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Abstract

An enlarged theropod manual ungual (CSC1-4) froe\Wealdfacies of Spain is
described. The claw was found in the fossil logadit Cafia Seca 1, Teruel province,
within the El Castellar Formation of early Barremi&arly Cretaceous) in age.
CSC1-4 is morphologically closer to megalosaurdinds to any other theropod clade
bearing enlarged manual claws and shows the gtesatatarity to the manual ungual
of digit | of Baryonyx walkeriBoth CS1-4 and this taxon share a particularlyrgeid,
elongated and transversely wide manual claw. CSQbwever, differs from
Baryonyxs unguain having less curvature, a straight dorsal edghémroximal part,
slightly more width above the grooves than belowd a certain asymmetry, with the
lateral face more flattened. Taking into accoustphleogeographic and temporal
context, these considerations suggest that thegl@sely related but distinct
spinosaurid taxa.

The presence of an enlarged manual claw in spimasaloias been invoked as an
anatomical feature typically associated with scgugnand hunting habits, as well as
digging behaviour. The spinosaurid record fromBlaeremian of the Iberian Peninsula
shows that members of this clade favored freshveateironments with some marine

influence in this part of Europe.

Key words: El Castellar Formation, MegalosauroidBayyonyx Lower Cretaceous,

Teruel.

1. Introduction
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Megalosauroidea forms a clade of large-bodied fhedalinosaurs whose presence in
the Lower Cretaceous of Europe is limited to thecsgdized clade of Spinosauridae
(e.g., Charig and Milner, 1986; Buffetaut, 2007nGao et al., 2008; Mateus et al.,
2011). Spinosaurids have been described as “crieconinics”, being predominantly
fish-eating predators with a semi-aquatic lifes{Bereno et al., 1998; Rayfield et al.,
2007; Amiot et al., 2010; Ibrahim et al., 2014) eytwere a highly specialized group
with a craniodental morphology clearly distinctrfrmther carnivorous dinosaurs (e.qg.,
Sereno et al., 1998; Rayfield et al., 2007; Heradriet al., 2016; Vullo et al., 2016).
Baryonyx walkerifirst recovered from the Barremian of Englandhis best known
spinosaurid taxon hitherto and the only known sggeof Spinosauridae from Europe
(Charig and Milner, 1986). The holotypeBdéryonyxconsists of a partial skeleton
including partial skull and postcranium (Charig afither, 1986, 1997). Along with its
crocodile-like skullBaryonyxalso stands out in having a hypertrophied manoglal
of digit I, which is the meaning of its genus nar8ach enlarged thumb claw also
appears to be present in other spinosaurid taxaasfuchomimus tenerengiSereno
et al., 1998) and possib§pinosaurus aegyptiacbrahim et al., 2014). Several taxa
of large-bodied tetanurans also developed enlargatlal ungual phalanges (see Fig.
1), including the megalosauritbrvosaurugGalton and Jensen, 1979), the allosauroid
ChilantaisaurugBenson and Xu, 2008), all megaraptorids (Poefiral., 2014) and the
tyrannosauroidryptosaurugBrusatte et al., 2011). Noteworthy among morewvaeri
theropods is the gigantic size of the forelimb®efnocheirusterminating in powerful

yet poorly recurved claws (Osmolska and Roniewi®7,0; Lautenschlager, 2014).

Remains referred tBaryonyxare also known from the Lower Cretaceous of Paitug
and Spain, though they mostly consist of dentaknedt(e.g., Torcida et al., 1997,

Fuentes Vidarte et al., 2001; Mateus et al., 20I4¢ most complete specimen comes
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from the Barremian Papo Seco Formation of Portagédlincludes both cranial and
postcranial material (Buffetaut, 2007; Mateus et2011). The Portuguese material was
referred to the speci&aryonyx walkerby Mateus et al. (2011) based on the
combination of shared dental characters, in sheddct that some postcranial
differences, considered to be the result of ineasjT variation by these authors, occur.
In addition to the presence Baryonyx walkerin Iberia, several different tooth
morphotypes have been reported, implying the paesehmore than one spinosaurid
taxon for some authors (e.g., Alonso and Canudb6@lthough the scarcity of

associated postcranial material makes testinghipsthesis a challenge.

This paper aims to describe an enlarged theropaulahangual recently discovered in
an outcrop from th&Vealdfacies of Spain. This new specimen is comparetetails
with those from other theropods. The implicatiohthts new specimen for our

understanding of spinosaurid diversity are alsowdised.

2. Geological and Palaeontological Context

The manual ungual CSC1-4 was recovered from thslflocality of Cafia Seca 1 in
the municipality of Gudar, Teruel province, Spdtg( 2). The study area is located in
the northeastern part of the Iberian Chain. Therdatas developed during the
Palaeogene as a result of the Alpine inversioh®Mesozoic Iberian Rift System (e.g.,
Salas et al., 2001). The Cafia Seca 1 fossil spiarisof the El Castellar Formation and
is palaeogeographically located within the Galve-Basin, in the western part of the
Maestrazgo Basin (Fig. 2A). This basin forms péthe Iberian Rift System and was
developed during a rifting phase that commencedeaénd of the Jurassic and lasted
until the mid-Albian (Salas et al., 2001). The Upjerassic-Lower Cretaceous

