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ABSTRACT

Spinosaurs were large theropod dinosaurs showing peculiar
specializations, including somewhat crocodile-like elongate jaws
and conical teeth. Their biology has been much discussed, and a
piscivorous diet has been suggested on the basis of jaw as well as
tooth morphology and stomach contents. Although fish eating has
been considered plausible, an aquatic or semiaquatic lifestyle has
seldom been suggested because of the apparent lack of correspond-
ing adaptations in the postcranial skeleton of spinosaurs, which on
the whole is reminiscent of that of other large terrestrial theropods.
On the basis of the oxygen isotopic composition of their phosphatic
remains compared with those of coexisting terrestrial theropod
dinosaurs and semiaquatic crocodilians and turtles, we conclude
that spinosaurs had semiaquatic lifestyles, i.e., they spent a large
part of their daily time in water, like extant crocodilians or hippo-
potamuses. This result sheds light on niche partitioning between
large predatory dinosaurs, since spinosaurs coexisted with other
large theropods such as carcharodontosaurids or tyrannosaurids.
The likely ichthyophagy and aquatic habits of spinosaurids may
have allowed them to coexist with other large theropods by reduc-
ing competition for food and territory.

INTRODUCTION

The theropod fami] Spinosa ridad" as erected for Spinosaurus
aegyptiacus, from the Cénomanian of Eg pt, characterized 13 e treme]
tall na ral spines on the dorsal| ertebrae and peu liar, more or less
conical andu nserrated teeth (Stromer, 1915). Since then, spinosa rid
remains hy e been reported from the Cretacea s of ariar s parts of the
¥ orld, incl ding Africa (Bo aziz et al., 1988; Bi ffeta t, 1989; Sereno
et al., 1998; Stromer, 1915; Tag et and R ssell, 1998), B rope (Charig
and Milner, 1986; R iz-Ome aca et al., 2005), Sa th America (Kellner
and Campos, 1996; Medeiros, 2006; & es et al., 2002), and Asia (B f-
feta t and IngQ at, 1986; B ffeta t et al., 2008; Haseg® a et al., 2003);
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the oldest representatj es are from the Late i rassic of Africa (B ffetu t,
2008). That spinosa rids probab&, had dietay adaptations and lifesé les
tha" eren m 8 al for theropod¥” a8+ rst s ggested on the basis of frag-
mentay material from Africa (Tag et, 1984). The diSCQ, er of a fair]

complete spinosa rid skeleton from the Wealden of sa thern England,
described as Baryonyx walkeri, ¢ ealed a pea liar§ constu cted sk 11,

W ith nart® and elongate i s, som® hat reminisCent of longirostrine

crocodilians (Rg~ eld et al., 2007); this B ggested pisc@ oro s hab-
its, a h pothesis strengthened by stomach contents incl ding partial]
digestétly sh scales (Charig and Milner, 1997). HS ¢ er, direct ¢ idence
concerning spinosa rid dietis inconall sj e since it appears that th§I also
fed on dinosa rs (Charig and Milner, 1997) and pterosa rs (B ffeta tet
al., 2004). Ng ertheless, beca se of the abq e-mentioned cog ergences
inj& and tooth shape, the lj pothesis of spinosa ts as ; crocodile mim-
ics—o(Holtz, 1998) has beel ideé accepted. H¥ ¢ er, their postcranial
anatory  differs relatj e% little from that ofu B al large, bipedal thero-
pods, and is not partio lar] 8 ggestj e of ag atic habits. As ¢ idence
based on morpholog  and Stomach contents remains eq ] ocal” e hy e
applied stable isotope geochemisty to this g estion.
O gen isotope compositions of phosphate (5‘8Op) from biogenic
apatites can beu sed to assess possible ag atic habits in spinosa rid dino-
s 13. At the global scale,, ariations in the 80, al es of homeothermic
v ertebrate (8 ch as mammals or theropod dinosa rs; Amiot et al., 2006;
Barrick and SK8 ers, 1994; Fricke and Rogers, 2000) phosphate and boi

