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Abstract: Evidence of trophic interactions between sharks and cetaceans is rather
widespread in the fossil record, consisting as it does of tooth marks on bones and rarer teeth
or tooth fragments embedded in (or associated with) skeletal remains. Here, we reappraise
a partial mysticete (baleen whale) forelimb that was collected more than a century ago
from Pliocene deposits exposed at the celebrated fossil locality of Orciano Pisano (Tuscany,
central Italy). This specimen, which is revealed to originate from an early juvenile individ-
ual, features shark tooth marks on both the humerus and radius. Whether these traces are
due to active predation or to scavenging cannot be ascertained. During the Pliocene, the
Mediterranean Basin was inhabited by a diverse elasmobranch fauna, including a number
of mammal-eating forms that no longer inhabit the Mediterranean Sea (e.g., Galeocerdo
and some Carcharhinus spp. as well as the extinct Parotodus). Early juvenile mysticetes were
also likely more common than today in the Pliocene Mediterranean Sea, which may have
contained balaenid and balaenopterid calving grounds, thus providing the Mediterranean
mammal-eating sharks with vulnerable, energetically valuable potential prey items. Thus,
our results evoke a kind of trophic interaction that was likely common and ecologically
relevant in the Pliocene Mediterranean Sea.

Keywords: tooth marks; forelimb; mammal-eating sharks; Mysticeti; palaeoecology;
taphonomy; Tuscany

1. Introduction
Several shark species in different orders, including Lamniformes, Carcharhiniformes

and Hexanchiformes, are well-known as predators of echolocating toothed whales (Cetacea:
Odontoceti) [1–5]. In turn, the literature documenting shark predation on baleen whales
(Cetacea: Mysticeti) is comparatively scarce. Most trophic interactions between sharks
and mysticetes involve scavenging on carcasses rather than active predation, and it is
widely recognized that several shark species include significant amounts of large whale
carrion in their diet [2,6–15]. Predation by sharks on mysticetes is known from a limited
number of cases, mostly at the expense of abandoned, ill, or entangled calves and early
juveniles [16–20], although opportunistic predation on debilitated adults has also been
reported [15,17,18,20]. The prevalence of attacks on young mysticetes is due to their being
a very valuable food source as well as one that is much more vulnerable to predation
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than the larger-sized adults [18]. Indeed, the larger the prey, the higher the probabilities
that predation will not succeed and/or that the predator itself will be injured in the
making [20–22].

In the fossil record, the evidence of trophic interaction between sharks and cetaceans
(including both toothed and baleen whales) conforms to four different typologies: (i) the
occurrence of shark tooth marks on cetacean bones; (ii) the observation of shark teeth or
tooth fragments embedded into cetacean bones; (iii) the close association between shark
teeth and cetacean bones; and (iv) the co-occurrence of shark teeth and cetacean bones
within the same stratal package [23]. Although such occurrences—and especially those
belonging to the most informative typologies (i) and (ii)—are widely documented [22–33],
distinguishing between active predation and scavenging is typically challenging when
dealing with fossil remains [34], though some remarkable exceptions exist [22,35,36].

Our aim here is to report on shark tooth marks occurring on a partial mysticete
forelimb that was described more than a century ago from the celebrated Italian Pliocene
locality of Orciano Pisano. The case is made for this specimen to provide evidence for
trophic interactions between a shark and an early juvenile mysticete in the fossil record. By
doing so, we further support the notion that significant palaeoecological information can
sometimes be retrieved from the taphonomic reappraisal of historic fossil finds, which is in
good agreement with recent works on the subject [35,37–39].

2. Geological Background
The historic palaeontological locality of Orciano Pisano (Pisa Province, Tuscany, central

Italy) takes its place in the Tora–Fine Basin, which extends between the Livorno hills to
the West and the Castellina hills to the East (Figure 1a). The sedimentary fill of this
basin ranges chronostratigraphically between the Upper Miocene (Tortonian) and the
Lower Pleistocene, with most outcrops being Pliocene in age [40–44]. Such outcrops
commonly expose the Pliocene Argille Azzurre Formation [42,45], which in turn includes a
lower and an upper stratal package, the former being especially fossiliferous [45–47]. The
palaeoenvironmental setting was reconstructed as an open shelf, characterized by a muddy
seafloor and punctuated by basement islands [44,46,47].

The surroundings of Orciano Pisano have been renowned since the 18th century for
their rich fossil content, which includes abundant and remarkable remains of inverte-
brates [48–51], fishes [52–57], seabirds [58], reptiles [53,54,59–61] and marine mammals,
among which are dolphins, whales, and seals [37,38,45,47,53–55,62–70]. On the basis of a
biostratigraphic age of 3.19–2.82 Ma obtained at a fossil-bearing horizon in the vicinity of
Orciano Pisano, Dominici et al. [47,70] hypothesized a mid-Piacenzian age for most of the
historic finds labelled as coming from this loosely defined locality. However, while few
such finds include rather precise provenance metadata (Figure 1b), the exact geographic
and stratigraphic context of most specimens remains uncertain [71–73].
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Figure 1. Geographic and geological setting. (a) Schematic geological map of central–western Tuscany
(central Italy), redrawn and modified from Benvenuti et al. [74]. TF: Tora–Fine Basin. (b) Schematic
geological map of the Orciano Pisano area that yielded the cetacean specimen MSNUP I-12559
(modified from Regione Toscana [75]). The location of some discoveries of fossil vertebrates for which
precise geographic whereabouts are known has been reconstructed after Bianucci and Landini [45].
Note that the exact finding site of the fossil specimen dealt with herein is unknown.

