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34 Summary

Sauropod dinosaurs were quadrupedal herbivores with a highly specialised body plan
39 that attained the largest masses of any terrestrial vertebrates. Recent discoveries have
41 shown that key traits associated with sauropod gigantism appeared stepwise during
43 the Late Triassic and Early Jurassic in evolutionary ‘cascades’ of associated changes,
45 in which a ‘head and neck’ cascade has been suggested as an important module. Here,
we investigate the evolutionary transformation of the sauropodomorph braincase,
50 using discrete anatomical characters, prompted by the reanalysis of a Middle Jurassic
52 (Bathonian) sauropodiform braincase from England. Our analysis shows that
54 sauropod braincases are highly distinct, and occupy a different region of morphospace

than their evolutionary relatives. This resulted from anatomical transformations
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including a set of changes in the surface attachments of craniocervical musculature,
which may indicate integrated evolution between neck elongation and transformation
in braincase anatomy. Neck elongation in Late Triassic and Early/Middle Jurassic
taxa is potentially associated with episodes of skull reduction, indicating that the
‘head and neck’ cascade was activated more than once in the evolutionary history of
Sauropodomorpha. The re-activation of this cascade in the Jurassic may have
impacted on the differential survival of sauropodomorph lineages through the Early-

Middle Jurassic.

Main Text

Sauropodomorphs are one of the three main dinosaur clades that likely originated by
the Early/Middle Triassic (Lloyd ef al. 2016), although their oldest definite fossils are
from Late Triassic (Carnian — c. 230 Ma) rocks of South America (Langer et al. 2010;
but see Baron et al. 2017). Sauropodomorpha includes Sauropoda, which originated
in the Late Triassic (c. 210 Ma) or Early Jurassic (c. 180 Ma), depending on the
definition adopted for the clade (see below), and survived until the
Cretaceous/Paleogene (c. 66 Ma) mass extinction (Mannion ef al. 2011). Sauropods
were quadrupedal herbivores that exhibit a characteristic body plan (Upchurch et al.
2004; Sander et al. 2011; Bates et al. 2016) with an elongated neck and tail in
combination with a reduced skull and typically gigantic size of up to c. 30 m in length
and at least 70 tonnes in weight (Mazetta et al. 2004; Benson et al. 2014, 2017;
Carballido et al. 2017). The neuroanatomy of sauropods also deviates from other
dinosaurs, with sauropods exhibiting the lowest encephalization quotients among all

dinosaurs (Hopson 1980). Even without the statistical support of modern approaches
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(e. g. Lloyd 2016), it is clear that sauropod anatomy was highly distinct from that of
earlier sauropodomorphs: the earliest sauropodomorphs were small (c. 1.5m in length
and weighing less than 20 kg; Sereno 1999; Benson et al. 2017), probably bipedal and
faunivorous/omnivorous (Barrett 2000; Barrett & Upchurch 2007; Cabreira ef al.
2016). Subsequent anatomical transformations occurred across the skeleton in an
apparently stepwise fashion, evidenced by the Late Triassic/Early Jurassic fossil
record (e.g. Barrett & Upchurch 2007; Bonnan & Yates 2007; Upchurch et al. 2007;
Yates et al. 2010; Pol et al. 2011; McPhee et al. 2014, 2015; Otero et al. 2015). These
structural changes were part of evolutionary cascades (or the correlated progression
model of Thomson 1988) that led to the evolution of gigantism, crucial for the
evolutionary success of sauropods during the Jurassic and Cretaceous (Barrett &
Upchurch 2007; Sander ef al. 2011, Sander 2013). A key question is whether these
transformations occurred through the steady accumulation of anatomical changes at
rates comparable to ‘background’ evolution, or whether they evolved rapidly
compared to other changes associated to the origin of the sauropod body plan.

Here we explore the evolution of the braincase (including the posterior portion
of the skull roof) of Sauropodomorpha. Although vertebrate braincases have
sometimes been regarded as anatomically conservative, with more phylogenetic than
functional signal (e.g. Gow 1975; Coria & Currie 2002; though see Gower &
Sennikov 1996; Rauhut 2007), the braincase may in fact be under strong functional
constraints as it bears multiple sites for the attachment of craniocervical musculatures
(Romer 1956) and houses important soft tissues, such as the brain and the inner ear
(Witmer et al. 2003). Our study is prompted by the reanalysis of a Middle Jurassic
(Bathonian) braincase from England (hereafter ‘Oxford Braincase’) based on

microCT-scan data. Originally described as belonging to the theropod Megalosaurus
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(Huene 1906), the specimen was later assigned to Sauropoda, and tentatively referred
to Cetiosaurus Owen, 1841 (see review in Galton & Knoll 2006). Anatomical study
of the Oxford Braincase alongside the phylogenetic analysis presented here suports an
investigation seeking patterns of morphological transformations and their implications

for the evolution of gigantism in Sauropodomorpha.

MATERIAL AND METHODS

(a) Institutional abbreviations

CM - Carnegie Museum of Natural History, Pittsburgh, USA; GPIT — IFGT, Institut
fiir Geowissenschaften, Universtit Tiibingen / Institut und Museum fiir Geologie und
Paldontologie der Universitédt Tiibingen, Tiibingen, Germany; MCP-PV — Museu de
Ciéncia e Tecnologia da PUC-RS, Porto Alegre, Brazil; NM — National Museum,
Bloemfontein, South Africa; OUMNH — Oxford University Museum of Natural
History, Oxford, UK; PVSJ — Museo do Ciencias Naturles, Universidad Nacional de
San Juan, San Juan, Argentina; Staatliches Museum fiir Naturkunde, Germany; ZDM

— Zigong Dinosaur Museum, Zigong, China.