ater are maing‘, controlled la , ariations in the compositions of drink-
ing and food" ‘ater, a¥" ell a3 % differences in p]& siolo% and ecolog
(Longinelli, 1984; In = et al., 1984). For e ample, ply siological adapta-
tions to spey ¢ habitat se (ag atic, semiaq atic, or ferrestrial) affect the
880y yae ls controlling the magnit de of the o gen,u esig o] ed
in bod inp i and @ tp t, some of them being associated” ith o_ gen
isotopic fractionations (B ant and Froelich, 1995; Kohn, 1996; Iu = and
Kolody , 1985). From lj ing and fossil comm nities of mammals and rep-
tiles, if has been obse{, ed that differences in mean 8”‘0pV al es b¥ een
coe isting agf atic or semiag atic, ertebrates and terrestrial forms are
related to their habitatl se, agf atic or semiagf atic, ertebrates hy ing ?5‘80p
Al es sigfiy can 1 er than the, all es of coe isting terrestrial animals
(Amiot et al., 2006; Bocherens et al., 1996; Cerling et al., 2008; Clementz
et al., 2008; Fricke and Rogers, 2000) (Fig. 1).
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MATERIALS AND METHODS
Weu sed 109 18  and 24 p blished (Amiot et al., 2006) 5”‘Op\, al-
u es of tooth enamel from spinosa rs, other theropods, crocodilians, and
o rtle shell bones (for the complete data table, see the GSA Data Reposi-
tor !). These fossil remaind” ere recQ ered from 12 Cretacea s_u_ ial

AV
oryu  io-deltaic localities ranging from the Ha terj ian Barremian to the

ea;l | Cenomanian, and are sit ated on all continent” here spinosa rids
h% € been iderfiy ed so far (Asia B ffeta tand Ing% at, 1986; B ffeta t
et al., 2008; B rope Charig and Milner, 1986; Africa Ba aziz et al.,
1988; B ffeta t, 1989; Su th America Medeiros, 2006; Fig. 2). For con-
sisteng (e.g., to q oid boq size differences that mg lead to,, ariations

in '8 Ly Al e differences & een spinosa rs and Coe isting terrestrial
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theropods)™ e selected spinosa r and coe isting other theropod teeth of
similar sizes. Sample¥” ere prepared and meas red for their o, gen iso-
tope compositions1 sing a standard proced re (L @ er, 2004;ﬁ o eret
al., 2007; see the Data Repositor ). Differences in 0", gen isotope compo-
sitions of fossil remainy” ere teSted for sigfiy cancai” sing a nonparametric
Wilco on signed-rank test and 2% ¥ 3 ANOVA (ana§ sis of ariance;
see the Data Repositog ).

RESULTS

The 6'*0 N al es obtained for spinosa rid§" ere compared ith those
of associated terrestrial theropods and semiaqp atic crocodilians andw rtles
(Fig. 3). The entire data set rg eals that the SISOP\, al es of spinosa rid
dinosa rs are 1.3%¢ 16 er than 6'30 Al es of other coe isting theropods
(Wilco on signed rank, n = 9, p = 0.02), b t not sigfiy cant] different
from S“‘Op\, al es of coe isting crocodilians (Wilco on signed rank, n =
9, p = 0.515) and w rtles (Wilco on signed rank, n = 6, p = 0.345). In
some Moroccan and T nisian localities, h8 g er, spinosa 1, ab es are
either comparable to those of terrestrial theropods (location 12; Table 1)
or e tend from crocodilian and w rtle\, alb es to terrestrial theropod\, ab es
(locations 6, 8, and 11; Table 1).

