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Fig. 4. Dentition of Megalosaurinae from the Middle and Late Jurassic of Europe. A. Sixth right maxillary tooth of Duriavenator hesperis Waldman, 1974
(NHMUK R.332), crown (A)), mesial (A,) and distal (A,) denticles in lingual views. B. Sixth right dentary tooth of Megalosaurus bucklandi Mantell,
1827 (OUMNH J13505), crown (B, ), mesial (B,) and distal (B,) denticles in labial views, enamel texture (B,). C. Isolated tooth of Torvosaurus cf. gurneyi
Hendrickx and Mateus, 2014b (ML 500) in lingual (C)), labial (C,), mesial (C,), and distal (C,) views, with details of mesial (C;) and distal (C,) denticles,

and enamel texture (C) in lateral views.

Dubreuillosaurus (Fig. 2B,) and Afrovenator (Fig. 2E,). The
labial margin of the teeth is strongly convex and does not dis-
play any concave or flattened surface adjacent to the carinae.
The lingual surface is weakly to strongly concave, but not
flattened. There is, however, a large flattened surface or shal-
low concavity, centrally positioned on the basolingual part of
the crown, representing the track of the erupting replacement
crown. This concave area is clearly visible in Torvosaurus,
Megalosaurus, Duriavenator, and Afrovenator lateral teeth,
whereas the basolingual surface of the lateral crowns is flat
in Dubreuillosaurus (Fig. 2B|) and Magnosaurus. In cross
section, the crown base of megalosaurid lateral teeth is len-
ticular, with the lingual margin straight or slightly to strongly
concave in its central part.

The mesial denticles are subrectangular, with an apico-
basally long axis in most megalosaurids such as Eustrepto-
spondylus, Magnosaurus (Fig. 3D), Dubreuillosaurus (Fig.
2B,), Afrovenator (Fig. 2E.), Duriavenator (Fig. 4A,) and
Megalosaurus (Fig. 4B,). In Torvosaurus and Megalosaurus,
the mesial denticles are also subquadrangular (Fig. 4C,).
The mesial denticles are usually perpendicular to the me-
sial margin of the crown. However, the mesial denticles
tend to be apically inclined in some megalosaurids, such
as Afrovenator (Fig. 2E.), Dubreuillosaurus (Fig. 2B,), and
Duriavenator (Fig. 4A)), and resemble a parallelogram. The
external margin of the denticles is symmetrically to asym-

metrically convex and positioned apically when asymmetri-
cal. The margin is usually parabolic, but it is also flat or even
biconvex in some cases (Fig. 4A)), as clearly seen in some
mesial denticles of Duriavenator (Rmx6) and Megalosaurus
(NHMUK R234, Lmx5). At the crown mid-height, the dis-
tal denticles are subquadrangular in Dubreuillosaurus (Fig.
2C) and Magnosaurus (Fig. 3E,), and horizontally subrect-
angular in Afrovenator (Fig. 2E,), Duriavenator (Fig. 4A.,),
Megalosaurus (Fig. 4B,), and Torvosaurus (Fig. 4C,). The
external margin is symmetrically convex and parabolic as
in Dubreuillosaurus (Fig. 2C) and Torvosaurus (Fig. 4C))
to semi-circular in outline as in Afrovenator (Fig. 2E,) and
some teeth of Megalosaurus (Fig. 4B,). Both mesial and dis-
tal denticles are not hooked apically in Megalosauridae, and
there is about the same number of denticles on both cari-
nae (DSDI close to 1). There are 13—17 denticles per 5 mm
on both carinae at mid-height of crown (or at two-thirds) in
Dubreuillosaurus (average of 16), 11-14 in Magnosaurus
(average of 12.5), 8.5-13.5 in Eustreptospondylus (average
of 11.5), 8-13 in Duriavenator and Megalosaurus (average
of 11), 7.5-12 in Afrovenator (average of 9), and 6-9.5 in
Torvosaurus (average 7.5) (SOM 6).

Interdenticular sulci are present in the lateral dentition
of megalosaurid taxa, but not in all crowns. Interdenticular
sulci are absent in some lateral crowns of Dubreuillosaurus
and Megalosaurus. Likewise, there is some variation in the
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length of the interdenticular sulci, as well as in their incli-
nation along the tooth row, some being short and oriented
perpendicular to the carinae, others being well-developed
and strongly inclined basally (Benson 2009). Interdenticular
sulci are rare in mesial denticles and occur in Duriavenator,
Megalosaurus and Torvosaurus. In these taxa, the interden-
ticular sulci of the mesial denticles are always short and
poorly developed. On the other hand, short to well devel-
oped interdenticular sulci are very often seen on the distal
carina of megalosaurid teeth. Short to medium interdentic-
ular sulci (0.3—0.5 mm) are present between the distal den-
ticles of Magnosaurus (contra Benson 2010b), Afrovenator,
Dubreuillosaurus, Duriavenator (Benson 2008) and Me-
galosaurus (Benson 2009), whereas there are strongly de-
veloped interdenticular sulci (~1 mm) in some crowns of
Megalosaurus (Benson 2009) and most Torvosaurus teeth
(Hendrickx and Mateus 2014b).

Megalosaurid teeth often display crown ornamentations
such as large transverse undulations and short marginal un-
dulations (Fig. 4C)), but flutes, ridges, or wide longitudinal
concavities extending along the crown have not been no-
ticed hitherto. Wide transverse undulations covering most
of the tooth are common in megalosaurine teeth and visi-
ble in Duriavenator (Benson 2008), Megalosaurus (Benson
2009), and Torvosaurus (Hendrickx and Mateus 2014b).
In Duriavenator, the transverse undulations are tenuous
(Benson 2008), while in Megalosaurus and Torvosaurus,
they are visible, numerous and closely-packed in some cases
(Benson 2009; CH personal observations). These large trans-
verse bands are absent in Dubreuillosaurus, Magnosaurus,
and the only well-preserved crown of Afrovenator. Short un-
dulations adjacent to the mesial and distal carinae are read-
ily visible in Afrovenator, especially marginal to the mesial
carina where they are visibly developed (Fig. 2E;). Some
crowns of Megalosaurus and Torvosaurus also display these
short undulations, either adjacent to both carinae (OUMNH
J.29855, NHMUK R.234, ML 500) or in the vicinity of the
distal carina only (NHMUK R47963). These marginal undu-
lations are usually mesiodistally-oriented, but there is a di-
agonal orientation of these structures in some Megalosaurus
teeth (OUMNH J.23014, NHMUK R.29855). The enamel of
the crowns of megalosaurids has a braided texture with elon-
gated intertwined ridges (Fig. 2D, E and Fig. 4B,, C,). This
pattern differs from the deeply veined enamel texture visible
in spinosaurids (e.g., Baryonyx, Spinosaurus, Suchomimus;
e.g., Charigand Milner 1997; Hasegawa et al. 2010; Buffetaut
2012) and the irregular texture in Abelisauridae and most
Maniraptoriformes (Hendrickx and Mateus 2014a).