stratigraphy of the Galve sub-basin, summarizeAdrgll et al. (2016), includes a syn-
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rift sequence of predominantly continental-transitil series corresponding\Wéeald
facies. The carbonate-lutitic shallow-lacustrinéuptrine facies represented by the El
Castellar Formation across the entire Galve subzlveere deposited during the latest
Hauterivian-earliest Barremian (Aurell et al., 2D1#nd are equivalent to the K1.4
sequence of the sequential stratigraphic mode¢h®Maestrazgo Basin (Salas et al.,
2001). Given the presence and predominance oflw@phyteAtopochara trivolvis
triquetra within the charophyte assemblage, the fossildfiteaia Seca 1 is dated to the

early Barremian (Riveline, 1996; Canudo et al.,201

The stratigraphic series of the Mesozoic outcrag$hmvest to the village of Gudar,
where Cafa Seca 1 is located, (Fig. 2C) beginstivithate Tithonian-middle

Berriasian Aguilar del Alfambra Formation, whichaiound 400m thick (Aurell et al.,
2016). The overlying Galve Formation, dated toléte Berriasian-Hauterivian? in age,
comprises a 20-30 meters thick succession of tgdduwvith decametric burrowed
sandstones and a conglomeratic level in its migdhe Above this, the El Castellar
Formation is 60m thick and has a lower level otdiginuous white sandstone up to 5m
thick, with cross-bedding and lateral accretionrgetsies. The rest of the unit is
dominated by alternating brown-yellow marls andrbwed skeletal limestones, where

some vertebrate fossil sites have been found (Gastla 2012).

The fossiliferous level of Cafia Seca 1 (Fig. 2Gpcsated in the lower part of the El
Castellar Formation and comprises a 5m-thick letgirey marls just above the
basalmost detritic deposits of the El Castellanfadron. These grey marls bear dark-
grey and ochre mottling, carbonate nodules anditbation, which is characteristic of
shallow lacustrine-palustrine conditions (Melénéeal., 2009), as usually seen in other
vertebrate fossil sites of the El Castellar Fororate.g., Cuenca-Bescos et al., 2014).

The fossil assemblage of Cafa Seca 1 is composadctairemains as well as isolated
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vertebrate macrofossils. This fossil content caai$ ostracod shells, charophytes
(Globator maillardii trochiliscoidesandAtopochara trivolvis triquetrautriculi),

coprolites and eggshell fragments along with ved&bbony remains (Gasca et al.,
2012). Based on the identified remains of teetingls and scales, the faunal list of the
vertebrate assemblage comprises chondrichthyéyisou3, osteichthyans
(Semionotiformes, Amiiformeg\rchodonichthyy lissamphibians, chelonians
(Solemydidae), dinosaurs (Ornithopoda and Theropana crocodylomorphs
(Atoposauridae, cBernissartiaand Goniopholididae). The dinosaur remains re@xer
from the fossiliferous bed are scarce. They comdian isolated dorsal vertebra from an
undetermined iguanodontian ornithopod, a caudateenfrom a tetanuran theropod
bearing pleurocentral fossae on its lateral sidd,the manual claw here studied. A
small isolated ilium from an undetermined coelutwsaas also found dozens of metres

away (Gasca et al., 2012).

3. Material and Methods

The fossil claw CSC1-4 (Fig. 3 and 4) was colledigdurface prospecting during the
2010 fieldwork campaign by the Aragosaurus-1UCAeesh team of the University of
Zaragoza. Other fossil specimens from the samd fosality were recovered by
surface collection or screen washing (microfossietiveen 2008 and 2011. Additional
items from the El Castellar Formation mentionethis paper (see Table 1. numbers
MOAL-1/1, SM-2/D1, BNA2-7, SUE1-2, VES4-1) were oa@red during the same
fieldwork campaign. These fossil materials are dépd in the Natural History
Museum of the University of Zaragoza (Museo de €enNaturales de la Universidad

de Zaragoza; Canudo, 2017).



142 The anatomical nomenclature of theropod ungualsevisl Charig and Milner (1997)
143 and Agnolin and Chiarelli (2010). The phylogendtamework for Tetanurae followed
144  in this work is based on the results obtained bytiRéet al., (2016) who performed a
145 phylogenetic analysis on a revised version of ttamatrix of Carrano et al. (2012).
146  For the purpose of comparison, the manual ungdasyonyx walker(NHMUK

147 R9951)Suchomimus tenerengidHMUK R16013, casts) andlllosaurus fragilis

148 (NHMUK R10868, cast) deposited in the Natural Higtbluseum (NHMUK, London,
149 United Kingdom) were examined first-hand (Fig. Bgured silhouettes of the claws

150 from other theropod taxa were redrawn from theibgobphy (see Fig. 1).

151 A tridimensional model of the theropod claw wasegated through photogrammetry
152 (see Supplementary Online Material). CSC1-4 wasizigl using the software Agisoft
153 PhotoScanTM (version 0.8.5.1423), following the Imoeology of Mallison and Wings
154 (2014). Photos were taken using a Panasonic DMCédigifal camera to compile a
155 360° digital reconstruction of the specimen. Twpasate chunks were produced of the
156 dorsal and ventral surfaces (using 78 and 50 phapdg respectively), maintaining
157 considerable overlap at the sides. These were ggaensing an 8-core workstation

158 with 32GB RAM.