DISCUSSION

Seconday precipitation of apatite and isotopic e change a r-
ing microbi mediated reactions mg alter the primay composition
of biogenic apatites (Blake et al., 1997; Zazzo et al., 2004a). H® ¢ er,
apatite c& stals that makeu p tooth enamel are large and dense] packed,
and isotopic e changeu nder inorganic conditions has little effect on the
0, gen isotope composition of phosphates, ¢ en at geological time scales
(Igolod etal, 1983; L a_ eretal., 1999). Altha gh no method iSQ7 ail-
able to"demonstrate dey nite] ™ hether the o gen isotope composition
of fossil, ertebrate phosphat " as affected b ~diagenetic processes, s¢ -
eral” g s to assess the presey, ation state of the primag, isotopic record
hy e been proposed (Fricke and Rogers, 2000; Kolodg et al., 1996;
L u)‘, er et al., 2003; R ¢ at et al., 2004; Zazzo et al., 2004b). Here, the
maifl arg ment8 pporting the presey ation of the original o gen isotope
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TABLE 1. AVERAGE &0, AND STANDARD DEVIATION VALUES OF
THEROPODS, SPINOSAURS, CROCODILIANS, AND TURTLES FOR EACH

LOCALITY
Spinosaurs Theropods Crocodilians Turtles
Loc. N Mean St.dev. N Mean St.dev. N Mean St.dev. N Mean St. dev.
12 6 19.7 0.5 4 18.8 0.4 3 175 0.7 2 17.0 0.3
11 7 188 1.3 6 194 08 3 177 09 1 16.7 -
10 5 184 07 4 213 05 2 196 06 2 18.8 0.1
9 4 18.7 0.6 2 20.0 0.1 2 19.9 0.7 2 193 0.4
8 3 193 03 3 198 04 3 190 03 3 185 04
7 8 195 05 3 212 08 3 193 0.2 - - -
6 3 195 24 3 205 05 2 183 0.1 - - -
5 2 156 0.8 3 175 0.2 - - - 1 147 -
4 4 187 05 5 202 141 9 197 08 2 188 0.2
3 3 16.0 11 2 189 0.2 2 148 141 - - -
2 1 16.1 - 1 2141 - 2 15.8 11 - - -
1 2 135 0.2 3 25.6 0.9 - - - 2 146 0.1

Note: Dashes indicate no data, or not applicable. Loc.—locality numbers: 1—Phu
Wiang1 (Thailand); 2—Khok Kong (Thailand); 3—Phu Phok (Thailand); 4—Isle of
Wight (England); 5—Liu Bang Cun (China); 6—Bateun El Hmaima (Tunisia); 7—
Laje do Coringa (Brazil); 8—Jebel al Qabla (Morocco); 9—Takemout (Morocco);
10—Chaaft (Morocco); 11—Khetitila Srhira (Morocco); 12—Bou Laalou (Morocco).
N—number; St. dev.—standard deviation.

composition is the § stematic offset obser ed b&f een semiaq aticu rtles
and crocodilians and terrestrial theropods, the latter hy ing sigfiy cant]

higher 80 A esthan coe isting crocodilians andg rtlesY hat¢ er théir
age and geographical location (Wilco on signed rank, n =9, p <0.01). If
e diagenetic processes had ocu rred, thg,w ald hg e homogenized
58 i Al es of all | ertebrate remain¥" hat¢” er the p siolo% and ecol-
og of the corresponding ta a (L u er et al., 2003). This obsey; ation is
a’strong ar@ ment 8 pporting at least partial presey, ation of the original
40 A es (Amiot et al., 2006; Fricke and Rogers, 2000). A diet-related
difference as a possible e planation for 6”*01)V al e offsets b& een spi-
nosa rs and other coe isting theropods is high] u nlike] , beca se there is
direct fossil ¢ idence indicating an oppors nistic feeding behg ior among
spinosa rs, rather than strict ichtl& ophagy . Indeed, dinosa rs (Charig and
Milner, 1997) and pterosa rs (B ffeta t'et al., 2004) h@ e been sh® nto
be a part of the spinosa r diet eitherN?, sCQ enging (B ffeta tetal., 2004)
or b predation (Kellner, 2004). oreq, er, as oppor nistic predators,
coe” isting crocodilians and spinosa rs most like] had similar diets, and
the ?S”‘OpV ab es of crocodilians do not differ siggﬁiv cant] from those of
spinosa s, despite their ki n semiaq atic lifesy le. '8~ 80, al es of
spinosa rs compared to other theropods can be interpreted as the res It of
differences b&f een the o, gen isotope compositions of their bo%W ater.
A semiag atic beh% ior t)(')r spinosa r¥ @ 1d red ce dai] aeridl ¢ apo-
transpirationt hich is ki n to be one of the sigfiky cant processes of *O
enrichment of bon},w ater relaq; eton rfac® ater (Kohn, 1996). More-
Q er, ¥ bod 4U7ids *O enrichment relatj e to drinking" ater in semi-
ag atic animals B ch as crocodilians or hippopotamu ses is also the res It
ofelg ated” aters mq ersand’ ater loss thra ghu rine or feces (Bentlgi

