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ABSTRACT

Differing from the extant physeteroids, macroraptorial sperm whales are currently regarded as apex
predators of the Miocene seas based on several morphofunctional observations. Here, we estimate the
bite force of Zygophyseter varolai, a macroraptorial physeteroid from lower upper Miocene strata of the
Pietra leccese formation (Apulia, Italy) using the finite element analysis (FEA). To explore multiple bite
scenarios, we set four different load cases on a 3D model of the cranium obtained via digital photogram-
metry, considering the temporalis and masseter muscles as jaw adductors. Our FEA simulations indicate that
Z. varolai exerted an anterior bite force of more than 4000 N and a posterior bite force of more than 10000 N.
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These values are similar to those estimated for other marine predators known for their powerful bite. This
suggests that Z. varolai might have fed upon medium-sized marine vertebrates like other odontocetes.
Considering the significant difference observed between the anterior and posterior bite forces, Z. varolai
likely fed via ‘grip-and-shear’ feeding, snapping the food items with an anterior bite and then cutting them
with a powerful posterior bite. Other macroraptorial sperm whales such as the roughly coeval Acrophyseter

from Peru likely employed the same feeding technique.

Introduction

Since the earliest predator—prey interaction, oceans have always had
their sea monsters. Once jaws had evolved, bite force became
a defining characteristic of predators. During the Late Devonian,
the top predator of the seas was the placoderm Dunkleosteus, an
armoured, jawed fish more than 8 m long, and calculated to have
had a bite force of 7495 N at the rear gnathal plates (Anderson and
Westneat 2009; Ferrdn et al. 2017). From the late Triassic to the late
Cretaceous, the role of marine apex predators was mainly played by
marine reptiles such as the Pliosauroidea (Plesiosauria,
Sauropterygia) (Foffa et al. 2014). Pliosauroids included large-
sized predators like Kronosaurus queenslandicus, with a total body
length of 9-10.9 m and an estimated bite force of more than
27000 N (McHenry 2009; Foffa et al. 2014). Near the end of the
Cretaceous period (98-65.5 Ma), Mosasauroidea (Squamata)
roamed the seas together with Pliosauroidea and ruled the aquatic
environments till the end of the Mesozoic (Polcyn et al. 2014;
Madzia and Cau 2017). Mosasauroids were marine reptiles with
a lacertiform appearance, and the largest species exceeded 10 m in
length (Bullard and Caldwell 2010; Driscoll et al. 2019). After the
K-Pg boundary, during the Palaecocene and part of the Eocene, the
role of apex predator in oceans was still occupied by reptiles, with
large marine crocodiles like the genera Thoracosaurus (Danian,
Palaeocene) and Dyrosaurus (Ypresian, Eocene) (Gallagher 2003;
Jouve et al. 2005; Puértolas-Pascual et al. 2015). Besides crocodiles,
the selachian family Otodontidae provided important marine pre-
dators in the Palacogene with the megatoothed shark species
Otodus obliquus (Palacocene) and Carcharocles auriculatus
(Eocene) (Ehret and Ebersole 2014; Perez et al. 2018). From the
middle Eocene, marine mammals became the new top predators in
seas thanks to the radiation of the Archaeoceti (Fordyce 2018; Uhen

2018). This group includes some of the most impressive fossil
marine predators like Basilosaurus (Basilosauridae), a huge archaic
whale (total body length 17-20 m) with serrated teeth and a bone-
crushing bite (Snively et al. 2015; Uhen 2018; Voss et al. 2019). Near
the end of the Eocene, cetaceans radiated into the modern Mysticeti
and Odontoceti lineages (forming the Neoceti clade) and new
predator taxa with various morphologies and feeding strategies
occupied the top of the trophic chain (Boessenecker et al. 2020).
Nowadays, the cetacean apex predator is the killer whale (Orcinus
orca; Delphinidae, Odontoceti), which thanks to its large size and
coordinated hunting strategies can feed upon sperm whales as well
as large baleen whales (mysticetes) like common minke whales
(Balaenoptera  acutorostrata), calves of humpback whales
(Megaptera novaeangliae), and grey whales (Eschrichtius robustus)
(Pitman et al. 2001, 2015; Barrett-Lennard et al. 2011; Ford 2018).
In modern oceans, the killer whale shares the top position of the
trophic chains with the great white shark (Carcharodon carcharias),
whose predatory activity on diminutive marine mammals is widely
known (Compagno 1984; Heithaus 2001; Brown et al. 2010; Skomal
et al. 2017; Moro et al. 2020).

