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Isolated theropod dinosaur teeth are common fossils and are
frequently used to extend the temporal and geographic ranges of
taxa known elsewhere from more complete specimens. Problems
with assigning isolated teeth to higher-level taxa have been noted
(Currie et al., 1990; Farlow et al., 1991), but recently-developed
quantitative methods offer much potential to rectify these diffi-
culties (Smith 2005; Smith et al. 2005). In the absence of quan-
titative methods, many authors have relied on qualitative char-
acters to both diagnose taxa and assign isolated teeth to higher-
level taxa. One frequently-cited qualitative character is wrinkled
enamel, which has been regarded as diagnostic of Carcharodon-
tosauridae, a Cretaceous clade that includes some of the largest
known theropods (Sereno et al., 1996; Chure et al., 1999; Vick-
ers-Rich et al., 1999). The carcharodontosaurids Carcharodon-
tosaurus (Stromer 1931; Sereno et al., 1996:fig 2) and Giganoto-
saurus (Coria and Salgado, 1995) are characterized by lateral
teeth with strong, arcuate enamel ridges that often extend across
the labial and lingual margins. Similar wrinkles have been docu-
mented in isolated teeth worldwide, and are often the basis for
assigning specimens to Carcharodontosauridae (Kellner and
Campos, 1998, 2000; Chure et al., 1999; Vickers-Rich et al., 1999;
Rich et al., 2000; Veralli and Calvo, 2003, 2004; Candeiro et al.,
2004; Canudo et al., 2004; Martinelli and Forasiepi, 2004;
Rauhut, 2006).

Although wrinkles have been noted in other theropod taxa
(e.g., tyrannosaurids: Chure et al., 1999; Vickers-Rich et al., 1999;
Smith, 2005), many authors continue to regard these structures
as a secure rationale for assigning isolated teeth to Carcharodon-
tosauridae. However, the morphology of wrinkles among carcha-
rodontosaurids is poorly described, and the distribution and
morphology of wrinkles in other theropod taxa are not presented
in the literature. Our observations of a wide range of theropod
teeth reveal that these structures are more widespread than cur-
rently thought, and are enormously variable both within and
among taxa. These observations call into question the systematic
utility of enamel wrinkles, especially the practice of assigning
isolated teeth to Carcharodontosauridae based on the mere pres-
ence of these structures. Below we briefly review the taxonomic
distribution of enamel wrinkles and comment on their variabil-
ity. We do not intend to provide an exhaustive survey of wrinkle
distribution and morphology, only a discussion of the pitfalls of
using enamel wrinkles in theropod systematics.
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DESCRIPTION

Enamel wrinkles (also described as “crenulations” or “undu-
lations”) are corrugated structures on the external surface of the
crown, comprised of parallel ridges and grooves of varying
strength (Fig. 1). These structures extend perpendicular to the
apicobasal axis of the crown, always flank the serrations, and
curve basally towards the root as they continue across the labial
or lingual surfaces of the crown. In some specimens, wrinkles
originating from the mesial and distal crown margins may con-
nect to form a continuous wrinkle (herein termed “band”) across
the labial or lingual surfaces. The function of these structures is
unclear, but they may have served a mechanical role in feeding
(Currie and Azuma, 2006), or represent a byproduct of growth.
It is possible that some wrinkles are preservational artifacts, but
their consistent presence and morphology in specimens of the
same taxon (e.g., Carcharodontosaurus) from disparate preser-
vational environments is inconsistent with this hypothesis.

We have identified enamel wrinkles in several theropod taxa,
including carcharodontosaurids, an array of basal tetanurans,
and tyrannosauroids. These structures do not seem to be present
in coelophysoids (e.g., Dilophosaurus: UCMP 37302, 37303),
ceratosaurs (e.g., Ceratosaurus: BYU 12893, UMNH VP 5278;
Majungasaurus: FMNH PR 2100; Rugops: MNN IGU1), or
maniraptorans, although Smith (2005) cites the presence of
wrinkles in a single specimen of Dromaeosaurus (AMNH 5356),
though we have not had the opportunity to examine this speci-
men ourselves.

Among carcharodontosaurids, the presence, distribution, and
form of enamel wrinkles are variable among taxa. Wrinkles are
known in Carcharodontosaurus (C. saharicus: Fig. 1A, see also
Sereno et al., 1996:fig 2, Benton et al., 2000; C. n. sp.: Fig. 1C),*Corresponding author.
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Giganotosaurus (MUCPv-CH-1), Mapusaurus (Coria and Cur-
rie, 2006:fig 12), and Tyrannotitan (Novas et al., 2005:p. 228), but
are absent in the probable carcharodontosaurid Acrocanthosau-
rus (Currie and Carpenter, 2000), the potential basal carcha-
rodontosaurid Neovenator (Hutt et al. 1996), and a new basal
carcharodontosaurid from the Aptian-Albian of Niger (Fig 1D;
Brusatte and Sereno, 2006). Wrinkles are most pronounced and
numerous in Carcharodontosaurus saharicus, in which they are
in prominent high relief, present at both mesial and distal carinae
on the labial and lingual surfaces, and extend partially or com-
pletely across the crown as low bands (Fig. 1A, B). The intact
maxillary tooth row of the neotype skull (SGM-Din 1; the status