Comparison to the dentition
of other theropods

Morphological comparison.—Teeth of Megalosauridae are
easily distinguishable from those of Coelophysidae, Abeli-
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sauridae, Noasauridae, Spinosauridae, Tyrannosauroidea,
Compsognathidae, Dromaeosauridae, Therizinosauria, and
Troodontidae, all of which have highly specialized denti-
tion. Therizinosauria and Troodontidae have leaf-shaped
crowns with constricted cervix, and the teeth are unserrated
or bear very few serrations, and either minute denticles or
large pointed denticles sometimes changing dramatically in
shape along the carinae (e.g., Currie 1987; Currie et al. 1990;
Clark et al. 1994; Zhao and Xu 1998; Barrett 2000; Norell et
al. 2009; Zanno 2010; Hendrickx and Mateus 2014b).

Coelophysids and compsognathids possess small crowns
(CH <15 mm) lacking in most cases a serrated mesial carina in
mesial teeth, and the distal carina bears minute denticles (>30
denticles per 5 mm; Buckley 2009; Hendrickx and Mateus
2014b).Teeth of abelisaurids are usually low and weakly re-
curved, and display a slightly concave, straight or convex
distal profile, a mesial carina that always reaches the cer-
vix, and an irregular and non-oriented enamel texture. They
also possess hooked denticles in some taxa (e.g., Rugops,
Kryptops, Majungasaurus), and the mesial teeth show a con-
cave area adjacent to the mesial and, in some cases, the dis-
tal carina on the lingual surface of the crown (e.g., Fanti and
Therrien 2007; Smith 2007; Hendrickx and Mateus 2014b).
Teeth of noasaurids are small (CH <15 mm), the lateral teeth
have a mesial carina reaching the cervix, the distal denticles
are hooked apically in some taxa (e.g., Masiakasaurus), and
are larger than mesial denticles. The mesial teeth are lance-
olate and have a strongly twisted mesial carina and fluted
lingual surface (Carrano et al. 2002; Hendrickx and Mateus
2014a). In spinosaurids, the mesial and distal serrations are
minute or absent, the mesial carina always reaches the cer-
vix, the enamel texture is deeply veined (except in lrritator)
and the crowns are subcircular in cross-section and some-
times fluted on one or both lingual and labial surfaces (e.g.,
Charig and Milner 1997; Sereno et al. 1998; Sues et al. 2002;
Hendrickx and Mateus 2014b).

Among Tyrannosauroidea, tyrannosaurids have incrassate
crowns, and the mesial carina of the teeth making the transi-
tion between the mesial (premaxillary and first two dentary
teeth; Smith 2005) and lateral dentition is strongly twisted.
Likewise, mesial teeth are U-shaped (sensu Hendrickx and
Mateus 2014a) in cross section, with both mesial and distal
carinae facing lingually (Holtz 2004). The mesial teeth of
some primitive tyrannosauroids have a mesial carina twist-
ing lingually, and the lateral teeth have distal denticles larger
than the mesial ones (Xu et al. 2006; Rauhut et al. 2010;
Hendrickx and Mateus 2014a).

The lateral teeth of some Dromaeosauridae are devoid of
serrated carinae, as in Buitreraptor (Gianechini et al. 2011)
or lack a serrated mesial carina, as in Tsaagan (Norell et
al. 2006) and some teeth of Velociraptor and Bambiraptor
(CH personal observations). When present, the mesial ca-
rina of lateral teeth can be twisted, as in Dromaeosaurus
(Currie et al. 1990; Currie 1995), or bear mesial denti-
cles that are smaller than the distal ones, as in Atrociraptor
(Currie and Varricchio 2004), Deinonychus (Ostrom 1969),
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Velociraptor (Sues 1977; Barsbold and Osmolska 1999),
Bambiraptor (Burnham 2004), Saurornitholestes (Currie et
al. 1990), and Acheroraptor (Evans et al. 2013). The dis-
tal denticles can also be hooked apically, as in Deinonychus
(Ostrom 1969), Saurornitholestes (Currie et al. 1990) and
Atrociraptor (Currie and Varricchio 2004). Moreover, the
lateral teeth tend to have a wide apicobasally elongated con-
cavity on the basolabial surface of the crown (Gianechini
et al. 2011; CH personal observations), a depression which
is also usually well-developed on the lingual surface of the
crown. These lingual and labial concavities are particularly
clear in some dromaecosaurids such as Sinornithosaurus (Xu
and Wu 2001) and were interpreted as a venom delivery
duct (Gong et al. 2010, 2011). Finally, the mesial teeth of
dromaeosaurids are different from those of Megalosauridae;
they either lack a mesial carina, as in T¥aagan (IGM 100-
1015) and Velociraptor (AMNH 6515), or the mesial ca-
rina curves strongly lingually, as in Deinonychus (Ostrom
1969), Dromaeosaurus (Currie et al. 1990; Currie 1995) and
Saurornitholestes (Currie et al. 1990).

Differentiating teeth of megalosaurids from those of
Ceratosauridae, basal Megalosauroidea, and Allosauroidea
is more difficult. These taxa have similar crown size
(CH), thickness (CBR), and elongation (CHR), and a sim-
ilar number of denticles along the carinae (DC and MC).
Ceratosauridae have strongly labiolingually compressed lat-
eral teeth (CBR <0.5) with a flattened lingual margin and
a concave surface adjacent to the distal carina on the labial
and lingual sides of the crown, and a wide concave area cen-
trally positioned on the labial side of the crown (CH personal
observations). Mesial teeth of Ceratosaurus are fluted lin-
gually and the mesial carina of premaxillary crowns is ab-
sent (Currie and Carpenter 2000), whereas lateral teeth tend
to have a mesial carina extending to the cervix. Genyodectes
does not possess fluted teeth, but the premaxillary teeth are
strongly elongated (CHR >2.5) and the distal carina is offset
labially (Rauhut 2004).

Teeth of Megalosauridae are difficult to distinguish from
those of Piatnitzkysauridae, but some differences exist. The
mesial denticles of Marshosaurus and Piatnitzkysaurus are
slightly smaller than the distal serrations (Madsen 1976b;
CH personal observations), which is never the case in meg-
alosaurids. Likewise, Piatnitzkysaurus posterior maxillary
teeth have a distal margin that is straight to slightly convex,
a mesial carina reaching the cervix, and they are thick labio-
lingually (CBR ca. 0.71 for Lmx13; PVL 4073). This is also
the case in Condorraptor in which lateral teeth are thick labi-
olingually (CBR ca. 0.6). The preserved crowns of this taxon
are strongly elongated (CHR almost 2.5), and do not display
any interdenticular sulci between mesial and distal denticles
(Rauhut 2005). There are 14 denticles per 5 mm on the dis-
tal carina, at mid-crown, in Condorraptor, and 11 to 15 in
Piatnitzkysaurus (CH personal observations).

