthe ancestrabtateof dinosaudocomotionhavenow beenaddressedia the
applicationof cladisticmethodologyollowing therecognitionof dinosaumonophyly(Remes,
2007) It wasinitially proposedhatornithodiransacquiredan erectgait first, thenbipedalism
andfinally theindependenacquisitionof flight in pterosaurandbirds (Sereno1997,1999a)
This model implies that ornithodirans are plesiomorphically bipedal and evolved
guadrupedalisrmdependentlyn severalineagesi. e. Sauropodomorph@andeetal.,2011)
Ornithopoda, Thyreophoraand Ceratopsia(Maidment and Barrett, 2012) During the
evolutionaryhistory of tetrapodsthe reversionto quadrupedalityfrom an ancestrabipedal
stancéhasoccurredonly amongsbrnithodiranarchosaursihereit hashappenedeveratimes
(MaidmentandBarrett,2011;Nesbitt,2011)

This modelhasseveralproblems.First, the rise of Dinosaura is obscuredby anincomplete
fossil record, a small number of well-preservedspecimens,and constantly contested
phylogenetiaelationshipsThe first dinosaursare from late Carniansedimentsn Argentina
(Reig, 1963; Casamiquelal967; Sereno,1993) and Brazil (Colbert,1970; Bonaparteet al.,
1999; Langer et al., 1999) but by this time, dinosaurshad already differentiated into
Ornithischia, Sauropodomorphand Theropoda(Novas, 1996; Sereno,1997; Langer and
Benton,2006; Baronet al., 2017a) Secondly recentmorphologcal studiessuggesthat the
fully erecthind limb wasnot presenin basaldinosauromorphsuchasLagerpetonFechner,
2009) andthatthereis no conclusiveevidenceonthelocomotionof basaldinosauriformssuch

asLewisuchusor silesauriddRemes2007;Fechner2009)

Smaltsized sauropodomorphsare often consideredto be bipedal or facultatively bipedal,
whilst largebodiedsize animalswere probably quadrupeda(Barrettand Upchurch,2007)
Severabpproachebhavebeenappliedto infer the stanceof sauropodomorphanddinosaursn
general.One of theseapproachemvolvesthe trunk to femorallengthratio, whereratios of
1:0.69 to 1:0.9 indicate undoubtedlyquadrupedaldinosaurs(Galton, 1970) Accordingly,
Thecodontosaurusasfully bipedalsincetheforelimbsareproportionallylonger,with aratio
of 1:1.6,whilst otherobligatebipedaldinosaurdavearangebetweenl:1.22to 1:1.9(Galton
andUpchurch,2004) As for the restof the basalsauropodomorphgaditionally groupedas
A pr os a utheosapgefibm 1:095t0 1:1.15suggesta facultativebipedalism Anchisauria,
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melanorosauridgndRiojasaurushadatrunk: forelimb ratio of 1:0.71,proposinganobligate
guadrupedalisniGaltonandUpchurch,2004)

The sauropodomorpltbauplanremainedrelatively consistentthroughoutits evolutionary
history. Theirgeneraimorphologycompriseslong neck,long tail, asmallskull in proportion
to thebodysize,anda largebarretshapedody (Wilson, 2002; GaltonandUpchurch,2004)
Thecolumnatdimbsfirst developedn the Anchisauriajn taxalike AnchisaurusandAardonyx
with anaccompanyingncreasen relativeandabsolutdorelimblength(BarrettandUpchurch,
2007) Neckelongationwasestablishedn eusauropod@Jpchurch,1995;Wilson andSereno,
1998) andit seemsthat this trend of neck elongationoccurredat leasttwice independently
(WilsonandUpchurch2009) In relationto diet, it is thoughtthatbasalsauropodomorphsere
facultative herbivorous(Barrett, 2000, but more derived taxa exhibit trends towards an
increasedody sizeanddentalocclusion,implying a shift towardsan obligateherbivory. The
increasen sizeis apparenthcorrelatedvith theshift to obligatequadrupedalitndherbivory,
relatedto the needfor largertrunk regionsandthe processingf largequantitiesof vegetation
(YatesandKitching, 2003;GaltonandUpchurch,2004;Upchurchetal.,2007a,2007b;Yates
etal.,2010)

A Melanorosaurus Sauropod&ladeis recoveredy manyanalysesandthreefeaturesn this
clade are consistentwith the evolution of obligate quadrupedality:1) the increaseof the
humerallengthrelativeto femorallengthin juvenilesandadults;2) thedevelopmenof alarge
anterolateraprocessat the proximal end of the ulna; and3) the straighteningof the femoral
shaft(Yatesetal., 2010)

Sauropodomorphhasalsobeensuggestedo be the sistertaxaof HerrerasauridaéBaronet
al.,2017a) A fully carnivoroudeedingstrategyis notrecoveredasa plesiomorphiaondition
for dinosaursastheropodsand ornithischianssharea commonancestoiin this hypothetical
scenario.Under this hypothesis some of the anatomicalsimilarities betweenherrerasaurids

andtheropodsnustbeinterpretedasconvergence@aronetal., 2017a)

Now thatmoreis known aboutthe osteologyof basalsaurischiansuchasEoraptor (Remes,
2007;Fechner2009; Serencet al., 2012) andHerrerasaurus(Remes2007; Sereno2007b;
Fechner2009) it is possibleto start makingcomparisondetweensauropodomorphdgasal
theropods and ornithischians. Reconstruction of the forelimb musculature of basal

sauropodomorphsvas performedby Remes(2007) basedprimarily on Efraasia minor
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Thecodontosaurys Pantydraco and Saturnalia This study concluded that basal
sauropodomorphisickedadaptationgor an efficient modeof quadrupedalocomotionin the
forelimb and that if quadrupedalocomotion was displayed,it would be througha semt

sprawling gait. The skeletomuscularsystem of the shoulder shows an increasein the
optimizationfor mobility of the forelimb, andindirect evidencefor a graspinghand,but not
for agility andvelocity. This confirmedan ability to manipulatebrancheswith the handsthat
was suggestedpreviously (Galton and Upchurch, 2004) but the forelimbs were still

generalied enoughasto allow somelevel of quadrupedalocomotion(Remes,2007) This
trendseemdo be observedn the forelimbsof mostnonsauropodsauropodomorphsyhich

exhibit only minor modificationsin the forelimb comparedo basalsauropodomorphshe
anaomy of AntetonitrusngenipesandPulanesauraocollumshowthestartingpointfor major
modificationsof theforelimb skeletomusculasystemasseenn derivedsauropodgYatesand
Kitching, 2003; Remes2007;Upchurchet al., 2007a;McPheeet al., 2014,2015b;McPhee
andChoiniere,2017)

Mussaurushasnot beenincludedin the matricesderivedfrom the datasebf Yates(2007b),
butthistaxonhasspecimensf all theontogenetistagesfrom hatchlings to adults(Bonaparte
andVince, 1979;PolandPowell,2007b;OteroandPol, 2013). A recentoint rangeof motion
analysisshowedthat the glenohumeraprotractionwas greatly constrainedandthat a small
amountof activepronationof the manuscould havebeenpossiblen Mussaurusvia long-axis
rotationat the elbowto achievesemipronationof the entireantebrachiun{Otero,2018) The
position of Mussaurusis thereforecrucial to understandhe origins of quadrupedalismn

Sauropodomorpha.

