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ABSTRACT
Metriorhynchidae was a peculiar but long-lived group of marine

Mesozoic crocodylomorphs adapted to a pelagic lifestyle. Recent discov-
eries show that metriorhynchids evolved a wide range of craniodental
morphotypes and inferred feeding strategies. One genus, Dakosaurus, is
arguably the most aberrant marine crocodylomorph due to its large, ro-
bust, ziphodont teeth; very low tooth count; and brevirostrine/oreiniros-
tral snout. We here report an additional unusual feature of Dakosaurus
that is unique among marine crocodylomorphs: tightly fitting tooth-to-
tooth occlusion, whose inference is supported by reception pits along
the upper and lower tooth rows, indicative of vertically orientated
crowns that were in close contact during occlusion, and three distinct
types of dental wear. These include irregular spalled surfaces near the
apex (probably caused by tooth-food contact), semi-circular wear near
the base, and elongate surfaces extending along the mesial and distal
margins of the teeth, obliterating the carinae (including the denticles).
Scanning electron micrographs show that these latter surfaces are
marked by parallel apicobasal striations, which in extant mammals
reflect tooth–tooth contact. As such, we interpret the carinal wear fac-
ets in Dakosaurus as being formed by repeated tooth–tooth contact
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between the mesial and distal margins of the teeth of the upper and
lower jaw. We posit that this increased the available shearing surface
on their high crowns. Together, these wear patterns suggest that occlu-
sion in Dakosaurus was specialized for cutting large and abrasive prey
items into portions small enough to swallow, making it a prime exam-
ple of an aquatic reptile with macrophagous feeding habits. Anat Rec,
295:1147–1158, 2012. VC 2012 Wiley-Periodicals, Inc.

Key words: feeding; functional ecology; Metriorhynchidae;
occlusion; Thalattosuchia

INTRODUCTION

Metriorhynchids were a diverse and successful
group of pelagic crocodylomorphs that had a near
global distribution from the Middle Jurassic to the
Early Cretaceous (ca. 168–134 million years ago; Fig.
1; Debelmas, 1952; Hua and Buffetaut, 1997; Young
et al., 2010, in press). Within Metriorhynchidae, the
genera of the subclade Geosaurini exhibit a wide range
of craniodental morphologies and hypothesized feeding
strategies (Pierce et al., 2009a,b; Young and Andrade,
2009; Andrade et al., 2010; Young et al., 2010, 2011,
in press). Within this subclade, the genus Dakosaurus
is perhaps the most aberrant, as it possesses several
characteristics that are highly unusual for a marine
crocodylomorph, such as: large, robust, and ziphodont
teeth that resemble the dentition of large theropod
dinosaurs; a very low tooth count (13 or less in the
maxilla and dentary); a brevirostrine/oreinirostral
snout; and a skull that is the strongest of any metrio-
rhynchid (based on biomechanical tests; Fig. 2; Fraas,
1902; Gasparini et al., 2006; Pierce et al., 2009a,b; Pol
and Gasparini, 2009; Andrade et al., 2010; Young
et al., 2010, in press). These features suggest that
Dakosaurus was a large-bodied megapredator that was
well adapted for feeding on large prey (macrophagy),
and as such, was likely an apex predator in many Me-
sozoic marine ecosystems.

Another unusual feature of Dakosaurus, which has
been briefly noted and figured by previous authors but
largely overlooked (e.g., Mason, 1869), is the common
occurrence of elongate macroscopic wear surfaces that
obliterate the carinae along the mesial and distal mar-
gins of the teeth (Fig. 3; Young et al., in press). Wear
surfaces are uncommon in non-mammalian amniotes,
but can be caused by a variety of processes such as
tooth/tooth contact (attritional wear), tooth/food contact
(abrasive wear), or chemical alteration (erosive wear;
Pickles, 2006). Aside from wear indicating herbivory in
animals with molariform teeth, wear in predators usu-
ally comes in two forms: shearing facets that are
indicative of tightly fitting occlusion, and apical wear
indicative of contact with food items. Excellent exam-
ples of tight fitting occlusion of shearing facets can be
seen among the carnassial teeth of modern carnivorans
(Schubert et al., 2010), on the lateral teeth of large
theropod dinosaurs such as Tyrannosaurus (Schubert
and Ungar, 2005), as well as in the early evolution of
whales during the transition from molariform teeth
used for herbivory to more conical teeth used for
reducing larger prey into smaller pieces (Thewissen

et al., 2011). Apical wear, and even complete cusp
breakage, is apparent among some modern odontocetes
that feed on large and/or abrasive prey items (Werth
et al., 2007; Foote et al., 2009; Ford et al., 2010), as
well as large theropods that employed strong bite
forces to break bone during feeding (Schubert and
Ungar, 2005). Tooth wear patterns, therefore, have the
potential to reveal critical information about the biol-
ogy and feeding habits of vertebrates, which is
especially important when studying aberrant extinct
taxa, such as metriorhynchids, with no obvious modern
analogues.