159

160 4. Systematic Palaeontology

161 Dinosauria Owen 1842

162 Theropoda Marsh 1881

163 Megalosauroidea Fitzinger 1843
164 Spinosauridae Stromer 1915

165 Aff. Baryonyxsp.
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Material, locality and age: CSC1-4, a left manuajual claw (digit I?) from the Cafa
Seca 1 fossil locality, municipality of Gudar, Tetyprovince, Spain. El Castellar

Formation, lower Barremian (Lower Cretaceous).

Description and comparison

CSC1-4 is a large and elongated ungual phalanxeprieg much of its length, with

only the proximoventral and distal portions missiig. 3). The preserved portion of
the claw has a proximodistal length of 190 mmatarbmedial width of 64 mm and a
dorsoventral height of 2100 mm in its maximum dimens. The ungual is estimated to
reach over 220 mm in length. Recent damage duerial @xposure in the outcrop has
caused the loss of the distal part by breakagéapdrscoloration and slight weathering
of the fossil surfaces. Bone modification by taptmic processes includes moderate
weathering of the claw, being difficult to quantdyprecise stage due to the masking
effect produced by recent erosion. The proximataldr surface was largely covered
by carbonated matrix when the fossil was foundvetg the degree of bone
modification to be ascertained after preparatiotheffossil by mechanical techniques
(Fig. 3A). This part of the bone was particularteeed during the biostratinomic phase
as a result of weathering and perhaps other presd€ss., consumption by scavenger
organisms), affecting in part the preservatiorhef original morphology, especially in

the area of the flexor tubercle.

The proximal articular surface bears a dorsovdgtaaiented ridge that is slightly

offset medially, as in other theropods (el@yryptosaurusBrusatte et al., 2011). As
preserved, the dorsoventral height of the proxianatular surface seems to be roughly
similar to its width (Fig. 3A). Although its origah shape is not well preserved, the

flexor tubercle seems to be prominent, as in dblasel tetanurans (e.@aryonyx
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Allosaurus Fig. 5). The asymmetry of the claw CSC1-4 is alsown by the medial
side being slightly more flattened than the latewalike inBaryonyxwhich has more
symmetrical unguals.

The outline of CSC1-4 in profile (i.e., lateral amedial views) is fairly straight in the
proximal part of the dorsal edge, unlike the oetlaf other large manual claws
belonging to theropods. This outline is convexamjonychine spinosaurids (Fig. 1)
and concave in the manual ungual of some megagde.g.AustralovenatorWhite
et al., 2012) and possib§pinosaurugRussel, 1996; Ibrahim et al., 2014). It also
differs from derived coelurosaurs in which theaurar facet exceeds the ungual blade
in height, giving the appearance of a dorsal dejpvasbetween the articular facet and
the claw blade (Rauhut and Werner, 1995). Otherwisegradual tapering of the
ungual is similar to other basal tetanurans (8aryonyy but differs from that of
compsognathids such dgravenatoywhose manual claws taper abruptly around their
midpoints (Chiappe and Gohlich, 2010).

A well-defined, vascular groove runs along bothldteral and medial surfaces just
ventral to the mid-height of the phalanx and patad the ventral margin. One,
possibly two foramina can be observed within trgge@ves (Fig. 4). These foramina
are rarely mentioned in the literature (e.g., P&dezeno et al., 1993) but are at least
present in the ungual | of thigaryonyxholotype.

The transverse section is oval in outline, beconpiragyressively more circular towards
the tip. The dorsal and ventral edges are later@attgdounded unlike megaraptoran
allosauroids, which bear claws with a sharp vergdgle (e.g., White et al., 2015). The
dorsal portion of the section, above the grooweslightly broader: 45 mm wide above
the grooves versus 43 mm below, measured at aengtH section. This contrasts with

the unguals of primitive theropods and allosaur¢Rirez-Moreno et al., 1993:
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character 22), which are broader ventral to thewgs. This is also slightly different
from the unguals of spinosaurids suctBasyonyx However, the relevance of this

feature in CSC1-4 must be taken cautiously giverpthor state of preservation.

5. Discussion

The identification of the claw CSC1-4 as a theropwhual ungual rather than a pedal
ungual is based on several features, such as anabarticular surface that is
dorsoventrally tall and shows a marked median kaebval transverse cross-section,
and a strong curvature (Agnolin and Chiarelli, 2009

The asymmetry in the proximal articular surface.(ia dorsoventral ridge slightly offset
medially) is used to identify CSC1-4 as a left uslgiven its large size, the attribution
of CSC1-4 to digit | is the most probable optios@ding to the criteria previously
followed by other authors in identifying disartiatéd claws (e.g., Galton and Jensen,
1979; Charig and Milner, 1997; Benson and Xu, 20B®wever, the claw of digit two
in at leastSuchomimusppears to be very large too, and almost as Es@eSC1-4 (see
Fig. 5), ,so the fact that the latter might alstobg to digit Il cannot be ruled out. The
estimated total length of CSC1-4 is about 220mmclwis slightly less than digit |
unguals but clearly greater than the length oftdigof BaryonyxandSuchomimugsee
Fig. 5).

The known manual unguals of non-tetanuran theropadk as those of the
ceratosauriansimusaurugsMasiakasaurusindNoasaurusclearly differ from CSC1-4.
Noasaurudliffers in that its bizarre claw bears a mediantrad ridge (Agnolin and
Chiarelli, 2009: fig. 1A), whereas thoseMéasiakasaurugliffer in their lower curvature
and the reduction of the flexor tubercle (Carranal g 2002: fig. 12). IlLimusaurus

the unguals are mediolaterally expanded at theixipral end but differ in being short,
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241 stout and small (Xu et al., 2009). Furthermore |tiss of manual unguals has been
242  suggested in some abelisaurids (Agnolin and CHiia2€09).