One of the most studiedprosauropodss Plateosaurusvhich was originally suggestedas a
digitigradebiped(Von Huene,1910) Furtherstudiesconsideredt to bequadrupedalaswere
manyotherarchosaursyith asprawlingstanceandplantigradeieet(Jaekel 1910;Fraas1912;
Tornier,1912;Mduller-Stoll, 1935) More recentmechanicafnalysisof thevertebra startedo
testthe locomotionsuggeste for PlateosaurusandmanyotherornithischiansOneapproach
involved the calculationof the bendingmomentof the vertebraealongthe vertebralcolumn
(Christian and Preuschoft,1996) This study employedassessmestof extant birds and
mammaldo establisra mechanicatlifferencebetweerbipedalandquadrupedaktancesThis
studyshowedthatin bipedalanimalsthereis a maximumbendingmomentin the hips, whilst

in quadrupedahnimals thereis anadditionallocal maximumin the shouldersBy comparing
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theresultsfrom extantanimalswith thosefor non-aviandinosaurstherewassomeevidence
that Plateosaurugnay havebeena habitualquadrupedyith the possibility to usea bipedal
stance infrequently, probably restricted to standing or fast movements(Christian and
Preuschoft,1996). By contrast,the ornithischianlguanodonshoweda maximum bending
momentin the hip regionandin bendingmomentsin the shouldergirdle, concordanwith a
frequentbipedal posturewith but lesswith a frequentquadrupedaktance(Christian and
Preuschoft1996).However,theseconclusiongrovedthatvertebraecanconveyinformation
aboutbody posture,and the correlationbetweenthe patternof bendingmomentsand mass
distribution and body posture,but it is limited to the assumptiorthat the vertebralcolumn
servenly for locomotionandthattheepaxialmuscles do notextendbeyondtheneuralspines
of thevertebragChristianandPreuschoft1996).Moreover,recentreassessmentd the hand
of Plateosaurusoncludedhatthe animalwasnot ableto sustaina quadrupedastancesince
the pronationof the manuswas not possible(Bonnanand Senter,2007; Mallison, 2009;
Mallison etal., 2009)

Theincreasef theforearm:hindlimbratiois beneficialfor aquadrupedadtarce,andthebasal
membersof Sauropodorarpha(EuskelosaurusLufengosaurusPlateosaurusEfraasia and
Anchisauruyhavea humerusfemurratio lessthan0.8 (Cooper,1981).This proportionis not
preservedin hatcHing individuals, and this coincideswith other indications of obligate
guadrupdality, asshownin earlystage®f Massospondylygharacterisetly aproportionately
enormousskull, horizontalneck,the smallcaudalvertebraevith weakly developedransverse
processeandchevrongReiszetal., 2005) This hypothesihasbeenrecentlyrevisited,anda
modification of this methodin addition with detailed studiesof the inner ear show that
Massospondylusossesselipedalskeletalproportionsfrom embryoto adult(Chapelle 2018;
Neenaretal., 2018)

Theanterolateraproces of theulnadefinesaradialfossathatholdstheradiusinto amedially
shifted position, maintainingthe radius laying anteromediallyto the ulna. This allows the
pronationof the hand, making the flexion-extensionof the wrist parallelto the direction of
travel (Bonnan,2003) The evolutionof a flat dinosauriarhandinto a digitigradeand semi
tubularstructurerelied on the shift in the positionof theradiusrelaive to theulna,alteringthe
digital arch.In this context,asproposedy Bonnan(2003)the sauropodnanusoriginatedas

anexaptationtied moreto achievingpronationthanto theredistributionof weight.

67



In basalsauropodomorphghe proximal lateralmarginin anteriorview is markedlyconvex,
whereasin Melanorosaurusis straighteneda feature observedin basal sauropods.The
columnarfemuris associateavith thereductionof limb excursiongluringlocomotion,aclear
trend towardsgraviportal gaits (Yates et al., 2010). Graviportal animalshave limbs more
adaptedo supportheavyweight,which requireghatthedistanceérom thejoint to theinsertion
of the musclethat movesthe limb, i. e. theinputlever,is longerwith a proportionallyshort
limb. Also, graviportal stancerequiresthat the proximal sectionsof the limb are longerin

comparisorto thedistal portions.Otherdinosauriarcladesthatdevelopedyraviportalstances

areStegosaus, CeratopsiandAnkylosauria(MaidmentandBarrett,2012)

Melanorosaurus Antetonitrus and Aardonyxhave a manusthat still retain the offset and
mobile pollex (Yatesand Kitching, 2003; Bonnanand Senter,2007). This is on its own no
indication of graspingfunctionality sinceit could be a retentionof a plesiomorphicstate.
Moreover thegraspingability is nota constraintfor bipedalism sincethe arimal could easily
do this whenin a stationarystance(Yateset al., 2010). Sauropodahasa set of diagnostic
featureghatleadto the establishmendf quadrupedalitysuchastheincreasan the numberof
sacral vertebraeand the developmentof an eccentricfemoral shaft to counterincreased
mediolateraforces.Thesefeaturesare not adaptationso quadrupedalismbut they could be
coupledwith the supportof an increasein the gut volume and mass.Finally, thereis an
indication of a remodellingin the pelvic-femoral musculatureand this is suggestedn the
lateral shifting of the anteriortrochanterrelative to the femoral head,makingit visible in
posteriorview (Yatesetal., 2010).

This approactwasperformedoy Remeq2007)ontherevisionof osteologicarndmyological
featureson more than 100 individuals of about 50 fossil taxa of basalarchosaurspasal
dinosauriformspasalsaurischiansbasaltheropods and basalsauropodomorphg=rom this,
severalconclusionsvere obtainedregardingthe locomotionof basalsauropodomorphd) it
is notpossibleto concludehatEoraptorwasanobligatebiped,sinceit retainsaplesiomorphic
anatomyin theforelimb thatwould allow a quadrupedastancewith semierecthumeri,2) the
bipedality of Herrerasaurusshowsfunctional parallelismto theropals, but the osteological
and myological adaptationdor this are not the sameas the onesseenin theropods,33) the
pronationof the handin basalsaurischiansnay haveevolved asa resultof the specialization
of the M. bicepsbrachii/M. brachialis system possiblycorrelatedwith the developmat of a
uniquetubercleanteriorly on the radius, 4) thereis evidencethat basalsauropodomorphs

improvedmanoeuvrabilityof the humerustheulna,theradius,andthe manus enablingthem
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to developa moreeffectivegrasping5) thereis no evidenceof secondaryquadrupedalisnm
sauropodsf) mostbasalsauropodomorph®tainedquadrupedadlbcomotion,with semierect,
partiallyabductedorelimbs,andseverabasalkauropodomorphesvolveduniquemodifications
to effectively pronatethe manusfor locomoton.

Totestthesenewhypothesesa betterresolvedphylogenyof non-sauropodomorphs required
to corroborateor validatethe directionof the evolutionarytrendsbetweenbasalsaurischians
andsauropodsandto establishhowmanytimesquadrupedalityvasachievedTheoptimization
of forelimbs towards a fully erect, parasagittabwinging columnar gait required a long
evolutionaryprocesghatwasnot coupledwith thetrendto giganticsizes(Remes2007) This
would mean that gigantism evolved as an exaptationto quadrupedality,and not that

guadrupedalityevolvedparallelto gigantism(contraSanderetal., 2011)

Recentwork on ornithischiansusingthe approactof the ExtantPhylogenetidBracket(EPB)
have shown that quadrupedalityevolved independentlyseveraltimes and with different
constraints(Maidmentand Barrett, 2011,2012) Archosaursseemto possess remarkably
conservativemyology, which allows the reconstructiorof many musclesassociatedvith the
locomotormodulesof dinosaursApplying theseconceptgo ornithischianshowedthatit was
possibleto concludethatthe morphologyof the pectoralgirdle andforelimb indicateshatthe
musculaturevas more analogoudo that of crocodiliansthan birds (Maidmentand Barrett,
2012)

The quadrupedabrnithischian lineageswere studiedto identify osteologicalcorrelatesfor
guadrupedalityMaidmentand Barrett,2012). StegosauriaAnkylosauriaand Ceratopsiaare
uncontroversidy quadrupedal,whereasbasal ornithischiansand some ornithopods are
unequivocallybipedal By identifyingthefeatureghatdefinequadrupedalityn thesedifferent
lineagesjt waspossibleto draw conclusionsabouttwo controversialgroups:iguanodontian
ornithopodsandnon-ceratopsicteratopsiangMaidmentandBarrett,2012). Theidentification
of osteological correlatesin basal sauropodomorphsas not been performedin basal
sauropodomorphgndaninitial attempthasecon MaidmentandBarrett(2012)is presentedh
this thesisusingarevisedphylogeny.