Teeth of allosauroids are very similar to those of Mega-
losauridae. Allosaurid crowns are typically thicker to those
of megalosaurids. The first eight maxillary teeth have a
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crown base ratio above 0.6-0.7 on average, and only the
most posterior lateral teeth have a CBR within the same
range (0.3-0.6) as megalosaurid crowns (CH personal ob-
servations). This is also the case with mesial teeth in which
the CBR varies 0.7-1.2. The mesial carinae of the mesial
teeth of Allosaurus reach or extend close to the cervix,
and always twist lingually, giving a D-shaped cross-sec-
tion (sensu Hendrickx and Mateus 2014a) at the base of the
crown. This is also the case for teeth situated in the transition
of mesial and lateral teeth (first, second maxillary teeth) in
which the mesial carina also twists towards the lingual side
of the crown. A concave surface adjacent to the mesial carina
can also be observed on the lingual side of mesial teeth, and
the distal margin is convex. A similar condition is present in
metriacanthosaurid mesial teeth such as Sinraptor, in which
the mesial carina curves lingually (Currie and Zhao 1993)
and the distal margin is convex. Allosaurid lateral teeth have
a strongly displaced distal carina labially. The lateral denti-
tion of metriacanthosaurids is weakly recurved distally and
the distal profile of lateral crowns is either slightly concave
or straight (CH personal observations). Furthermore, the
lateral teeth of Metriacanthosauridae also have a mesiodis-
tally-expanded concave or flattened surface centrally po-
sitioned on the labial margin of the crowns. Although not
clearly observable in the lateral teeth of Sinraptor dongi, it
seems that the mesial carina of lateral teeth extends to, or
near to, the cervix. This feature is visible in Sinraptor he-
pingensis isolated teeth (ZDM 0024). Teeth of neovenato-
rids can be differentiated from those of megalosaurids by
their relatively narrow lateral crowns typically displaying
two concave surfaces adjacent to both mesial and distal cari-
nae and separated by a mesiodistally narrow planar surface.
The mesial carina extends to the cervix in the lateral teeth of
some neovenatorids (e.g., Fukuiraptor) and, in mesial teeth,
the mesial carina is placed lingually whereas the distal ca-
rina is deflected labially.

The mesial teeth of carcharodontosaurids are similar to
those of megalosaurids. The mesial carina faces mesially or
mesiolabially and, in some cases, can terminate well above
the cervix as in the premaxillary teeth of Acrocanthosaurus
(NCSM 14345). Importantly, the distal carina is strongly
displaced labially in mesial teeth of Carcharodontosauridae,
which is not the case in Megalosauridae. Lateral teeth of
Acrocanthosaurus are large (average of 70 mm for the whole
dentition), but the denticles are relatively small, with an aver-
age of 14 per 5 mm on the distal carina at mid-height (Smith
et al. 2005), giving a large number of denticles (>200) along
the crown of the longest teeth. Acrocanthosaurus teeth also
display crown ornamentations such as marginal and trans-
verse undulations as well as pronounced braided texture of
the enamel. The lateral dentition of Carcharodontosaurinae
possesses a mesial carina reaching the cervix or extending
just above it, and typically displays pronounced arcuate mar-
ginal undulations on one side of the crown, on both lingual
and labial surfaces. The distal profile of the lateral crown is
usually straight or weakly concave in lateral view. Often the
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distal profile of the lateral crowns of Carcharodontosaurinae
display a diagnostic sigmoid outline, with the concavity cov-
ering the basal two-thirds and a convexity on the resting api-
cal third of the crown. A similar distal profile is also present
in at least one isolated tooth of the non-carcharodontosau-
rine, Eocarcharia (MNN GAD14).

Morphometric comparison.—Smith et al. (2005) were the
first to perform a multivariate analysis on teeth belonging to
theropods from basal to derived taxa. Their analysis included
325 teeth from 20 taxa, but non-neotheropod Theropoda,
Megalosauridae, Neovenatoridae, and non-tyrannosauroid
Tyrannosauroidea were not represented. We use 995 teeth
pertaining to 62 theropod taxa and 19 major groups of thero-
pods. Our dataset includes three times more teeth and taxa,
and the morphometric analysis shows the morphospace oc-
cupation of teeth belonging to all major theropod clades for
the first time. The results of the discriminant analysis at the
generic and familial levels (Fig. 5) are relatively similar to
those obtained by Smith et al. (2005: fig. 14) as the mor-
phospace occupation of each taxon is driven by the size of
the teeth (CH, CBL, CBW) and the number of denticles on
the carinae (MC, DC), so that Troodontidae, Noasauridae,
Spinosauridae, and Tyrannosauridae are distributed in differ-
ent zones of morphospace.

In our analysis, theropod teeth occupy four morphospace
areas (Fig. 5; see SOM 7), one including taxa with small teeth
and large denticles (Troodontidae), a second for taxa bear-
ing relatively small teeth and small denticles (non-neoth-
eropod Theropoda, Coelophysoidea, Noasauridae, and Dro-
maeosauridae), a third with taxa possessing large teeth and
minute denticles (Spinosauridae), and a fourth with ziphodont
taxa having relatively large teeth and large denticles (non-no-
asaurid Ceratosauria, Megalosauridae, Allosauroidea, and
Tyrannosauridae). Overlap exists between each of these ar-
eas, and clades bearing small teeth/denticles and large teeth/
denticles show considerable overlap. This explains why only
66.5% and 71% of specimens were correctly classified to
their genera and “clades”, respectively. Such results contrast
with the 97% of correctly classified specimens obtained by
Smith et al. (2005), a percentage that can be explained by the
small sample size, and the restricted number of taxa with sim-
ilar dentition in their dataset. In this morphometric analysis,
Troodontidae, non-theropod Theropoda, and Spinosauridae
are the best classified theropods (>85% correctly classi-
fied; Table 1). The analysis had most difficulty classifying
non-abelisaurid Ceratosauria (15%) and Megalosauridae
(21%; Table 1) and, among the latter, 12% of megalosau-
rid teeth were classified as Piatnitzkysaurus, Allosauridae,
Carcharodontosauridae, and basal Tyrannosauroidea, 9% as
Ceratosauridae, and 6% as Abelisauridae, Neovenatoridae,
and the enigmatic tetanuran Erectopus. In the same discrimi-
nant analysis performed at a generic level, megalosaurid taxa
also show a low score, with 50% being successfully iden-
tified as those of Torvosaurus, 40% as Duriavenator, 30%
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as Dubreuillosaurus, and only 15% as Megalosaurus (see
SOM 3).

The morphometric analyses performed on the redu-
ced dataset, which includes large ziphodont teeth, reveals
that megalosaurid teeth occupy the same morphospace as
those of other ziphodont theropods (Fig. 6; see SOM 10).
Megalosauridae, Ceratosauridae, Abelisauridae, Allosau-
ridae, and Neovenatoridae still show considerable overlap
(Fig. 6), and significant overlap with Tyrannosauridae and
Carcharodontosauridae, so that separating teeth of mega-
losaurids from the teeth of other similarly sized theropods
is particularly difficult. Indeed, while 68% of all speci-
mens were correctly classified to their clades, only 42%
of megalosaurid specimens were successfully assigned to
Megalosauridae (see SOM 2: Table 1; SOM 4), and 40%
to their respective a priori genera (60% to Duriavenator,
50% to Torvosaurus and Dubreuillosaurus, and 15% to
Megalosaurus). In the discriminant analysis performed at
the generic level, taxa with the best data (Tyrannosaurus,
Allosaurus, Acrocanthosaurus, Ceratosaurus, Megalosau-
rus) show the largest morphospace occupation. This is be-
cause quantitative data were collected in teeth from across
the jaws, where there is important morphometric variation
between mesial and lateral dentition. Indeed, morphometric
analysis performed on taxa whose mesial and lateral denti-
tion could be considered separately clearly shows that mesial
and lateral teeth from individual taxa occupy different por-
tions of morphospace (Fig. 7). This is particularly the case

Table 1. Table of misclassification for the whole dataset grouped by
clades (ratios excluded).