In the Miocene epoch, sharks belonging to the family
Otodontidae roamed the oceans covering the ecological role
of apex predators (Ehret and Ebersole 2014; Collareta et al.
2017a; Perez et al. 2018; Boessenecker et al. 2019).
Carcharocles megalodon (total body length up to 20 m; Perez
et al. 2021) was the most impressive representative of the
otodontid family, and it likely fed upon small to medium-
sized baleen whales (Collareta et al. 2017a; Boessenecker
et al. 2019; Cooper et al. 2020; Shimada et al. 2020). During
the same epoch, high trophic levels of predation like those of
the modern killer whale have been proposed for some fossil
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relatives of the modern sperm whales (superfamily
Physeteroidea) (Bianucci and Landini 2006; Lambert et al.
2008, 2010, 2017). Differently from the extant physetheroids
(i.e., the sperm whale Physeter macrocephalus, the dwarf sperm
whale Kogia sima, and the pygmy sperm whale K. breviceps),
which feed nearly exclusively upon cephalopods by suction
generated through the mouth in Kogia and directly within
the oropharynx in Physeter (Werth 2004, 2006a, 2006b;
Bloodworth and Marshall 2005), these putatively macroraptor-
ial, extinct forms likely preyed upon marine vertebrates using
robust jaws and large teeth to grasp their food items (Bianucci
and Landini 2006; Lambert et al. 2008, 2010, 2014, 2017;
Hocking et al. 2017; Lambert and Bianucci 2019; Peri et al.
2020). This hypothesis is based on various cranial features
displayed by the macroraptorial Physeteroidea, including
a wide temporal fossa, well-developed maxillary teeth (only
mandibular teeth are functional in extant sperm whales) and,
as observed on the holotype of Acrophyseter robustus, bony
exostoses in correspondence of upper cheek teeth (Bianucci
and Landini 2006; Lambert et al. 2008, 2010, 2014; Lambert
and Bianucci 2019; Peri et al. 2020). Furthermore, the teeth of
these fossil sperm whales exhibit deep occlusal facets, which
are sulci on the tooth surface produced by repeated tooth-to-
tooth contacts (attritional wear), and fractures attributed to
strong occlusion or to the contact with hard material (e.g.,
bone) (Bianucci and Landini 2006; Lambert et al. 2017;
Lambert and Bianucci 2019; Peri et al. 2020). Taxonomically
diagnostic fossil remains of macroraptorial physeteroids have
been retrieved in several localities all around the world, both
in the middle Miocene (Albicetus oxymycterus, California,
USA; Brygmophyseter shigensis, Japan) and in the upper
Miocene (Acrophyseter deinodon, Acrophyseter robustus and
Livyatan melvillei, Peru; Zygophyseter varolai, Italy) (Bianucci
and Landini 2006; Kimura et al. 2006; Lambert et al. 2008,
2010, 2017; Boersma and Pyenson 2015). One of the best
known macroraptorial physeteroids, Z. wvarolai from
Tortonian strata of the Pietra leccese formation (Salento
Peninsula, southern Italy), is characterised by having a dorsal
concavity on the skull (i.e., supracranial basin) that is wide
and hemispherical, an extremely elongated zygomatic process
(probably supporting a developed masseter muscle), and sev-
eral dental features associated to a strong occlusion and repe-
titive use of the bite (e.g. occlusal facets, lowering of the
gingival collar due to the deepening of the associate occlusal
facet, and lateral wear of the enamel layer) (Bianucci and
Landini 2006). The holotype of Z. varolai is complete enough
to provide reliable estimations of both the condylobasal length
(148 cm) and the total body length (650-700 cm). All these
elements led to the hypothesis that Z. varolai preyed upon
small- to medium-sized marine vertebrates using a powerful
bite (Bianucci and Landini 2006).

Here, we use the ‘dry-skull’ method and the finite element
analysis (FEA) to estimate the bite force of Z. varolai and test the
bite performances of this extinct macroraptorial sperm whale. FEA
has proven to be a powerful tool to investigate form and function of
extinct vertebrates (Rayfield et al. 2001; Hassan et al. 2002;
McHenry et al. 2007; Wroe et al. 2007; Bell et al. 2009; Oldfield
et al. 2012; Foffa et al. 2014; Snively et al. 2015), but such
a biomechanical approach has never been used before on
a macroraptorial sperm whale. The results obtained from the FEA
bite simulations provide informative clues about the palaeoecology
of this top predator from the late Miocene, and open new intriguing
research horizons concerning the macroraptorial physeteroids and
their trophic role in the Miocene global ocean.

Materials and methods
Institutional abbreviations

MAUS, Museo dell’Ambiente, Universita del Salento, Lecce, Italy;
MNHN, Muséum National d’Histoire Naturelle, Paris, France;
MSNUP, Museo di Storia Naturale dell’'Universita di Pisa, Calci,
Italy; MUSM, Museo de Historia Natural, Universidad Nacional
Mayor de San Marcos, Lima, Peru.