3. Material and Methods
The studied materials consist of a partial right forelimb, including the humerus,

radius, and fragmentary ulna, stored at the Museo di Storia Naturale dell’Università
di Pisa (=MSNUP; Calci, Pisa Province, Italy) under accession number MSNUP I12559
(Figures 2 and 3). Out of these three bones, the humerus and radius are on display in the
“Gallery of Geological Eras” [76].
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Figure 2. MSNUP I-12559, partial right forelimb of Mysticeti indet. from the Pliocene of Orciano
Pisano; humerus and radius in (a) lateral, (b) anterior, (c) medial, and (d) posterior views. All views
are digital renderings of the textured 3D models.

Figure 3. MSNUP I-12559, partial forelimb of Mysticeti indet from the Pliocene of Orciano Pisano;
distal fragment of the ulna, with its historical supporting tablet and associated label (photograph).
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MSNUP I12559 was discovered by Antonio di Paco at an unspecified outcrop in the
vicinity of the Orciano Pisano village [66]. As its discovery dates back to more than a
century ago, this specimen is among the oldest existing items in the cetological collection
of the MSNUP [77].

Textured 3D models of the humerus and radius were obtained with an Artec Space
Spider structured-light 3D Scanner (Luxembourg). Digital renderings of the aforementioned
models were realized in Meshlab v2023.12 (Supplementary Files S1 and S2), and then
assembled in Inkscape 1.3.1 to elaborate the anatomical plates.

4. Results
4.1. Description of the Mysticete Forelimb MSNUP I12559

The overall shape of the humerus (Figure 2) is generally reminiscent of that of other
mysticetes (Supplementary File S3). The humeral shaft is relatively slender and moderately
compressed mediolaterally, with a sub-straight anterior edge and a broadly concave pos-
terior edge. The greater tubercle is hardly identifiable. The proximal epiphysis is weakly
fused to the diaphysis and somewhat porous in texture. The sub-complete caput humeri
represents less than one-third of the total length of the bone. It projects posterodorsolater-
ally and slightly protrudes beyond the humeral shaft, but not as much as in other mysticetes
(note, however, that this character may have been partly obliterated by erosion). The radial
and ulnar facets are oriented at an obtuse angle. The ulnar face is partially damaged, and
the distal epiphysis for the articulation with the radius and ulna is missing. The humerus
measures 24.3 cm in total length (HL) and 10.4 cm in anteroposterior width at mid-length,
whereas the width of the caput humeri is 13.2 cm.

The radius (Figure 2) is short and robust and lacks both epiphyses. It is gently bent
anteriorly and widens toward its distal end. The radius measures 25.5 cm in total length
(RL), and its proximal and distal widths are 9.0 cm and 10.2 cm, respectively. The RL/HL
ratio is thus very close to 1.

The ulna (Figure 3) is only represented by a fragment of the distal end of the diaphysis,
with no indication of the corresponding epiphysis.

The metaphyseal surfaces of all the aforementioned bones display a billowed texture.

4.2. Description of the Tooth Marks

Although the occurrence of shark tooth marks on MSNUP I12559 was noticed by
Bianucci and Sorbini [78], these traces have not been described, nor properly figured,
to date.

The radius features an elongated tooth mark (Figure 4a,d,e) that runs obliquely across
the medial surface of the bone, starting from a point close to the anterior edge. This groove-
like incision displays a maximum length of about 5.7 cm and a maximum width of 2.4 mm.
The latter is observed at the anterior end of the tooth mark as the trace width decreases to a
minimum of 0.4 mm at the opposite end. The tooth mark features a V-shaped cross section,
and a variable depth that is maximal at the anterior end and averages 1 mm. No clear
serration marks could be detected. By consisting of a straight, elongate, V-shaped groove,
the trace in question conforms to the ichnogenus Linichnus [79]. At present, Linichnus
includes two ichnospecies, namely the serrated Linichnus serratus [79] and the unserrated
Linichnus bromleyi [80]. That no serrations are observed on the groove dealt with herein
suggests a referral to the latter ichnospecies.

This is not the only tooth mark that occurs on the studied specimen: a series of shorter
traces that only shallowly incise the bone cortex ornament the lateral surface of the radius,
close to the posterodorsal corner of the bone, and several such marks are also found on
the medial surface of the humerus, departing from the anterior edge thereof (Figure 4a–c).
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All these traces are simple, groove-like incisions with an unserrated morphology, ranging
between ca. 1 and 3 cm in length. Occasionally, two different incisions are observed to
cross each other. These clusters of grooves resemble the ichnogenus Machichnus, which,
however, typically comprises serial, parallel to subparallel scratches [81,82].

Figure 4. MSNUP I-12559, partial forelimb of Mysticeti indet. from the Pliocene of Orciano Pisano;
humerus and radius, close-ups of the tooth marks; grey-shaded areas correspond to damaged bone
surfaces. (a) Distribution of the tooth marks over the humerus and radius. (b,c) Short, groove-like
tooth marks occurring on the humerus in (b) colour and (c) greyscale photographs. (d,e) Long,
groove-like tooth mark occurring on the radius as visible in digital renderings of the textured (d) and
(e) untextured 3D model.

4.3. Identity of the Bitten Whale

MSNUP I12559 was first described by Ugolini (1906) and identified therein as a left
forelimb of the balaenopterid “Cetotherium (Cetotheriophanes?) cfr. Capellinii” [sic] based
primarily on the observation of a comparatively short radius. Ugolini’s [66] species of
choice, which is now recombined as Cetotheriophanes capellinii [83], is known from an
incomplete skeleton from the Pliocene of San Lorenzo in Collina (Bologna Province, Emilia-
Romagna, northern Italy [84]). The forelimb of C. capellinii, which is recognized at present as
a basal member of the rorqual family Balaenopteridae [83], is represented by a fragmentary
humerus that was collected at the same locality as the type specimen at a later date [85].
Compared to MSNUP I12559, the humerus assigned by Capellini [85] to C. capellinii displays
a distinctly straighter posterior edge.