243 The tetanuran clades Megalosauroidea and Allosgeadncludes large-bodied taxa
244  with enlarged forelimbs and hypertrophied clawsn®&m et al., 2012). However, the
245 presence of enlarged and proximally wide manuabalsghas only been reported in
246 megalosauroidssénsuCarrano et al., 2012). Carrano et al. (2012: ctar&59)

247 reported a character which describes the relagingth, and thus size, of manual ungual
248 | based on the length:height ratio. By this crdarienlarged claws are present at least in
249 the megalosaurBorvosaurusSuchomimuandBaryonyxand in the megaraptoran

250 Megaraptor(Carrano et al., 2012). Despite lacking the distal, the total length of

251 CSC1-4 can be estimated by comparison with betesegoved specimens (see Fig. 5A),
252 allowing it to be identified as an enlarged clawngparable with those of other

253 theropods (Fig. 1). The estimated proximodistafjterdorsoventral height ratio is 2.2
254  in CSC1-4, which is similar to that Baryonyx Suchomimuseinocheir or

255  Fukuiraptor(2.2-2.3) and lesser than thatlafrvosauru8 (2.4),Chilantaisaurug2.5),
256 Dryptosaurug2.6), andSpinosaurusandMegaraptor(3.2; see Fig. 1; ). Other

257 megalosauroids (e.ddubreuillosaurus 2.1) and allosauroids (e.&inraptor, 1.9;

258 Allosaurus 2.0) show lower ratios (see Fig. 1).

259 The manual claws of neovenatorids (including meggarans) and the first manual

260 ungual of some spinosaurids are similarly enlaiayedi elongated relative to those of
261 other non-coelurosaurian theropods (Benson an@8@8). However, megaraptorans
262 (e.g.,AustralovenatarFukuiraptor, Megarapto) andChilantaisaurusbear transversely
263 narrow claws (Carrano et al., 2012: character Pa®firi et al., 2014: character 141),
264  which are therefore very different from CSC1-4. Hypertrophied manual claws and

265 modified manus of neovenatorids (mostly megarapgreepresent an unusual
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morphological adaptation among carnivorous dinaséelg., White et al., 2015). Some
manual unguals iAustralovenatoandFukuiraptoralso differ in having asymmetrical
lateral grooves and a well-developed ridge on #r@nral margin (Porfiri et al., 2014:
characters 144 and 145).

The case oChilantaisaurugrom the Cretaceous of Mongolia is paradigmatibais

been recovered as a derived member of both Allogdes and Megalosauroidea
(Benson and Xu, 2008 hilantaisaurusshares certain features with some
megalosauroids: an enlarged and elongated firsuatamgual and a suprastragalar
buttress that has been modified to a vertical r@gson and Xu, 2008). In fact, Allain
et al. (2012) considergdhilantaisaurugo be a member of Spinosauridae after adding
this taxon to their matrix. Pursuing further thpgeoach, they highlighted that, among
large theropods, an enlarged manual digit | ungadlonly been reported in the
‘spinosauridsBaryonyx SuchomimuandChilantaisaurugAllain et al., 2012).
However, later phylogenetic analyses by other astptaceChilantaisauruswithin
Allosauroidea, more specifically within the cladeneovenatorid
carcharodontosaurians as the sister taxon of mgigaaas (Carrano et al., 2012,
Rauhut et al., 2016). Unlike Spinosauridae, theuahglaw ofChilantaisauruss

clearly more laterally compressed (see Benson an@B08: fig. 2C), supporting an
affinity with megaraptorans.

Allosauroids such asllosaurus(Madsen, 1976; Pérez-Moreno et al., 1993) and
Sinraptor(Currie and Zhao, 1993: fig. 20) also differ i tlateral compression of their
unguals, which is less important than in megarapi®but greater than in spinosaurids.
This difference may not be obvious (see Fig. 56Ga),t adds to the more strongly
curved nature of the claw Wllosaurusthan in spinosaurids (Charig and Milner, 1997).

Other allosauroids such as carcharodontosauridbedifferentiated by the presence of
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claws that are almost as high (proximally) as I@Rguhut and Werner, 1995).
Carcharodontosaurids suchMapusaurusear manual unguals that are distinctive in
having asymmetrical positioning of the lateral gre® (see Coria and Currie, 2006: fig.
25).

Basal coelurosaurs bearing proportionally largeumbnonguals such akiravenatoy
SinosauropteryandTanycolagreugPorfiri et al., 2014: character 48) differ in the
morphology and the smaller size of their ungualahsolute terms, the latter reflecting
their small body size. The claw morphologylafavenatoris characteristic in being
very high proximally and tapering abruptly arouhd tmidpoint (Chiappe and Go6hlich,
2010). The claws iSinosauropteryandTanycolagreugCurrie and Chen, 2001;
Carpenter et al., 2005) are significantly less edrthan in spinosaurids. Tyrannosaurids
(e.g.,TyrannosaurusAlbertosauru¥ differ in having a flexor tubercle reduced to a
small convexity (Porfiri et al., 2014: characteB)4nd shallower vascular grooves
(Benson et al., 2012). Other derived coelurosaeeasibg powerful enlarged manual
claws are the therizinosaurs, but their claws drelly different in their lesser curvature
and the abruptly tapering morphology of the proxierad (e.g.Deinocheirus