Here, we describe the characteristic wear patterns of
Dakosaurus in detail and note that three distinctive
types of wear are present, including spalled apical fac-
ets, semi-circular basal facets, and the previously
recognized elongate surfaces along the carinae (Fig. 3).
We interpret the apical spalling wear as being formed
by repeated contact with abrasive food, such as bone,
and interpret the carinal wear as representing the
first evidence of attritional wear, and therefore tooth–
tooth occlusion, in a marine crocodylomorph. Instru-
mental to our interpretation of tooth-on-tooth occlusion
is evidence from both overall morphology of the tooth
bearing bones and scanning electron microscopy (SEM)
of the wear facets. First, we report tooth reception pits
that are present on both the upper and lower jaws of
Dakosaurus (Fig. 4), indicating that the teeth were
vertically orientated and interlocked in an en-echelon
fashion (confirmed in situ for D. andiniensis; see Pol
and Gasparini, 2009). Second, SEM results show that
repeated apicobasal striations are present along the
carinal wear facets (Fig. 5), similar to striations inter-
preted as evidence of occlusal contact in
crocodylomorphs, mammals, and dinosaurs (e.g., Bar-
rett, 2000; Pol, 2003; Schubert and Ungar, 2005;
Andrade and Bertini, 2008a,b,c). In a similar
way, microwear has been used to confirm the use of
teeth in feeding, or the existence of occlusion, in other
vertebrate groups, ranging from anomodonts (Rybczyn-
ski and Reisz, 2001) to conodonts (Purnell, 1995).

These observations of overall cranial morphology and
tooth wear permit a refined understanding of the paleo-
biology and dietary habits of Dakosaurus, one of the
most unusual predators of the Mesozoic seas. We posit
that apical spalled wear and breakage in Dakosaurus
may be indicative of prey items either being large or ab-
rasive (which may include bone), or both. Occlusion in
Dakosaurus may have been integral in dismembering
prey items larger than could be swallowed whole, and as
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such, was another feature related to the hyperpredatory
lifestyle of this unusual genus.

MATERIALS AND METHODS

We examined numerous Dakosaurus maximus teeth,
both isolated (�80 from the collections in both NHMUK
and SMNS, see Fig. 3) and in situ (SMNS 8203, SMNS
10819, and SMNS 82043, see Figs. 2 and 4). One repre-
sentative tooth crown was chosen for investigation of
wear patterns through scanning electron microscopy
(SEM). This tooth (NHMUK-PV OR20283) is one of
many isolated crowns from the Late Jurassic (late Kim-

meridgian) type locality of Dakosaurus maximus
(Schnaitheim, Baden-Württemberg, Germany). Previ-
ously, the serration morphology of one such tooth
(NHMUK-PV OR35766) was investigated using SEM
(Andrade et al., 2010). For the current project, NHMUK-
PV OR20283 was analyzed by means of SEM, producing
backscatter electron (BSE) images. The SEM analyses
were conducted at the Microscopy and Imaging Facility
at the American Museum of Natural History (New
York).

To investigate the reception pits of D. maximus and to
better understand its occlusion pattern, we examined
specimens with dentigerous bones that preserved the
crowns in situ (Figs. 2 and 4). These specimens come

Fig. 1. Genus-level evolutionary relationships of Metriorhynchidae
based on the phylogenetic analysis of Young et al. (in press) and cali-
brated by the geological timescale based on Ogg et al. (2008). Pela-
gosaurus is the closest-known genus of marine crocodyliform that
lacks the extensive pelagic adaptations of metriorhynchids (e.g.,

hydrofoil-like forelimbs, hypocercal tail, and loss of osteoderms). The
time-span of genera with question marks is uncertain, and the gray
bars are range extensions. Life reconstruction of Dakosaurus maximus
is by Dmitry Bogdanov.
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from multiple late Kimmeridgian localities in Germany,
with the neotype (SMNS 8203) from Staufen bei Gien-
gen, Baden-Württemberg; a poorly preserved snout
(SMNS 10819) from Sontheim an der Brenz, Baden-
Württemberg; and a left mandibular ramus preserved in
lithographic limestone (SMNS 82043) from Painten,
Bavaria.

Overall, dental wear patterns were observed visually
and dental microwear was observed using SEM. Dental
microwear involves the study of complex patterns of
microstriations and pits on a tooth surface, usually the
result of complex masticatory events. As most non-mam-
malian amniotes use their teeth simply to grasp prey
and have simple orthal mastication capabilities, the type
of dental microwear analysis commonly used to study
ungulates and primates (which are capable of more com-
plex jaw movements) is not appropriate. Most microwear
studies of non-mammalian amniotes recognize this limi-
tation, and have focused primarily on identifying the
presence/absence and form of occlusion and the direc-

tion(s) of jaw motion (e.g., Fiorillo, 1998; Rybczynski and
Reisz, 2001; Williams et al., 2009; Varriale, 2011; Whit-
lock, 2011).

