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New light on the trophic ecology of Carcharodon hastalis
from teeth embedded in Miocene cetacean vertebrae from
Calvert Cliffs in Maryland, USA
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Recent isotopic analyses of the teeth of the extinct lamnid Carcharodon hastalis showed that it fed at a comparable
trophic level as was the fossil and modern great white shark, Carcharodon carcharias. Although there are many exam-
ples of shark bite marks on marine mammal bones, there have not been any publications documenting the presence
of C. hastalis teeth embedded in the bones of marine mammals. Here we report on the first C. hastalis teeth found
embedded in vertebrae of two Miocene cetaceans. These teeth represent unequivocal evidence of trophic interactions
between this shark and cetaceans. It is not known if these interactions were the result of active predation or scavenging.
These embedded C. hastalis teeth offer supporting evidence to the aforementioned isotopic findings. The finding of
C. hastalis teeth embedded in cetacean vertebrae demonstrate that in the Carcharodon lineage, serrated teeth were not
a prerequisite to feeding on marine mammals. Carcharodon hastalis may have fed on marine mammals for millions
of years prior to the evolution of lightly serrated teeth in its chronospecific descendent, Carcharodon hubbelli. The
behavioral adaptation to mammalophagy in the Carcharodon lineage, regardless as to how inefficient it might have
been without serrated teeth, appears to have occurred for millions of years prior to the evolution of fully serrated teeth
in Carcharodon carcharias. That feeding behavior may well have given natural selection sufficient time to develop
and hone the serrated teeth now seen in extant great white sharks (C. carcharias). Given that competition for high
trophic resources between the Carcharodon and Otodus lineages seemingly existed for millions of years prior to the
extinction of Otodus megalodon, it seems that competition alone is likely not the only explanation for why O. mega-
lodon went extinct.
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Introduction

Recent analyses of zinc and nitrogen isotopes in fossil and
extant sharks have revealed some interesting trophic pat-
terns, especially among apex predators in the Carcharodon
and Otodus lineages (Kast et al. 2022; McCormack et al.
2022). Zinc isotopes showed overlapping trophic positions
for Carcharodon hastalis Agassiz, 1843, and Carcharodon
carcharias (Linnaeus, 1758), indicating that both species
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were feeding on high-trophic level prey (e.g., cetaceans),
despite differences in their dental morphology (McCormack
et al. 2022). Similarly, nitrogen isotopes showed that, during
the Miocene, C. hastalis was feeding at a comparable tro-
phic level to Pliocene and modern C. carcharias, however,
in the early Pliocene, C. hastalis had a lower trophic po-
sition indicative of greater emphasis on piscivory (Kast et
al. 2022). These discoveries offer insight into the evolution
of the Carcharodon lineage, as well as the extinction of
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Fig. 1. A. Map of southern Maryland showing locations along Calvert Cliffs (black dots) where the
two Carcharodon hastalis tooth-embedded cetacean vertebrae were found. Modified from Vogt et al.
2018. B. Satellite image of the south-eastern quadrant of North America indicating the location of
southern Maryland (USA) and Calvert Cliffs along the western shore of Chesapeake Bay.
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C. hastalis and Otodus megalodon (Agassiz, 1835). Many re-
searchers have proposed that competition between C. carch-
arias and O. megalodon was likely a contributing factor to
the extinction of O. megalodon (e.g., Pimiento et al. 2016;
Boessenecker et al. 2019; Shimada et al. 2025); however, the
fossil record and isotopic data indicate that competition be-
tween these lineages predates the evolution of C. carcharias.