1.6 Conclusions

The largeamountof contradictionand confusionin the variousstudieshasled to the lack of
consensusegardingthe evolutionof the group.Thereis a needto reviewall of the character

lists and operationataxonomicunits publishedthroughoutthe yearsto generatea consensus
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that canbe usedfor further researchTherefore,a supermaix approachhasbeenchosento
tacklethis problem.Thesupermatrixapproactrequiresggatheringall theinformationcontained
in the phylogeneticmatricesthat havebeenpublishedso far, andthe compatiblity of these
matricesbetweenthemneedsto be assessedlso (seeChapter2). Characterdelineationand
operationalisatiorhas beenidentified as the root of incongruencebetweenthe phylogenies
sincethe four main charactersetspublishedso far have the sameexplanatorypower and
choosingone over the otheris an arbitrary decision(a detailedaccountof the evidenceto
supportthis claim is outlinedin Chapter3, and a new phylogeneticanalysisis providedin
Chapterb). Finally, sincethereis a large body of work concerningthe quadrupedalityof
dinosaursbothin sauropodomorphandornithischiansin comparisorwith thediscussionsf
otheraspect®f the palaeobiologyof basalsauropodomorphshe evidencecollectedoverthe
yearson the origins of quadrupedalitycan be useda startingpoint to assesshe explanatory
powerof the modified supermatrixobtainedn this work (this analysiss describedn detailin
Chapters).
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2 Comparative Cladistics

Cladistic analyses can be divided into two logically distinct phases: character
discovery and phylogenetic analygWinther, 2009) The first phaseefers to the
identification of primary homolog{sensude Pinnal991; Rieppel, 1994, 2004)he

second phase refers to the identification of secondary homologies through the
inference of the most parsimonious cladogram, which is itself based on the data
collected in the first phase. Initial cladistic analyses wergsttained by computer
power, so that the authors would limit the number of characters. This meant that
characters were recursively tested against one another to limit the number of characters
to be analyse(Kitching et al., 1998)The advent of more efficient computer hardware

and parsimony software.g. Farris et al., 1970¢duced the restrictions on the size of

the matrice{Mounce, 2013)Based on a survey of cladistic analyses of fidboi

and Gill (2010)argued that the more relaxed constraints along with the desire to
increase the ratio of characters to taxa might have ueaged practitioners to
incorporate as many characters as possible, with less stringent quality control. A
similar issue has been suggested for all vertebrates in géveraice, 2013; Mounce
etal,2016) Gi ven that the phyl ogenetic anal:’
characters, there has not been an imperative for practitioners to analyse characters a
priori (Mooi and Gill, 2010; Mounce, 2013iHere, an extensive literature review did

not find any previous attempts to analyse characters a priori in the case of basal
sauropodomorph phylogenies, although the problasmbdeen diagnosed Beyre de
Fabregues et al. (2015)

Many researchers have approachedpitublem of the early evolutionary history of

the sauropodomorph dinosaurs, as outlined in Chapter 1. For this reason, there are
many matrices to choose from when doing phylogenetic analyses. Some researchers
have leant towards more complete geographicesgmtation of the taxonomic scope

to discriminate the best matrix, for examplpchurch et al. (2008ampled all of the

then published sauropodomorphs from Argentiviartinez, 2009)On the other hand,

the recursively modiéd versions of the dataset dfates (2007)were built and
expanded on the basis that these sample the largest number of characters(argl taxa
Apaldetti et al., 2011, 2013, 2014, McPhee et al., 20Q45b, 2015a)
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In this chapter, the phylogenetic phase of cladistic analysis is explored in comparative
terms. The matrices were taken from the original publications, and the most recently
amended versions of each matrix were assessed (see Chaptardefailed account

of the modifications carried out on each matrix).

First, taxonomic scope was investigated to assess the claim that one matrix or another
has the most comprehensive or largest sample. Then, using standardised searching
techniques, thetmatigraphic fit was assessed to find if one topology is more congruent
with the ages of the specimens than any of the others. Subsequently, the phylogenetic
signals derived independently from the three main body regions, i.e. the cranial, axial
and appenidular skeletons, were assessed under the same searching techniques for all
the matrices to assess whether one part of the skeleton contains more phylogenetic
information than others (partition analysis). Using the partition analysis approach, the
charactedelineation is also tested here to assess if there is any difference between the
information conveyed by characters that describe qualitative traits (discrete) and the
characters that convey continuous information via an incongruence length difference
(ILD) test, to assert the homogeneity of these two partitions. Finally, the character
composition of each of the matrices was compared to see if any of the identified

phylogenetic signals in the partition analysis may be biasing the final topologies.
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2.1 Current incongruent phylogeniesfor Sauropodomorpha

Hypothesis A (Upchurch et al., 2007)

Currently, there are thre

Theropoda
competing hypotheses on t Basal sauropodomorphs
early evolution of Anchisavria [ :Tril;?f;da
Sauropodomorpha  F{gure Sauropodomorpha R

21). All three hypothese Hypothesis B (Yates et al., 2010)

agree in considerin

; Theropoda
OProsauropoda Basal sauropodomorphs
paraphyletic. The firs Plateosauridae

; Riojasauridae
hypothesis, roposed b .

- Prop y‘ Sauropodomorpha Massospondylidae
Upchurch et al. (2007 Yunnanosauridae
identifies a clade that can | Anchisauridae

Melanorosauridae
referred t Sauropoda
Prosauropodabd Hypothesis C (Pol et al., 2011)
paraphyletic group includin Theropoda
the most basal forms, such Thecodontosauridae
Thecodontosaurys Efraasia Pl_at_eosa'u.ndae

Riojasauridae
and Pantydraco and a more Sauropodomorpha Massospondyllldae
derived clade that include Yunnanosauridae

Anchisauridae
AnchisauridagMarsh, 1885) Melanorosauridae
Melanorosauridae (Von Savropoda

Huene, 1929and Sauropoda

(Marsh, 1878) The Secondtopologies found in the literature based

hypothesis was proposed bindependently compiled data sets. The 't
Yates (2007b) and consider

al | Oprosaur

Figure 21 Simplified cladograms comparing the tr

hypotheses based on the different datasets

C . :
throughout literature. In hypothesis A, Prosauroj

ectinate araphyletic. : . .
P paraphyleliGs a lessnclusive clade thanthe traditionally referrec

arrangement.  Finally, thEProsauropodaa,é c dPrr @ s a u rinchypotltesed
third hypothesis, produced by
Pol et al. (2011), proposed that some groups are paraphyletic at the base of the tree,

i.e. ThecodontosauridaéHaughton, 1924) Plateosauridag(Marsh, 1895) and

Riojasauridae(Yates, 2007a) b u't t hat a small |, deri ve
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prosauropods 6 [VbhaHsena $9hdai dupnanosharidagyoung,
1942] is the sister taxon of Anchisauri&alton and Upchurch, 2004)

These three hypotheses are based on different phylogenetic matrices that have
undergone modification over time. Two of the three attardists have been reworked

by later authors who added more specimens, more taxa and/or new characters, as well
as changing some character wording and definitiéigu(e 21). The most widely

used matrix is Yates et al. (2010), a modified version of the dataset in Yates (2007). A
modified form of the Yates et al. (2010) matrix, compiled by Apaldetti et al. (2011),
has been used in more recent cladisbalyses as it was considered the most extensive
and complete dataset (Otero and Pol, 2013; McPhee et al., 2014, 2015a, b; Otero et al.,
2015; Peyre de Fabregues and Allain, 2016). A similar evaluation was carried out by
Martinez (2009}o justify the use of the Upchurch et al. (2007) matrix over that of
Yates (2007b). One recent wdi&ekiya et al., 2013ttempted to merge the two most
comprehensive character lists available at that (ldpehurch et al., 2007a; Apaldetti

et al., 2011)and to reassess some characters. However, the number of taxa included
was limited to those that were in common between the matrices, and in most of the
cases revision of the characters waseldasolely on the literature rather than firand
observation of specimens (Sekiya et al., 2013). The matrBobgt al. (2011has

largely been ignored and has no modificatioReyre de Fabrégues et al. (2015)
compared the three phylogenies and found a consensus on the general topologies. All
three competing hypotheses agree on the existence of Anchisaarassphyletic

array of taxa close to the origin of Sauropoda. The clade definitions used here

correspond to the phylogenetic definitions stated in Chapter 1 (1.4.1).

2.2 Taxonomic scope

The comparative analysis performedRsyre de Fabregues et al. (20ftR)nd that an

even reduction of the taxonomic scope in the three matrices supported thal orig
topologies that were derived therefrom. Here, | test the hypothesis that taxon choice
plays a role in the topological inconsistencies seen between analyses: this is explored
for the first time by including all the operational taxonomic units (OTUgach

matrix. The first step towards this was to search several online databases, i.e.
PaleoBiology Database (paleobiodb.org), and Biodiversity Heritage Library
(biodiversitylibrary.org), and a comprehensive literature search, for all the taxa that
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havebee ref erred historically to either O6Pr

This list guided the sampling of taxa to be included in the analyses presented herein.