Although many microwear methods now exist, SEM
and most light microscopy techniques utilize micro-
graphs in which microstriations and pits are identified
and marked by a human observer. Although most
observers appear able to discriminate distinct microwear
patterns associated with specific ecological patterns, ob-
server error in the recognition of these microwear
features makes it important for the same observer(s) to
do the analyses (Mihlbachler et al., in press). Microwear
in this study was limited to a small number of speci-
mens, but all were done by the same observers working
together (BLB and SLB) using SEM. Microwear here is
limited to qualitative descriptions, as comparative sam-
ples of living archosaurs were not available at this time.
Even if available, these comparisons would have limited
utility because one major clade of living archosaurs has
no teeth (birds), whereas the other does not include any

Fig. 2. Dakosaurus maximus skull and mandible. A: General view of the skull and dentition, in the neo-
type SMNS 8203. B: General view and close-up of an isolated mandible SMNS 82043. Abbreviations: as,
apical spalling; rp, reception pits. Scale bars equal 5 cm.
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extant taxa with occlusion patterns similar to those
hypothesized for Dakosaurus (living crocodylians: e.g.,
Schubert and Ungar, 2005).

RESULTS

Macroscopic Wear/Spalling Patterns

Examination of numerous Dakosaurus teeth, both iso-
lated (NHMUK and SMNS specimens) and in situ
(SMNS 8203, SMNS 10819, and SMNS 82043), and of
different size and position, shows that three distinct
types of macroscopic wear features are often present:
spalled enamel near the apex (Fig. 3, as, bt), occlusal
wear along the mesial and distal margins (i.e., along the
carinae; Fig. 3, cw) and a second wear facet at the base
of the crown which is semi-circular (Fig. 3, bf).

Enamel spalling is present on either the labial or lin-
gual surface of numerous isolated teeth, as well as some
in situ teeth (Figs. 2 and 4), and can be extensive
(SMNS 9808; Fig. 3, as). The spalled surfaces are usu-
ally a discrete ovoid or triangular facet, which begins at
the crown apex and proceeds basally. Previous work has
shown that enamel spalling is likely created by impact
between the tooth and a prey item, in the same axis in
which the jaws close (see Schubert and Ungar, 2005).
The teeth of tyrannosaurid dinosaurs, which are similar
in size and shape to those of Dakosaurus, also exhibit
enamel spalling that is interpreted as tooth–food abra-
sion (Schubert and Ungar, 2005). Tyrannosaurids are
unusual among theropod dinosaurs in exhibiting
repeated instances of such spalling, which is likely tied
to their aberrant feeding style in which they used strong
bite forces to break the bones of their prey items—an

Fig. 3. Isolated teeth of Dakosaurus from the SMNS collection showing wear patterns and apical
breakage. Abbreviations: as, apical spalling; bf, basal facet; bt, broken tip; cw, carinal wear. Scale bars
equal 1 cm. Top scale bar for images A–B; bottom scale bar for images C–F. A: SMNS 9808; B–F: SMNS
91425.
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unusually hard substance—during feeding (e.g., Erick-
son et al., 1996; Chin et al., 1998; Rayfield, 2004;
Schubert and Ungar, 2005). Extreme spalling and com-
plete tooth breakage patterns have been observed in
aquatic amniotes such as the extant killer whale Orci-
nus orca (Foote et al., 2009; Ford et al., 2011), the fossil
killer whale Orcinus citoniensis (Fig. 6a) and the false
killer whale Pseudorca crassidens (Nowak, 2003; Fig.
6b). Although studies of larger samples of these teeth
are needed to confirm the ecological association of this
wear, it appears that for some populations of killer
whales this wear pattern is associated with macrophagy,
specifically a specialization in preying on sharks (Ford
et al., 2011).

The second type of macroscopic wear takes the form of
long worn edges along the mesial and distal surfaces of
the teeth (Fig. 3, cw). The mesial/distal macrowear
extends from the apex and terminates at a variable dis-
tance towards the base, and in some isolated crowns the
wear can extend along the entire length of the carinae
(SMNS 9808). In all examples, this type of wear obliter-
ates the carina (keel and denticles). Similar wear facets,
which as in Dakosaurus are elongated, elliptical, and fol-
low the long axis of the tooth, have been observed in

tyrannosaurid dinosaurs and interpreted as representing
tooth-on-tooth attritional wear (Schubert and Ungar,
2005). Additionally, somewhat similar mesial/distal mac-
roscopic wear observed in basal sauropod and
eusauropod dinosaurs is considered to be formed by
tooth–tooth contact via the margins of opposing crowns
shearing one another during jaw closure (Upchurch and
Barrett, 2000; Carballido and Pol, 2010; Saegusa and
Tomida, 2011). However, in a comparative survey of
extant archosaurs (crocodiles) and other reptiles, Schu-
bert and Ungar (2005) found no examples of this type of
wear, suggesting that it is not a usual occurrence. We
hypothesize that these facets in D. maximus were
formed in the same way as hypothesized in theropod
and sauropod dinosaurs: as a result of tooth-on-tooth
occlusion. This suggests that during occlusion the upper
and lower jaw teeth would have met each other mesio-
distally with carinae-to-carinae contact (i.e., the teeth
would have fit in between each other when the jaws
closed). The extant false killer whale also exhibits exten-
sive wear along the mesial and distal tooth margins
(Fig. 6b). This validates the hypothesis that mesial/distal
tooth wear is created by repeated tooth–tooth contact
(Fig. 6).