(b) Systematic terminology

Here we follow the definitions proposed by Galton & Upchurch (2004) for
Sauropodomorpha (the most inclusive clade containing Sa/tasaurus but not Passer or
Triceratops) and by McPhee et al. (2014) for Sauropodiformes (the most inclusive
clade containing Saltasaurus but not Massospondylus). Based on the discussion in
Peyre de Fabrégues ef al. (2015), we opted to follow the definition of Salgado et al.

(1997) for Sauropoda (the least inclusive clade containing Vulcanodon and
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Eusauropoda) instead of any of the alternative definitions for this clade (e.g.

Upchurch et al. 2007; Yates 2007a).

(c) Material and virtual preparation of the Oxford Braincase

As reported by Galton & Knoll (2006), existing information on OUMNH J13596
(Fig. 1), the Oxford Braincase, indicates that it most probably comes from the White
Limestone Formation (Procerites hodsoni Ammonite Zone), which is Middle Jurassic
(upper Bathonian — c. 168 Ma) in age (Palmer 1979; Wyatt 1997). OUMNH J13596 is
a partially preserved braincase consisting of parts of the basioccipital and
parabasisphenoid, parietals, laterosphenoids, prootics, supraoccipital and otoccipital.
High resolution computed tomography was used to visualise the morphology of the
braincase and internal cavities that housed associated soft tissues. The scan was
conducted on the Nikon Metrology XT H 225 ST micro-CT scanner at Natural
History Museum, London, using 210 kV and 150 micro-amps with a 2 mm copper
filter and capturing in total 3142 projections. The scan resolution (isotropic voxel
size) was 99.452 microns. Segmentation was conducted using the software Amira

(version 6.0.1, Visage Imaging, Berlin, Germany).

(d) Phylogenetic analysis

To test the affinities of the Oxford Braincase, we conducted a phylogenetic analysis
using a modified version of the data matrix presented in Bronzati & Rauhut (2017);
which consists of an expanded version of the dataset of Yates (20075) and subsequent
studies focusing on non-neosauropodan sauropodomorphs (e.g. McPhee et al. 2014,
2015). Changes in the matrix (see Bronzati ef al. 2017a) comprise the addition of four

new characters, and also the inclusion of the Oxford Braincase as an operational
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taxonomic unit (OTU). The analysis was conducted in the software TNT (Goloboff et
al. 2008) using an heuristic search with the following specifications: 5 000 replicates
of Wagner Trees, hold 10, TBR (tree bi-section and reconnection) for branch
swapping. The most parsimonious trees (MPTs) found in this first analysis were

subjected to a second round of TBR.

(e) Discrete character-taxon matrix analysis

Principal co-ordinates analyses (PCoA) were used to investigate morphospace
(=discrete character space) occupation of sauropodomorph braincases, including both
non-sauropods and early sauropods. Analysis of rates of discrete character evolution,
implemented in the R package Claddis (Lloyd 2016), were also used to quantify rates
of evolution of the braincase anatomy of sauropodomorphs. Both analyses use a
discrete character-taxon matrix as primary data, and the estimation of evolutionary
rates requires a phylogeny with branch lengths as a framework (reviewed by Lloyd
2016). The characters used in these analyses consist only of those related to braincase
anatomy (29 out of the 379 in the matrix for the phylogenetic analysis — see Bronzati
etal. 2017a).

Our PCoA was conducted using the pairwise matrix of Gower distances for
braincase characters between taxa in the matrix (reviewed by Wills et al. 1994; Lloyd
2016). To ameliorate problems of non-comparability, which occur when a pair of taxa
have no characters scored other than missing data in common, we screened taxa for
inclusion in the PCoA based on the presence of less than 50% missing data in total. In
other words, only taxa with at least 50% of braincase character scored other than

missing data were included in this analysis (27 out of 59 taxa in total).
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Our evolutionary rates analyses were conducted across a subset of 100 MPTs
recovered by our phylogenetic analysis, rather than on a single consensus topology.
This allowed us to determine the influence of phylogenetic uncertainty on our results.
We added five neosauropod taxa from the Middle and Late Jurassic to the matrix in
order to avoid the loss of information that would otherwise occur by representing a
diverse clade as a single terminal taxon. To achieve this, we replaced the single
terminal “Neosauropoda” in our set of MPTs with two alternative topologies of a
clade containing five taxa: (1) (Jobaria, ((Camarasaurus supremus, Giraffatitan ),
(Tornieria, Dicraeosaurus sattleri))); (2) (Jobaria, (Camarasaurus supremus,
Giraffatitan)), (Tornieria, Dicraeosaurus sattleri)). These two alternative topologies
take into account the uncertainty regarding the position of Jobaria (e.g. Sereno et al.
1999; Upchurch et al. 2004; Sander et al. 2011), which is either found within
Macronaria (here represented by Camarasaurus supremus and Giraffatitan brancai),
or as the sister group of Neosauropoda, which includes Macronaria and
Diplodocoidea (the latter represented by Tornieria and Dicraeosaurus).

Trees were time-scaled by enforcing a minimum branch length (‘mbl’; Laurin
2004) of 1 Ma using the timePaleoPhy function of the R package paleotree (Bapst
2012). We conducted two sets of analyses, one using the full set of MPTs, allowing a
Late Triassic/Early Jurassic split of the Oxford Braincase from other sauropodiforms.
This is a very unlikely scenario because it implies hitherto undetected survival of a
Triassic-diverging sauropodomorph lineage in the Middle Jurassic. Nevertheless, it
cannot be ruled out based on character evidence because of the paucity of Triassic
sauropodomorph braincases so far discovered. In the second set of analyses, we
constrained the position the Oxford Braincase to belong to Cetiosaurus (the only

sauropod identified from the potential source localities in the Bathonian of the UK,
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from which the braincase comes; Galton & Knoll 2006), and therefore to be nested in
the less inclusive clade containing Spinophorosaurus nigerensis and eusauropods.
This clade currently includes all Middle Jurassic and younger sauropodomorphs (see
also item ‘b’ of Results section).