Previous studies have offered some evidence for the di-
etary preferences of C. hastalis, indicating both piscivory
and mammalophagy (e.g., Takakuwa 2014; Collareta et al.
2017). The dietary differences observed in C. hastalis may
reflect an ontogenetic shift in diet, geographic variability
in diet, and/or temporal variability in diet. Collareta et al.
(2017) described compelling evidence that, as juveniles, C.
hastalis were at a minimum feeding on fish based on gut
contents preserved in a partial skeleton of C. hastalis from
Peru. That juvenile C. hastalis were piscivorous comes as
no surprise, given that they share similar tooth-shape and
dietary ontogenetic shifts (e.g., changes in trophic level from
mesopredator to apex predator) as in extant C. carcharias
(Estrada et al. 2006; Kim et al. 2012).

For adult C. hastalis to have zinc and nitrogen isotopic
values within the range of those of fossil and extant C. carch-
arias, it would have had to consume organisms high on the
trophic scale like marine mammals, either by active preda-
tion or, at a minimum, by regular scavenging. Although there
are publications that implicate, by the presence of associated
teeth and bite marks, the consumption of marine mammals
by members of Carcharodon (Cigala Fulgosi 1990; Bianucci
etal. 2000, 2010; Aguilera et al. 2008; Ehret et al. 2009, 2012;
Govender and Chinsamy 2013), there is only one study in
which a large number of C. hastalis teeth were found asso-
ciated with a balaenopterid whale skeleton from the Upper
Miocene Pisco Formation of Peru, strongly suggesting that
it was at a minimum scavenging the whale (Takakuwa 2014).

Hitherto, there are no publications in which teeth of
C. hastalis have been found embedded in the fossilized
remains of a marine mammal, offering undeniable evidence
of mammalophagy. Here we report on the first C. hastalis
teeth found embedded in two vertebrae from Miocene ceta-
ceans found along Calvert Cliffs, Maryland, USA (Fig. 1).
These embedded C. hastalis teeth represent unequivocal
evidence of trophic interactions between this Miocene shark
and cetaceans. However, it is not known if the interactions
represent active predation or scavenging. Either way, these
specimens show that serrated teeth were not a prerequisite
for feeding on marine mammals, and that competition be-
tween C. hastalis and O. megalodon quite likely existed well
before the evolution of C. carcharias.

Institutional abbreviations—CMM-V-, Vertebrate Pale-
ontology Collection at the Maryland State Paleontology
Collection and Research Center, Calvert Marine Museum,
Solomons, Maryland, USA.

Other abbreviations—Ma, mega annum; SZ, Shattuck-
Zones (the informal lithologic zones of Shattuck 1904).

Material and methods

Micro-Computed Tomography (u-CT) on CMM-V-11947
was performed at the Johns Hopkins University Materials
Characterization and Processing facility. The 2D projection
images or radiographs were acquired with a RX Solutions
Easy Tom 150/160 p-CT, using a fixed X-ray system and a
rotating sample stage. The X-ray tube voltage was 50KV,
and 1440 projections were collected during 360° of rotation.
Each projection was produced by averaging 4 frames to re-
duce random noise. Voxel size was 30.38 um.

The renderings of the u-CT data for CMM-V-11947 in
Fig. 2B were generated by importing individual image planes
from the scan into syGlass virtual reality (VR) software
(www.syGlass.io). These 2D image planes were automati-
cally stacked to form a 3D image volume and were rendered
in VR using the syGlass direct volume rendering engine. This
technique samples the image volume along rays originating
from each pixel in the resulting image, applying a transfer
function to determine how each sample should affect the
result. Windowing and contrast adjustments were made to
more clearly represent the boundaries between the embedded
tooth structure and the penetrated vertebra, allowing length
measurements to be acquired along the tooth. VR controllers
were used to place an oblique clipping plane passing through
the center of the tooth structure where these measurements
were acquired. The 3D stereoscopic rendering allowed for
rapid exploration and deeper understanding of both the inter-
nal composition of the vertebra and its relationship with the
penetrating tooth.