Fig. 4. Reception pits on the dentigerous bones of Dakosaurus maximus (indicated by arrows). A:
Upper jaw reception pits on the neotype, SMNS 8203; B: upper jaw reception pits on SMNS 10819; C
and D: lower jaw reception pits on SMNS 82043. For scale, refer to Fig. 2.
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The third type of macroscopic wear is present at the
base of the tooth crown, and is semi-circular (Fig. 3, bf).
We hypothesize that this macroscopic wear is formed
during the final phase of occlusion, when the apex from
the opposing tooth comes into contact with the base of
the crown. These wear facets are a by-product of the
tightly packed, and apicobasally elongated, dentition
(see occlusion patterns below).

Two other lines of evidence support the hypothesis
that tooth-to-tooth occlusion formed these latter two
wear facets in Dakosaurus, and argue against the possi-
bility that these surfaces represent taphonomic or
preservational damage.

Microwear Patterns

Enamel thickness in observed specimens shows that,
like many other archosauromorphs (Sander, 1999;
Beatty and Heckert, 2009), Dakosaurus enamel
remained thin despite the large size of the teeth. This

restricts microwear studies largely to the dentine sur-
face. Recent studies have shown that microwear studies
of dentine can be informative (Green, 2009). In the
Dakosaurus tooth analyzed with SEM, the most salient
feature of the apicobasal mesial/distal wear facet is a
regular pattern of apicobasally oriented striations (Fig.
5). This suggests that the events creating the macro-
scopic and microwear patterns were regular in their
direction. Taphonomic abrasion, on the other hand, is
more likely to result in randomly oriented microstria-
tions, as teeth are worked and transported in the
environment. It is possible that these apparent striations
are the result of dentine fracture that has a microstruc-
ture predisposing it to fracture along its longitudinal
axis. However, as these striations are not observed
everywhere dentine is exposed (and presumably would
also be fractured), this would be a more complex and
unlikely interpretation.

The regularity of these striations along the longitudi-
nal axis of the tooth indicates that they were formed by

Fig. 5. Left, SEM of worn carina of Dakosaurus maximus (NHMUK PV-OR-20283) from the Kimmeridge
Clay Formation, Cambridgeshire, UK (AMNH SEM settings 20 kV, WD ¼ 15 mm). Middle, close-up view
of scratches oriented along carina longitudinal axis, with arrow showing average scratch orientation
(AMNH SEM settings 20 kV, WD ¼ 14 mm). Right, same close-up view, with scratches marked.
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vertical forces, most likely occlusal events. Extremely
similar patterns of microscopic wear, in which the stria-
tions are regularly oriented, large, and restricted to the
wear facet itself, have been noted in extant taxa with
repeated tooth-on-tooth shearing occlusion such as lions
(e.g., Schubert et al., 2010), as well as tyrannosaurid
theropods (Schubert and Ungar, 2005). Additionally, sim-
ilar patterns of interdigitating wear can be seen in
living odontocetes (Beatty, personal observation; Fig. 6),

mammals that have an orthal occlusion pattern in which
the teeth of the upper and lower jaws make extensive
contact when the jaws close.

Occlusion Pattern

If the macro- and micro-wear described earlier (other
than the spalled surfaces) was created by tooth-on-tooth
attrition, then the teeth of Dakosaurus must have been

Fig. 6. Close-up on the dentition of two odontocete species. A: The
Pliocene-aged killer whale, Orcinus citoniensis (MGGC-1COC17); note
the extensive apical wear of the teeth crowns and the interdigitating
occlusion. B: The extant false killer whale, Pseudorca crassidens

(AMNH 169488); note the extensive wear on the mesial and distal mar-
gins of the tooth crowns, and the enamel spalling on the labial surface
near the apex. Scale bar is the same for A and B.
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tightly packed and vertically oriented. This would enable
the teeth of the upper and lower jaws to contact one
another mesiodistally along their carinae during occlu-
sion (Fig. 7). Overall, morphological examination of the
skull of Dakosaurus shows that this is indeed the case.