Ninety years later, Bianucci [86] observed that MSNUP I12559 differs from most
balaenopterids from the Italian Pliocene while resembling Heterocetus from the Belgian
Pliocene based on the combination of small overall dimensions and a comparatively short
radius. Bianucci [86] was referring to Heterocetus affinis, for which both the humerus and
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the radius were figured by Van Beneden [87]. Indeed, H. affinis resembles MSNUP I12559
in terms of the overall size of the forelimb bones, but its radius is still distinctly longer than
the humerus, with the latter displaying a straighter posterior edge (Supplementary File S3).
We do not expand here on Bianucci’s [86] tentative assignment of MSNUP I12559 to the
family Cetotheriidae, which, until the mid-2000s, was used as a wastebasket taxon for a
heterogeneous stock of Neogene mysticetes outside the living families [88,89].

MSNUP I12559 is indeed an idiosyncratic specimen. Our assessment of its systematic
affinities takes the steps from Benke’s [90] morphometric characterization of the fore-
limb bones of extant cetaceans and specifically from the often-informative RL/HL ratio.
Based on the observation of an RL/HL ratio close to 1.0 in the specimen in question, an
assignment of this partial forelimb to the families Balaenopteridae and Eschrichtiidae
(=Eschrichtiinae sensu Marx and Fordyce [91]) (Supplementary File S3), both of which
are known from the Italian Pliocene [39,92–96], is discarded herein. Indeed, all members
of this family are characterized by a greatly elongated radius, where RL/HL >> 1.0 ([90];
but see also Zazzera et al. [97]). Similar considerations may also allow for discarding
the largely fossil family Cetotheriidae (s.s.) and the extant putative cetotheriid Caperea
(Supplementary File S3), the latter being likely present in the Italian Pleistocene [98], as
possible matches for MSNUP I12559. In turn, an RL/HL ratio close to 1 is observed in
the extant balaenids, including the right whale genus Eubalaena (RL/HL ratio about 0.9)
and the bowhead genus Balaena (RL/HL ratio about 1.1), both of which are known from
the Italian Pliocene, along with other extinct members of the family Balaenidae [99,100].
Actually, some similarities exist between MSNUP I12559 and the forelimbs of the Pliocene
North Atlantic species Balaena ricei [101] and Antwerpibalaena liberatlas [102], including a
relatively slender outline of the humerus in lateral view; a relatively small, shortly protrud-
ing caput humeri; a broadly concave posterior edge of the humeral shaft; and a radius that
moderately expands toward its distal end (Supplementary File S3). That said, balaenids
typically display a stockier humerus with a more conspicuous caput humeri that protrudes
far posteriorly beyond the humeral shaft [90]. All things considered, morphological simi-
larities between MSNUP I12559 and some Pliocene members of Balaenidae are flattering
but not conclusive.

Any further discussion of the systematic affinities of MSNUP I12559 should take
into account its ontogenetic age, which—to the best of our knowledge—has not been
addressed before in the literature. Although the degree of maturity indicated by the
fusion of long bone epiphyses is a somewhat unexplored issue with respect to mysticetes,
the observations by Perrin [103] on spotted and striped dolphins as well as those by
Flower [104] and Omura [105] on balaenopterids provide valuable insights in this regard.
In extant balaenopterids, the proximal humeral epiphysis fuses earlier than the distal one,
such that its incipient fusion and the lack of all other epiphyses indicate that MSNUP I12559
is far from being physically mature [104,106–108]. Along with the spongy texture of the
humeral head, these observations indicate that the specimen in question is a very young
individual, consistent with the ossification stage I, as defined by Flower [104]. That its
metaphyseal surfaces display a billowed aspect further conforms to the osteological traits
of early juveniles, as reported by Flower [104] and Scheuer and Black [109]. Interpreting
these data in terms of absolute ontogenetic age (i.e., months or years at death) is not
straightforward, but MSNUP I12559 certainly died well before attaining sexual and physical
maturity [110].

It is worth noting that the role of differential allometric growth in controlling the
forelimb bone shape and proportions in mysticete juveniles is still unclear [111]. Although
there are no indications that this may invalidate the taxonomic value of the RL/HL ratio in
the case of early juveniles, given that MSNUP I12559 displays various characters that are
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regarded as indicative of a very young ontogenetic age, we cautiously assign this specimen
to Mysticeti indet.

4.4. Identity of the Biting Shark

Several selachian taxa have been reported from the Orciano Pisano locality, including
large-bodied, mammal-eating shark species such as Carcharodon carcharias, Cosmopolitodus
plicatilis (=Isurus xiphodon Auctt.), Isurus oxyrinchus, Parotodus benedenii, Carcharhinus leucas,
Carcharhinus longimanus, Galeocerdo cuvier and Hexanchus griseus [43,45,52–54,71]. Of all
these species, only the extant I. oxyrinchus and the extinct C. plicatilis and P. benedenii have
teeth provided with unserrated cutting edges. As the main tooth mark observed on MSNUP
I12559 is seemingly unserrated, the tracemaker should be searched for among these taxa.

The shortfin mako, I. oxyrinchus, has a broad trophic spectrum encompassing ma-
rine tetrapods such as seabirds, cetaceans and turtles; nonetheless, I. oxyrinchus displays
a marked preference for taking fishes and cephalopods, and the contribution of marine
mammals (mostly dolphins) to its diet is low overall [112–114]. In turn, both Cosmopolitodus
and Parotodus are currently reconstructed as formidable high-trophic level predators—some
that would have regularly eaten marine mammals [13,32,35,115–119]. Since Cosmopolito-
dus was seemingly much commoner than Parotodus, the former is left as the most likely
tracemaker—though certainly not as the only possible one (see also [78]).