The new database was compiled to reflect the year of naming/publication of each
taxon, meamg that assuming a representative sampling, species would be added
progressively into the new datasets. Although three primary datasets have been
regarded as addressing the specific problem of basal sauropodomorph evolution (see
above), there are 31 pulditons dealing with the evolution of saurischians and
sauropodomorphs that include basal sauropodomorph taxa as OTUs, the first of these
being the phylogenetic analyses publishedpghurch (1995)Taxonomic scope is a
two-fold issue: one of taxonomic inclusion, where newly adrtaxa are thoroughly
included in updated versions of the matrices, and geographic inclusion, where there is

a trend to include more specimens from specific regions.

2.2.1 Taxonomic inclusion

The first basal sauropodomorph to be described TWascodontosaurusntiquus

(Riley and Stutchbury, 1836)From 1836 until 1995, when the first numerical
phylogenetic analysis was published, there were 34 named, valid taxa that were

available for inclusionTable 21).

The only taxon that has been used in all phylogenetic analysektsosaurus
engelhardti Moreover, only eight of the 34 taxa have been included in >75% of the
earlier analyses (sedable 2.): Eoraptor lunensis Lufengosaurushuenej
Plateosaurus engelhardtj Massospondyluscarinatus Anchisaurus polyzelus
Vulcanodonkaribaensis Barapasauus tagorei and Shunosauruéi, the latter three
being unambiguous sauropods. Several of the taxa listedable 21 are
taxonomically unstable and wee excluded from half of the analyses for several
reasons: (1) there was a taxonomic opinion on the recognition of them as synonyms,
e.g.AmmosaurugMarsh, 1889, 1891; Galton, 1971, 2012; Galton and Cluver, 1976;
Sereno, 2007c; Tweet and Santucci, 201Gyposaurud sinensis(Young, 1941a;
Galton and Cluver, 1976; Galton and Upchurch, 20Bd3kelosaurugSeeley, 1894;
Haughton, 1924; Van Heerden, 1979; Galton and Upchurch, 2B0dhemesaurus
(van Hoepen, 1920; Haughton, 1924; Van Heerden, 1¥@jeosaurusingens
(Rutimeyer, 1857; Von Huene, 1932; Galton, 1986b, 20@taSellosaurugGalton,
1985c, 1999b, 2001b; Galt@md Bakker, 1985; Moser, 2003; Yates, 2003a; Galton

75



and Upchurch, 2004}2) they were excluded because the taxon was known only from
juvenile material, e.gViussaurugBonaparte and Vince, 1979; Galton and Upchurch,
2004; Reisz et al., 201,3)3) thevalidity of the species was doubtful, e.g. the case for
Kotasaurusbeing a chimergYates, 2007a)Others were considered too incomplete

for inclusion in these earlier works, suchGtsmdenosaurus

The availability of specimens for phylogenetic analysis has varied over time because

of differences in the history of discovery. To avoid biasing the analysis due to these

differences, a calibrated frequency (fi) was calculated to reflect more precisely
6availability.®é This metric takes into accou
low percentages when the species have been recently discovered. To calibrate for this
frequency, the o6availabilityd of the speci me
bearing publication with a description of the specimen was produced, because there is

a source of information available to assess characters. This year of publication is
counted as fAyear 0 of availabilityo, and onl
calculation of the frequency. Therefore, the analyses published before thaff year o
availability are counted as fdAunavailableo (

calculated as in equation 2.1.

Q —- ®

In Table 22 we can see that even the most recently named taxa do not have a high
relative frequency of inclusion, meaning that the information that new specimens can
contribute to analyses is often still not being captured. For instsiecektenosvould

have beeravailable for inclusion in five analyses but has only been used in one.
Meroktenos then has the same calibrated relative frequency of usage as
Pampadromaeysa specimen named five years earlier thtmoktenos Several taxa

are consistently used in phylowic analyses, but there are several other taxa that
have been sidkned without justification as well as for the reasons listed above. This
indicates that taxonomic inclusion has not been carried out thoroughly when building

or amending a matrix, creag palimpsests.

2.2.2 Geographic inclusion
This new, comprehensive dataset allows geographic inclusion to be explored also.
Although most of the taxa discovered before 1955 come from Laurasia (North
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America, Europe, and Asia) since 1955 there has been an mdredake basal
sauropodomorph material collected from Gondwana (South America, Africa, India
and Antarctica). Today, there is an almost-tmene ratio of sauropodomorph species
collected from Laurasia and Gondwana (the ratio is 0.91, with few more Specie

recorded from Gondwana; séable 23).

In Figure 22 the taxonomic composition of each dataset is plotted against the
logarithm of the ratio of species between Laurasia and Gondwana demonstrating that
most analyses have been biased towards Laurasian taxa, despite the fact that
Gondwanan and Launas taxa have been discovered in approximately equal
proportions since 199CFigure 23) . 0 Al t hough every new di
incorporated systmatically into these datasets, analyses since 2015 have had a
Gondwanan, rather than Laurasian bias, perhaps because of recent analyses being
conducted largely by southern hemisphere researchers.

These two analyses of the taxonomic scope show that marieewt capturing the
same information and that choosing one or another based on data completeness is not
an adequate approach.
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Table 21 Speciesrecogniseda s
discovered between 1836 and 199%hese specimens can be considered as available for the time
of study to be considered in the analyses. In total, 32 matrices are being compared, and the

unequivocal

frequency of the analyses where they appear is also shown.

Oprosauropodsd

Total
Year of analyses 3

Genus Species discovery | Frequency | 32
Plateosaurus engelhardti 1837 32 100.00
Massospondylus carinatus 1854 27 84.38
Vulcanodon karibaensis 1972 27 84.38
Barapasaurus tagorei 1975 27 84.38
Shunosaurus lii 1983 27 84.38
Lufengosaurus huenei 1940 26 81.25
Eoraptor lunensis 1993 25 78.13
Anchisaurus polyzelus 1885 24 75.00
Melanorosaurus readi 1924 23 71.88
Yunnanosaurus huangi 1940 23 71.88
Riojasaurus incertus 1969 23 71.88
Efraasia minor 1973 23 71.88
Blikanasaurus cromptoni 1985 23 71.88
Coloradisaurus brevis 1983 22 68.75
Jingshanosaurus xinwaensis 1994 22 68.75
Sellosaurus gracilis 1905 21 65.63
Thecodontosaurus antiquus 1836 20 62.50
Mamenchisaurus spp 1954 20 62.50
Patagosaurus fariasi 1979 20 62.50
Staurikosaurus pricei 1970 19 59.38
Camelotia borealis 1985 19 59.38
Cetiosaurus oxonensis 1841 18 56.25
Plateosauravus cullingworthi 1932 18 56.25
Plateosaurus ingens 1856 14 43.75
Yunnanosaurus robustus 1951 10 31.25
Mussaurus patagonicus 1979 10 31.25
Camarasaurus spp. 1877 5 15.63
Ammosaurus major 1891 5 15.63
Gyposaurus sinensis 1911 5 15.63
Kotasaurus yamanpalliensis | 1988 5 15.63
Euskelosaurus browni 1866 2 6.25
Eucnemesaurus fortis 1920 2 6.25
Chinshakiangosaurus| chunghoensis | 1992 2 6.25
Ohmdenosaurus liasicus 1978 0 0.00
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Table 22 Relative frequency of newly discovered specimens available for research.