Clades coeety assigned | % | dentied.

Basal Theropoda 25 29 86.2
Coclophysoidea 20 31 64.5
Ceratosauridae 4 26 15.4
Noasauridae 5 24 20.8
Abelisauridae 39 55 70.9
Erectopus 3 3 100
Piatnitzkysaurus 2 2 100
Megalosauridae 7 33 21.2
Spinosauridae 43 49 87.8
Allosauridae 18 31 58.1
Neovenatoridae 8 11 72.7
Carcharodontosauridae 47 64 73.4
Basal Tyrannosauroidea 23 39 59

Tyrannosauridae 129 164 78.7
Nuthetes 8 9 88.9
Dromaeosauridae 205 297 69

Troodontidae 77 82 93.9
Richardoestesia 42 45 93.3
Total 705 994 70.9
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Fig. 5. Graphical results of the discriminant analysis of 995 teeth belonging to

62 theropod taxa and 19 groupings along the first two canonical axes of

maximum discrimination in the dataset (Eigenvalue of Axis 1 = 7.561, which accounted for 61.52% of the variation; Eigenvalue of Axis 2 = 2.62, which
accounted for 21.38% of the variation). Log-transformed CBL (crown base), CBW (crown base width), CH (crown height), AL (apical length), MCL

(mid-crown length), MCW (mid-crown width), MC (mesiocentral denticle dens

ity), and DC (distocentral denticle density) were used in the analysis, and

70.97% of the specimens of nonavian theropods were correctly classified to their respective clades (see SOM 3). Morphospace occupation of megalosau-

rid teeth is delimited by a dashed line.
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Fig. 6. Graphical results of the discriminant analysis of 393 teeth belonging to 33 taxa and 11 groupings of large ziphodont theropods along the first two

canonical axes of maximum discrimination in the dataset (Eigenvalue of Axis 1

= 2.52, which accounted for 65.75% of the variation; Eigenvalue of Axis

2 =0.89, which accounted for 23.24% of the variation). Log-transformed CBL (crown base), CBW (crown base width), CH (crown height), AL (apical
length), MCL (mid-crown length), MCW (mid-crown width), MC (mesiocentral denticle density), and DC (distocentral denticle density) were used in the
analysis, and 68.19% of the specimens were correctly classified to their respective clades (see SOM 4). Morphospace occupation of megalosaurid teeth

is delimited by a dashed line.
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Fig. 7. Graphical results of the discriminant analysis of 232 teeth belonging to 7 taxa whose dentition was separated into mesial and lateral teeth, along the
first two canonical axes of maximum discrimination in the dataset (Eigenvalue of Axis 1 = 7.99, which accounted for 50.73% of the variation; Eigenvalue
of Axis 2 = 4.52, which accounted for 28.73% of the variation). Log-transformed CBL (crown base), CBW (crown base width), CH (crown height),
AL (apical length), MCL (mid-crown length), MCW (mid-crown width), MC (mesiocentral denticle density), and DC (distocentral denticle density) were
used in the analysis, and 84.48% of the specimens were correctly classified to their respective taxa and dentition type (see SOM 5).
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Fig. 8. Graphical results of the discriminant analysis of 81 teeth belonging to 7 taxa of Megalosauridae, and one indeterminate tetanuran (“Megalosaurus
dunkeri”), along the first two canonical axes of maximum discrimination in the dataset (Eigenvalue of Axis 1 = 5.8, which accounted for 71% of the varia-
tion; Eigenvalue of Axis 2 = 1, which accounted for 12.36% of the variation). Raw data of CBL (crown base), CBW (crown base width), CH (crown height),
AL (apical length), MCL (mid-crown length), MCW (mid-crown width), MDE (mesiobasal denticles extent), CTU (crown transverse undulation density),
DMT (dentine thickness mesially), DDT (dentine thickness distally), DLAT (dentine thickness labially), DLIT (dentine thickness lingually), MA (mesioapical
denticle density), MB (mesio-basal denticle density), MC,(mesiocentral denticle density), DA (distoapical denticle density), DB (distobasal denticle density),
DC (distocentral denticle density) were used in the analysis, and 65.48% of the specimens were correctly classified to their a priori genera (see SOM 6).

in Megalosauridae (Dubreuillosaurus) and Tyrannosauridae
(Byrannosaurus) in which mesial and lateral teeth strongly
differ in their thickness and elongation. Interestingly, over-
lap exists only in the two included allosauroids, Allosaurus,
and Acrocanthosaurus, confirming that the distinction be-
tween mesial and lateral teeth is not that clear in this clade.

In the morphometric analysis of megalosaurid teeth
only, 65.48% of specimens were correctly assigned to
their genera (SOM 2: Table 3). In this analysis, the teeth
of Dubreuillosaurus, Torvosaurus and Afrovenator occupy
different areas of morphospace and do not overlap with
other taxa. However, Megalosaurus bucklandi shows lim-
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ited overlap with the teeth of “Megalosaurus dunkeri” and
the closely related taxon Duriavenator, and 100% overlap
with those of Magnosaurus and Eustreptospondylus (Fig.
8; see SOM 12). This can be explained by the very simi-
lar dentition of Duriavenator and Megalosaurus (CH per-
sonal observations), and the limited data and sample size for
Eustreptospondylus and Magnosaurus, which did not pre-
serve a single complete erupted tooth. As for “Megalosaurus
dunkeri” from the Lower Cretaceous of England, the teeth
might pertain to one or several non-megalosaurid taxa from
the Lower Cretaceous, such as Neovenator. The identifica-
tion of isolated teeth referred to “Megalosaurus dunkeri” will
however be discussed elsewhere.

The results of the discriminant analysis show that teeth
of most clades of large ziphodont theropods, including
Megalosauridae, are hardly distinguishable in terms of crown
dimensions and number of denticles. Discriminant analysis
should be used cautiously to identify large ziphodont teeth.
Quantitative identification is only robust for the teeth of a few
theropod clades such as Troodontidae, Spinosauridae, and
Tyrannosauridae, which have typical morphometric features.
Megalosauridae, along with Abelisauridae, Ceratosauridae,
Allosauridae, and Neovenatoridae, possess teeth and denti-
cles of similar dimensions, and only morphological qualita-
tive characters, such as those proposed in the previous sec-
tion, can really help differentiate them. In order to improve
a quantitative analysis for differentiating the large ziphodont
teeth, geometric morphometrics may be promising. For ex-
ample, sections of the teeth may be digitized using quasi-ho-
mologous landmarks and superimposed using Procrustes
analysis or a similar technique.