Regardless of the systematic affinities of the biting shark, the very fragmentary nature
of MSNUP I12559 frustrates any speculation on whether the observed tooth marks are the
product of active predation or scavenging [34]. We may just notice that both white and
tiger sharks have been reported to avoid feeding on flippers when scavenging on whale
carrion [15], although the former have been observed taking large bites out of the flippers
of a floating humpback whale carcass in at least one occasion [8].

5. Broader Palaeoecological Outcome
Evidence for sharks feeding on baleen whales in the present-day Mediterranean Sea

is scanty and circumstantial overall ([120], and references therein). This goes hand in
hand with a depletion of large-bodied predatory sharks [121] as well as with a highly
simplified mysticete fauna that includes a single resident species, namely, the balaenopterid
Balaenoptera physalus, with other forms such as Megaptera novaeangliae being only sighted
occasionally in Mediterranean waters [122].

The situation would have been very different in Pliocene times. At that time, the
Mediterranean marine mammal fauna included representatives of the currently extra-
Mediterranean cetacean families Balaenidae (including small-sized forms such as Bal-
aenula [68]) and Eschrichtiidae (=Eschrichtiinae sensu Marx and Fordyce [91]), besides
several members of Balaenopteridae (among which were also small-sized forms such as
Marzanoptera [39,95]) [92–94,96,99,100,123–126]. Some of these groups were represented by
morphotypes that have survived elsewhere, while others, including forms of small-sized
mysticetes such as Balaenula, have subsequently gone extinct worldwide [23,91,119,127].
Judging from the mere abundance of mysticete skeletons that are preserved in the marine
Pliocene deposits of Italy, baleen whales would have been a common presence off the
Apennine Peninsula in Zanclean and Piacenzian times. Also, early juvenile mysticetes
were likely more common than they are today in the Pliocene Mediterranean Sea, which
appears to have been home to breeding/calving grounds of different baleen whale taxa in
the families Balaenidae and Balaenopteridae, as also shown by the occurrence of a newborn
balaenid in the Pliocene of Orciatico (a locality some 20 km ESE of Orciano Pisano [128]) as
well as by the record of whale barnacles from Orciano Pisano itself ([129]; see discussion in
Bianucci et al. [130] and Collareta et al. [131]).
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The Pliocene elasmobranch fauna of the Mediterranean Sea was also more di-
verse than the modern one, at least regarding the mammal-eating forms, among which
were extant carcharhiniform species that currently inhabit extra-Mediterranean settings,
such as Carcharhinus leucas, Carcharhinus longimanus, and Galeocerdo cuvier, and extinct
taxa of large-bodied lamniforms such as Cosmopolitodus plicatilis and Parotodus bene-
denii, in addition to, e.g., Carcharodon carcharias, Hexanchus griseus, and Isurus oxyrinchus
[30,43,45,52–54,71,119,127]. It is highly plausible that the significant presence of mammal-
eating sharks in the Pliocene Mediterranean Sea was largely sustained by a more conspic-
uous and diverse baleen whale fauna than we observe today—one that also featured a
relatively high abundance of nutrient-rich prey such as diminutive forms (e.g., Balaenula
and Marzanoptera) and early juveniles, which would have been more easily attainable than
large adults, not to mention the high availability of carrion from mysticete individuals of
all age classes [30,119,127]. In this context, it is worth noting that over fifty teeth of C. leucas
have been found in close association with the small-sized holotype of Marzanoptera tersillae
and that indeterminate tooth fragments are still embedded within some of the whale bones,
which also feature shark tooth marks [39,95].

Summarizing, the shark tooth marks detected on the early juvenile mysticete forelimb
MSNUP I12559 from the historic locality of Orciano Pisano evoke a type of trophic interac-
tion that was likely common and ecologically relevant in the Mediterranean Sea during the
Pliocene, but for which, to date, direct taphonomic evidence was limited. Furthermore, as a
token of shark predation or scavenging on an early juvenile mysticete in the fossil record,
this find is noteworthy in a way that transcends the Mediterranean context.

6. Concluding Remarks
We re-examined a partial forelimb of a juvenile mysticete from the Italian Pliocene

locality of Orciano Pisano that preserves shark tooth marks on the humerus and radius.
The origin of these traces—whether from predation or scavenging—remains unclear due to
the fragmentary nature of the remains. Nonetheless, this find sheds light on the Pliocene
vertebrate palaeoecology of the Mediterranean Sea, which at that time was home to a
diverse, conspicuous stock of baleen whales as well as of mammal-eating sharks. Early
juvenile mysticetes were likely commoner than today, thus serving as a valuable food
source for the sharks in question, as also evoked by the tooth marks observed on our
specimen. The latter holds historic as well as scientific value, and its reappraisal highlights
the importance of museum collections for palaeontological and palaeoecological research.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/jmse13030508/s1, File S1: Textured 3D model of the humerus of MSNUP
I-12559; File S2: Textured 3D model of the radius of MSNUP I-12559; File S3: Schematic comparison
between the humeral and radial morphologies of extant and extinct mysticete species.