First, the complete and articulated skull and mandible
of Dakosaurus andiniensis exhibits in situ vertical orien-
tation of the tooth crowns, which are so closely packed
that they touch (or nearly touch) when the jaws are in
occlusion (see Pol and Gasparini, 2009). Second, three D.
maximus specimens with dentigerous bones (SMNS
8203, SMNS 10819, and SMNS 82043) exhibit tooth
reception pits on both the upper and lower jaws (Figs. 2
and 4). The presence of reception pits, formed by impres-
sions from the apex of tooth crowns in the opposing
tooth row, is a common trait in crocodylomorphs. How-
ever, their occurrence on both upper and lower jaws is
unusual. For example, the closely related species Geo-
saurus giganteus has reception pits only on the lateral
margin of the dentary, due to a maxillary overbite in
which the laminar and triangular-shaped dentition cre-
ates a scissor-like occlusion pattern (Young and
Andrade, 2009; Andrade et al., 2010). Therefore, the un-
usual presence of reception pits on both jaws in D.
maximus indicates that this species had vertically orien-
tated crowns, which would have repeatedly contacted

the opposing jaw bone during occlusion. It is interesting
to note that a subtle re-alignment of tooth crown posi-
tion and rostrum shape (narrower in Geosaurus than in
Dakosaurus) can lead to functionally different types of
bite. While in Geosaurus the teeth slide pass each other
without direct contact (due to the partial maxillary over-
bite), which is useful in slicing prey, in Dakosaurus the
tighter arrangement of teeth allows serrations to contact
one another and effectively chop meat (and maybe crush
bones, if the similarities in tooth size, form, and wear
with the bone-crushing Tyrannosaurus are indicative of
a similar feeding style: see below).

In summary, although fossil tooth-bearing bones of
Dakosaurus are rare, there is currently an example (D.
andiniensis) showing that in situ teeth of both jaws
were oriented vertically in life and extremely closely
packed, as well as examples (late Kimmeridgian D. max-
imus) with upper and lower reception pits showing that
the teeth were vertically oriented and had apices that
could reach the opposing dentigerous bone during occlu-
sion (Figs. 2 and 4). All of these features are necessary
for tooth–tooth contact in manner we hypothesize.

DISCUSSION

Biting Performance at Wide-Gape

Dakosaurus is a member of the metriorhynchid sub-
clade Tyrannoneustes þ Geosaurini, which are
characterized by the ventral displacement of the dentary
tooth row relative to the jaw joint and an increase in
tooth crown apicobasal length. These adaptations are
considered indicative of wide-gape, or greater optimum
gape, feeders (i.e., feeding on larger-bodied prey than
other metriorhynchids; see Young et al., in press). Biting
performance is known to decrease as gape increases (see
Herring and Herring, 1974; Dumont and Herrel, 2003;
Bourke et al., 2008), and therefore predatory taxa tend
to exhibit adaptations for higher biting performances at
wider gapes (Herring and Herring, 1974). A wider gape
is also necessary for consuming larger prey items. The
Tyrannoneustes þ Geosaurini subclade exhibits three no-
table adaptations that would increase performance
during wide gape biting (see Young et al., in press).
First, muscle force transmission is increased by increas-
ing mechanical advantage of the adductors (by
foreshortening the rostrum: the brevirostrine condition).
Second, the adductor muscle force magnitude is
increased by enlarging muscle cross-sectional area
(increased supratemporal fenestra diameter) and
increasing the adductor muscle attachment site area
(increased supratemporal fossa size). Finally, as we show
in this article, shearing surface area is increased by the
development of high tooth crowns (large apicobasal
length) and sophisticated occlusal patterns. The occlusal
patterns differ greatly among different genera in this
clade. Tyrannoneustes has an in-line locking mechanism
(Young et al., in press), Geosaurus has a maxillary over-
bite and dentition that would have created a scissor-like
double-bladed occlusion (Young and Andrade, 2009;
Andrade et al., 2010), and Dakosaurus had the precise
tooth-to-tooth occlusion pattern that we describe here.

We posit that the carina-to-carina contact between the
upper and lower jaw dentition was an adaptation for
higher biting performance at wide-gape. This is in agree-
ment with other adaptations exhibited by Dakosaurus,

Fig. 7. Diagrammatic reconstruction of the inter-locking shearing
occlusion of Dakosaurus.
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which include the shortest snout of any known metrio-
rhynchid (highest muscle force transmission) and
greatly enlarged supratemporal fenestrae (highest mus-
cle force magntiude; Pol and Gasparini, 2009).
Therefore, this genus possessed the most extreme adap-
tations for increasing biting performance of any
metriorhynchid.

Feeding Ecology

In addition to increased biting performance and a
wider gape, Dakosaurus exhibited adaptations for dis-
membering large-bodied prey. For an aquatic amniote,
this is important because of limitations on the breadth
of the path around the larynx for food as it is being
swallowed, which limits the size of boluses and increases
the risk of asphyxiation or drowning if larger food is con-
sumed (MacLeod et al., 2007; Mignucci-Giannoni et al.,
2009). In whales, the larynx is elevated to form a water-
tight seal with the soft palate, so that air is transmitted
directly to the nasopharynx to avoid drowning while
swallowing (MacLeod, 2007; Reidenberg and Laitman,
2007). This limits the available breadth of the orophar-
ynx, making large food harder to swallow. Therefore,
dental specializations for breaking prey items into
smaller pieces are needed if prey is going to be bigger
than the size of food the predator is able to swallow
whole, and this can be seen to some degree in some ceta-
ceans, such as killer whales (MacLeod et al., 2007) and
false killer whales (Nowak, 2003).