Evolutionary rates were estimated using the DiscreteCharacterRate function of
the R package Claddis (Lloyd 2016), including only those taxa for which at least 50%
of braincase characters were scored. ‘High’ or ‘low’ rates that can be differentiated
from the background rates of character state transitions were identified by the
occurrence of individual branches that attained p-values of 0.05 or lower using the
maximum likelihood test for comparison among rates inferred for internal branches
only (systematically low rates of character evolution occur on terminal branches, and
their inclusion would bias our analysis towards finding significantly high rates on any

given internal branch; Lloyd 2016).

RESULTS

(a) Osteology and soft tissue anatomy of the Oxford braincase

The computed tomography data allowed us to produce a detailed virtual model of the
braincase and associated cavities representing soft tissue structures (Fig. 1). These
include the inner ear, and parts of the hindbrain, including cranial nerves (V-XII) and
blood vessels. A more detailed osteological description of the Oxford Braincase has
already been provided by Galton & Knoll (2006), and only specific and novel aspects
are discussed here. The parietals are anteroposteriorly short, and in dorsal view the
supratemporal region of the skull is longer transversely than anteroposteriorly (Fig.

1). The same configuration is observed for the supratemporal fenestra, with a longer
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transversal axis. In dorsal view, the posterodorsal surface of the skull is horizontally
aligned, an aspect given by the transverse orientation of the paroccipital process. This
is the typical condition of sauropods, whereas non-sauropodan sauropodomorphs have
a paroccipital processes that projects posterolaterally (Galton 1985; Yates 2007b). We
recognise no clear indication of a bony bar dividing the foramen in the otoccipital
posterior to the fenestra ovalis (= fenestra vestibule; Sampson & Witmer 1997) and
anterior to the hypoglossal nerve, as hypothesized by Galton & Knoll (2006, figs.
3c,d). Thus, the aperture is here regarded as the metotic foramen (sensu Gower &
Weber 1998 — see discussion below). The otosphenoidal crest is represented by a low
ridge, which has its posterodorsal limit located at the proximal portion of the
paroccipital process and the anteroventral limit at the anterodorsal portion of the
parabasisphenoid. An otosphenoidal crest formed by a low-ridge is typical of non-
sauropodan sauropodomorphs (Bronzati & Rauhut 2017), whereas some sauropods,
especially diplodocoids, exhibit an almost lamina-like crest with a posterolateral
projection that obscures part of the fenestra ovalis in lateral view (Janensch 1935;
Tschopp et al. 2015).

The positions of the cranial nerves in the Oxford Braincase (Fig. 1) follow the
typical pattern observed in sauropods and other dinosaurs (e.g. Witmer et al. 2008;
Balanoff ef al. 2010; Paulina-Carabajal 2012; Knoll et a/. 2012). The foramen
associated to the trigeminal nerve (cranial nerve V) is located anteroventral to the
vestibule (which hosts the semicircular canals of the inner ear). Dorsal to the foramen
associated to the trigeminal nerve, an additional foramen corresponds to the
ventrolateral exit of the mid-cerebral vein. Sauropods typically exhibit independent
foramina for the vein and the trigeminal nerve in this region of the braincase (e.g.

Balanoff ez al. 2010; Knoll et al. 2012; Paulina-Carabajal 2012). The mid-cerebral
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vein also has a dorsal component that exits the braincase at the level of the occipital
plate of the skull (Sampson & Witmer 2007), but it was only possible to reconstruct
its anteroventral path on the lateral surface of the Oxford Braincase endocast (Fig. 1).
Low protuberances in both sides of the braincase endocast (Fig. 1), posterior to the
point of confluence of the dorsal and ventral rami of the mid-cerebral vein, are
identified as the floccular fossae lobe (sensu Ferreira-Cardoso et al. 2017). Brain
tissues associated to the floccular fossae lobe likely correspond to the flocculus and
paraflocculus of the cerebellum (see Ferreira-Cardoso et al. 2017). As is typical for
sauropods (e.g. Witmer et al. 2008; Paulina-Carabajal 2012), these protuberances in
the brain endocast of the Oxford Braincase do not project into the space between the
reconstructed semi-circular canals of the inner ear. The facial nerve (VII) would have
exited the endocranial cavity through a foramen located posterior to the ventral region
of the foramen associated to the trigeminal nerve, and ventral to the osteological
correlates of the anterior and lateral semi-circular canals of the inner ear in the
vestibule. A pair of apertures in the anteroventral portion of the braincase, at
approximately the same anteroposterior level of the opening for the facial nerve
laterally, corresponds to the foramina through which the abducens nerves (VI) exited
the endocranial cavity. The hypoglossal nerve (XII) has two main branches that exit
the braincase through separate apertures (Fig. 1). This condition is observed in all
non-sauropodan sauropodomorphs, and has also been reported for other sauropods,
such as Spinophorosaurus nigerensis (Knoll et al. 2012), Shunosaurus lii (Chatterjee
& Zheng 2002), Nigersaurus taqueti (Sereno et al. 2007), and Diplodocus (Witmer et
al. 2008). In contrast, the presence of a single opening for the hypoglossal nerve was
reported for neosauropod taxa such as Camarasaurus, the dicracosaurids

Amargasaurus cazaui (Paulina-Carabajal et al. 2014) and most of the titanosaurians
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1

2

2 (Paulina-Carabajal 2012). Additionally, the presence of a third ramus of the

2 hypoglossal has been hypothesized for Apatosaurus (Balanoff et al. 2010). A

; protuberance on the posterior region of the brain endocast of the Oxford Braincase,
20 dorsal to the hypoglossal nerves, is interpreted as a blind dural venous sinus of the