Author Contributions: Conceptualization, E.T. and A.C.; methodology, E.T., M.M. and C.S.; software,
E.T.; validation, A.C. and G.B.; formal analysis, E.T.; investigation, E.T.; resources, C.S.; data curation,
E.T.; writing—original draft preparation, E.T. and A.C.; writing—review and editing, G.B., M.M. and
C.S.; visualization, E.T.; supervision, A.C. and G.B.; project administration, A.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article and Supplementary Materials; further inquiries can be directed to the corresponding author.

https://www.mdpi.com/article/10.3390/jmse13030508/s1
https://www.mdpi.com/article/10.3390/jmse13030508/s1


J. Mar. Sci. Eng. 2025, 13, 508 10 of 14

Acknowledgments: The authors wish to thank S. Farina (Museo di Storia Naturale dell’Università
di Pisa) for the instrumental support and R. Improta (Museo Zoologico dell’Università di Napoli)
for granting access to the osteological specimens under her care. Comments by three anonymous
reviewers and the journal editors greatly improved the quality of this paper.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Long, D.J. Apparent predation by a white shark Carcharodon carcharias on a pygmy sperm whale Kogia breviceps. Fish. Bull. 1991,

89, 538–540.
2. Long, D.J.; Jones, R.E. White shark predation and scavenging on cetaceans in the eastern North Pacific Ocean. In Great White

Sharks: The Biology of Carcharodon carcharias; Klimley, A.P., Ainley, D.G., Eds.; Academic Press: San Diego, CA, USA, 1996;
pp. 293–307.

3. Heithaus, M.R. Predator–prey and competitive interactions between sharks (Order Selachii) and dolphins (Suborder Odontoceti):
A Review. J. Zool. 2001, 253, 53–68. [CrossRef]

4. Heithaus, M.R.; Dill, L.M. Food Availability and tiger shark predation risk influence bottlenose dolphin habitat use. Ecology 2002,
83, 480–491. [CrossRef]

5. Maldini, D. Evidence of predation by a tiger shark (Galeocerdo cuvier) on a spotted dolphin (Stenella attenuata) off Oahu, Hawaii.
Aquat. Mamm. 2003, 29, 84–87. [CrossRef]

6. Pratt, H.L.; Casey, J.G., Jr.; Conklin, R.B. Observations on large white sharks, Carcharodon carcharias, off Long Island, New York.
Fish. Bull. 1982, 80, 153–156.

7. Baco, A.R.; Smith, C.R. High species richness in deep-sea chemoautotrophic whale skeleton communities. Mar. Ecol. Prog. Ser.
2003, 260, 109–114. [CrossRef]

8. Curtis, T.H.; Kelly, J.T.; Menard, K.L.; Laroche, R.K.; Jones, R.E.; Peterklimley, A. Observations on the behavior of white sharks
scavenging from a whale carcass at Point Reyes, California. Calif. Fish Game 2006, 92, 113–124.

9. Bornatowski, H.; Wedekin, L.L.; Heithaus, M.R.; Marcondes, M.C.C.; Rossi-Santos, M.R. Shark scavenging and predation on
cetaceans at Abrolhos Bank, eastern Brazil. J. Mar. Biol. Assoc. UK 2012, 92, 1767–1772. [CrossRef]

10. Dicken, M.L. First observations of young of the year and juvenile great white sharks (Carcharodon carcharias) scavenging from a
whale carcass. Mar. Freshw. Res. 2008, 59, 596–602. [CrossRef]

11. Ehret, D.J.; MacFadden, B.J.; Jones, D.S.; DeVries, T.J.; Foster, D.A.; Salas-Gismondi, R. Origin of the white shark Carcharodon
(Lamniformes: Lamnidae) based on recalibration of the upper Neogene Pisco Formation of Peru. Palaeontology 2012, 55, 1139–1153.
[CrossRef]

12. Fallows, C.; Gallagher, A.; Hammerschlag, N. White sharks (Carcharodon carcharias) scavenging on whales and its potential role in
further shaping the ecology of an apex predator. PLoS ONE 2013, 8, e60797. [CrossRef] [PubMed]

13. Bianucci, G.; Collareta, A.; Bosio, G.; Landini, W.; Gariboldi, K.; Gioncada, A.; Lambert, O.; Malinverno, E.; de Muizon, C.;
Varas-Malca, R.; et al. Taphonomy and palaeoecology of the lower Miocene marine vertebrate assemblage of Ullujaya (Chilcatay
Formation, East Pisco Basin, southern Peru). Palaeogeogr. Palaeoclimatol. Palaeoecol. 2018, 511, 256–279. [CrossRef]

14. Lea, J.S.E.; Daly, R.; Leon, C.; Daly, C.A.K.; Clarke, C.R. Life after death: Behaviour of multiple shark species scavenging a whale
carcass. Mar. Freshw. Res. 2019, 70, 302–306. [CrossRef]

15. Tucker, J.P.; Veroce, B.; Santos, I.R.; Dujmovic, M.; Butcher, P.A. Whale carcass scavenging by sharks. Glob. Ecol. Conserv. 2019, 19,
e00655. [CrossRef]

16. Stroud, R.K.; Roffe, T.J. Causes of death in marine mammals stranded along the Oregon coast. Wildl. Dis. 1979, 15, 91–97.
[CrossRef]

17. Mazzuca, L.; Atkinson, S.; Nitta, E. Deaths and entanglements of humpback whales, Megaptera novaeangliae, in the Main Hawaiian
Islands, 1972–1996. Pac. Sci. 1998, 52, 1–13.