To highlight detail and improve contrast, CMM-V-11947
was whitened (i.e., very lightly dusted) with sublimed am-
monium chloride (a whitening technique described by
Cooper 1935 and Feldman 1989). After the specimen was
photographed with a Nikon CoolPix P510 camera under
fluorescent light, the ammonium chloride was removed by
holding CMM-V-11947 under running water (Shelburne and
Thompson 2016). A freshwater rince is essential to ensure
that hydrochloric acid does not form from any residual am-
monium chloride and damage the fossil. The images were
edited in Adobe Photoshop ® and the figures were compiled
in Adobe Illustrator ®.

Results

CMM-V-11947 (Fig. 2) was collected, as float on the beach
south of Camp Roosevelt (Fig. 1), Calvert County, Maryland,
USA. The specimen was found at approximately N 38°37’
55.517, W 76°31°01.81”. Although the specimen was not
found in situ in the cliffs immediately adjacent to the beach,
there is no reason to think that CMM-V-11947 did not origi-
nate from within the vicinal Miocene-age sediments. At that
point along Calvert Cliffs, the only Miocene sediments are
those from the Plum Point Member of the Calvert Formation
(Kidwell et al. 2015; Vogt et al. 2018: fig. 1.12). The sed-
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Fig. 2. CMM-V-11947, a small odontocete mammal vertebra in which is embedded a lower anterior tooth of the Miocene lamnid shark, Carcharodon
hastalis Agassiz, 1843, Calvert Cliffs, USA, Miocene Calvert Formation. The neural arch, transverse processes, and both epiphyses were not preserved.
The embedded C. hastalis tooth is seen protruding from the lower quadrant of the centrum. Vertebra in a left lateral (A ), posterior (A,), and posteroven-
tral (Aj) views, oblique anteroventral view from the left (A4). B. p-CT-scan x-ray image through the vertebra at the level of the embedded C. hastalis
tooth (B,). Image with the C. hastalis tooth outlined in yellow (B,). The specimen was very lightly dusted with sublimed ammonium chloride to improve
contrast and highlight detail.

iments comprising this section of the cliffs range in age
from approximately 18—14 Ma (Perez et al. 2019: fig. 1). The
very top of the cliff includes “upland deposits” or “upland
gravels” present throughout southern Maryland (Hack 1955;
Schlee 1957) of uncertain (possibly Pleistocene) age, from
which no fossil has ever been confirmed to have been found
in situ. CMM-V-11947 is consistent with its derivation from
the Calvert Formation. Carcharodon hastalis is known to
occur throughout the three Miocene formations that com-
prise Calvert Cliffs (Calvert, Choptank, and St. Marys for-
mations in ascending order) (Kent 2018).

It is not known how long the vertebra was on the beach,
from the time it eroded from the adjacent cliff until it was
found. Consequently, we do not know to what extent its pres-
ent state of preservation reflects postmortem taphonomic
processes vs. time spent on the beach, potentially being tum-
bled about in the surf of the modern Chesapeake Bay.

The small odontocete vertebra (CMM-V-11947) is in-
complete (Fig. 2). Most of the centrum is preserved, less
the epiphyses, however, the neural arch and the transverse
processes are for the most part also missing. The centrum is

37 mm long and 30.5 mm high. The anterior and posterior
articular faces of the vertebra preserve radially oriented
ridges of bone indicative that the epiphyses were, at the time
of death, not fused to the centrum and not preserved. The
neural canal is approximately 15 mm wide at its base. The
dorsoventrally thickened bases of the transverse processes
originate from the lower half of the centrum. These bases
extend for nearly the full length of the centrum. The ven-
tral-most surface of the centrum does not preserve the thin
outer layer of cortical compact bone.

The C. hastalis partial tooth is preserved in the lower
posterior quadrant of the centrum (Fig. 2). The exposed and
broken proximal end of the tooth is conspicuously fractured
and ragged. The exposed sharp cutting edges of the tooth are
devoid of serrations. The p-CT images (Fig. 2B) show that
the pointed crown of the tooth penetrated the centrum to a
depth of 13.4 mm.