Year of Relative
Genus Species discovery| Unavailability | Frequency frequency
Chindesaurus bryansmalli 1995 1 19 61.29
Gongxianosaurug shibeiensis 1998 1 16 51.61
Guaibasaurus candelarensis | 1999 2 21 70.00
Lessemsaurus | sauropoides 1999 2 21 70.00
Saturnalia tupiniquim 1999 2 28 93.33
Isanosaurus attapavichi 2000 2 19 63.33
Omeisaurus maoianus 2001 2 22 73.33
Ruehleia bedheimensis | 2001 2 18 60.00
Agnosphitys cromhallensis | 2002 3 14 48.28
Antetonitrus ingenipes 2003 4 21 75.00
Silesaurus opolensis 2003 5 22 81.48
Tazoudusaurus | naimi 2004 6 18 69.23
Unaysaurus tolentinoi 2004 6 16 61.54
Lamplughsaura | dharmaramensiy 2007 6 2 7.69
Pradhania gracilis 2007 6 2 7.69
Pantydraco caducus 2007 7 20 80.00
Glacialisaurus hammeri 2007 10 14 63.64
Asylosaurus yalensis 2007 11 0 0.00
Yunnanosaurus | youngi 2007 11 1 4.76
Spinophorosauruy nigerensis 2009 11 4 19.05
Adeopapposaurui mognai 2009 12 12 60.00
Massospondylus | kaalae 2009 12 2 10.00
Panphagia protos 2009 12 9 45.00
Tawa hallae 2009 12 5 25.00
Aardonyx celestae 2010 12 13 65.00
Seitaad ruessi 2010 12 11 55.00
Chromogisaurus | novasi 2010 13 11 57.89
Ignavusaurus rachelis 2010 14 4 22.22
Jaklapallisaurus | asymmetrica 2011 16 1 6.25
Nambalia roychowdhurii | 2011 16 1 6.25
Leonerasaurus | taquetrensis 2011 17 7 46.67
Leyesaurus marayensis 2011 18 10 71.43
Sarahsaurus aurifrontalis 2011 18 8 57.14
Eodromaeus murphi 2011 19 3 23.08
Pampadromaeus| barberenai 2011 19 3 23.08
Sefapanosaurus | zastroensis 2015 24 1 12.50
Eucnemesaurus | entaxonis 2015 25 5 71.43
Pulanesaura eocollum 2015 26 3 50.00
Meroktenos thabanensis 2016 27 1 20.00
Buriolestes schultzi 2016 28 2 50.00
Xingxiulong chengi 2017 29 1 33.33
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Table 23 Summary of the analyses compared in this work with the proportion of Laurasian and
Gondwanan basal sauropodomorphs used in the analysiBhis includes only specimens referred

to either o6prosauropods,

0

6basal

sauropodomor phsé

ANALYSIS REFERENCE

LAURASIAN GONDWANAN RATIO

NUMBER TAXA TAXA

1 This compilation 32 35 0.914286

2 Upchurch (1995) 6 5 1.2

3 Wilson and Serenc 4 1 4
(1998)

4 Wilson (2002) 5 1 5

5 Yates (2003) 3 1 3

6 Yates and Kitching 9 7 1.285714
(2003)

7 Galton and Upchurch 12 9 1.333333
(2004)

8 Kutty et al. (2007) 12 10 1.2

9 Upchurch et al. (2007) 14 10 1.4

10 | Yates (2007a) 20 11 1.818182

11 Yates (2007b) 20 12 1.666667

12 Smith and Pol (2007) 20 13 1.538462

13 Remes et al. (2009) 5 1 5

14 Sertich and Loewer 21 15 14
(2010)

15 Ezcurra (2010) 20 14 1.428571

16 Knoll et al. (2010) 20 14 1.428571

17 Nesbitt et al. (2011) 2 1 2

18 Novas et al. (2011) 23 14 1.642857

19 Pol et al. (2011) 14 10 1.4

20 | Apaldetti et al. (2011) 21 17 1.235294

21 Cabreira et al. (2011) 2 5 0.4

22 | Apaldetti et al. (2013) 23 16 1.4375

23 Sekiya et al. (2013) 13 11 1.181818

24 Otero et al. (2013) 20 18 1.111111

25 | Apaldetti et al. (2014) 21 16 1.3125

26 | Otero et al. (2015) 21 18 1.166667

27 McPhee et al. (2015a) 16 21 0.761905

28 McPhee et al(2015b) 17 20 0.85

29 Peyre de Fabregues 21 19 1.105263
Allain (2016)

30 Cabreira et al. (2016) 3 5 0.6

31 Wang et al. (2017) 18 20 0.9

32 Chapelle et al. (2018) 18 19 0.947368

33 Muller et al. (2018) 3 5 0.6
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Figure 2.2 Graph showing the proportion of Laurasian/Gondwanan taxa used in the different
analyses considered in this workThe red dashed line represents the proportion of taxa that have
been found in this work from studying the online databases mentioned in section 2.2. The solid
dots indicate that there are more Laurasian taxa than there are Gondwanan taxa, and the inverse
proportion is represented by crosses. Most analyses oscillate around tlerrently known
proportion (red dashed line). For reference, the analysis number is the same as the one given in
Table 23.
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2.3 Standardised searching techniques

All analyses differ in te search engine and parameters that produce the resulting
topologies Table 24). The number of most parsimonious trees (MPTs) and the length
of these tees differ between all of the analyses, but the consistency and retention

indexes are similar for all of the phylogenies when reported.

When the Consistency Index (Cl) = 1 the characters have evolved perfectly
parsimoniously. However, as the number of taxxaeases, the Cl tends to increase as
well (Archie, 1989) Therefore, this metric is not a reliable way to compare matrices
when the number of OTUs changes. As gaédirable 4, the Cl value ranges from 0.23

to 0.4.

Another metric reported in the literature is the Retention Index (RI) that overcomes
the problem of the number of OTUs sampled. When RI = 1, the characters are
consistent with the phylogeny showing no hotasp. This metric measures both the
amount of homoplasy and how much the synapomorphies support the tree. This metric
is more consistent throughout the sauropodomorph literature, with reported values
ranging between 0.6 and 0.7.

To explore the impact of flerent search parameters on the datasets, all of them were
analysed using the same search techniques in TNT 1.F§Gelaboff et al., 2008)

The matrices were all analysed with the new technology search function (ratchet and
drift set to their default values of 10 iterations and 10 cycles respectively) with 1000

random additioal sequences.

The matrices analysed were the most recent versions of eachroéjitrgoublished
matrices, as of January 2018. These matrices were Apaldetti et al. (2013), based on
Upchurch et al. (2007) and Wang et al. (2017), based on Yates et al.. @0Ki9# et

al. (2013) and Pol et al. (2011) have not been modified subsequently. To simplify the
following section, the code mU2007 stands for the amendments to Upchurch et al.
(2007), including the characters and taxa modifiedSekiya (2010), Sertich and
Loewen (2010)Rowe et al. (2011) and Apaldetti et al. (2018Bhe code mY2010
stands for the latest modifications done to Yates et al. (2010) and the recursive
modifications that were applied to the dataset in Apaldetti et al. (2011), McPhee et al.
(2015) and Wang . (2017).
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The evolution of quadrupedalism has occupied much of the literature in
sauropodomorphs (Appendix 1), and this large amount of independently discussed
information provides a framework of evidence to compare the different topologies and

the different phylogenetic scenarios they imply.

The analysis of mU2007 generated 22 MPTs with tree lengths of 883 steps. The strict
consensus has a Cl = 0.350 and a Rl = 0.621. Compared to previous analyses of this
dataset, mU2007 has a very low number of MPfies Jawest number of steps, and the

Cl and RI fall within the previously reported range. The strict consensus shows a
topology where most of the naauropod sauropodomorphs form a monophyletic
group that is the sister clade to a monophyletic Sauropdtguré 24).
JingshanosaurysAntetonitrus BlikanasaurusandMelanorosaurusare placed at the

base of Sauropoda. This scenario is consistent with other matrices derived from
Upchurch et al. (2007).

The analysis of mY2010 generated 12 MPTs with tree lengths of 1313 steps. The strict
consensus shows a cotlike arrangement from bak saurischians to sauropod
dinosaurs with a Cl = 0.326 and a Rl = 0.674. The analysis of mY2010 produced a
similar number of MPTs to earlier analyses (iSertich and Loewen, 2010; Apaldetti

et al., 2011; Otero and Pol, 2013; McPhee et al., 20ft)have similar lengths to
those in some other publicatioffpaldetti et al., 2011; Otero and Pol, 2013; O&fro

al., 2015) The CI and RI fall within the ranges published previously.