18. Taylor, J.K.D.; Mandelman, J.W.; McLellan, W.A.; Moore, M.J.; Skomal, G.B.; Rotstein, D.S.; Kraus, S.D. Shark predation on North
Atlantic right whales (Eubalaena glacialis) in the southeastern United States calving ground. Mar. Mammal Sci. 2012, 29, 204–212.
[CrossRef]

19. Dicken, M.L.; Kock, A.A.; Hardenberg, M. First observations of dusky sharks (Carcharhinus obscurus) attacking a humpback whale
(Megaptera novaeangliae) calf. Mar. Freshw. Res. 2015, 66, 1211–1215. [CrossRef]

20. Dines, S.; Gennari, E. First observations of white sharks (Carcharodon carcharias) attacking a live humpback whale (Megaptera
novaeangliae). Mar. Freshw. Res. 2020, 71, 1205–1210. [CrossRef]

21. McCosker, J.E. White shark attack behaviour: Observations of and speculations about predator and prey strategies. Mem. South.
Calif. Acad. Sci. 1985, 9, 123–135.

https://doi.org/10.1017/S0952836901000061
https://doi.org/10.1890/0012-9658(2002)083[0480:FAATSP]2.0.CO;2
https://doi.org/10.1578/016754203101023915
https://doi.org/10.3354/meps260109
https://doi.org/10.1017/S0025315412001154
https://doi.org/10.1071/MF07223
https://doi.org/10.1111/j.1475-4983.2012.01201.x
https://doi.org/10.1371/journal.pone.0060797
https://www.ncbi.nlm.nih.gov/pubmed/23585850
https://doi.org/10.1016/j.palaeo.2018.08.013
https://doi.org/10.1071/MF18157
https://doi.org/10.1016/j.gecco.2019.e00655
https://doi.org/10.7589/0090-3558-15.1.91
https://doi.org/10.1111/j.1748-7692.2011.00542.x
https://doi.org/10.1071/MF14317
https://doi.org/10.1071/MF19291


J. Mar. Sci. Eng. 2025, 13, 508 11 of 14

22. Cigala Fulgosi, F. Predation (or possible scavenging) by a great white shark on an extinct species of bottlenosed dolphin in the
Italian Pliocene. Tert. Res. 1990, 12, 17–36.

23. Bianucci, G.; Bisconti, M.; Landini, W.; Storai, T.; Zuffa, M.; Giuliani, S.; Mojetta, A. Trophic interaction between white Shark,
Carcharodon carcharias, and cetaceans: A comparison between Pliocene and recent data from the central Mediterranean Sea. In
Proceedings of the 4th Elasmobranch Association Meeting, Livorno, Italy, 27–30 November 2002; pp. 33–48.

24. Deméré, T.A.; Cerutti, R.A. A Pliocene shark attack on a Cethotheriid whale. J. Paleontol. 1982, 56, 1480–1482.
25. Lambert, O.; Gigase, P. A Monodontid cetacean from the Early Pliocene of the North Sea. Bull. Inst. R. Sci. Nat. Belg. Sci. Terre

2007, 77, 197–210.
26. Noriega, J.I.; Cione, A.L.; Aceñolaza, F.G. Shark tooth marks on Miocene balaenopterid cetacean bones from Argentina. Neues

Jahrb. Geol. Pälaontol. Abh. 2007, 245, 185–192. [CrossRef]
27. Aguilera, O.A.; Garcia, L.; Cozzuol, M.A. Giant-toothed white sharks and cetacean trophic interaction from the Pliocene Caribbean

Paraguaná Formation. PalZ 2008, 82, 204–208. [CrossRef]
28. Ehret, D.J.; MacFadden, B.J.; Salas-Gismondi, R. Caught in the act: Trophic interactions between a 4-million-year-old white shark

(Carcharodon) and mysticete whale from Peru. Palaios 2009, 24, 329–333. [CrossRef]
29. Collareta, A.; Cigala Fulgosi, F.; Bianucci, G. A New Kogiid sperm whale from northern Italy supports psychrospheric conditions

in the early Pliocene Mediterranean Sea. Acta Palaeontol. Pol. 2019, 64, 609–626. [CrossRef]
30. Collareta, A.; Merella, M.; Casati, S.; Di Cencio, A.; Bianucci, G. Smoking guns for cold cases: The find of a Carcharhinus tooth

piercing a fossil cetacean rib, with notes on the feeding ecology of some Mediterranean Pliocene requiem sharks. Neues Jahrb.
Geol. Pälaontol. Abh. 2022, 305, 145–152. [CrossRef]

31. Cortés, D.; De Gracia, C.; Carrillo-Briceño, J.D.; Aguirre-Fernández, G.; Jaramillo, C.; Benites-Palomino, A.; Atencio-Araúz, J.E.
Shark-Cetacean Trophic interactions during the late Pliocene in the central eastern Pacific (Panama). Palaeontol. Electron. 2019, 22,
1–13. [CrossRef]

32. Godfrey, S.J.; Lowry, A.J. The Ichnospecies Linichnus bromleyi on a Miocene Baleen whale radius preserving multiple shark
bite-shake traces suggests scavenging. Carnets Geol. 2021, 21, 391–398. [CrossRef]

33. Freschi, A.; Cau, S. Tooth marks of the great white shark from a Pliocene outcrop of the Northern Apennines (Castell’Arquato,
Italy). Carnets Geol. 2024, 24, 135–141.

34. Collareta, A.; Lambert, O.; Landini, W.; Di Celma, C.; Malinverno, E.; Varas-Malca, R.; Urbina, M.; Bianucci, G. Did the giant
extinct shark Carcharocles megalodon target small prey? Bite marks on marine mammal remains from the late Miocene of Peru.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 2017, 469, 84–89. [CrossRef]

35. Bianucci, G.; Sorce, B.; Storai, T.; Landini, W. Killing in the Pliocene shark attack on a dolphin from Italy. Palaeontology 2010, 53,
457–470. [CrossRef]

36. Bianucci, G.; Gingerich, P.D. Aegyptocetus tarfa, n. gen. et sp. (Mammalia, Cetacea), from the Middle Eocene of Egypt:
Clinorhynchy, olfaction, and hearing in a Protocetid whale. J. Vertebr. Paleontol. 2011, 31, 1173–1188. [CrossRef]

37. Higgs, N.D.; Little, C.T.S.; Glover, A.G.; Dahlgren, T.G.; Smith, C.R.; Dominici, S. Evidence of Osedax worm borings in Pliocene
(~3 Ma) whale bone from the Mediterranean. Hist. Biol. 2012, 24, 269–277.