Although the large sample size of theropod teeth in this
study provides opportunities for investigations of cladistic
and taxonomic variability in nonavian theropods, the large
number of taxa and teeth represented blurs the results of dis-
criminant analysis. Nevertheless, the latter can be strength-
ened by improving the sample size for each taxon but also
by including additional morphometric variables, such as
the elongation of mesial and distal denticles, the number of
transverse undulations on the tooth, the extent of the mesial
carina, the thickness of the dentine layer, and the curvature
of the crown. Likewise, mesial and lateral dentitions, which
have proven to be quantitatively distinct in theropods, should
be considered separately for each taxon.

This study finally demonstrates that ratio variables
have only weak influence on the results in most analyses.
Discriminant analyses with and without ratio variables show
nearly the same graphical results (see SOM 7, 8, 10—12), and
significant variations could only be noted in the analysis of
megalosaurid teeth (see SOM 12), and of theropod teeth sep-
arated into mesial and lateral dentitions (SOM 11). Likewise,
the percentage of teeth correctly identified is rather similar
in most analyses performed with and without ratio variables
(see SOM 3-6). Nevertheless, important differences were
noted in the discriminant analysis of the reduced dataset in-
cluding large ziphodont theropod teeth at the generic level.

In this analysis, 69.47% of specimens were correctly classi-
fied when excluding the ratios, whereas 34.61% were suc-
cessfully identified when taking into account ratio variables.
Given these results, it is recommended to avoid the use of ra-
tio variables in discriminant analysis as they overemphasize
some variables and do not help identify teeth.

Conclusions

The dentition of Megalosauridae, often considered to be sim-
ilar to the dentition of other ziphodont theropods, can be
distinguished by qualitative characters rather than quanti-
tative data. Anatomically, megalosaurid teeth are character-
ized by a combination of features only visible in this clade,
namely: mesial teeth with a mesial carina facing mesiolabi-
ally, centrally-positioned carinae on both mesial and lateral
crowns, a mesial carina terminating above the cervix, sub-
quadrangular to subrectangular distal denticles with short
to well-developed interdenticular sulci between them, sym-
metrically to asymmetrically convex external margin of the
denticles, and braided and oriented texture of the enamel. It
is therefore clear that spinosaurid, abelisaurid, troodontid,
dromaeosaurid, or tyrannosaurid teeth are not the only thero-
pods with diagnostic features, and a detailed study of the den-
tition of other important theropods such as Dilophosaurus,
Ceratosaurus, Allosaurus, Monolophosaurus, Sinraptor,
Yangchuanosaurus, Dilong, and Guanlong, with additio-
nal quantitative data collected for each of them, is criti-
cally required in order to help clarify the numerous varia-
tions existing between theropod clades (e.g., Ceratosauridae,
Allosauridae, Metricanthosauridae, Neovenatoridae, and
Proceratosauridae) with superficially similar dentitions.

Acknowledgements

We thank Derek Larson and Lisa Buckley for their helpful comments
on an early version of the manuscript. The teeth of megalosaurids and
many other nonavian theropods were examined in several institutions
in Argentina, Europe, Qatar, and the United States, and access to ma-
terial was possible thanks to Brooks Britt (BYU), Louis Jacobs, Dale
Winkler (both SMU), Anthony Fiorillo, Ronald Tykoski (both DMNH),
Paul Sereno (University of Chicago, USA), Peter Makovicky, Wil-
liam Simpson (both FMNH), Matthew Lamanna, Amy Henrici (both
CMNH), Matthew Carrano, Michael Brett-Surman (both NMNH), San-
dra Chapman, Paul Barrett (both NHMUK), Paul Jeffery (OUMNH),
Stephen Hutt (MIW), Ronan Allain (MNHN), Rainer Schoch (SMNS),
Hans-Jacob Siber (SMA), Christiano Dal Sasso (MSNM), Alejandro
Kramarz, Fernando Novas (both MACN), Marcello Reguero (MLP),
Ruben Barbieri (MPCA), Leonardo Salgado, Juan Ignacio Canale
(both MUCPv-CH), Rodolfo Coria, Cecilia Succar (both MCF-PVPH),
Jorge Calvo (CePalB), Juan D. Porfiri (UNDC), Ricardo Martinez
(PVSJ), Carl Mehling, Mark Norell (both AMNH), David Krauze,
Joseph Groenke (both SBU), Paul Brinkman, Lindsay Zanno (both
NCSM), Jorge Sequeira (LNEG), Fareed Krupp, Khalid Hassan Al-
Jaber, Sanker Nivas Balachandran (all QMA), Yves Dutour, Thierry
Tortosa (both MHNA), and Jaime Powell (PVL). Photographs of thero-



640

pod teeth were also kindly shared by Martin Ezcurra (LMU), Mat-
thew Lamanna (CMNH), Stephen Brusatte (University of Edinburgh,
UK), Mick Ellison (AMNH), Christian Foth (University of Fribourg,
Switzerland), Philip Currie (University of Alberta, Edmonton, Cana-
da), Juan Canale (MUCPv-CH), Cristiano Dal Sasso (MCSN), Oliver
Rauhut (Ludwig-Maximilians University, Munich, Germany), Roger
Benson (University of Oxford, UK), Elisabete Malafaia (MNHNC),
Emanuel Tschopp (UNL), Drew Eddy (University of Texas, Austin,
USA), Ricardo Aratjo (SMU), Vince Shneider (NCSM), Karin Peyer
(MNHN), Mickey Mortimer, Andrea Cau (MGG), Jonah Choiniere
(University of the Witwatersrand, Johannesburg, South Africa), and
the authors would like to address their sincere thanks to all of these
people. This research was supported by the Fundacao para a Ciéncia
e a Tecnologia (FCT) scholarship SFRH/BD/62979/2009 (Ministério
da Ciéncia, Tecnologia e Ensino superior, Portugal). CH dedicates this
paper to Graciela Apud Martin and Jacqueline Ernst Lambert.

References

Allain, R. 2002. Discovery of megalosaur (Dinosauria, Theropoda) in the
middle Bathonian of Normandy (France) and its implications for the
phylogeny of basal Tetanurae. Journal of Vertebrate Paleontology 22:
548-563.

Araujo, R., Castanhinha, R., Martins, R.M.S., Mateus, O., Hendrickx, C.,
Beckmann, F., Schell, N., and Alves, L.C. 2013. Filling the gaps of
dinosaur eggshell phylogeny: Late Jurassic theropod clutch with em-
bryos from Portugal. Scientific Reports 3: 1-8.

Barrett, P.M. 2000. Prosauropod dinosaurs and iguanas: speculations on the
diets of extinct reptiles. /n: H.-D. Sues (ed.), Evolution of Herbivory in
Terrestrial Vertebrates, 42—78. Cambridge University Press, Cambridge.

Barsbold, R. and Osmoélska, H. 1999. The skull of Velociraptor (Thero-
poda) from the Late Cretaceous of Mongolia. Acta Palaeontologica
Polonica 44: 189-219.