E hindbrain, which is topologically equivalent to that reported for the Middle Jurassic
E neosauropod Spinophorosaurus nigerensis (Knoll et al. 2012).

i? The anterior semi-circular canal (ASC) of the inner ear of the Oxford

ig Braincase (Fig. 1) has the greatest length of the three semi-circular canals

3(1) (measurements were taken following a midline between the walls of the the cavities
g% associated to each canal). The lateral semicircular canal (LSC) is the shortest of the
Sg three canals, with a length of c. 0,38 of the ASC and 0,44 of the posterior semicircular
% canal (PSC). With the lateral semi-circular canal aligned horizontally, the crus

ég commune of the inner ear of the Oxford Braincase exhibits a vertical orientation,

g; similar to the condition observed in Massospondylus and Nigersaurus taqueti (Sereno
%‘z et al. 2007). This condition is slightly different from the one reported for

g? Spinophorosaurus nigerensis, which exhibits a crus commune that is slightly curved
gg posteriorly (Knoll ez al. 2012). The lagena of the Oxford Braincase is cone shaped,
22 tapering distally (i.e. ventrally). The length of the lagena (from the ventral limit of the
%E fenestra ovalis till the ventral tip of the lagena) is c. 1.7 times the length of the lateral
jg surface of the vestibule from the ventral limit of the LSC till the dorsal limit of the

j; fenestra ovalis. The diameter of the fenestra ovalis (= oval window of some authors)
gg remains relatively constant around its entire length, and as in Spinophorosaurus

g; (Knoll ef al. 2012), it also has an oval outline. Finally, the diameter of the fenestra

gzl ovalis is c. 1.8 to 2.0 times the diameter of the fenestra cochleae (= round window of
g? some authors). However, the relative small size of the latter might be an artefact of
58

59

60
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the segmentation because the limits of this structure were not clearly recognisable in

the CT Scan data (Bronzati ef al. 2017a).

(b) Phylogenetic analysis
In all of the 2210 MPTs, the Oxford Braincase is found to be more closely related to
Neosauropoda than to Melanorosaurus readi. Characters that support this placement
of the Oxford Braincase are: supratemporal fenestra with a transverse axis longer than
the anteroposterior one (character 59), flat occiput in dorsal view (character 78), and
the presence of an undivided metotic foramen (character 370). Additional braincase
features that are common to all sauropods included in our analysis are: depth of the
parietal wing greater than the depth of the foramen magnum (character. 72); a linear
parabasisphenoid/basioccipital junction in the ventral surface of the basicranium
(character 84); lack of a medial component of the basioccipital basal tubera (character
82); basioccipital relatively longer than the parabasisphenoid (character 368); an
undivided metotic foramen (character 370); the absence of an unossified gap between
the basioccipital and basisphenoidal component of the basal tubera and ventral ramus
of the opisthotic (character 371). Distinct character states might be present in other
Late Jurassic and Cretaceous sauropods, which exhibit great variation in the braincase
anatomy (e.g. Tschopp et al. 2015) that is not captured by our phylogenetic analysis.
Nevertheless, our analysis, which focuses on non-neosauropodan sauropodomorphs,
should return accurate results for the placement of the Middle Jurassic Oxford
Braincase.

The PCRPrune command of TNT (Goloboff & Szumik 2015) was used to
generate a reduced strict consensus tree depicting the alternative positions of the

unstable OTUs (see Bronzati et al. 2017a). The Oxford Braincase is identified as one
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of the unstable OTUs in our analysis (Bronzati et al. 2017a). The different positions
occupied by the Oxford Braincase are within the less inclusive clade including
Antetonitrus longiceps and Neosauropoda, or as the sister group of this clade. Thus,
applying the definition of Salgado et al. (1997) for Sauropoda and the definition of
McPhee et al. (2014) for Sauropodiformes in our strict consensus tree (see Bronzati et
al. 2017a), the Oxford Braincase is recovered as a non-neosauropodan sauropodiform.
It is worth mentioning that using the more inclusive definition of Yates (2007a) for
Sauropoda, the Oxford Braincase would correspond to a sauropod in our analysis. In
this context, the sauropod condition of the Oxford Braincase, as previously suggested
by Galton & Knoll (2006), relies on the definition adopted for Sauropoda.

Finally, it is worth emphasising one aspect of the multiple alternative
positions of the Oxford Braincase recovered by our parsimony analysis. The position
of this OTU as the sister group or within the minimal clade defined by node C (which
contains Antetonitrus and Neosauropoda) is supported by a set of morphological
characters, as mentioned above. However, alternative positions (see Bronzati et al.
2017a) between nodes C and D (see Fig. 2) occur because all taxa within this
paraphyletic array lack braincase material. Therefore, all potential positions of the
Oxford Braincase along this grade are equally parsimonious (and so equally supported
by character evidence on its own), because all other taxa in this region of the tree are

scored with missing data for braincase characters.

(c) Discrete character-taxon matrix analyses
Our PCoA (Fig. 3) shows that sauropod braincases occupy a different region of
morphospace than that occupied by other sauropodomorphs and related sister groups,

with no overlap between them. This is evident when plotting PCo 1 (accounting for
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27.5% of variation in the braincase character distance matrix) against PCo2
(accounting for 7.9% of variation) and PCo3 (accounting for 5.1% of variation).