38. Danise, S.; Dominici, S. A record of fossil shallow-water whale falls from Italy. Lethaia 2014, 47, 229–243. [CrossRef]
39. Bisconti, M.; Damarco, P.; Santagati, P.; Pavia, M.; Carnevale, G. Taphonomic patterns in the fossil record of baleen whales from

the Pliocene of Piedmont, north-west Italy (Mammalia, Cetacea, Mysticeti). Boll. Soc. Paleontol. Ital. 2021, 60, 183–211.
40. Bartoletti, E.; Bossio, A.; Esteban, M.; Mazzanti, R.; Mazzei, R.; Salvatorini, G.; Sanesi, G.; Squarci, P. Studio geologico del territorio

comunale di Rosignano Marittimo (Livorno). Quad. Mus. Stor. Nat. Livorno 1986, 1, 33–127.
41. Lazzarotto, A.; Mazzanti, R.; Nencini, C. Geologia e morfologia dei Comuni di Livorno e Collesalvetti. Quad. Mus. Stor. Nat.

Livorno 1990, 11, 1–82.
42. Bossio, A.; Foresi, M.; Mazzanti, R.; Mazzei, R.; Salvatorini, G. Note Micropaleontologiche sulla successione miocenica del

Torrente Morra e su quella pliocenica del Bacino dei Fiumi Tora e Fine (Province di Livorno e Pisa). Atti Soc. Toscana Sci. Nat.
Mem. Ser. A 1997, 104, 85–134.

43. Marsili, S. Analisi Sistematica, Paleoecologica e Paleobiogeografica della Selaciofauna Plio-Pleistocenica del Mediterraneo.
Ph.D. Thesis, Università di Pisa, Pisa, Italy, 2007.

44. Danise, S.; Dominici, S.; Betocchi, U. Mollusk species at a Pliocene shelf whale fall (Orciano Pisano, Tuscany). Palaios 2010, 25,
449–456. [CrossRef]

45. Bianucci, G.; Landini, W. I paleositi a vertebrati fossili della Provincia di Pisa. Atti Soc. Toscana Sci. Nat. Mem. Ser. A 2005, 110,
1–21.

46. Berta, A.; Kienle, S.; Bianucci, G.; Sorbi, S. A Reevaluation of Pliophoca etrusca (Pinnipedia, Phocidae) from the Pliocene of Italy:
Phylogenetic and biogeographic implications. J. Vertebr. Paleontol. 2015, 35, e889144. [CrossRef]

47. Dominici, S.; Danise, S.; Benvenuti, M. Pliocene stratigraphic paleobiology in Tuscany and the fossil record of marine megafauna.
Earth-Sci. Rev. 2018, 176, 277–310. [CrossRef]

https://doi.org/10.1127/0077-7749/2007/0245-0185
https://doi.org/10.1007/BF02988410
https://doi.org/10.2110/palo.2008.p08-077r
https://doi.org/10.4202/app.00578.2018
https://doi.org/10.1127/njgpa/2022/1082
https://doi.org/10.26879/953
https://doi.org/10.2110/carnets.2021.2117
https://doi.org/10.1016/j.palaeo.2017.01.001
https://doi.org/10.1111/j.1475-4983.2010.00945.x
https://doi.org/10.1080/02724634.2011.607985
https://doi.org/10.1111/let.12054
https://doi.org/10.2110/palo.2009.p09-139r
https://doi.org/10.1080/02724634.2014.889144
https://doi.org/10.1016/j.earscirev.2017.09.018


J. Mar. Sci. Eng. 2025, 13, 508 12 of 14

48. Pecchioli, V. Descrizione di alcuni fossili delle argille subappennine toscane. Atti Soc. Toscana Sci. Nat. 1864, 6, 498–529.
49. De Alessandri, G. Contribuzione allo studio dei cirripedi fossili d’Italia. Boll. Soc. Geol. Ital. 1894, 13, 234–314.
50. De Alessandri, G. Studi monografici sui cirripedi fossili d’Italia. Palaeontogr. Ital. 1906, 12, 207–324.
51. Pasini, G.; Garassino, A. Palaega pisana n. sp. (Crustacea, Isopoda, Cirolanidae) from the Pliocene of Orciano Pisano, Pisa (Toscana,

central Italy). Atti Soc. Ital. Sci. Nat. Mus. Civ. Stor. Nat. Milano 2012, 153, 3–11. [CrossRef]
52. Lawley, R. Dei resti di pesci fossili del Pliocene toscano. Atti Soc. Toscana Sci. Nat. 1875, 1, 59–66.
53. Lawley, R. Pesci ed altri vertebrati fossili del Pliocene toscano. In Letta all’Adunanza della Società Toscana di Scienze Naturali;

Tipografia Nistri: Pisa, Italy, 1875; pp. 1–13.
54. Lawley, R. Nuovi Studi Sopra i Pesci ed Altri Vertebrati Fossili delle Colline Toscane; Tipografia dell’arte della Stampa: Firenze, Italy,

1876; pp. 1–122.
55. Lawley, R. Nuovi denti fossili di Notidanus reperiti ad Orciano Pisano. Atti Soc. Toscana Sci. Nat. Proc. Verb. 1879, 1, 121–122.
56. De Stefano, G. Osservazione sulle Ittiofauna Pliocenica di Orciano e San Quirico in Toscana. Boll. Soc. Geol. Ital. 1909, 28, 539–648.
57. De Stefano, G. Osservazione sulle Piastre Dentarie di Alcuni Myliobatis Viventi e Fossili. Atti Soc. Ital. Sci. Nat. Mus. Civ. Stor. Nat.