CMM-V-4573 (Fig. 3) consists of an isolated cetacean
vertebra that was recovered in situ from SZ 15 (Plum Point
Member of the Calvert Formation) in the second cliff south
of Parkers Creek (Warriors’ Rest, Calvert Cliffs, Calvert
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Fig. 3. A. CMM-V-4573, most of a cetacean lumbar vertebra from which the top of the neural spine is missing, from Calvert Cliffs, USA, Miocene Calvert
Formation. A|, vertebra in right lateral view, the tip of the black arrow is pointing to the location of the embedded apex of a lamnid shark Carcharodon
hastalis Agassiz, 1843, tooth. A,, anterior view. B. Broken end of the C. hastalis tooth showing its smooth cutting edge. B, an oblique anteromedial view.
B,, magnified view of the embedded tooth showing its biconvex cross-sectional shape.

County, Maryland, USA, Fig. 1). Approximate GPS coordi-
nates are: N38° 31° 59.91”, W76° 31’ 01.34”. Along Calvert
Cliffs, SZ 15 is approximately 14 Ma (Perez et al. 2019: fig. 1).

The vertebra is mostly complete, lacking only the top of
the neural spine and small portions of the distal-most ends
of the transverse processes. Both epiphyses are complete
and the epiphyseal sutures are obliterated, indicating that
this was a mature individual. The centrum is 146 mm long
and the vertebra has a maximum width across the transverse
processes of 387 mm. The maximum horizontal diameter of
the anterior epiphysis is 119 mm.

The embedded C. hastalis partial tooth is located on
the right side of the vertebra where the upper surface of the
transverse process meets the centrum (Fig. 3). From that
portion of the tooth that is protruding from the vertebra, the
sharp cutting edge of the tooth is seen to be without serra-
tions (Fig. 3B,). The cross-sectional shape of the tooth is len-

ticular (Fig. 3B,). The size, shape, and lack of serrations on
the embedded tooth matches that of lower anterior or lateral
teeth in C. hastalis (Kent 2018: fig. 2.11).

Discussion

Identity of the cetacean.—Vertebra CMM-V-11947 (Fig. 2),
belongs to a small odontocete based on the following com-
bination of features; its small size, it is amphiplatyan, there
is only a very thin outer layer of cortical bone (much of
which was not preserved), and the trabecular bone compris-
ing most of the centrum consists of uniformly low-density
bone. The vertebra is thought to be from the lumbar region
because in anterior or posterior view (Fig. 2A,), the out-
line of the centrum approximates a pentagon (Godfrey and
Lambert 2023: fig. 2.39F). The top side of the pentagon is
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formed by the horizontal surface between the broken base of
the neural spine. The other four sides of the pentagon angle
ventrolaterally or dorsolaterally (two upper and two lower
respectively) forming the dorsal and ventral surfaces of the
incompletely preserved transverse processes. That the bases
of the transverse processes are low on the centrum is also
characteristic of vertebrae in the lumbar series. There are
no articular facets suggesting that this vertebra held haemal
arches. However, the centrum is still too poorly preserved to
attempt a more specific identification.

From its size and shape, CMM-V-4573 (Fig. 3) is prob-
ably mysticete in origin; being too large to have come
from one of the Calvert odontocetes (Godfrey and Lambert
2023), with the exception of Squalodon whitmorei (Dooley
2005: table 4), although the vertebrae of the physeteroid
Orycterocetus crocodilinus Cope, 1867, are not yet known
(Kellogg 1965). Of the mysticetes known from the Calvert
Formation for which lumbar vertebrae are also known (these
include Parietobalaena palmeri Kellogg, 1924, Pelocetus
calvertensis Kellogg, 1965, Diorocetus hiatus Kellogg, 1968,
and Atlantocetus patulus (Kellogg, 1968), CMM-V-4573 is
most like those of Atlantocetus patulus (Kellogg 1968b:
pl. 63: 2, 3, 5, 6), in that their transverse processes slant
ventrally. However, since most Miocene mysticete lumbar
vertebrae are seemingly so conservative morphologically,
we do not make this taxonomic assignment with great con-
fidence. A single vertebra is not sufficient basis, in this situ-
ation, on which to make a definitive taxonomic assignment
beyond cetacean.