It is unknown whether Dakosaurus had any of these
soft tissue specializations, but its unusual cranial and
dental features—analogous to those in killer whales and
false killer whales—would have been useful in killing
large prey and breaking it into smaller pieces. Biome-
chanical modelling shows that an oreinirostral snout
with a secondary palate (like that in Dakosaurus) is
more resistant to both torsional and bending stresses
than a platyrostral or tubular snout, with oreinirostral
taxa having a better overall mechanical performance in
orthal and twist feeding bites (McHenry et al., 2006;
Rayfield et al., 2007; Rayfield and Milner, 2008). The
Dakosaurus skull would have been further stabilized
against torque through the rostromedial enlargement of
the intratemporal flange (shallow basin at the rostrome-
dial portion of the supratemporal fossae; see Pol and
Gasparini, 2009), as this would have increased the
medial component of the adductor muscle force vectors
(see Buchy, 2008). Indeed, explicit biomechanical model-
ling has shown that the robust skull and wide snout of
Dakosaurus resulted in it having the strongest skull of
any metriorhynchid (Pierce et al., 2009a; Young et al.,
2010).

We hypothesize that the dentition of Dakosaurus
was adapted for dismembering large-bodied prey. The
teeth were large and robust, with serrated carinae; in
fact, Dakosaurus is the only known metriorhynchid to
exhibit macroziphodonty (Fig. 3; Andrade et al., 2010;
Young et al., 2010). Denticulated teeth are more effi-
cient at slicing and cutting and require less energy to
penetrate food, thereby making larger and tougher
organisms more energetically feasible prey items (Fraz-
zetta, 1988; Abler, 1992; Andrade et al., 2010). The
presence of enamel spalling and crown apex breakage,
which we document here (Fig. 3), is another powerful

line of evidence supporting the hypothesis that Dako-
saurus was a predator of large-bodied prey. Recent
work on the killer whale suggests that cusp breakage
patterns may reflect diet better than small amounts of
wear (Foote et al., 2009; Ford et al., 2011). The high
incidence of carinal wear and apex breakage in D.
maximus teeth, and their extensive nature, suggests
that this species had a feeding mechanism capable of
consuming large prey. When compared to other croco-
dylomorphs, including modern crocodylians, this is
unusual. Most have numerous conical teeth in a long
rostrum, ideally suited for raptorial capture of prey
items small enough to swallow. Most non-mammalian
amniotes do not masticate, forcing them to either eat
prey they can swallow whole or to pull off small pieces
of large prey. Small, conical teeth are poorly suited for
the task of consuming large prey, and all of the evi-
dence presented above suggests that Dakosaurus was
extremely well-suited for using its teeth for cutting
small pieces off of large prey items.

On the basis of these lines of evidence, we interpret
Dakosaurus as having a food procurement strategy
analogous to that of killer whales and false killer
whales. Overall, cranial and dental morphology shows
that Dakosaurus was a hypercarnivore and its large
body size would have allowed it to feed on large-bodied
prey (macrophagy). Consistent enamel spalling indi-
cates that Dakosaurus fed on abrasive prey, perhaps
utilizing strong bite forces to break through bone as in
tyrannosaurids (see Erickson and Olson, 1996; Erick-
son et al., 1996; Chin et al., 1998; Meers, 2002;
Rayfield, 2004; Bates and Falkingham, 2012), and
tooth-on-tooth occlusion would have been useful in
breaking down large and/or hard prey items. Biome-
chanical modelling shows that strong bite forces are
indeed plausible in Dakosaurus (Pierce et al., 2009a;
Young et al., 2010), but this hypothesis, that Dakosau-
rus regularly bit through bone, remains to be
supported with bite marked prey bones or bone-filled
coprolites, as has been done for tyrannosaurids (Erick-
son et al., 1996; Chin et al., 1998).

It is possible that some of the characteristic tooth
wear patterns of Dakosaurus, and a similar vertical
interlocking tooth occlusion mechanism, are present in
other large-bodied Mesozoic marine reptiles that fed on
large or abrasive prey, such as mosasaurs, plesiosaurs,
and ichthyosaurs. Our survey of the American Mu-
seum of Natural History’s mosasaur tooth collection (N
¼ 100þ teeth) revealed several instances of apical
spalling but no instances of elongate mesial or distal
wear facets. This suggests that some mosasaurs likely
ate abrasive prey, but that there is currently no evi-
dence for Dakosaurus-like tooth-on-tooth interlocking
occlusion (although several mosasaurs do exhibit verti-
cal tooth occlusion: Konishi et al., 2011, Leblanc et al.,
2012). Given that interlocking vertical occlusion with
mesial/distal wear is limited to Dakosaurus among
metriorhynchids, it may not be surprising that we
have yet to notice it in a mosasaur. We encourage
researchers working on other Mesozoic marine reptile
groups to carefully examine tooth wear and occlusion
patterns, as it is possible that the type of occlusion
seen in Dakosaurus, killer whales, and false killer
whales is more widespread among large marine
tetrapods.