Several smaller clusters are recovered: Plateosauridiagy$aurus Plateosaurus
engelhadti, Plateosaurusgracilis), Riojasauridae EuchemesaurysRiojasaurus,
Massospondyl i dae (i nc |lLufehgosagrustolonadisaunug o s aur i
Glacialisaurus a n d 60 Ma s s 0 s p o MatsosdpondyheAdeopapposaeus, ,
Leyesaurus and Yunnansauridae Yunnanosaurys Seitaad Jingshanosaurys
Plateosauridae has taxa with evidence of obligate bipedality Ratposaurusin

Bonnan and Senter, 2007) wh erfeearsgotsLauwur i naedé has taxa
bipedal but with weak evidence. Yunnanosauridae also contains taxa that have been
considered to be bipedal, although this has been suggested merely based on the body
proportions rather than biomechanical analysis, leas been carried out for
Plateosaurida¢Bonnan and Senter, 2007; Mallison, 2009; Mallison et al., 2009

Figure 25).
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Table 24 Summary of the various searchparameters employed in the differentanalyses outlined in Chapter 1.

Analysis | 1G | OG| Ord. | Polymorphisms A  posteriorif MPTs (L) | Searching algorithm
chrs. deleted OTU

RI

Cl

Searching
engine
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Table 2.4 (cont.)

Analysis

IG | OG | Ord.
chrs.

Polymorphismg A posteriori| MPTs (L)
deleted OTU

Searching algorithm

RI

Cl

Searching
engine
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Table 2.4 (cont.)

Analysis

IG | OG | Ord.
chrs.

Polymorphismg A posteriori| MPTs
deleted OTU L

Searching algorithm

RI

Cl

Searching
engine
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Table 2.4 (cont.)

Analysis | IG | OG | Ordered | Polymorphisms| A

posteriori| MPTs

character deleted OTU L

Searching algorithm

RI

Cl

Searching
engine
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Table 2.4 (cont.)

Analysis | IG | OG | Ordered | Polymorphisms| A

posteriori| MPTs

character deleted OUT L

Searching algorithm

RI

Cl

Searching
engine



68

Table 2.4 (cont.)

Analysis | IG | OG | Ordered | Polymorphisms| A posteriori| MPTs

Sekiya et 29 |4
al. (2013)

30

Polymorphism

deleted OUT L

10
(1513)

Searching algorithm

Heuristic search

RI Cl Searching
engine

0.498 | 0.357 | PAUP 4.0b10
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Figure 2.4 Strict consensus obtained from the matrix of Upchurch et al2007)with the inclusion of the
taxa (LessemsaurusColoradisaurus Glacialisaurus Adeopapposauruyseyesaurus Sarahsauru and
characters in Apaldetti et al. (2013) and Xixiposaurusfrom Sekiya et al (2010).The tree is plotted
against the geological scale using the R package strap. For this, the minimum branch lenggition was
set at 2 million years, estimating the root age for 253.5 Mya, and estimating a synchronous
diversification of Sauropoda and Prosauropoda.

Anchisaurugs placed at the base of the clade that leads towards obligate quadrupedality.
Based on its mphology it seems that this dinosaur was facultatively bipedal (Galton,
1971; Galton and Cluver, 1976). Anchisauria also contdinssauruswhich has recently

been argued to have been facultatively quadrupedal based on biomechanical analyses
(Otero et al. 2017), andAardonyx which lacks the specialisations found in other
guadrupedal sauropodomorphs (Yates et al., 2010). A polytomBlikhnasaurus
Melanorosaurus and Antetonitrus which have all been proposed to be quadrupedal
animals (Charig et al., $8; Heerden and Galton, 1997; Galton and Heerden, 1998), is at
the base of the clade Sauropoda. This topology implies that quadrupedality was acquired
gradually fromAnchisaurusonwards, becoming established quickly during the Norian.
This is consistent wh what was reported from several matrices, more recérdlyg et al.

(2017), but differs from other results, such as those reporte@GHapelle and Chniere

(2018) where Dbipedal omassospondylidsdé are
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scenario, quadrupedality arose Amchisaurusand Aardonyx Although in Yates et al.
(2010)Eoraptoris found as a sauropodomorph, the other topologies plagtoras a

basal theropod instead, reducing the role Bwtptorhas in understanding the transition
from bipedal locomotion to obligate quadrupedality, and the similaritie€traptor has

with Buriolestesand Bagualosaurus are a case of convergence or plesiomorphic retention

of a basal saurischian bauplan.

Reanalyses of the Sekiya et al. (2013) dataset suggest that the reported analyses did not
find all of the MPTs, and therefore the sceosrfound herein are different. The new
analysis herein produced eight MPTs with lengths of 1498 steps, with values of Cl = 0.353
and a RI =0.490. In contrast, the original analysis produced 10 MPTs with a length of 1513
steps. However, the homoplasy metrare similar (Cl = 0.357, Rl = 0.498).

Wher eas i n Sekiya et al . (2013) t he cl ad
Anchisaurus Gyposaurus Sarahsaurus Massospondylys Adeopapposaurys
Plateosaurus RiojasaurusColoradisaurus and Lufengosaurusthe esults of the re
analysis presented here are more similar to the topologies reported from the versions
derived from the dataset of Yates et al., 202i@ure 25). It still supportsGuaibasaurus

as a basal sauropodomorph, but this merely reflects the small number -of non
sauropodomorph taxa in the dataset. Sekiya et al. (2013) produced a matrix that is derived
from the matrices of Yates et al. (2010) amgthurch et al. (2007). Although the character

list was compiled through revising and joining the characters that referred to the same
feature in both matrices, this dataset displays a preference for additive binary coding.
Instead of many multistate chatars (as in the matrix by Yates et al., 2010), there are sets

of binary characters (as they were worded by Upchurch et al., 2007). This means that some
multistate characters in Yates et al. (2010) were split according to the binary characters
coded by Upburch et al. (2007). It was expected that, as with the previearsalgses, the

matrix of Sekiya et al. (2013) would have produced the same results as the ones published.
And that because the coding strategies in Upchurch et al. (2007) were implemested wh
merging the character lists of mU2007 and mY2007, the resulting topologies would

resemble the ones in mU2007.

Finally, the reanalysis of the matrix of Pol et al. (2011) produced the largest number of
MPTs (318), with the shortest tree lengths (618 $tdfse MPTs have homoplasy values
of CI =0.444 and a RI = 0.715. In Pol et al. (2011), the strict consensus exhibits a topology
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similar to the topologies obtained from the modified versions of Yates et al (2010). The
topology reported by Pol et al. (202Mas modified by those authofsposterioriby the

removal ofJingshanosaury®likanasaurusCamelotig andlsanosaurusFor comparative
purposes, these taxa were not excluded from the reanalysis here because they were
consistently included in the previedhree analyses (except fisanosaurus Two main

clades are identifiable: Massospondylidae and Sauropoglaré¢ 27).

Although the relationships beeen basal sauropodomorphs are almost completely
unresolved in the ranalysis of the Pol et al. (2011) dataset, there is high resolution towards

the base of the tree, and it includes more theropods and silesaurids than the other analyses.

Summary. Giverthat using a standardised set of search techniques and the same number
of replicates still results in topologies that differ from one another, we can discount the
methodological parameters as the cause of inconsistencies between competing for data
matrices They do result in changes to the originally published topologies, but they do not

differ radically from what was published previously.
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Figure 25 Strict consensus obtained from the matrix by Yateg2007) with the inclusion of the
subsequent modifications done by Yates et 42010, Apaldetti et al. (2011), McPhee et al(2015, Wang

et al. (2017). The treeis plotted against the geological scale using the R package strap. For this, the
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2.4 Stratigraphic fit

Data completeness is often used as a discriminator when choosing between different
matrices, e.gApaldetti et al. (2014)Temporal information can also be explored as an
independent test to see if any of the phylogenetic scenarios are stratigraphically more
congruent than the others. Stratigraphingroence of the MPTs derived from the above
mentioned analyses was assessed using the R packagBstirapd Lloyd, 2015)A clade

is stratigraphically congruent if its oldest (first) occurrence is equal to or younger than the
oldest first occurrence of the sister taxon of the clade. Stratigraphic congruence tests the
topologies against the stratighap order of appearance of the taxa included according to
the minimum ages of nodes (based on the maximum age of any other sister group above
each nodeBenton and Hitchin, 1996; Pol et al., 2064gure 28).