Identity of the shark teeth.—The embedded teeth preserve
several features that confirm their identity as representative
of the Neogene lamnid shark, Carcharodon hastalis, includ-
ing their overall size and symmetry, cutting edge lacking
serrations, biconvex cross-section, and osteodont histotype
(Kent 2018). The elongate narrow crown of CMM-V-11947
(Fig. 2) is undoubtedly a lower anterior tooth, based on
comparisons with associated dentitions of C. hastalis
(Kent 2018; Perez et al. 2021: fig. SA). The tooth position
of CMM-V-4573 within its originating jaw is less certain,
given that a smaller portion of the tooth is visible; however,
it seems likely that it also represents a lower tooth based
on the cross-sectional shape of the crown and its position
within the cetacean vertebra.

It is worth noting that there are two other known Neogene
lamnid species that occur in these deposits, with somewhat
similar, non-serrated dental morphologies: Isurus oxyrin-
chus Rafinesque, 1810, and Isurus retroflexus Agassiz, 1843,
(Kent 2018). However, in comparison to C. hastalis, the
crowns of Isurus oxyrinchus teeth are generally less robust
and narrower, exhibiting greater asymmetry and labio-lin-
gual recurvature. Likewise, in comparison to C. hastalis, the
crowns of Isurus retroflexus teeth are more labio-lingually
compressed. Other morphological differences are present
between these species, but they are irrelevant to this study
due to the fragmentary nature of the embedded teeth.
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The size and cross-sectional shape of the embedded teeth
also differs sufficiently from those of Parotodus bened-
eni Le Hon, 1871, to preclude their origin from that rare
otodontid. While the embedded teeth are fragmentary and
significant portions are obscured within the vertebrae, the
portions preserved correspond best with C. hastalis based
on our qualitative observations.

Ecological and macroevolutionary insights.—Within
chondrichthyans, historically, distinct tooth morphologies
have been used to infer prey preferences. In general, sharks
that engage predominantly in piscivory have teeth that are
slender and elongated, with smooth cutting edges (grasp-
ing-type teeth), whereas most generalist and macropreda-
tory sharks have teeth that are broadly triangular and flat,
with complete cutting edges that are often serrated (Moss
1977; Frazzetta 1988; Kent 1994; Whitenack and Motta
2010; Whitenack et al. 2011; Cappetta 2012; Corn et al.
2016; Huber et al. 2019; Perez 2022). Carcharodon hastalis
somewhat blurs the distinction by possessing a dignathic
heterodont dentition, with slender and elongate lower teeth
(grasping-type teeth) and broadly triangular, flat upper
teeth with complete, unserrated cutting edges (cutting-type
teeth). Perez (2022) attributed this combination of dental
morphologies to the grasping-cutting type dentition, with a
corresponding generalist dietary behavior “capable of active
predation and scavenging on a wide variety of prey”.

Despite this, due to the lack of serrated teeth, it has gen-
erally been assumed that marine mammals were not the
primary prey items for C. hastalis. In fact, Ehret et al. (2012:
1150) described C. hastalis as piscivorous. Collareta et al.
(2017) offered additional support for this describing the ar-
ticulated partial remains of a juvenile extinct lamnid shark
Carcharodon (their Cosmopolitodus) hastalis. Remarkably,
remains of fish (a pilchard identified as Sardinops sp. cf. S.
sagax Jenyns, 1842) were found in the abdominal region of
the shark. Based on the location, individual proximity, and
orientation of preservation of the fish remains, Collareta et
al. (2017: fig. 2) interpreted them as the fossilized stomach
contents of the shark. Their conclusions were compelling
and piscivory was demonstrated for the first time in the
fossil record in a juvenile C. hastalis. Additional support for
their conclusions comes from the preference for piscivory
in immature individuals of extant lamniform sharks (like
Carcharodon carcharias and Isurus oxyrinchus). Therefore,
at least as juveniles, C. hastalis were evidently and not sur-
prisingly feeding on fish, just like their presumed descen-
dant, C. carcharias. The default expectation would be that,
at least as juveniles, C. hastalis were piscivorous; however,
the question remains whether this dietary preference was
maintained into adulthood, or if C. hastalis shared a similar
ontogenetic shift in dietary preference to the inclusion of
marine mammals as in the extant C. carcharias and Isurus
oxyrinchus (Castro 2011).