Benson, R.B.J. 2008. A redescription of “Megalosaurus” hesperis (Dino-
sauria, Theropoda) from the Inferior Oolite (Bajocian, Middle Juras-
sic) of Dorset, United Kingdom. Zootaxa 1931: 57-67.

Benson, R.B.J. 2009. An assessment of variability in dinosaur remains
from the Bathonian (Middle Jurassic) of Stonesfield and New Park
Quarry, UK and taxonomic implications for Megalosaurus bucklandii
and lliosuchus incognitus. Palaeontology 52: 857-877.

Benson, R.B.J. 2010a. A description of Megalosaurus bucklandii (Dino-
sauria: Theropoda) from the Bathonian of the UK and the relationships
of Middle Jurassic theropods. Zoological Journal of the Linnean So-
ciety 158: 882-935.

Benson, R.B.J. 2010b. The osteology of Magnosaurus nethercombensis
(Dinosauria, Theropoda) from the Bajocian (Middle Jurassic) of the
United Kingdom and a re-examination of the oldest records of tetanu-
rans. Journal of Systematic Palaeontology 8: 131-146.

Benson, R.B.J., Barrett, PM., Powell, H.P., and Norman, D.B. 2008. The
taxonomic status of Megalosaurus bucklandii (Dinosauria, Therop-
oda) from the Middle Jurassic of Oxfordshire, UK. Palaeontology 51:
419-424.

Britt, B.B. 1991. Theropods of Dry Mesa Quarry (Morrison Formation,
Late Jurassic), Colorado, with emphasis on the osteology of Zorvo-
saurus tanneri. Brigham Young University Geology Studies 37: 1-72.

Brusatte, S.L., Benson, R.B.J., Carr, T.D., Williamson, T.E., and Sereno, P.C.
2007. The systematic utility of theropod enamel wrinkles. Journal of
Vertebrate Paleontology 27: 1052—1056.

Brusatte, S.L., Benson, R.B.J., Currie, P.J., and Xijin, Z. 2010a. The skull
of Monolophosaurus jiangi (Dinosauria: Theropoda) and its implica-
tions for early theropod phylogeny and evolution. Zoological Journal
of the Linnean Society 158: 573—607.

Brusatte, S.L., Norell, M.A., Carr, T.D., Erickson, G.M., Hutchinson, J.R.,
Balanoff, A.M., Bever, G.S., Choiniere, J.N., Makovicky, P.J., and

ACTA PALAEONTOLOGICA POLONICA 60 (3), 2015

Xu, X. 2010b. Tyrannosaur paleobiology: new research on ancient ex-
emplar organisms. Science 329: 1481-1485.

Buckley, L.G. 2009. Individual and Ontogenetic Variation in Theropod Di-
nosaur Teeth: A Case Study of Coelophysis bauri (Theropoda: Coelo-
physoidea) and Implications for Identifying Isolated Theropod Teeth.
109 pp. M.Sc. Dissertation, University of Alberta, Canada.

Buckley, L.G., Larson, D.W., Reichel, M., and Samman, T. 2010. Quan-
tifying tooth variation within a single population of Albertosaurus
sarcophagus (Theropoda: Tyrannosauridae) and implications for iden-
tifying isolated teeth of tyrannosaurids. Canadian Journal of Earth
Sciences 47: 1227-1251.

Buffetaut, E. 2012. An early spinosaurid dinosaur from the Late Jurassic of
Tendaguru (Tanzania) and the evolution of the spinosaurid dentition.
Oryctos 10: 1-8.

Burnham, D.A. 2004. New Information on Bambiraptor feinbergi (Thero-
poda: Dromaeosauridae) from the Late Cretaceous of Montana. /n: P.J.
Currie, E.B. Koppelhus, M.A. Shugar, and J.L. Wright (eds.), Feathered
Dragons: Studies on the Transition from Dinosaurs to Birds, 67-111.
Indiana University Press, Bloomington.

Carrano, M.T., Benson, R.B.J,. and Sampson, S.D. 2012. The phylogeny
of Tetanurae (Dinosauria: Theropoda). Journal of Systematic Palaeon-
tology 10: 211-300.

Carrano, M.T., Sampson, S.D., and Forster, C.A. 2002. The osteology of
Masiakasaurus knopfleri, a small abelisauroid (Dinosauria: Theropoda)
from the Late Cretaceous of Madagascar. Journal of Vertebrate Paleon-
tology 22: 510-534.

Charig, A.J. and Milner, A.C. 1997. Baryonyx walkeri, a fish-eating dinosaur
from the Wealden of Surrey. Bulletin of the Natural History Museum
53: 11-70.

Clark, J.M., Perle, A., and Norell, M. 1994. The skull of Erlicosaurus an-
drewsi, a late Cretaceous “Segnosaur” (Theropoda, Therizinosauridae)
from Mongolia. American Museum Novitates 3115: 1-39.

Currie, P.J. 1987. Bird-like characteristics of the jaws and teeth of troodon-
tid theropods (Dinosauria, Saurischia). Journal of Vertebrate Paleon-
tology 7: 72-81.

Currie, P.J. 1995. New information on the anatomy and relationships of Dro-
maeosaurus albertensis (Dinosauria: Theropoda). Journal of Vertebrate
Paleontology 15: 576-591.

Currie, P.J. and Carpenter, K. 2000. A new specimen of Acrocanthosaurus
atokensis (Theropoda, Dinosauria) from the Lower Cretaceous Antlers
Formation (Lower Cretaceous, Aptian) of Oklahoma, USA. Geodiver-
sitas 22: 207-246.

Currie, P.J. and Varricchio, D.J. 2004. A new dromaeosaurid from the Horse-
shoe Canyon Formation (upper Cretaceous) of Alberta, Canada. /n: P.J.
Currie, E.B. Koppelhus, M.A. Shugar, and J.L. Wright (eds.), Feathered
Dragons: Studies on the Transition from Dinosaurs to Birds, 112—132.
Bloomington, Indiana.

Currie, PJ. and Zhao, X.-J. 1993. A new carnosaur (Dinosauria, Therop-
oda) from the Jurassic of Xinjiang, People’s Republic of China. Cana-
dian Journal of Earth Sciences 30: 2037-2081.

Currie, P.J., Rigby, J.K.J., and Sloan, R.E. 1990. Theropod teeth from the Ju-
dith River Formation of southern Alberta, Canada. /n: K. Carpenter and
P.J. Currie (eds.), Dinosaur Systematics: Approaches and Perspectives,
107-125. Cambridge University Press, New York.

Evans, D.C., Larson, D.W., and Currie, P.J. 2013. A new dromaeosaurid
(Dinosauria: Theropoda) with Asian affinities from the latest Creta-
ceous of North America. Naturwissenschaften 100: 1041-1049.

Fanti, F. and Therrien, F. 2007. Theropod tooth assemblages from the Late
Cretaceous Maevarano Formation and the possible presence of dromae-
osaurids in Madagascar. Acta Palaeontologica Polonica 52: 155—166.