of the holotype and basis for designating a neotype will be dis-
cussed in detail elsewhere) shows that this pattern is maintained
in all mesial and mid maxillary crowns. Similar pronounced
wrinkles are seen in Giganotosaurus, but only in the largest max-
illary teeth. The enamel wrinkles in a new species of Carcha-
rodontosaurus from Niger (Fig. 1C; Brusatte and Sereno, 2005)
are much weaker than in C. saharicus, and are limited to the base
of the distal carina. The wrinkles of Mapusaurus and Tyrannoti-
tan show this reduced pattern as well. In general, the wrinkles of
carcharodontosaurids are especially high, prominent, and deep
near the serrations, but become less distinct as they extend to-
ward the center of the crown.

FIGURE 1. Theropod dinosaur teeth with enamel wrinkles. A, Carcharodontosaurus saharicus, SGM Din-1, lingual view; B, C. saharicus, SGM
Din-1, distal view; C, C. n. sp., MNN IGU6; D, new carcharodontosaurid species from Niger, MNN GAD14; E, Allosaurus fragilis, UMNH VP 9168,
labial view; F, Megalosaurus bucklandi, OUMNH J13505, labial view; G, Tyrannosauroidea indet., NMMNH P-27297; H, Tyrannosauroidea indet.,
NMMNH P-26202. Scale bars equal 3 cm. Top scale bar for A–D, bottom scale for E–H.
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Enamel wrinkles are also present in several other basal tet-
anurans, including allosauroids (Allosaurus, Fukuiraptor), spino-
sauroids (Torvosaurus), and Megalosaurus. Wrinkles have been
observed in the maxillary (Fig. 1E; UMNH VP 9168) and den-
tary (UMNH VP 9366) crowns of large Allosaurus individuals,
but are subtle or absent in crowns from smaller individuals.
These wrinkles are highest near the serrations but extend across
much of the crown surface as narrow but prominent bands.
Wrinkles are stronger labially than lingually, and are especially
prominent at the distal carina. Wrinkles in Fukuiraptor are de-
scribed and figured by Azuma and Currie (2000:fig 4) and Currie
and Azuma (2006). As in Carcharodontosaurus and Giganoto-
saurus, these wrinkles are present at the mesial and distal carinae
of the labial and lingual surfaces, and are in highest relief near
the serrations. Wrinkles are also present in Torvosaurus, as a
single erupted dentary tooth (BYU 725 2003) has subtle versions
of these structures, which continue as bands across the labial and
lingual surfaces. These are difficult to detect, and similar struc-
tures may have gone unnoticed in other taxa. Finally, wrinkles
that extend across the crown surface are present in a tooth in the
type dentary of Megalosaurus bucklandii (Fig. 1F; OUMNH
J13505). These wrinkles are of variable dorsoventral thickness,
are more prominent labially than lingually, and are of subequal
thickness and strength along their circumferential length. Com-
pared with carcharodontosaurids, the wrinkles of Allosaurus and
Megalosaurus are lower and shallower near the serrations but
higher and more prominent across the crown surface. The
wrinkles of Fukuiraptor are very similar to those of carcharodon-
tosaurids in overall morphology, but are not as pronounced.

Enamel wrinkles are common features in tyrannosauroid teeth
and have been identified in Albertosaurus (ROM 1247), Dasple-
tosaurus (CMN 8506), Tyrannosaurus (MOR 555, BNHM
2002.004.001), and several unnamed taxa (NMMNH P-27297,
P-26202, P-27469; AMNH 6556). Wrinkles are present on the
external surfaces of premaxillary, maxillary, and dentary teeth of
both large and small individuals (Fig. 1G, H). These structures
primarily occur on the labial surface of premaxillary crowns, but
are present on both labial and lingual surfaces of maxillary and
dentary teeth. Compared to Carcharodontosaurus and Gigano-
tosaurus, the wrinkles of most tyrannosauroids are lower and
less prominent adjacent to the serrations. One exception is the
Tyrannosaurus specimen MOR 555, which exhibits wrinkles
comparable to those of Carcharodontosaurus saharicus. How-
ever, the continuous enamel bands stretching across the labial
and lingual surfaces of many tyrannosauroid teeth are more
prominent than those of derived carcharodontosaurids. In tyran-
nosauroids these bands are often in high relief and vary in dor-
soventral depth within the same tooth, whereas in carcharodon-
tosaurids the bands are much weaker than the marginal wrinkles
near the serrations and are of a more constant depth, and are
sometimes absent altogether.

Wrinkles are also present in some spinosaurids (Baryonyx:
Charig and Milner, 1997:fig 18), but these parallel the long axis
of the crown, do not occur near the serrations, and overall are
very different from those of carcharodontosaurids and other
theropods described here. These will not be discussed further.
However, Rauhut (pers. comm.) has noted the presence of trans-
verse enamel wrinkles near the serrations in several spinosaurid
teeth from the Aptian of northern Africa, suggesting that these
structures may be present in some members of this clade, al-
though we have not seen these specimens.