1156 YOUNG ET AL.



CONCLUSIONS

On the basis of overall morphological observation of
cranial bones and teeth and SEM of tooth wear surfaces,
we show that the teeth of the aberrant Mesozoic marine
crocodylomorph Dakosaurus had an unusual occlusion
patterns in which teeth of the upper and lower jaws met
each other, and wore against each other, during bites.
Furthermore, the presence of extensive enamel spalling
and crown breakage suggests that Dakosaurus fed on
abrasive food, such as sharks (scales) or other large ver-
tebrates (bones) (Schubert and Ungar, 2005; Foote et al.,
2009; Ford et al., 2011). These new observations, along
with previous biomechanical modelling of the Dakosau-
rus skull and observations of serration morphology,
strongly indicate that Dakosaurus was an apex predator
specialized to feed on large-bodied prey (macrophagy). In
essence, Dakosaurus may have been a Mesozoic analog
of a killer whale/false killer whale, and also shared den-
tal and cranial features with large theropod dinosaurs
like Tyrannosaurus. By weaving together many dispar-
ate lines of evidence, the paleobiological and dietary
habits of one of the most unusual Mesozoic tetrapods
can be reconstructed in tantalizing detail.
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Jura unter specieller berücksichtigung von Dacosaurus und Geo-
saurus. Paleontographica 49:1–72.

Frazzetta TH. 1988. The mechanics of cutting and the form of shark
teeth (Chondrichthyes, Elasmobranchii). Zoomorphology 108:
93–107.

Gasparini Z, Pol D, Spalletti LA. 2006. An unusualmarine crocodyli-
form from the Jurassic-Cretaceous boundary of Patagonia. Sci-
ence 311:70–73.

Green JL. 2009. Dental microwear in the orthodentine of the Xenar-
thra (Mammalia) and its use in reconstructing the palaeodiet of
extinct taxa: the case study of Nothrotheriops shastensis (Xenar-
thra, Tardigrada, Nothrotheriidae). Zool J Linn Soc 156:201–222.

Herring SW, Herring SE. 1974. The superficial masseter and gape
in mammals. Am Nat 108:561–576.

Hua S, Buffetaut E. 1997. Crocodylia. In: Callaway JM, Nicholls
EL, editors. Ancient marine reptiles. San Diego: Academic Press.

p 357–374.
Konishi T, Brinkman D, Massare JA, Caldwell MW. 2011. New
exceptional specimens of Prognathodon overtoni (Squamata,
Mosasauridae) from the upper Campanian of Alberta, Canada,
and the systematics and ecology of the genus. J Vert Paleontol 31:
1026–1046.

Leblanc ARH, Caldwell MW, Bardet N. 2012. A new mosasaurine
from the Maastrichtian (Upper Cretaceous) phosphates of

TOOTH–TOOTH CONTACT IN MARINE CROCODYLOMORPHS 1157



Morocco and its implications for mosasaurine systematics. J Vert
Paleontol 32:82–104.

McHenry CR, Clausen PD, Daniel WJT, Meers MB, Pendharkar
A. 2006. Biomechanics of the rostrum in crocodilians: a compar-
ative analysis using finite-element modeling. Anat Rec 288:
827–849.

MacLeod CD, Reidenberg JS, Weller M, Santos MB, Herman J,
Goold J, Pierce GJ. 2007. Breaking symmetry: the marine envi-
ronment, prey size, and the evolution of asymmetry in cetacean
skulls. Anat Rec 290:539–545.

Mason JW. 1869. On Dakosaurus from the Kimmeridge Clay of
Shotover Hill. Quart J Geolog Soc 25:218–220.

Meers MB. 2002. Maximum bite force and prey size of Tyrannosau-
rus rex and their relationship to the inference of feeding behav-
iour. Hist Biol 16:1–22.

Mignucci-Giannoni AA, Rosario-Delestre R, Alsina-Guerrero MF-M,
Guzm�an-Ramı́rez L, Williams E, Bossart GD, Reidenberg JS.
2009. Asphyxiation in a bottlenose dolphin (Tursiops truncatus)
from puerto rico due to choking on a black margate (Anisotremus
surinamensis). Aquat Mammals 35:48–54.

Mihlbachler MC, Beatty BL, Caldera-Siu A, Chan D, Lee R. 2012.
Error rates and observer bias in dental microwear analysis using
light microscopy. Palaeontologia Electronica 15.X.XXA

Nowak RM. 2003. Walker’s marine mammals of the World. Balti-
more: Johns Hopkins University Press. 264 p.

Ogg JG, Ogg G, Gradstein FM. 2008. The concise geologic time
scale. Cambridge: Cambridge University Press. 184 pp.

Pickles MJ. 2006. Tooth wear. In: Duckworth RM, editor. The teeth
and their environment. Vol. 19. Basel: Karger. p 86–104.