Osmodlska and Roniewicz, 1970; Lautenschlager, 2014)

Without ruling out other affinities completely, thegual phalanx CSC1-4 can be
reliably related to Megalosauroidea. A large ungaiadlanx from the Upper Jurassic
Morrison Formation was referred TorvosaurugGalton and Jensen, 1979: fig. 1M).
This element (BYU 2020) was found isolated in arofiossil locality far from the
Torvosaurudype locality. Later it was suggested that this\oa ungual might actually
be referable to Spinosauridae, this being the bkleswvn occurrence of the group
(Allain et al., 2012). Apart from the uncertaintlyits assignment tdorvosaurusthe

megalosauroid affinity of the claw BYU 2020 seerteacin the light of features such
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316 as the degree of curvature, which is similar ta ¢i&@aryonyxand clearly less than in
317 other coeval large-sized theropods suchAlasaurus(see Fig. 1).

318 Further comparison between CSC1-4 and BYU 2020imeg)tirst-hand examination of
319 the latter. Other megalosauroids suctabreuillosaurugAllain, 2005) and possibly
320 MegalosaurugOwen, 1849: plate 32 in vol. Il) bear less erdargnanual claws, with
321 lower ratios of length:height (roughly 2.1 in ba#éxa) and width:height (0.42 estimated
322 in Megalosaurul Taking into account the stratigraphical cont@xd their shared

323 morphological features, the inclusion of CSC1-hwmitSpinosauridae is the most

324 plausible scenario.

325 The preserved segment of the dorsal edge of CS€ehtly curved, similar to

326 Suchomimuand to a lesser extent tharBaryonyx(Fig. 5) and in BYU 2020 (Galton
327 and Jensen, 1979). The straight profile of thealadge at its proximalmost end in
328 CSC1-4 is different from all the others. CSC1-4rbepeatest similarity to the manual
329 ungual of digit | ofBaryonyx walker(Charig and Milner, 1986, 1997). They share
330 general features such as being enlarged, elongatkttansversely wide. The

331 lateromedial width:dorsoventral height ratio in ASL(0.64) is higher than in

332 BaryonyxandSuchomimug0.56) and these values are in turn higher thasher

333 theropods (e.gChilantaisaurus 0.36;Allosaurus 0.47;Deinocheirus 0.49;Sinraptor,
334 0.50;Dryptosaurus0.55).

335 On the other hand, ungual CSC1-4 differs from di&aryonyx walkerin having a

336 little less curvature, a straight dorsal edge enghoximal part, slightly more width

337 above the grooves than below —comparing the seatiamd-length—, and a certain

338 asymmetry, with the lateral face more flattenedesehconsiderations suggest that they
339 were closely related but distinct spinosaurid taxach is in agreement with their close

340 palaeogeographical and temporal proximity. The apmnenclature afBaryonyxsp. is
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used here to highlight the close affinity of thegual CSC1-4 with the contemporary
spinosauridBaryonyx walkerifrom the Barremian of Europe. Nevertheless, atléne
same degree of morphological similarity is prederitveen CSC1-4 and the slightly

younger African spinosauriuchomimus

Additional spinosaurid material from the El CaséelFormation

Other localities from the El Castellar Formatiowvéalso yielded spinosaurid material.
Isolated teeth are the most common spinosauridriabiem this formation (Sanchez-
Hernandez et al., 2007; Gasca et al., 2008, 2088leTL; Fig. 6), yet two middle caudal
vertebrae have also been recovered from two diffdogalities respectively located in
Aliaga (Fig. 6B) and Miravete de la Sierra.

The isolated crowns from the El Castellar Formatiomweakly labiolingually
compressed, and bear mesial and distal carinaelaasvapicobasal ridges on both
labial and lingual sides. MOAL-1/D1 (Fig. 6A) andNB-2/7 from Aliaga and Mora de
Rubielos, respectively, belong to the same tootlphatype as the teeth from the
coeval La Cantalera 1 fossil site of the Blesa Fadiom and referred to Baryonychinae
(Alonso and Canudo, 2016).

SM-2/D1 from Miravete de la Sierra represents agothoth morphotype characterized
by the absence of mesial denticles (Gasca etQ19:4ig. 4A). The crown also bears a
split distal carina, which is probably the resdlagathological condition, as reported in
other theropod teeth (e.g., Candeiro and TankeB2@pecimen MPG PX-23 from
Galve was confusingly described and figured by 8éandHernandez et al. (2007), and it
is difficult to ascertain whether it is a baryonyehtooth. The specimen is attributed to
Baryonychinae due to the presence of minute destich the distal carina, whereas the

mesial carina is unserrated. However, the tootls do¢ possess the flutes characteristic
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of spinosaurid teeth (e.g., Alonso and Canudo, GGl the number of denticles per
mm is not provided. Some authors have pointedhmuekistence of a baryonychine
morphotype without denticles on the mesial carasastated above (Canudo and Ruiz-
Omeifiaca, 2003; Infante et al., 2005). Specimen MR&3 seems to belong to a
different tooth morphotype characterized by theeabe apicobasal ridges. As a whole,
the teeth from the El Castellar Formation apped#etdifferent from those d@aryonyx
walkeri as the latter bear apicobasal ridges only onitigeidl side. Furthermore, the
morphotypes from the El Castellar Formation seemdaate the presence of more
than one spinosaurid representative. However ptitiposal cannot be definitively
addressed with the currently available specimersnghat heterodonty may be an
alternative, equally plausible explanation.