Multiple cases of fossil cetacean bones with tooth marks,
presumably made by C. hastalis, are now known, adding to
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the growing body of taphonomic insights suggesting wide-
spread mammalophagy in C. hastalis (Bianucci et al. 2010,
2018; Takakuwa 2014; Bosio et al. 2021; Godfrey and Lowry
2021) prior to the evolution of serrated teeth in C. carch-
arias. To which are added the nitrogen and zinc isotopic
values in C. hastalis indicating their relatively high trophic
feeding level (Kast et al. 2022; McCormack et al. 2022), and
now the presence of C. hastalis teeth embedded in cetacean
vertebrae. Consequently, this offers relatively strong support
for an ontogenetic dietary shift in C. hastalis from possi-
bly exclusive piscivory, to piscivory and at least some mea-
sure of marine mammalophagy. Although most researchers
would likely agree that C. hastalis was capable of feeding
on marine mammals, there is likely no consensus as to the
degree to which mammals contributed to their regular diet.
Not even C. carcharias is exclusively mammalophagous. It
remains a generalist predator also feeding on, for example,
cephalopods, elasmobranchs, and other fishes (Pethybridge
et al. 2014). However, the nitrogen and zinc isotopic analyses
show that, during the Miocene, C. hastalis was high on the
trophic ladder, with values comparable to that of both fossil
and extant C. carcharias (Kast et al. 2022; McCormack et al.
2022). Thus, C. hastalis and C. carcharias likely shared sim-
ilar dietary compositions, despite the acquisition of serrated
teeth in C. carcharias. The fact that C. hastalis nitrogen
isotopic values decreased during the Pliocene may indicate
that competition with C. carcharias forced C. hastalis to rely
more on piscivory (Kast et al. 2022), eventually leading to
their extinction as the higher ecological niche was replaced
and more firmly occupied by C. carcharias.

That Miocene C. hastalis were feeding on marine mam-
mals indicates that the behavior to consume marine mam-
mals long preceded the acquisition of serrated teeth. No
matter how inefficient it might have been for C. hastalis
to feed on cetaceans without serrated teeth, by so doing for
millions of years, arguably enabled natural selection to shape
and hone, at first the lightly serrated teeth of Carcharodon
hubbelli Ehret, MacFadden, Jones, Devries, Foster, & Salas-
Gismondi, 2012, and then transforming those into the fully
serrated teeth of C. carcharias. The behavioral adaptation
of mammalophagy preceded the morphological tooth adap-
tation/transformation, but the behavioral component of this
long-term evolutionary adaptation allowed for directional se-
lection of presumably an ever more efficient lightly serrated
(i.e., C. hubbelli), then boldly serrated tooth (i.e., C. carcha-
rias) in this macropredatory lineage.