Galton, P.M. and Jensen, J.A. 1979. A new large theropod dinosaur from
the Upper Jurassic of Colorado. Brigham Young University Geology
Studies 26 (2): 1-12.

Gauthier, J. 1986. Saurischian monophyly and the origin of birds. /n: K.
Padian (ed.), The Origin of Birds and the Evolution of Flight, Vol. 8,
1-55. Memoirs of the California Academy of Sciences, San Francisco.

Gianechini, F.A., Makovicky, P.J., and Apesteguia, S. 2011. The teeth of the



HENDRICKX ET AL.—DENTITION OF MEGALOSAURID THEROPODS 641

unenlagiine theropod Buitreraptor from the Cretaceous of Patagonia,
Argentina, and the unusual dentition of the Gondwanan dromaeosaurids.
Acta Palaeontologica Polonica 56: 279-290.

Gong, E., Martin, L.D., Burnham, D.A., and Falk, A.R. 2010. The birdlike
raptor Sinornithosaurus was venomous. Proceedings of the National
Academy of Sciences 107 (2): 766-768.

Gong, E., Martin, L.D., Burnham, D.A., and Falk, A.R. 2011. Evidence for a
venomous Sinornithosaurus. Paldontologische Zeitschrift 85: 109—111.

Hammer, @., Harper, D.A.T., and Ryan, P.D. 2001. Past: Paleontological
Statistics Software Package for education and data analysis. Palaeon-
tologia Electronica 4 (1): 1-9.

Han, F., Clark, J.M., Xu, X., Sullivan, C., Choiniere, J., and Hone, D.W.E.
2011. Theropod teeth from the Middle—Upper Jurassic Shishugou For-
mation of northwest Xinjiang, China. Journal of Vertebrate Paleonto-
logy 31: 111-126.

Hanson, M. and Makovicky, P.J. 2013. A new specimen of Torvosaurus
tanneri originally collected by Elmer Riggs. Historical Biology: 1-10.

Hasegawa, Y., Tanaka, G., Takakuwa, Y., and Koike, S. 2010. Fine sculp-
tures on a tooth of Spinosaurus (Dinosauria, Theropoda) from Mo-
rocco. Bulletin of Gunma Museum of Natural History 14: 11-20.

Hendrickx, C. and Mateus, O. 2014a. Abelisauridae (Dinosauria: Therop-
oda) from the Late Jurassic of Portugal and dentition-based phylogeny
as a contribution for the identification of isolated theropod teeth. Zoo-
taxa 3759: 1-74.

Hendrickx, C. and Mateus, O. 2014b. Torvosaurus gurneyi n. sp., the larg-
est terrestrial predator from Europe, and a proposed terminology of
the maxilla anatomy in nonavian theropods. PLoS ONE 9 (3): e88905.

Hendrickx, C., Hartman, S.A., and Mateus, O. (in press a). An overview on
non-avian theropod discoveries and classification. PalArch's Journal of
Vertebrate Palaeontology.

Hendrickx, C., Mateus, O., and Aratjo, R. (in press b). A proposed termi-
nology of theropod teeth (Saurischia: Dinosauria). Journal of Vertebrate
Paleontology.

Hocknull, S.A., White, M.A., Tischler, T.R., Cook, A.G., Calleja, N.D.,
Sloan, T., and Elliott, D.A. 2009. New mid-Cretaceous (Latest Albian)
dinosaurs from Winton, Queensland, Australia. PLoS ONE 4 (7): €6190.

Holtz, T.R.J. 2004. Tyrannosauroidea. /n: D.B. Weishampel, P. Dodson, and
H. Osmolska (eds.), The Dinosauria. Second Edition, 111-136. Univer-
sity of California Press, Berkeley.

Holtz, T.R.J., Molnar, R.E, and Currie, P.J. 2004. Basal Tetanurae. /n: D.B.
Weishampel, P. Dodson, and H. Osmolska (eds.), The Dinosauria. Sec-
ond Edition, 71-10. University of California Press, Berkeley.

Huene, F.R. von 1923. Carnivorous saurischia in Europe since the Triassic.
Bulletin of the Geological Society of America 34: 449—458.

Kear, B.P,, Rich, T.H., Vickers-Rich, P., Ali, M.A., Al-Mufarreh, Y.A., Ma-
tari, A.H., Al-Massari, A.M., Nasser, A.H., Attia, Y., and Halawani, M.A.
2013. First dinosaurs from Saudi Arabia. PLoS ONE 8 (12): e84041.

Larson, D.W. and Currie, P.J. 2013. Multivariate analyses of small theropod
dinosaur teeth and implications for paleoecological turnover through
time. PLoS ONE 8 (1): €54329.

Li, F,, Peng, G., Ye, Y., Jiang, S., and Huang, D. 2009. A new carnosaur
from the Late Jurassic of Qianwei, Sichuan, China. Acta Geologica
Sinica 83: 1203-1213.

Madsen, J.H. 1976a. Allosaurus fragilis: A Revised Osteology. Utah Geo-
logical Survey Bulletin 109: 1-177.

Madsen, J.H. 1976b. A second new theropod dinosaur from the Late Juras-
sic of east central Utah. Utah Geology 3: 51-60.

Madsen, J.H. and Welles, S.P. 2000. Ceratosaurus (Dinosauria, Theropoda):
arevised osteology. Utah Geological Survey, Miscellaneous Publication
00-2: 1-89.

Mantell, G.A. 1827. [llustrations of the Geology of Sussex: A General
Viewof the Geological Relations of the South-Eastern Part of England,
with Figures and Descriptions of the Fossils of Tilgate Forest. 92 pp.
Lupton Relfe, London.

Mateus, O., Walen, A., and Antunes, M. T. 2006. The large theropod
fauna of the Lourinhd Formation (Portugal) and its similarity to the
Morrison Formation, with a description of a new species of A/losau-

rus. New Mexico Museum of Natural History and Science Bulletin
36: 123-129.

Molnar, R.E., Obata, 1., Tanimoto, M., and Matsukawa, M. 2009. A tooth
of Fukuiraptor aff. F. kitadaniensis from the Lower Cretaceous Se-
bayashi Formation, Sanchu Cretaceous, Japan. Bulletin of Tokyo Ga-
kugei University, Division of Natural Sciences 61: 105-117.

Naish, D. 2012. Birds. /n: M.K. Brett-Surman, T.R.J. Holtz, and J.O. Far-
low (eds.), The Complete Dinosaur, Second Edition, 379-423. Indiana
University Press, Bloomington.

Norell, M.A., Clark, J.M., Turner, A.H., Makovicky, P.J., Barsbold, R., and
Rowe, T. 2006. A new dromaeosaurid theropod from Ukhaa Tolgod
(Omndgov, Mongolia). American Museum Novitates 3545: 1-51.

Norell, M.A., Makovicky, P.J., Bever, G.S., Balanoff, A.M., Clark, J.M.,
Barsbold, R., and Rowe, T. 2009. A review of the Mongolian Creta-
ceous dinosaur Saurornithoides (Troodontidae: Theropoda). American
Museum Novitates 3654: 1-63.