The strap package allows comparison of the MPTs through several measures of
congruenceHuelsenbeck (1994)roposed the Stratigraphic Consistency Index (SCI) to
identify the topologies whose hierarchical structure was more congruent with temporal
information. This index is defined as follows:

o o0
Yo Ox C&
where N ighe number of internal nodes, and C is the number of stratigraphically consistent

nodes.

Wills (1999) proposed another measure that considers the number of ghost lineages. This

index is called the Gap Egss Ratio (GER), and was formulated as follows:

b 000

OQ0Y p 0 o) Cd
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Figure 2.8 Diagrammatic representation of the dgorithm to determine the stratigraphic fit. A) The
cladistic rank is obtained by @unting the sequence of primary nodes in a topology. B) Taxa that meet
the main axis at the same point are treated as a single unit to produce a pectinate topology. C) The
node number represents the stratigraphic sequence, assessed from the First Appeabatum (FAD)

of sister groups. D) The clade rank and the stratigraphic number (rank) are then compared to obtain
a proportion of minimum implied gap (MIG). MIG is the difference between the age of the FAD of a
lineage and that of its sister. E) Stratigrajmic consistency is assessed as a comparison of the ratio of
nodes that are younger than, or of equal age to, the node immediately below (stratigraphically
consistent), against the apparently older (stratigraphically inconsistent). The Stratigraphic
Consisency Index (SCI) is assessed on the full cladogram (modified froBenton and Hitchin, 1996)

The term Gmin refers to the minimum possible sum of ghost ranges for any given
distribution of origination dates, Gmax is the maximum possible sum of ghost rangdes,

MIG is the sum of ghost ranges implied by a phylogeny. The strap package uses a
modification of this measure that considers the magnitude of ghost lineages via an

optimisation for age through Sankoff parsimony. This reformulation gives:
e, O 0
O0Y ——— C8
0 0

where LM is the maximum length for the age character on a completely unresolved
topology, Lm is the minimum length for the age character on any topology, and LO is the
actual length obtained optimising the age character on the independienied

phylogenetic tree (Pol et al., 2004). Strap then allows the production of randomly generated
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trees and compares the stratigraphic conflict that can be generated at random against the

one in the input topologies.

In the strap package, the statistismnificance of SCI and GER can be established by
comparing the stratigraphic fit of the input MPTs against the stratigraphic congruence of
random permutations. This means that randomly generated hierarchical structures will fail
to have a stratigraphiiit more often than they will produce congruent topologies. The

default setting of 1000 random permutations was used here.

When considering the MPTs obtained from muU2007, which includes the outgroup
Marasuchus and the ornithischiadsterodontosaurusind Lesothosaurusthe temporal
information is more congruent with the 22 MPTs (according to the SCI and GER indices)
than most of 1000 randomly generated trees (Figli8esnd?2.10).

Input trees

Frequency
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0.0 0.2 0.4 0.6 08 1.0

SCI

Randomly generated trees

150

Frequency

0 50

0.0 0.2 0.4 06 08 1.0

SCI

Figure 2.9 Histograms of the SCI values for the most parsimonious trees (top) from the reanalysis of
the matrix by Upchurch et al. (2007 (top) and randomly generated topologies (bottom) with the critical
value (at an alpha of 0.05) for the on¢ailed test drawn as a vertical line.
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Figure 2.10Histograms of the GER values for the most parsimonious trees (top) from the reanalysi
the matrix by Upchurch et al. (2007 (top) and randomly generated topologies (bottom) with the critical
value (at an alpha of 0.05) for the onailed test drawn as a vertical dashed line.

The same conclusion is found for mY2010, where all of the MRUs la better fit than
almost all the randomly generated trees under both indices, SCIl and GER (Eif)Leewsl
2.12. The outgroup chosen here is Euparkeria a basal archosauromorph and includes

Crurotarsi, MarasuchusSilesaurusand Ornithischia.

The MPTs generated from the reanadysithe matrix by Pol et al. (2011) also have a better
stratigraphic fit under SCI and GRE than randomly generated trees. In contrast to the
previous matrices, this matrix has a larger number ofsaamopodomorph dinosaurs, i.e.
Marasuchus Lagerpeton Pseudolagosuchys Pisanosaurus Heterodontosaurys
LesothosaurusSilesaurus Elaphrosaurus Coelophysisand Liliensternus Figures2.13
and2.14).
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Figure 2.11 Histograms of the SCI values for the most parsimonious trees (top) from the reanaig of
the matrix by Yates (2007) (top) and randomly generated topologies (bottom) with the critical value (at
an alpha of 0.05) for the ondailed test drawn as a vertical dashed line.
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Figure 2.12 Histograms of the GER valuedor the most parsimonious trees (top) from the reanalysis of
the matrix by Yates (2007) (top) and randomly generated topologies (bottom) with the critical value (at
an alpha of 0.05) for the ondailed test drawn as a vertical dashed line.
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Figure 2.13 Histograms of the SCI values for the most parsimonious trees (top) from the reanalysis of
the matrix by Pol et al. (2011) (top) and randomly generated topologies (bottom) with the critical value
(at an alpha of 0.05) for the ondailed test drawn as a vertical dashed line.
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Figure 2.14 Histograms of the GER values for the most parsimonious trees (top) from the reanalysis of
the matrix by Pol et al. (2011) (top) and randomly generated topologies (bottgrwith the critical value
(at an alpha of 0.05) for the ondailed test drawn as a vertical dashed line.

The matrix includes the nesauropodomorph$larasuchusand Herrerasaurus with
Marasuchus set as the outgroup. Although the SCI indicates that most of the trees fit
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stratigraphy better than 1000 randomly generated trees, meaning that they are not better
supported than randomly generated trees. This could be due to the smiadlrraf taxa
sampled from similar time intervals (Figur245and2.16).

Summary. Stratigraphic congruence tests can indicate whether one data set produces better
trees than others. The GER values from the topologies produced from the different datasets
fall within similar ranges, anthe average GER is similar between the three sets of MPTs.
This indicates that the three datasets produce topologies with a similar stratigraphic fit,
showing that the potentially different ghost lineages and additional internal nodes are not

affecting thestratigraphic congruence.

Table 25. Non-sauropodomorphs used in all the analyses.

Dataset MPTs SCl and  GER Non-sauropodomorphs
ranges

: Marasuchus Eoraptor, Herrerasaurus
mU2007 22 SClk _0'550'75 Guaibasaurus Coelophysis
GER: 0.70.75
Heterodontosaurud. esothosaurus
Euparkerig Crurotarsi, Marasuchu:
SCI: 0.520.55 SilesaurusOrnithischiaHerrerasaurus

mY2010 12

GER: 0.740.78 Chindesaurus Staurikosaurus
GuaibasaurusNeotheropoda
52013 3 SCI:0.550.6 Margsuchus Herrerasaurus Eoraptor,
GER: 0.51.0 Guaibasaurus
Marasuchus Lagerpeton
Pseudolagosuchus Pisanosaurus
P2011 318 SCI: 0.50.7 Hgterodontosaurus Lesothosaurus
GER: 0.640.74 Silesaurus Eoraptor, Herrerasaurus
Guaibasaurus Elaphrosaurus

CoelophysisLiliensternus
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Figure 2.15 Histograms of the SCI values for the most parsimonious trees (top) from the reanalysis of
the matrix by Sekiya et al. (2013) (top) and randomly generated topologies (bottom) with the critical
value (at an alpha of 0.05) for the ongailed test drawn as avertical dashed line.
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Figure 2.16 Histograms of the GER values for the most parsimonious trees (top) from the reanalysi
the matrix by Sekiya et al. 2013 (top) and randomly generated topologies (bottom) with the critical
value (at an alpha of 0.05) for the ondailed test drawn as a vertical dashed line.
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2.5 Partition analysis

Total evidence matrices are based on taxonomic congruence, a tenet of phylogenetic
analyses that is compatible with the hypothesis ofspetificity d phenetics: an analysis

of various large character samples will produce relationship patterns that are positively
correlated but not identicgFarris, 1971) This principle states that different sets of
characters will be subject tthe same evolutionary histories and will show similar
topologies. In the context of parsimehgsed morphological analyses, this is often
assumed to be tru@Mounce, 2013) This assumptionsi largely based on studies that
indicate that norspecificity was the rule after this issue was addressed in the context of
vertebrate systematics and morphol¢g§gkal and Sneath, 1963 owever, Farris (1971)
emphasised that the similarity between cladistic dendrograms from partitions was not
necessarily the case in empirical cases, although in theoretical terms there are grounds for

assuming congruenad characters.