Two other fossil localities from the El Castellarfation have provided postcranial
material assignable to Spinosauridae. SUE1-2 @Bjy.and VES4-1 are two vertebral
centra belonging to the middle caudal series, whrehquite similar to the caudal
vertebrae of the Portuguese specimen ML1190 franBrremian Papo Seco
Formation of Portugal, referred Baryonyx walker(Mateus et al., 2011). They are
amphicoelous, and the posterior face is more skbllooncave. The anterior and
posterior faces of the centra have a charactesabcectangular outline, being as high
as wide. The chevron facets are well visible, nyaom the ventroposterior margin of
the centrum. The ventral face of the centrum hasgarallel ridges between which a
deep and wide longitudinal groove extends alongnlit#ine.

The ungual phalanx CSC1-4 described in detailislork is an isolated but
informative occurrence of Spinosauridae. In theeabs of more complete specimens,
CSC1-4 is the only postcranial fossil from the lowBarremian El Castellar Formation

apart from the isolated vertebrae mentioned jusv@bThe fragmentary nature of the
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vertebrate record is the general taphonomic pattetine El Castellar Formation (e.g.,
Sanchez-Hernandez et al., 2007; Gasca et al., Z0#hca-Bescos et al., 2014). Given
this context, each fossil occurrence is relevamtrder to reconstruct the El Castellar
Formation biota as a whole. Regarding theropodspthsence of spinosaurids
contributes to a diverse biota from El Castellamfation biota, together with
allosauroids (Buscalioni and Sanz, 1984; Gasch,&t(#. 2) and coelurosaurians (see

Ruiz-Omenaca et al., 2004).

Approach to the palaeoecological significance @f pinesence of spinosaurids
Spinosaurs were a major component of the theroguacles in the Early Cretaceous of
Iberia. The presence of spinosaurids has beenrooediin several localities in the
Maestrazgo Basin, including the Barremian unitElo€astellar, the Blesa Formation
(Canudo et al., 2010; Alonso et al., 2016), theawstibel Formation (Infante et al., 2005;
Gasca et al., 2014), and the Papo Seco Formatiate(Md et al., 2011); the upper
Barremian Morella Formation (Canudo et al., 20@8) the upper Hauterivian-Aptian
series from the Cameros Basin (Torcida et al., 1B8@ntes Vidarte et al., 2001). This
contrasts with the absence of spinosaurids or #mr onegalosaurid theropods in La
Huerguina Formation (Serrania de Cuenca Basinhsaoutberian Range; Barremian),
in which a large diversity of theropods is preq@hiscalioni et al., 2008; Ortega et al.,
2012). The intensive palaeontological surveys is fibrmation over the last 30 years
have yielded several large-bodied theropods irs#imee environment (e.g., the
carcharodontosauridoncavenatarOrtega et al., 2012). This suggests that theralese
of megalosauroid theropods is not a sampling dradapmic bias, but characterizes the

palaeoecosystem of La Huerguina Formation.
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415 Arecent analysis of the environmental preferemméedlosauroids and megalosauroids
416 in the Jurassic indicates that the former prefemithd environments, whereas the
417 latter are more common in nearshore environmerdsl{gt et al., 2016). On the other
418 hand, megalosauroid theropods, represented bythesaurids, were positively

419 associated with coastal palaeoenvironments in thea€eous whereas

420 carcharodontosaurids and abelisaurids were moselglassociated with terrestrial
421 palaeoenvironments during the same period (Salals, &016).

422  Both groups of large-sized theropods (i.e., camth@ntosaurid allosauroids and

423 spinosaurid megalosauroids) are present in thesfrada-lacustrine deposits of the El
424  Castellar Formation as well as in other coevalsuoitthe Maestrazgo Basin, such as the
425 Blesa Formation (Canudo et al., 2010; Alonso e8l16) and the Mirambel Formation
426 (Infante et al., 2005; Gasca et al., 2014). Thénsedtary record of the El Castellar
427 Formation corresponds rather to inland environmdnitsthese are located

428 palaeogeographically close to coastal zones. Runtbre, an ostreid-bearing limestone
429 bed from the uppermost part of the El Castellantation has been identified in the
430 Gudar area, showing a certain degree of marineenfie and confirming its proximity
431 to the sea. A coastal influence is more in eviden@®me horizons in the Mirambel
432 and Blesa Formations (Canudo et al., 2010; Gasal, @017). On the other hand, La
433 Huerguina Formation is a genuine inland wetlandhwo marine influence (Buscalioni
434 and Poyato-Ariza, 2016).

435 A large number of anatomical features in spinosisutiearly indicates a very different
436 mode of prey capture and processing from otheopuats, with a tendency to focus on
437 aquatic prey items (Hone and Holtz, 2017). A pisoous diet has been suggested for
438 spinosaurid megalosauroids on the basis of jawedisas tooth morphology and

439 stomach contents (e.g., Charig and Milner, 199Him et al., 2014; Hendrickx et al.,
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2016). But direct evidences have shown on two nt&s that spinosaurid were also
feeding on ornithischians (Charig & Milner, 199 fhidgpterosaurs (Buffetaut et al.,
2004) as well. Furthermore, on the basis of thegeryisotopic composition of their
phosphatic remains, Amiot et al. (2010) revealed fpinosaurs had semiaquatic
lifestyles. This research shed light on niche farting among large predatory
dinosaurs, so that the likely piscivorous diet agdatic habits of spinosaurids may
have allowed them to coexist with other large theds such as carcharodontosaurids
and abelisaurids by reducing competition for foad gerritory (Amiot et al., 2014).