Analyses of rates of character evolution using the full set of MPT’s, without
enforcing the position of the Oxford Braincase, return a fast rate of evolution of
discrete characters in 59 out of the 100 trees (see Bronzati ef al. 2017a). Of these, 34
(approximately 50%) found high rates leading to the clade including all Middle
Jurassic and younger sauropods (the minimal clade including Spinophorosaurus and
neosauropods), but excluding the Oxford Braincase. Using the set of MPTs where the
position of the Oxford Braincase was constrained as the one occupied by Cetiosaurus
in the original phylogenetic analysis, a fast rate of evolution in the branch leading to
the Middle Jurassic sauropods is recovered in 91 of the 100 trees (see Bronzati et al.
2017a). The clade in this case corresponds to the minimal clade including

Spinophorosaurus and Neosauropoda.

DISCUSSION

(a) Braincase anatomy

In their description of the Oxford Braincase, Galton & Knoll (2006) hypothesized the
presence of a bony strut subdividing the foramen here interpreted as the metotic
foramen. If the metotic foramen was truly divided, it should imply that the bony strut
dividing it was broken on both sides (see Galton & Knoll 2006). However, the smooth
margins of the foramina indicate that the presence of a bony strut is not likely.
Additionally, a bony strut is present in non-sauropod sauropodomorphs such as
Massospondylus (Gow 1990; Barrett 2009), Melanorosaurus (Yates, 2007b; Nair et
al., 2015) and Efraasia minor (Bronzati & Rauhut 2017), which have braincases that

are smaller and less robust than the Oxford Braincase. Thus a breakage on both sides
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of the Oxford specimen seems unlikely, especially because all the bony struts dividing
other foramina are preserved on both sides, such as the one between the fenestra
ovalis and the metotic foramen. In this context, our interpretation is that the Oxford
Braincase has a single foramen for the exit of cranial nerves IX-XI and the posterior
cephalic vein, similar to the condition observed in Middle Jurassic sauropods such as
Spinophorosaurus (Knoll et al. 2012) and Shunosaurus (Chatterjee & Zheng 2002). In
contrast, non-sauropodan sauropodomorphs, with the exception of Plateosaurus (e.g.
Prieto-Marquez & Norell 2011; but see Galton 1985), exhibit a pair of foramina
(Bronzati & Rauhut 2017).

There are two alternative hypotheses regarding the nature of the pair of
foramina discussed above in non-sauropodan sauropodomorphs (Bronzati & Rauhut
2017). One possibility is that they represent the fenestra pseudorotunda (anterior
opening), which is covered by a secondary tympanic membrane, and a vagal foramen
(posterior opening) for the passage of the vagus nerve and possibly the posterior
cephalic vein (e.g. Sampson & Witmer 2007; Sobral ef al. 2012). An alternative
scenario is that there is no division of the metotic foramen and hence the formation of
a secondary tympanic membrane (i.e. absence of a fenestra pseudorotunda). In this
sense, there is a metotic foramen (anterior opening) and the additional foramen
(posterior foramen) is the result of further ossification resulting in a separate opening
for the posterior cephalic vein dorsally (Gower 2002). If the latter is true, the presence
of a single foramen in sauropods indicates that the posterior cephalic vein simply
exited the braincase laterally, together with cranial nerve X; or, that the cephalic vein
of sauropods possibly exited the braincase through the foramen magnum as reported
for some lepidosaurs (Bellairs & Kamal 1981), especially because of the small size of

the posterodorsal opening (Balanoff e al. 2010; Bronzati & Rauhut 2017). However,
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if the former is true (i.e. the anterior foramen is homologous to the fenestra
pseudorotunda of birds and crocodiles), it indicates that sauropods have secondarily
lost their auditory pressure relief window (Clack & Allin 2004), the fenestra
pseudorotunda (Gower & Weber 1998). Nevertheless, a more detailed investigation
on the presence/absence of an additional foramen among taxa of Sauropoda
subgroups is necessary before making more definitive inferences regarding the
ecological and/or physiological significance of a possible loss of the fenestra
pseudorotunda or the change in the path of the posterior cephalic vein.

A relative short LSC (i.e. in relation to ASC and PSC) has been reported for
the dicraeosaurid Amargasaurus cazaui (Paulina-Carabajal et al. 2014), the
macronarian Giraffatitan brancai (Clarke 2005; Knoll and Schwarz-Wings 2009), and
for the tinatosaurians Antarctosaurus wichmannianus and Bonatitan reigi (Paulina-
Carabajal 2012). This also seems to be the case for taxa such as the diplodocoid
Diplodocus longus (Sereno et al. 2007); although relative measurements were not
provided. On the other hand Knoll et al. (2012) reported that all the semicircular
canals of Spinophorosaurus are relatively long. However, our interpretation is that the
condition of Spinophorosaurus mostly matches the condition observed in the Oxford
Braincase, with a LSC with a length corresponding to less than 45% of the length of
the ASC and the PSC. In this case, the condition of the latter two taxa would be
similar to the one of the sauropods reported above, with the presence of a LSC that is
shorter than the other two semicircular canals. In fact, the presence of a LSC that is
shorter than the other two canals is commong among tetrapods (see e.g. Clack ef al.
2016), but a further relative reduction of the LSC in relation to the other canals seems
to happen among sauropodomorphs. In the Oxford Braincase, the ASC and PSC are c.

2.61 and c. 2.25 longer than the LSC, respectively. This is different from the
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condition of the Late Triassic non-sauropodan sauropodomorphs Saturnalia
tupiniquim (ASC/LSC = c. 1.54; PSC/LSC = c. 1.20) and Plateosaurus (ASC/PSC =
c. 1.17; PSC/LSC = c. 1.39), on which neither the ASC nor the PSC are twice as long

as the LSC (Bronzati et al. 2017b).