Cranial and postcranial partitions have often been found to be incongruent in vertebrates,
supporting the idea of differential selective pressure through body modyMotynce,
2013) Modularity can produce more homoplasies in certain regions, whilst others can have

morphological constraints that make them conservative.

If character selection is playing an important role in the incongruences seen in the
topologies proposed foSauropodomorpha, partition analyses could show different

phylogenetic signals when compared with similar partitions in other datasets. This would
indicate that the different characters sampled are capturing variation or various levels of

homoplasy.

In the case of basal sauropodomorph dinosaurs, homoplasy seems to play a significant role
in the phylogenies, as indicated by the different indices summarised in Table 4. Three
partitions are considered here: cranial, axial, and appendicular skeleton. Thanaxial
appendicular skeletons are usually considered together in partition analyses as the
postcranial partitiorfe. g. Apaldetti et al., 2013However, sauropodomorphs display a lot

of variation in vertebral morphologiue to the development of pneumati¢ityedel, 1997,

2003, 2006; Wilson, 1999; Allain and Aquesbi, 2008; Wilson et al., 2011; Butler et al.,
2012a; Yates et al., 2Q). A partition analysis of the datasets of Upchurch et al. (2007) and
Yates et al. (2010) has shown that at least one sauropodomorph Gatoradisaurus
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displays mosaicism by having plateosaurid characters in the skull and massospondylid

characters in the postcranial skelefépaldetti et al., 2013)

As discussed above, it is expected that the three partitions, i.e. cranial, axial and
appendicular, from the datasetsnmoyed to reconstruct the phylogeny of basal
sauropodomorph dinosaurs will have different evolutionary histories. Notwithstanding, if
the same partitions from different datasets show a certain level of congruence, then
character selection is not playingabstantial role in the inconsistencies between datasets.
This could point to character definition and character state delineation being at the root of
the incongruent topologies obtained in the literature to date. Character analysis is often the
least stidied aspect of phylogenetic analygeegue and Micke, 1990)

For each set of partitions, an iterative positloo@ngruence (reduced) (iterative PCR)
analysis was performed to identify the taxa that are collapsing the trees due to their
instability (Pol and Escapa, 20Q09ylentifying unstable taxa does not provide evidence to
remove them from the dataset, because they can have phylogenetic information relevant
for understading the relationships within the rest of the tree, but they provide a framework

to more closely study those unstable taxa.

2.5.1 Cranial partition

The cranial partition in the matrix mU2007 has 99 characters and 31 taxa (there is no cranial
material referred tdhe speciesGuaibasaurusAntetonitrus Blikanasaurus Camelotia
Lessemsaury®lateosauravusvulcanodonSeitaad andGlacialisaurug. Using the same
parameters defined in Section 2.3, this partition produced seven MPTs with a length of 261
steps. A beakdown of some relationship patterns in these seven MPTs is summarised in
Tables2.6 and 2.7. As for the strict consensus, the cranial signal does not support
Sauropodomorpha since it collapses into a polytomy wit#sothosaurusand
Heterodontosaurus Two groups are supported: Massospdidde, containing

MassospondylysideopapposauryandLeyesaurusand Sauropodd{gure 217).
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Jingshanosaurus

Leyesaurus

Massospondylus
Heterodontosaurus

Lesothosaurus
Eoraptor
Herrerasaurus
Coelophysis
Ammosaurus
Anchisaurus
Efraasia
Gyposaurus
Melanorosaurus
Mussaurus
Plateosaurus
Riojasaurus
Saturnalia
Thecodontosaurus
Yunnanosaurus
Sarahsaurus
Lufengosaurus
Coloradisaurus
Xixiposaurus

Marasuchus

Figure 2.17 Strict consensusased onthe cranial partition of the dataset mU2007.

I Adeopapposaurus

Barapasaurus
Camarasaurus
Kotasaurus
Omeisaurus
Shunosaurus

Chinshakiangosaurus
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Table 26 Clades that are obtained in over 50% of the 7 MPTs for the cranial partition of the mU2007
matrix. A cor e @Prdmaalrsorecovered in five out of the se
although the relationship inside them vary in all the trees. Sauropodiformes and Anchisauria are
retrieved as sister taxa in four out of the seven MPTs. An itative PCR analysis(described inPol ard
Escapa, 2009)dentifies Gyposaurusas an unstable taxon. Brackets inside the clade have the indicated
for that row.

Freq. Clade

100 Massospondylidae
(Massospondylus (Leyesaurus- Adeopapposaurys

100 Sauropoda:
(Shunosaurus + Barapasaurus + Kotasaurus + Omeisaurus +
Camarasaurup

71 (Chinshakiangosaurus Sauropoda)

71 (Gyposaurust Lesothosaurus

71 Anchisauria

(Anchisaurust (Yunnanosaurus Melanorosauridae tufengosaurus-
Sarahsaurus+ Massospondylidae +Riojasaurus + Plateosaurus +

Coloradisaurust Ammosaurus

57 SaturnalidaeSaturnalia+ Efraasid

57 Melanorosauridae

(Mussaurust Xixiposaurus #Melanorosaurug

57 (Omeisaurusr Camarasaurup

57 Sauropodiformes

Jinghsanosaurus + (Chingshakiangosaurus + Sauropoda)

57 Anchisauria + Sauropodiformes
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Table 2.7 Clades that are obtained in over 50% of the 6 MPTSs for the cranial partition of the mU2007
matrix after removing Gyposaurus The removal of Gyposaurusmakes Barapasaurusunstable and
recovers Sauropoda as a polytomy. Moreover, the more primitive sauropodomorphs, theropods and
ornithischians are clustered in a modified version of OrnithoscelidasensuBaron et al., 2017)in five
out of the six MPTs.Brackets inside the clade have the indicated for that row.

Freq. Clade

100 Massospondylidae
(Massospondylus (Leyesaurus- Adeopapposaurys
100 Anchisauria
(Anchisaurust Yunnanosauridae)
100 Theropoda
(Coelophysis Herrerasauru$
100 (Anchisauria + Sauropodifor mes
83 Plateosauridae

(Riojasaurus + Mussaurus + Coloradisaurus + Plateosaurus +

Ammosaurus
83 Massospondylidae + Plateosauridae
83 Yunnanosauridae

(Yunnanosaurus Melanorosauridae)

83 Melanorosauridae
(Melanorosaurus- Xixiposaurus +l(ufengosaurus (Sarahsaurus

(Massospondylidae + Plateosauridae))

83 Sauropoda
(Shunosaurus + Kotasaurus + Camarasaurus + Omeisaurus +
Barapasaurup

83 Sauropodiformes

(Jingshanosaurus (Chinshakiangosaurus Sauropoda)

83 AOrnithoscelidao
(Efraasia+ (Thecodontosaurus (Lesothosaurus Theropoda) Eoraptor

+ Saturnalia+ Heterodontosaurys
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The cranial partition of the dataset mY2010 includes 120 characters scored for 41 taxa. The
taxa excluded lacking cranial scores &lé&anasaurusChindesaurusChromogisaurus
Eucnemesaurys Glacialisaurus Guaibasaurus Isanosaurus Seitaad Vulcanodon
Mussaurus Plateosauravus Ruehleia Antetonitrus and Lessemsaurus Although
Mussaurugpossesses cranial remai®ol and Powell, 2007)t was excluded due to the

early ontogenetic stage of the material.

This partition produces four MPTs with lengths of 350 steps. An exploration of the MPTs
shows that there is support for the groupings previoushfighed in the literature with
unresolved interrelationships, wiulanesaurachanging its position throughout the trees,
an unstable taxon (Tabl&s8 and 2.9). The strict consensus shows there is support for
Sauropodomorpha, includifigpraptoras the most basal member of the clddgure 218).
However, most of the tree collapses in a polytomy, finding support for only two other
groups: Plateosauridae, containfdgloradisaurusPlateosaurugngelhardtj Unaysaurus

andPlateosaurugracilis, and a clade containirgdeopapposauruandLeyesaurus
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Figure 2.18 Strict consensusased onthe cranial partition of the dataset mY2010
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