Pierce SE, Angielczyk KD, Rayfield EJ. 2009a. Shape and
mechanics in thalattosuchian (Crocodylomorpha) skulls: implica-
tions for feeding behaviour and niche partitioning. J Anat 215:
555–576.

Pierce SE, Angielczyk KD, Rayfield EJ. 2009b. Morphospace occu-
pation in thalattosuchian crocodylomorphs: skull shape variation,
species delineation, and temporal patterns. Palaeontology 52:
1057–1097.

Pol D. 2003. New remains of Sphagesaurus (Crocodylomorpha: Mes-
oeucrocodylia) from the upper cretaceous of Brazil. J Vert Paleon-
tol 23:817–831.

Pol D, Gasparini ZB. 2009. Skull anatomy of Dakosaurus andinien-
sis (Thalattosuchia: Crocodylomorpha) and the phylogenetic posi-
tion of Thalattosuchia. J Sys Palaeontol 7:163–197.

Purnell MA. 1995. Microwear on conodont elements and macro-
phagy in the first vertebrates. Nature 374:798–800.

Rayfield EJ. 2004. Cranial mechanics and feeding in Tyrannosaurus
rex. Proc Biol Sci 271:1451–1459.

Rayfield EJ, Milner AC, Bui Xuan V, Young PG. 2007. Functional
morphology of spinosaur ‘‘crocodile-mimic’’ dinosaurs. J Vert Pale-
ontol 27:892–901.

Rayfield EJ, Milner AC. 2008. Establishing a framework for archo-
saurs cranial mechanics. Paleobiology 34:494–515.

Reidenberg JS, Laitman JT 2007. Discovery of a low frequency
sound source in Mysticeti (baleen whales): anatomical establish-
ment of a vocal fold homolog. Anat Rec 290:745–759.

Rybczynski N, Reisz RR. 2001. Earliest evidence for efficient oral
processing in a terrestrial herbivore. Nature 411:684–687.

Saegusa H, Tomida Y. 2011. Titanosauriform teeth from the Creta-
ceous of Japan. Anais da Academia Brasileira de Ciências 83:
247–265.

Sander PM. 1999. The microstructure of reptilian tooth enamel: ter-
minology, function, and phylogeny. Munchner Geowissenschaft-
liche Abhandlungen 38:1–102.

Schubert BW, Ungar PS. 2005. Wear facets and enamel spalling in
tyrannosaurid dinosaurs. Acta Palaeontologica Polonica 50:93–99.

Schubert BW, Ungar PS, DeSantis LRG. 2010. Carnassial micro-
wear and dietary behaviour in large carnivorans. J Zool 280:
257–263.

Thewissen JGM, Sensor JD, Clementz MT, Bajpai S. 2011. Evolu-
tion of dental wear and diet during the origin of whales. Paleobi-
ology 37:655–669.

Upchurch P, Barrett PM. 2000. The evolution of sauropod feeding
mechanisms. In: Sues H-D, editor. Evolution of herbivory in ter-
restrial vertebrates: perspectives from the fossil record. Cam-
bridge: Cambridge University Press. p 79–122.

Varriale F. 2011. Dental microwear and the evolution of chewing in
Ceratopsian Dinosaurs. J Vert Paleontol 209.

Werth AJ, Beatty BL, Pyenson ND. 2007. Do odontocetes masticate?
Investigating evidence from tooth wear, homodonty and enamel
microstructure. J Vertebr Paleontology 27 (Suppl 3):165A.

Whitlock JA. 2011. Inferences of diplodocoid (Sauropoda: Dinosau-
ria) feeding behavior from snout shape and microwear analyses.
PLoS ONE 6:e18304.

Williams VS, Barrett PM, Purnell MA. 2009. Quantitative analysis
of dental microwear in hadrosaurid dinosaurs, and the implica-
tions for hypotheses of jaw mechanics and feeding. Proc Natl
Acad Sci USA 106:11194–11199.

Young MT, Andrade MB. 2009. What is Geosaurus? Redescription of
Geosaurus giganteus (Thalattosuchia: Metriorhynchidae) from the
Upper Jurassic of Bayern, Germany. Zool J Linn Soc 157:
551–585.

Young MT, Andrade MB, Brusatte SL, Sakamoto M, Liston J. In
press. The oldest known metriorhynchid super-predator: a new
genus and species from the Middle Jurassic of England, with
implications for serration and mandibular evolution in predacious
clades. J Sys Palaeontol.

Young MT, Bell MA, Brusatte SL. 2011. Craniofacial form and func-
tion in Metriorhynchidae (Crocodylomorpha: Thalattosuchia):
modelling phenotypic evolution with maximum likelihood meth-
ods. Biol Lett 7:913–916.

Young MT, Brusatte SL, Ruta M, Andrade MB. 2010. The evolution
of Metriorhynchoidea (Mesoeucrocodylia, Thalattosuchia): an inte-
grated approach using geometrics morphometrics, analysis of dis-
parity and biomechanics. Zool J Linn Soc 158:801–859.

1158 YOUNG ET AL.