It is well known that the diet of C. carcharias changes as
it matures (Estrada et al. 2006; Kim et al. 2012; Le Croizier
2024). Young great whites feed predominantly on fish.
However, as they mature, they variably but increasingly hunt
and/or scavenge a greater diversity of prey including marine
mammals (seals, sea lions, whales, and dolphins). The bit-
ten cetacean vertebrae described herein now indicate that
the diet of C. hastalis, at least occasionally, also changed
or diversified during ontogeny to include cetaceans, all in
the absence of serrated teeth. Likewise, a partial tooth of C.

hubbelli was found embedded in a mysticete whale mandible
from the Upper Miocene of Peru, thus providing direct evi-
dence that they too as adults were taking marine mammals as
prey as early as c. 6.5 Ma (Ehret et al. 2009, 2012). Therefore,
the ontogenetic dietary shift from piscivory to marine mam-
malophagy within the Carcharodon lineage has been going
on for at least 14 million years and perhaps longer (based on
the age of the two Miocene vertebrae described herein).

The dietary habits of the extant shortfin mako, Isurus
oxyrinchus, offer additional evidence that serrations are not
a prerequisite for feeding on marine mammals. While the
dental morphology of 1. oxyrinchus teeth is suggestive of
piscivory, previous studies of stomach contents have docu-
mented a wide range of prey items, including crustaceans,
cephalopods, teleost fish, other elasmobranchs, sea turtles,
sea birds, and cetaceans (e.g., Castro 2011; Calle-Moran et
al. 2023; Velasco-Tarelo et al. 2024). For most individuals,
squid and fish comprise most of their diet, but variation
exists geographically, across sexes, and through ontogeny.
Feeding on marine mammals seems to be restricted to the
larger individuals or as rare instances of opportunistic scav-
enging by smaller individuals. Furthermore, C. hastalis was
larger in body size than contemporary mako sharks (1. oxy-
rinchus and I retroflexus), which might have facilitated
pre-serration mammalophagy.

It has been suggested that the evolution of C. carcha-
rias contributed to the demise of O. megalodon during the
Pliocene (~3.6 Ma) because of increased competition for the
limited resource of marine mammals (Boessenecker et al.
2019; Shimadaetal. 2025). However, based on CMM-V-11947
(Fig. 2) and CMM-V-4573 (Fig. 3), competition between the
Carcharodon and Otodus lineages could have existed well
before the Pliocene. Pimiento et al. (2016) proposed that
0. megalodon’s path to extinction began in the Miocene based
on an apparent decline in the total abundance of O. megal-
odon teeth found globally. Further, while the nitrogen isoto-
pic values of C. hastalis decreased during the Pliocene, these
values actually increased slightly from the Miocene to the
Pliocene in O. megalodon (Kast et al. 2022). This indicates
that O. megalodon maintained its uniquely high trophic posi-
tion, despite potential competition with C. carcharias. Thus,
while competition with the Carcharodon lineage still may
have been a contributing factor to the extinction of O. meg-
alodon, perhaps the abiotic and other biotic factors such as
range fragmentation, a cooling global climate, or a decline in
cetacean diversity, played a larger (or synergistic) role in the
ultimate demise of O. megalodon.

Concluding remarks

This is the first report of teeth from the Miocene lamnid
shark, Carcharodon hastalis, embedded in the bones of
marine mammals, specifically cetaceans. It confirms that
C. hastalis was, at least as adults, feeding on marine mam-
mals. This direct fossil evidence corroborates recent isoto-
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pic findings that C. hastalis was feeding relatively high on
the trophic scale, comparable to fossil and modern C. carch-
arias. Furthermore, the ontogenetic dietary shift from pi-
scivory to marine mammalophagy within the Carcharodon
lineage has been going on for at least 14 million years and
perhaps longer. Thus, mammalophagy in the Carcharodon
lineage predates the evolution of serrated teeth. The behav-
ioral adaptation to mammalophagy in this shark lineage
gave natural selection millions of years in which to de-
velop and hone the serrated teeth now seen in extant great
white sharks. This also implies that competition between
the Carcharodon and Otodus lineages likely occurred for
millions of years before the eventual extinction of C. hasta-
lis and the Otodus lineage, so perhaps competition between
these lineages was not the primary driving factor in the
ultimate demise of O. megalodon.

Editor: Eli Amson.
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