The fossil record of the Iberian Peninsula alsgsuis the fact that spinosaurs preferred

freshwater environments with a certain degree afmeanfluence.

Approach to the palaeoecological significance &f tmanual claw morphology in
spinosaurids

The morphological study of ungual phalanges in afsns of particular importance
since variations are associated with differentdifdes, activities such as locomotion
and hunting, as well as ecology and habits (PikeMaitland, 2004; Birn-Jeffery et al.,
2012; Lautenschlager, 2014). They can be expeotsddw different morphological
adaptations according to the type of substratetlameavay in which they are applied to it
(Macleod and Rose, 1993).

In theropod dinosaurs, the shape and size of pedplals have been related with
grasping (see Becerra et al., 2016), perchingN&e®ing et al., 2009), digging (e.qg.,
Simpson et al., 2010), wading and climbing (Gled Bennett, 2007). Nevertheless, the
function of manual unguals has received less istdteautenschlager, 2014). Ostrom
(1969) and Currie and Chen (2001), for examplepg@sed thaDeinonychusand

Sinosauropteryxised their claws for grasping their prey. Lautbteger (2014) pointed
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out that some therizinosaur taxa used their clavesgeneralist fashion, whereas other
taxa were functionally adapted for using the clawgrasping hooks during foraging.
Even the single manual ungual of the alvarezsdunkdenykudas been related with
digging behaviour (Xu et al., 2010).

Many ideas have been proposed on the functiongbinadwgy and the mode of life of
spinosaurids (e.g., Charig and Milner, 1997; Rdgfet al., 2007; lbrahim et al., 2014;
Hendrickx et al., 2016; Vullo et al., 2016), bu¢ gresence of an enlarged manual claw
has been left largely out of account. A scavengialgit has been suggested for
Baryonyxon the basis of the massively developed forelimitis huge claws, which
would be ideal for breaking into a carcass (Kitared987). However, it has usually
been argued that they had a diet consisting mainfigh (Charig and Milner, 1997).
These authors considered the enlarged manual offBeryonyxto be a powerful
offensive weapon. They presented this spinosasgridainly a fish-eater, although
fishing would not be its only source of food, amainped out that it may well have been
both an active predator (using its powerful forddgrand claws rather than its jaws and
teeth) and/or an opportunistic scavenger (CharigMitner, 1997). In their discussion,
Charig and Milner (1997) note thafflie characters of the fore-limb and manus suggest
that the forelimbs of Baryonyx were exceptionatiwerful, the fore-arm being capable
of exerting great force at the wrist when extended\The enlarged claws could also
have been used for 'gaffing’, i.e. hooking or fingpfishes out of the water as is done
today by grizzly bears.

Many extant (anteaters, pangolins, moles, armadi#tc.) and extinct mammals
(ground sloths, glyptodonts, palaeanodonts, elso) @esent hypertrophied manus

claws (see Rose and Emry, 1983) and all of themegha ecological habit of being
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diggers. Digging is a behaviour that has only rédgdyeen explored in dinosaurs (see
Fearon and Varricchio, 2015 and references therein)

Hildebrand (1985) proposed three basic types didbased digging mechanics used by
mammals: scratch digging, humeral rotation and kenak-pull. The first two are
characteristic of fossorial animals (i.e., aninadapted to digging and living
underground) that use their short, robust forelitd hypertrophied manual ungual
phalanges to build their burrows (Kley and Kearr#907). Fearon and Varricchio
(2015) studied the forearm of the basal ornithoPogttodromeus cubicularjsvhich

was found in a burrow, and concluded that it predisurrows by scratch digging. By
contrast, hook-and-pull digging is not typicallyedsfor burrowing, but for food
gathering (Fearon and Varricchio, 2015). Hook-aotl-gigging is a two-step process:
1) the enormous, curved claws of the forefoot a@kkd into a preexisting crack,
crevice or hole; and 2) the digits are stronglydig and the forefoot is pulled back
toward the body. Anteaters use this technique vibiaging to rip holes into termite
mounds, ant hills and rotting logs (Kley and Kegr2007). Senter (2005) suggested
that animals that use hook-and-pull digging musehane huge manual ungual that is
larger than the others, and an enlarged digit depelenough flexion to reach the palm
(Hildebrand, 1985). ThBaryonyxholotype includes some manual digit elements, and
the ungual of the first digit is notably larger thie others (Charig and Milner, 1997).
Moreover, it preserves a well-developed flexor tatee In the light of the above
discussion, we suggest that the hypertrophied mamgmal CSC1-4, as well as that of
other spinosaurids, could be associated with hawokpall digging behaviour. In their
recent review of Spinosauridae, Hone and Holtz [2@bint out that the short, robust
nature of the limb with an enlarged olecranon imbmation with enlarged unguals is a

feature held in common with animals that engageemtch-digging and hook-and-pull
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digging. The authors suggest that the relativelyavawidth of the enlarged ungula and
the lack of a spade-like spread to the limbs intpat it was used for digging into
harder substrates rather than moving large quesiiti softer materialsione and Holtz
(2017) propose that the hypertrophied manual ungfusppinosaurids could have served
them to dig up nests, dig for water or reach cenpaey items. Another hypothesis
would be to help them raise their prey from theugich In this sense, Russell (1996)
points out that lungfish bones have been foundedoSpinosaurugemains in