and Schmidt-Nielsen, 1965; Clementz et al., 2008). From these consid-
erations, a semiaq atic lifest le is the most pla sible e planation for the
o0 gen isotope difference obsey ed b& een spinosa 15 and other coe -
isting theropods, and the similar, al es shared § spinosu rs and semi-
ag atic crocodilians and @ rtles. This interpretation is also 8 pported b

similar offsets obse(, ed b¥ een the 80 " ab es of present-d: herb‘i o-
ro s mammals (zebras, b ffalos, elephants, and rhinoceroses) and those of
coe isting hippopotanu ses from™ o Ken an national parks (Bocherens
et al., 1996; Cerling et al., 2008; Fig. 1). Considering that compared ani-
mals hy e similar diets (both hippopotamu ses and other coe isting her-
bg; ora s mammals feed on land plants [Boisserie et al., 2005], and spino-
sa ¥ ere predators like coe isting crocodilians and other theropods) and
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thermoreg@ lations (mammals and theropod dinosa rs are both considered
as homeotherms; Amiot et al., 2006; Fricke and Rogers, 2000; Iu ck and
Wright, 1959), the similar isotopic offsets obse{, ed b¥ een spinosa 15
~er8 s theropods and hippopotamu ses, er8 s terrestrial mammals is most
like§ related to analoga s ag atic lifesy les.

The amphibia s habits of spinosd rs, gj en their apparent lack of
anatomical adaptation to ag atic habits, mg hy e been a thermoreg la-
top strateg . Modern crocodilians and hippopotarn ses® bmerge to reg -
lage their bO(}, temperat re (Noirard et al., 2008; Seebacher et al., 2003).
8 ch a behy ior among spinosy rid theropods is therefore concej able.
Niche partitioning to § oid competition for resa rced” ith other erte-
brates is another l} pothesis that mgl e plain the semiaq atic lifes le
of most spinosu 18. Indeed, at all localitie" here the ocu r, spinosa r
remains are fo nd associated’ ith those of other theropods of comparable
size. Fish eating and an ag atic habitat m hg e been ¥ for most spi-
nosa rstored ce competition for food and territor™  ith other large thero-
pods¥ hich had am: neg | ocal terrestrial mode of life. This semiaq atic
0 gen isotope signag re is not clear] obseg ed for Spinosaurus from
T nisia and Morocco, ¢ en tha gh this gen s possesses high] ad anced
specializations foiy sh catching in 14 elongation and tooth morpholog .
Assh® nb fossils from man African Cretaceo s localities, spinosa s
apparent] “coe isted and competed for food resa rces" ith both other
large theropods on land and large or giant crocodilians in rj ers and lakes.
These peu liar trophic condition" ith m Itiple top predators mg hy e
forced some African spinosu rs to hy e a more oppor nistic habitat se
l&, alternating aq atic and terrestrial life.

Stable o, gen isotopesu nambig o shi®  for thé rst time that
some dinosa Ts, i.e., the spinosa rid theropodsy sed fresi ater en iron-
ments more as a lj ing habitat than § st as temporag I nting (of sh-
ing) gra nds. Dinosa ¥ ere th s a more ecologica dj erse gra p than
pr¢ ia s] tha ght since at least some of thenY' eré not restricted to ter-
restrial habitats.
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