(b) Rates of evolution in the braincase anatomy of sauropodomorphs
A fast rate of braincase evolution is recovered along the lineage leading to the clade
of Middle Jurassic and younger sauropods (node D in Fig. 2) in c. 60% of the trees
when the Oxford Braincase is not constrained in the position of Cetiosaurus (see
Bronzati et al. 2017a). For these 60 trees, character state transition frequencies (=
rates) are similar to those reported below for constrained trees. This is a moderate
indicator of rapid transformation in sauropodomorph braincase anatomy prior to the
Middle Jurassic. However, in the unconstrained subset of MPT's, most trees recover
the Oxford Braincase either as the sister group of Antetonitrus + Lessemsaurus, the
sister-group of the minimal clade including Antetonitrus and Neosauropoda, or the
sister-group of the minimal clade including Leonerasaurus and Neosauropoda. As
mentioned above, the latter is a very unlikely scenario because this would imply a still
undetected survival of a Triassic-diverging sauropodomorph lineage in the Middle
Jurassic. Furthermore, in this configuration, optimization of braincase characters at
the branch leading to the clade including Middle Jurassic sauropods is more
ambiguous because of the high percentage of missing data for the Oxford Braincase.
Only six of the 13 characters undergoing transformation in the branches associated
with Middle Jurassic sauropods are scored for this taxon.

Conversely, if the Oxford Braincase belongs to Cetiosaurus, a sauropod of

which other bones are known from the same locality (Galton & Knoll 2006),
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character optimization at the branch leading to the clade of the Middle Jurassic
sauropods is improved (i.e. fewer states are optimised ambiguously). In this
configuration, Spinophorosaurus is the sister taxon of all the other sauropods (i.e.
those with more than 50% of characters of braincase scored in the matrix), and nine of
the 13 characters undergoing transformation in the branches associated with Middle
Jurassic sauropods are scored for this taxon. In this arrangement, fast rates of
braincase character evolution are recovered along the lineage leading to these Middle
Jurassic taxa (node D in Fig. 2) in more than 90% of the trees. In these trees,
braincase character state transition frequencies on this lineage range from 0.35 to 0.75
(see Bronzati et al. 2017a). Compared to a ‘background’ rate of 0.00—0.15 (this is the
range [across 100 phylogenies] of the median rate on internal branches), this implies
minimally more than a doubling of the rate of braincase evolution prior to the origin
of Middle Jurassic and younger sauropods. Our results therefore indicate that
transformations in the braincase anatomy of sauropods resulted from rapid evolution,
rather than from transformations within the range of ‘background’ rates over a long

time interval.

(c) Integrated evolution of the neck and braincase in early sauropods?

The complete shift in braincase morphospace occupation (Fig. 3) indicated out by our
PCoA analyses shows that the braincase osteology of sauropods significantly differs
from that of their non-sauropodan relatives. Furthermore, the transformations shaping
the braincase of Middle Jurassic sauropods occurred at a fast rate when compared to
background rates of evolution. Here we demonstrate that these results can be
understood as part of major transformations of the craniocervical complex of

sauropods, which are related to further neck elongation in the lineage.
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1

2

2 Besides housing the brain and other sensory organs (Romer 1956), the

g braincase also bears multiple attachment sites for muscles of the masticatory

; apparatus and of the craniocervical complex (Snively & Russell 2007; Button et al.
20 2014, 2016). A series of transformations in braincase anatomy detected by our

E analysis correspond to changes in the morphology of sites for the anchorage of neck
E muscles (also see Button et al. 2016 for discussion regarding changes in the

i? attachment surfaces for muscles of the masticatory apparatus), with the majority of
ig them occurring at the branch leading to the minimal clade including

3(1) Spinophorosaurus and neosauropods (node D). These are: an increase in the depth of
g% the occipital wing of the parietal (attachment surface of m. splenius capitis), change in
gg the orientation of the paroccipital process of the otoccipital from a posterolateral to a
% lateral orientation in dorsal view (attachment surface of m. longissimus capitis

ég superficialis), elongated basioccipital (attachment surface of m. rectus capitis

g% dorsalis, m. rectus capitis ventralis), and, change from a U- or V-shaped to a linear
%‘z contact of the basioccipital and the parabasisphenoid at the region of the basal tubera
g? (attachment surface of m. rectus capitis dorsalis, m. rectus capitis ventralis) —

gg nomenclature for the craniocervical musculature as in Snively & Russell (2007).

22 Sauropodomorphs possessing these character states belong to the clade

%E delimited by node D in Figure 2. The origin of this clade is characterised by elevated
jg rate of transformation in braincase anatomy (see item C of Results section). Those
j; members of this clade that are known from more complete material exhibit

gg proportionally longer necks in relation to their trunks (Table 1). On the other hand,
g; sauropodomorphs outside the clade delimited by node D have proportionally shorter
gzl necks, with a trunk that is longer than the neck (Rauhut ez al. 2011). In this context,
g? our findings are consistent with a scenario in which the elongation of the neck (i.e.
58

59

60
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presence of a neck longer than the trunk) in sauropods occurred during the origin of
the clade delimited by node D, and this not only involved a series of modifications on
vertebral morphology, such as pneumatisation and elongation (e.g. Wedel et al. 2000;
Wedel & Sanders 2002; Wedel 2005, 2007), but was also accompanied by
modifications in the anchor points of neck muscles to the braincase.

Support for this hypothesis is complicated because of difficulties constraining
the precise timing of transformations of the sauropod braincase due to the paucity of
these elements in the fossil record. The lack of even partially complete specimens,
and the total absence of braincases and axial series, is the case for all taxa between
nodes C and D (see e.g. Pol & Powell 2007; Pol et al. 2011; McPhee et al. 2014,
2015). Nevertheless, our observations so far are an indicative of an integrated
evolution of the elongated neck with transformation of the braincase in early
sauropods; but it is not yet possible to determine the directionality of the causal
relation between changes to these anatomical compartments (elongation of the neck

<—> modification in the region of neck musculature attachment in the braincase).