Ostrom, J.H. 1969. Osteology of Deinonychus antirrhopus, an unusual
theropod from the Lower Cretaceous of Montana. Bulletin Peabody
Museum of Natural History 30: 1-165.

Pol, D. and Rauhut, O.W.M. 2012. A Middle Jurassic abelisaurid from Pa-
tagonia and the early diversification of theropod dinosaurs. Proceed-
ings of the Royal Society B: Biological Sciences 279: 3170-3175.

Rauhut, O.W.M. 2004. Provenance and anatomy of Genyodectes serus, a
large-toothed ceratosaur (Dinosauria: Theropoda) from Patagonia. Jour-
nal of Vertebrate Paleontology 24: 894-902.

Rauhut, O.W.M. 2005. Osteology and relationships of a new theropod
dinosaur from the Middle Jurassic of Patagonia. Palaeontology 48:
87-110.

Rauhut, O.W.M. and Werner, C. 1995. First record of the family Dromae-
osauridae (Dinosauria: Theropoda) in the Cretaceous of Gondwana
(Wadi Milk Formation, northern Sudan). Paldontologische Zeitschrift
69: 475-489.

Rauhut, O.W.M., Milner, A.C., and Moore-Fay, S. 2010. Cranial osteology
and phylogenetic position of the theropod dinosaur Proceratosaurus
bradleyi (Woodward, 1910) from the Middle Jurassic of England. Zo-
ological Journal of the Linnean Society 158 (1): 155-195.

Richter, U., Mudroch, A., and Buckley, L.G. 2013. Isolated theropod teeth
from the Kem Kem Beds (Early Cenomanian) near Taouz, Morocco.
Paldontologische Zeitschrift 87: 291-309.

Sadleir, R., Barrett, P.M., and Powell, H.P. 2008. The anatomy and sys-
tematics of Eustreptospondylus oxoniensis, a theropod dinosaur from
the Middle Jurassic of Oxfordshire, England. Monograph of the Palae-
ontographical Society, London 160: 1-82.

Samman, T., Powell, G.L., Currie, P.J., and Hills, L.V. 2005. Morphometry
of the teeth of western North American tyrannosaurids and its appli-
cability to quantitative classification. Acta Palaeontologica Polonica
50: 757-776.

Sankey, J.T., Brinkman, D.B., Guenther, M., and Currie, P.J. 2002. Small
theropod and bird teeth from the Late Cretaceous (Late Campanian)
Judith River Group, Alberta. Journal of Paleontology 76: 751-763.

Sereno, P.C. and Brusatte, S.L. 2008. Basal abelisaurid and carcharodon-
tosaurid theropods from the Lower Cretaceous Elrhaz Formation of
Niger. Acta Palaeontologica Polonica 53: 15-46.

Sereno, P.C., Beck, A.L., Dutheil, D.B., Gado, B., Larsson, H.C.E., Lyon,
G.H., Marcot, J.D., Rauhut, O.W.M., Sadleir, R.W., Sidor, C.A., Varric-
chio, D.D., Wilson, G.P., and Wilson, J.A. 1998. A long-snouted preda-
tory dinosaur from Africa and the evolution of spinosaurids. Science
282:1298-1302.

Sereno, P.C., Dutheil, D.B., Larochene, M., Larsson, H.C.E., Lyon, G.H.,
Magwene, P.M., Sidor, C.A., Varricchio, D.J., and Wilson, J.A. 1996.
Predatory dinosaurs from the Sahara and Late Cretaceous faunal dif-
ferentiation. Science 272: 986-991.

Sereno, P.C., Wilson, J.A., Larsson, H.C.E., Dutheil, D.B., and Sues, H.-
D. 1994. Early Cretaceous dinosaurs from the Sahara. Science 266:
267-271.

Smith, J.B. 2005. Heterodonty in Tyrannosaurus rex: implications for the



642

taxonomic and systematic utility of theropod dentitions. Journal of
Vertebrate Paleontology 25: 865—887.

Smith, J.B. 2007. Dental morphology and variation in Majungasaurus
crenatissimus (Theropoda: Abelisauridae) from the Late Cretaceous
of Madagascar. Journal of Vertebrate Paleontology 27 (Supplement
2): 103-126.

Smith, J.B. and Dalla Vecchia, F.M. 2006. An abelisaurid (Dinosauria:
Theropoda) tooth from the Lower Cretaceous Chicla formation of
Libya. Journal of African Earth Sciences 46: 240-244.

Smith, J.B. and Dodson, P. 2003. A proposal for a standard terminology
of anatomical notation and orientation in fossil vertebrate dentitions.
Journal of Vertebrate Paleontology 23: 1-12.

Smith, J.B. and Lamanna, M.C. 2006. An abelisaurid from the Late Creta-
ceous of Egypt: implications for theropod biogeography. Naturwissen-
schaften 93: 242-245.

Smith, J.B., Vann, D.R., and Dodson, P. 2005. Dental morphology and varia-
tion in theropod dinosaurs: implications for the taxonomic identification
of isolated teeth. The Anatomical Record Part A: Discoveries in Molec-
ular, Cellular, and Evolutionary Biology 285 (2): 699-736.

Sues, H.-D. 1977. The skull of Velociraptor mongoliensis, a small Creta-
ceous theropod dinosaur from Mongolia. Paldontologische Zeitschrift
51:173-184.

ACTA PALAEONTOLOGICA POLONICA 60 (3), 2015

Sues, H.-D., Frey, E., Martill, D.M., and Scott, D.M. 2002. Irritator chal-
lengeri, a spinosaurid (Dinosauria: Theropoda) from the Lower Cre-
taceous of Brazil. Journal of Vertebrate Paleontology 22: 535-547.

Turner, A.H., Makovicky, P.J., and Norell, M. 2012. A review of dromae-
osaurid systematics and paravian phylogeny. Bulletin of the American
Museum of Natural History 371: 1-206.

Waldman, M. 1974. Megalosaurids from the Bajocian (Middle Jurassic) of
Dorset. Palaeontology 17: 325-339.

Walker, A.D. 1964. Triassic reptiles from the Elgin Area: Ornithosuchus
and the origin of carnosaurs. Philosophical Transactions of the Royal
Society of London. Series B, Biological Sciences 248: 53—134.

Xu, X. and Wu, X.-C. 2001. Cranial morphology of Sinornithosaurus mil-
lenii Xu et al. 1999 (Dinosauria: Theropoda: Dromaeosauridae) from
the Yixian Formation of Liaoning, China. Canadian Journal of Earth
Sciences 38: 1739—-1752.

Xu, X., Clark, J.]M., Forster, C.A., Norell, M.A., Erickson, G.M., Eberth,
D.A., Jia, C., and Zhao, Q. 2006. A basal tyrannosauroid dinosaur from
the Late Jurassic of China. Nature 439: 715-718.

Zanno, L.E. 2010. Osteology of Falcarius utahensis (Dinosauria: Thero-
poda): characterizing the anatomy of basal therizinosaurs. Zoological
Journal of the Linnean Society 158: 196-230.

Zhao, X. and Xu, X. 1998. The oldest coelurosaurian. Nature 394: 234-235.