Morocco. On the other hand, Ibrahim et al. (20lypdthesized that elongate manual
phalanges and less recurved, manual unguals likédyable tdSpinosaurugRussell,
1996: fig. 24) possibly used in gaffing and slicaguatic prey. Nevertheless, whether
used for hooking or flipping fishes (Charig and iit, 1997), for opportunistic
scavenging (Kitchener, 1987) or for digging, sukiti ;wolves the same bone
movements: hooking with large curved claws intalastrate, carcass or a living
animal; flexing; and pulling back toward the bodwy. further explore the functional
morphology of the spinosaurid manus claw, futuseaech should focus on an analysis
of the forearm and pectoral girdle as a whole. Mometric and Finite Element
analyses of these elements may shed light on thgveecontributions of the three

postulated behaviours in shaping the powerful a@égpinosaurid dinosaurs.

6. Conclusion

The record of an isolated large manual claw inEh€astellar Formation yields new
evidence on the common presence of spinosauritiénvitie vertebrate communities of
the Barremian of southwestern Europe (i.e., Ibelialso provides new data on the

presence of a second spinosaurid taxon apart Barmponyx walkerireinforcing the
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538 information from the tooth record which alreadymied to the coexistence of various
539 spinosaurid species in the Barremian of Europe.

540 This claw is the only postcranial spinosaurid foksim the lower Barremian El

541 Castellar Formation apart from two isolated vereband it is highly relevant for

542  reconstructing the diversity of this fossil biotithin Theropoda, the presence of

543 spinosaurids in the El Castellar Formation is thdded to that of other large-sized
544  tetanurans such as allosauroids as well as ses@zhlrosaurians.

545 The record of spinosaurids from the Barremian eflbderian Peninsula shows that this
546 theropod group preferred freshwater environmentis avicertain degree of marine

547 influence in this part of Europe.

548 In spite of the fact that studies of function aoepy developed in manual unguals, the
549 presence of an enlarged manual claw in spinosahasi®een invoked as an anatomical
550 feature that could be useful in various palaeoagosd scenarios — i.e., for scavenging
551 and/or as an offensive weapon — but recently thi@opf its use in digging behaviour
552 has also been considered.

553

554  Supplementary Online M aterial

555 A tridimensional model of the theropod claw CSCgeferated by photogrammetry.
556
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FIGURE CAPTIONS

Figure 1. Size comparison of scale of theropod rabclaws in profile. Claws are
aligned from their proximodorsal corners, whereasheclaw is oriented so that the line
between the dorsoproximal corner and the distasthprizontal.

Figure 2. Geographical and geological setting diaC8eca 1 fossil locality (Gudar,
Teruel province, Spain), modified from Gasca e{2012). A. Palaeogeographical
location within the Maestrazgo Basin. B. Detail@bgraphical location near the village
of Gudar. C. Stratigraphic section of the studiattmp.

Figure 3. Manual ungual CSC1-4 in proximal (A), na&@B), lateral (C), distal (D) and
dorsal (E) views. Abbreviations: laf — |lateral anlar facet, maf — medial articular facet,
ft — flexor tubercle.

Figure 4. CSC1-4, close-up of the medial side shgwhe presence of foramina on the
vascular groove.

Figure 5. Manual claws (original fossil or cas®amined first-hand, of spinosaurid (A-
F) and allosaurid theropods (G). A. CSC1-4 in migdia), dorsal (A2) and lateral (A3)
view. B-C.Baryonyx walkeriungual | in medial (B1), lateral (B2) and dor(B)

views and ungual of digit Il or Il in dorsal (Cljedial (C2) and lateral (C3) views. D-
F. Suchomimus tenerensismgual | in medial (D1), lateral (D2) and dordaB) views,
ungual Il (E) and 11l (F) in medial view. @llosaurus profile (G1) and dorsal (G2)

view.
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Figure 6. Some additional spinosaurid fossils ftbmEl Castellar Formation. A. Tooth
MOAL-1/1 in mesial (A1), lateral (A2) and adapi¢al3) views. B. Caudal centrum
SUE 1-2 in dorsal (B1), left lateral (B2) and poste(B3) views.

Table 1. Spinosaurid record of the El Castellantairon (lower Barremian, Teruel

province, Spain).



Number Material Fossil locality Municipality Reference

MPG PX-23 Tooth “PX outcrop” Galve Sanchez-Hernandez
et al., 2007

MOAL-1/1 Tooth Molino Alto 1 Aliaga Gasca et al., 2008

SM-2/D1 Tooth Senda Miravete 2 Miravete de la Sierra Gasca et al., 2009

BNA2-7 Tooth Barranco de las Navas | Mora de Rubielos This work

2

SUE1-2 Middle caudal centrum | Suertes 1 Miravete de la Sierra This work

VES4-1 Middle caudal centrum | Valdespino 4 Aliaga This work

CSC14 Manual claw Carfia Seca 1 Gudar This work

Table 1. Fossil remains of Spinosauridae from the El Castellar Formation.
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