Wrinkles have also been described in a number of isolated
teeth that are often referred to Carcharodontosauridae. A par-
tial crown of Late Cretaceous age (Campanian-Maastrichtian)
from Argentina (Martinelli and Forasiepi, 2004) exhibits high-
relief wrinkles near the serrations at both mesial and distal ca-
rinae on labial and lingual sides, as in Carcharodontosaurus and
Giganotosaurus. A crown of Early Cretaceous age from Argen-

tina (Vickers-Rich et al., 1999; Rich et al., 2000) preserves
wrinkles only at the distal carina of the labial surface, and these
are less distinct than the wrinkles of most carcharodontosaurids.
A small crown of Late Cretaceous age (Cenomanian-Turonian)
from Japan (Chure et al., 1999) exhibits wrinkles at mesial and
distal carinae of the labial and lingual surfaces, but these struc-
tures are lower, shallower, and less prominent than those of
carcharodontosaurids.

DISCUSSION AND CONCLUSIONS

Although enamel wrinkles are often treated as a single, invari-
ant feature and regarded as diagnostic of Carcharodontosauri-
dae, these structures are exceedingly morphologically variable
and phylogenetically widespread (Fig. 2). We have documented
their presence in a wide array of basal tetanurans, including
several (but not all) carcharodontosaurids, Allosaurus, Fukuirap-
tor, Torvosaurus, Megalosaurus, as well as basal coelurosaurs
(tyrannosauroids). Although the uncertain phylogeny of basal
Tetanurae and Coelurosauria renders character optimization
premature, it is possible that wrinkles (or the capability to pro-
duce wrinkles) may be a tetanuran synapomorphy lost in derived
coelurosaurs and certain other taxa. Wrinkles are most promi-
nent in derived carcharodontosaurids (Carcharodontosaurus and
Giganotosaurus), in which they exhibit high relief near the ser-
rations and often continue across the crown as shallow bands.
However, wrinkle distribution and strength are variable within
Carcharodontosaurus, and wrinkles are absent in some carcha-
rodontosaurids. Wrinkles in other taxa are generally lower near
the serrations than those of carcharodontosaurids, but are often
higher and deeper across the labial and lingual crown faces. In
many taxa, wrinkle strength varies depending on position in the
tooth row and size of the individual, and wrinkles are often more
pronounced at the distal carina, on the labial crown surface, and
in larger individuals.

While the presence of enamel wrinkles is not confined to Car-
charodontosauridae, aspects of the form, strength, and distribu-
tion of enamel wrinkles may be diagnostic of particular theropod
clades. Wrinkles of derived carcharodontosaurids (Carcharodon-
tosaurus, Giganotosaurus) are more distinctive than those of all

FIGURE 2. A simplified cladogram of theropod dinosaurs showing the
phylogenetic distribution of enamel wrinkles (denoted by an X).
Wrinkles are known in Spinosauroidea (Torvosaurus, Megalosaurus),
Allosauroidea (Allosaurus, Fukuiraptor, Carcharodontosauridae), and
basal Coelurosauria (Tyrannosauroidea). When optimized onto this sim-
plified tree, enamel wrinkles are a synapomorphy of Tetanurae and lost
in derived coelurosaurs.
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other theropods, especially near the serrations where they ex-
hibit high relief. The distribution of wrinkles may be diagnostic
for C. saharicus, in which they are pronounced on both mesial
and distal margins of mesial and mid maxillary crowns, not just
the broadest crowns as in Giganotosaurus. However, it is unclear
whether any wrinkle characters clearly diagnose Carcharodon-
tosauridae, as the wrinkles of Mapusaurus and Tyrannotitan are
much weaker than those of derived carcharodontosaurids, and
generally similar to the wrinkles of Allosaurus, Fukuiraptor, and
Megalosaurus.

Thus, the long-standing use of enamel wrinkles as a “key char-
acter” of carcharodontosaurids can no longer be supported, and
the common practice of assigning isolated teeth to Carcharodon-
tosauridae based on the simple presence of wrinkles must be
abandoned (Kellner and Campos, 1998, 2000; Chure et al., 1999;
Vickers-Rich et al., 1999; Rich et al., 2000; Veralli and Calvo,
2003, 2004; Candeiro et al., 2004; Canudo et al., 2004; Martinelli
and Forasiepi, 2004; Rauhut, 2006). Additionally, the absence of
enamel wrinkles is insufficient grounds to exclude assignment to
Carcharodontosauridae as is sometimes practiced (Goodwin et
al., 1999; Infante et al., 2005; Canudo et al., 2006), as several
carcharodontosaurids do not exhibit wrinkles. Thus, we suggest
that all authors using the presence and morphology of wrinkles
to assign isolated teeth to theropod clades, especially Carcha-
rodontosauridae, carefully compare their specimens with a wide
array of basal tetanurans, including tyrannosauroids. Although
qualitative characters such as enamel wrinkles can be useful for
theropod systematics, the use of quantitative metrics (Smith,
2005; Smith et al., 2005) is recommended to more rigorously
assign isolated teeth to higher-level clades.
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