(d) Multiple activations of the ‘head and neck’ cascade of gigantism

Sauropod gigantism is related to a series of evolutionary cascades leading to an
increase in body size; among them is the so-called “head and neck” cascade (Sander
2013). As neck length is biomechanically constrained by skull size, the reduction of
the skull among Late Triassic sauropodomorphs has been considered as having
reduced the moment of force exerted by the head on the neck (Rauhut et al. 2011).
Indeed, the reduction of the skull (cranial length < 2/3 of femoral length) occurs at the
branch leading to the minimal clade including Saturnalia tupiniquim and

neosauropods, suggesting that this transformation took place in the Carnian (Late
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Triassic — ¢. 230 Ma; Langer et al. 2010). The neck length of S. tupiniquim, with a
cranial/femoral length ratio of c. 0.64 (estimate), accounts for c. 0.55-0.60 of the trunk
length (Table 1). This represents just a slight elongation in the neck when compared
with the possible sauropodomorph Foraptor lunensis (estimated neck length/trunk
length — c. 0.50-0.55) also from the Carnian (Sereno et al. 2012), which does not
exhibit a reduced skull (cranial length/femoral length — c. 0.80). However, a more
marked cervical elongation (neck/trunk length ratio > 0,7) is recovered at the branch
leading to the minimal clade including Plateosaurus and sauropods (node B). For
instance, the Norian (c. 215 Ma) taxon Plateosaurus, with a cranial/femoral length
ratio of c. 0.57, has a trunk/neck ratio of ¢. 0.75 (Rauhut et al. 2011). This increase in
neck length is an indicator that the reduction of the skull in the Carnian triggered the
“head and neck” cascade for the first time in Sauropodomorpha evolution (Rauhut et
al. 2011). An increase in body-mass is also observed in the minimal clade including
Plateosaurus and sauropods. Carnian representatives such as Saturnalia and Eoraptor
are small and with a body mass not exceeding 20 kg (Benson et al. 2014). On the
other hand, Plateosaurus attained body masses of c. 910 kg (Benson et al. 2014), at
least one order of magnitude bigger than its older counterparts. Yet, estimates for
other non-sauropodan sauropodomorph indicate that these animals could attain body
masses up to c. 2300 kg, as is the case of Lufengosaurus (Benson et al. 2014).

In spite of the neck elongation in the Late Triassic, the Middle Jurassic
sauropods of the clade delimited by node D have necks that are proportionally much
longer than those of other sauropodomorphs (Table 1). Patterns of morphological
transformation in the skull of sauropodomorphs are congruent with a further
activation of the “head and neck” cascade in the Jurassic, but this time encompassing

only sauropods (node D in Fig. 2). The Middle Jurassic taxa Shunosaurus and
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Mamenchisaurus, the only non-neosauropodan sauropods with complete skulls
preserved, have a cranial/femoral length ratio of 0,43 (Ouyang & Ye 2002; Rauhut et
al. 2011), and 0,35 (Zhang 1988; Rauhut ez al. 2011), respectively (see Table 1).
Furthermore, whereas Shunosaurus and Mamenchisaurus already exhibit necks longer
than the trunks, all the other sauropodomorphs outside the clade delimited by node D
known from more complete materials exhibit the inverse relation (Table 1). Increases
in body mass predicted in the “head and neck” cascade are also observed. Body mass
of the non-neosauropodan sauropods Shunosaurus are estimated in c. 6300 kg and
those for different species of Mamenchisaurus range from c. 6200 kg to c. 18000 kg
(Benson et al. 2014). These values are greater than the maximal value of body mass
estimated for a sauropodomorph outside the clade delimited by node D, ¢. 5600 kg for
Antetonitrus (Benson et al. 2014). Yet, even if body mass inferior to the ones of
Antetonitrus are estimated for taxa within clade D (e.g. neosauropods such as
Amargasaurus and Europasaurus), the biggest mass values estimated among
sauropods are for those with a neck longer than the trunk, such as Brachiosaurus and
Argentinosaurus (see Benson ef al. 2014 for body mass estimates). This can be
understood in a scenario that that longer necks diminishes energy consumption during
food intake (Martin 1987), allowing animals to attain a greater body mass (Barrett &
Upchurch 2007; Upchurch et al. 2007; Sander 2013).

Support for the hypothesis of a re-activation of the “head and neck” cascade in
the Jurassic is also complicated because of difficulties constraining the precise timing
of transformations of the sauropod skull. In our phylogenetic hypothesis (Fig. 2),
further reduction in cranial length (to less than half of the femoral length) is detected
at the branch leading to the minimal clade leading to Shunosaurus and Neosauropoda.

However, the shift in braincase anatomy and the fast rate of evolution is detected in
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the branch leading to node D, which includes Spinophorosaurus, for which the total
length of the skull cannot be determined. One possibility is that a change in the
orientation of the longest axis of the supratemporal fenestra from a parasagittal to
transverse plane (character 59), detected at the branch leading to the clade delimited
by node D (including Spinophorosaurus), could indicate a reduction in skull length
for Spinophorosaurus. Nevertheless, as already mentioned by Sander (2013), other
factors such as the presence of light cranial bones (Upchurch et al. 2004) also
contributed to minimize the moments of force directed to the neck (Witzel &
Preuschoft 2005), and likely played a role in re-activating the head and neck cascade.
More complete materials and/or new specimens of taxa occupying a phylogenetic
position between nodes C and D (Fig. 2) will certainly bring important information to

test the hypotheses proposed here.