Milano 1914, 53, 73–164.
58. Portis, A. Gli ornitoliti del Valdarno Superiore e di alcune altre località di Toscana. Mem. Ist. Sup. Firenze 1889, 1889, 2–20.
59. Portis, A. I Rettili Pliocenici del Valdarno Superiore e di Alcune Altre Località Plioceniche di Toscana; Le Monnier: Firenze, Italy, 1890.
60. Fucini, A. La Chelone Sismondai Port. del Pliocene di Orciano in Provincia di Pisa (Tav. VIM-XII [I-V]). Palaeontogr. Ital. 1909, XV,

101–123.
61. Chesi, F.; Delfino, M. The Italian fossil record of the sea turtles. In Proceedings of the VI National Meeting of the Societas

Herpetologica Italica, Rome, Italy, 27 September–1 October 2006; pp. 95–116.
62. Ugolini, P.R. Lo Steno Bellardii Portis del Pliocene di Orciano Pisano. Atti Soc. Toscana Sci. Nat. Mem. 1899, 17, 132–143.
63. Ugolini, P.R. Di uno scheletro fossile di Foca trovato ad Orciano (Nota preventiva). Atti Soc. Toscana Sci. Nat. Proc. Verb. 1900, 12,

147–148.
64. Ugolini, P.R. Di un resto fossile di Dioplodon del giacimento pliocenico di Orciano. Atti Soc. Toscana Sci. Nat. Proc. Verb. 1900, 18,

1–8.
65. Ugolini, P.R. Il Monachus albiventer Bodd. del Pliocene di Orciano. Palaeontogr. Ital. 1902, 8, 1–20.
66. Ugolini, P.R. Resti di vertebrati marini del Pliocene di Orciano. In Proceedings of the Atti del Congresso dei Naturalisti Promosso

dalla Società Italiana di Scienze Naturali, Milano, Italy, 15–19 September 1906; pp. 3–15.
67. Fucini, A. Sopra il ritrovamento ad Orciano di un secondo individuo di Steno Bellardii Portis. Atti Soc. Toscana Sci. Nat. Proc. Verb.

1906, 15, 56–57.
68. Trevisan, L. Una nuova specie di Balaenula pliocenica. Palaeontogr. Ital. 1941, 40, 1–13.
69. Tavani, G. Revisione dei resti del pinnipede conservato nel Museo di Geologia di Pisa. Palaeontogr. Ital. 1942, 40, 97–113.
70. Dominici, S.; Cioppi, E.; Danise, S.; Betocchi, U.; Gallai, G.; Tangocci, F.; Valleri, G.; Monechi, S. Mediterranean fossil whale falls

and the adaptation of mollusks to extreme habitats. Geology 2009, 37, 815–818. [CrossRef]
71. Landini, W. Revisione degli “Ittiodontoliti pliocenici” della collezione Lawley. Palaeontogr. It. 1977, 70, 92–134.
72. Cigala Fulgosi, F.; Casati, S.; Orlandini, A.; Persico, D. A small fossil fish fauna, rich in Chlamydoselachus teeth, from the late

Pliocene of Tuscany (Siena, central Italy). Cainozoic Res. 2009, 6, 3–23.
73. Collareta, A.; Bianucci, G.; Bosselaers, M. Jumping from turtles to whales: A Pliocene fossil record depicts an ancient dispersal of

Chelonibia on mysticetes. Riv. Ital. Paleontol. Stratigr. 2016, 122, 35–44.
74. Benvenuti, M.; Del Conte, S.; Scarselli, N.; Dominici, S. Hinterland basin development and infilling through tectonic and eustatic

processes: Latest Messinian-Gelasian Valdelsa Basin, northern Apennines, Italy. Basin Res. 2014, 26, 387–402. [CrossRef]
75. Regione Toscana. Carta Geologica Regionale in Scala 1:10.000. Available online: https://www502.regione.toscana.it/geoscopio/

cartoteca.html (accessed on 20 October 2024).
76. Collareta, A.; Sorbini, C.; Farina, S.; Granata, V.; Marchetti, L.; Frassi, C.; Angeli, L.; Bianucci, G. Reviewing the palaeontological

and palaeoenvironmental heritage of the Monti Pisani Massif (Italy): A Compelling History of Animals, Plants, and Climates
through Three Geological Eras. Geosciences 2023, 13, 332. [CrossRef]

77. Farina, S.; Sorbini, C.; Scaglia, P.; Merella, M.; Collareta, A.; Bianucci, G. Whale collections and exhibitions at the Natural History
Museum of the University of Pisa (Italy). Heritage 2024, 7, 4933–4961. [CrossRef]

78. Bianucci, G.; Sorbini, C. Le collezioni a cetacei fossili del Museo di Storia Naturale dell’Università di Pisa. Mus. Sci. Mem. 2014,
13, 93–102.

79. Jacobsen, A.R.; Bromley, R.G. New ichnotaxa based on tooth impressions on dinosaur and whale bones. Geol. Q. 2009, 53, 373–382.
80. Muñiz, F.; Belaústegui, Z.; Toscano, A.; Ramirez-Cruzado, S.; Gámez Vintaned, J.A. New ichnospecies of Linichnus Jacobsen &

Bromley. Ichnos 2020, 27, 344–351.
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