CONCLUSIONS

New information on the Oxford Braincase helps trace transformations in the sauropod
braincase and endocast in more detail, especially concerning the origins of
Neosauropoda. Regarding soft tissues, our data indicate an accentuated reduction of
the LSC for the Oxford Braincase. However, in the lack of more detailed
measurements for other sauropod taxa, it is still not possible to draw a more detailed
scenario concerning the evolution of the LSC in the group, as for instance, if the
presence of a LSC with a length corresponding to less than half of the length of the
ASC and PSC (i.e. the condition observed in the Oxford Braincase) indeed
corresponds to the ancestral condition of Neosauropoda. Regarding osteology, our

analyses indicate that a first pulse of neck elongation occurring in the Norian (branch
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leading to node B) was preceded by relative skull reduction in the Carnian (branch
leading to node A), as also previously reported by Rauhut ef al. (2011). However, no
significant shift in braincase anatomy could be detected at this point. On the other
hand, our data indicates an abrupt evolutionary shift (Figs. 2 and 3) in braincase
anatomy that happened concomitantly with neck elongation (i.e. necks longer than the
trunks), at the branch leading to the clade delimited by node D (Fig. 2). However,
given the data for the braincase and axial series of the taxa within the array between
nodes C and D (Fig. 2) so far available, it is not possible to determine the
directionality of the causal relation between changes in these anatomical
compartments.

The moments of neck elongation in sauropodomorph evolutionary history
(possibly related to activations of the ‘head and neck’ cascade) are demonstrated to be
related to episodes of skull reduction (Fig. 2) and increases in body mass, which could
indicate that the ‘head and neck’ cascade (Sander 2013) was activated more than once
during the evolution of Sauropodomorpha. As greater body mass increases the
amount of energy obtained in the context of a fully herbivorous diet and provide more
protection against predators (Sander 2013), independent activations of each of the
multiple cascades of gigantism might potentially explain the difference in survival
among sauropodomorph lineages during the history of the group, such as the

disappearance of the non-sauropodan lineages towards the end of the Early Jurassic.
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Figure 1: Braincase of the specimen OUMNH J13596 (i.e. ‘Oxford Braincase’ in this
study) in left lateral (A), dorsal (B), and posterior (C) views, and cranial endocast of
the specimen OUMNH J13596 in left lateral (D), dorsal (E), and ventral (F) views.
Abbreviations: ASC — anterior semicircular canal; fl — floccular fossa lobe of the
cerebellum; fm — foramen magnum; fo — fenestra ovalis; la — lagena; Is —
laterosphenoid; LSC — lateral semicircular canal; mcvd — dorsal ramus of the mid-
cerebral vein; mcvv — ventral ramus of the mid-cerebral vein; mf — metotic foramen;
ot — otoccipital; pa — parietal; pbs — parabasisphenoid; po — prootic; pp — paroccipital
process; PSC — posterior semicircular canal; sin — dural sinus; snc — sagittal nuchal
crest of the supraoccipital; so — supraoccipital; stf — supratemporal fenestra; V —
trigeminal nerve; VI — abducens nerve; VII — facial nerve; IX — glossopharyngeal

nerve; X — vagus nerve; XI — accessory nerve; XII — hypoglossal nerve.

Figure 2: Reduced strict consensus tree of the phylogenetic analysis calibrated
against geological time, and moments of the activation of the ‘neck and head’
cascade. Taxa with the name written in black correspond to those included in the
discrete character-taxon matrices analyses. Silhouettes indicate the average body plan
of unnamed sauropodomorph subgroups matching the horizontal bar. The star
indicates the branch for which a high rate of evolution was detected in the analysis.

Abbreviations: BM — body mass.

Figure 3: Results of the principal coordinate analysis with the variation in PCo 1
plotted against PCo2. Circles identify non-sauropodan sauropodomorphs, squares

identify sauropods, and pentagons identify other archosaurs.
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Table Caption
Table 1: Relative cranial/femoral length and relative neck/trunk length of distinct

sauropodomorph dinosaurs.
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Figure 1: Braincase of the specimen OUMNH J13596 (i.e. ‘Oxford Braincase’ in this study) in left lateral (A),
dorsal (B), and posterior (C) views, and cranial endocast of the specimen OUMNH J13596 in left lateral (D),
dorsal (E), and ventral (F) views. Abbreviations: ASC - anterior semicircular canal; fl - floccular fossa lobe
of the cerebellum; fm - foramen magnum; fo - fenestra ovalis; la — lagena; Is - laterosphenoid; LSC -
lateral semicircular canal; mcvd - dorsal ramus of the mid-cerebral vein; mcvv - ventral ramus of the mid-
cerebral vein; mf — metotic foramen; ot - otoccipital; pa - parietal; pbs — parabasisphenoid; po - prootic;
pp - paroccipital process; PSC - posterior semicircular canal; sin — dural sinus; snc - sagittal nuchal crest of
the supraoccipital; so — supraoccipital; stf — supratemporal fenestra; V - trigeminal nerve; VI - abducens
nerve; VII - facial nerve; IX - glossopharyngeal nerve; X - vagus nerve; XI — accessory nerve; XII -
hypoglossal nerve.
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| Cranial length / Femoral Length

Eoraptor lunensis (PVSJ 512)
Saturnalia tupiniquim (MCP 3845PV)

Plateosaurus engelhardti (GPIT 1; SMNS 13200)

Melanorosaurus readi (NM QR3314)
Shunosaurus lii (ZDM T 5402)
Mamenchisaurus youngi (ZDM 0083)
Camarasaurus sp. (CM 11338)
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| Neck length / Trunk length Reference

0,50-0,55 Bronzati et al. 2017

0,55-0,60 Bronzati et al. 2017

0,75-0,79 Rauhut et al. 2011
? Yates, 2007b

10 1.18 Rauhut et al. 2011

11 3.22 Rauhut etal. 2011

12 1.07 Rauhut et al. 2011
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