Examined specimen

The specimen used in this study is a cast of the cranium and the
mandibles of the holotype of Zygophyseter varolai (MSNUP
1-16828). The holotype (MAUS 229, a replacement number for
MAUL 229/1 reported in Bianucci and Landini 2006) also includes
most of the postcrania and was collected from the uppermost strata
of the Cisterna quarry of Salento peninsula (Lecce Province, south-
ern Italy) (Bianucci and Landini 2006; Bianucci and Varola 2014).
The cranium lacks the right lacrimo-jugal complex and the poster-
odorsal portion of the supracranial basin. These cranial parts were
included in stone slabs that were not collected from the quarry (the
right lacrimo-jugal complex) or were lost before the fossil could be
stored at the MAUS (the posterodorsal portion of the supracranial
basin). The mandibles are virtually complete, although the right
coronoid process appears slightly deformed.

Digital acquisition

We acquired a 3D model of the cranium and mandibles of Z. varolai
through digital photogrammetry of the holotype cast accomplished
with the software Agisoft Metashape (1.7.0) (Petti et al. 2008;
Falkingham 2012; Falkingham et al. 2014, 2018, 2020; Mallison
and Wings 2014; Fahlke and Autenrieth 2016; Fau et al. 2016;
Diez Diaz et al. 2021). The camera used for the photographic
acquisition was a Sony a6000 equipped with a Sigma 30 mm F1.4
lens. We performed two separate acquisitions for the cranium (94
photos) and the mandibles (134 photos). To reconstruct the missing
parts, we imported the digital model of the cranium into Blender
(2.91.0) (https://www.blender.org/) and digitally rebuilt the poster-
odorsal portion of the cranium and the missing right lacrimojugal
complex. Our reconstruction of the missing posterodorsal portion
of the cranium was based on observations made in the quarry
during the collection of the fossil by one of us (G.B.) as well as on
comparisons with the holotypes of Acrophyseter deinodon (MNHN
SAS 1626) and Acrophyseter robustus (MUSM 1399) (which, among
the physeteroid species, are the phylogenetically and morphologi-
cally closest to Zygophyseter according to Lambert et al. 2017). The
missing right lacrimojugal complex was digitally rebuilt by mirror-
ing its well-preserved left antimere. Concerning the 3D mesh of the
mandibles, we retrodeformed the right coronoid process in Blender
in light of careful comparations with the substantially undeformed
left coronoid process. Since we acquired both the 3D model of the
cranium and of the mandible by digital photogrammetry, the inter-
nal geometry of the Z. varolai skull is missing. The only way to
obtain the internal geometry of a vertebrate skull is via computed
axial tomography (CT scan). However, we used digital photogram-
metry here because moving the holotype specimen would have
seriously threatened its integrity; moreover, the large size and
weight of the Z. varolai skull would have made the acquisition
through conventional CT scans very difficult. Although the lack of
the internal cranial geometry may affect the results of biomechani-
cal simulations, previous studies have demonstrated that surface
meshes and simplified 3D geometries can provide reliable


https://www.blender.org/

estimations of reaction forces associated with biting actions (which
are the focus of the present work) and allow for general analyses of
stress distribution (Rayfield et al. 2007; Snively et al. 2015).

Reconstruction of the muscles

To estimate the bite force of Z. varolai we followed the methods
proposed by Snively et al. (2015) for investigating the bite of
Basilosaurus isis: the bite was considered static, where the velocity
of muscles is 0 m/s and exerting isometric force. In this condition,
the muscle force is equal to the anatomical cross-section of the
muscle multiplied by the specific muscular tension. In several
studies, the specific tension of the mammalian musculature has
been set to 30 N/cm” (e.g., Weijs and Hillen 1985; Thomason
1991; Wroe et al. 2005; Snively et al. 2015); however, factors like
the pennation of the muscle and changes in the fibre length could
increase this value (Koolstra et al. 1988; Wroe et al. 2005; McHenry
et al. 2007; Snively et al. 2015). Considering the significant penna-
tion of the mammalian temporalis muscle as well as the available
data in literature on the muscular anatomy of extant odontocetes
(Von Schulte and De Forest Smith 1918; Seagars 1982), in our
model we considered a specific muscular tension value of 37 N/
cm?, as already done elsewhere (Christiansen 2007; Snively et al.
2015).

In order to estimate the anatomical cross-section of the tempor-
alis muscle, we used the ‘dry-skull’ method (Thomason 1991): in
the Blender workspace, we modelled a polygon having the shape of
the area described by the zygomatic arch (which is defined by the
zygomatic process of the squamosal and lacrimo-jugal complex)
and the lateral wall of the temporal fossa as appearing in ventral
view. Considering the strong asymmetry that affects the cranium of
physeteroids (Bianucci and Landini 2006; Lambert et al. 2017, 2020;
Collareta et al. 2020b), we repeated the process on both the right
and left sides of the skull. The cross-section of the masseter was
harder to estimate than that of the temporalis, due to the lack of
clear bony constraints for this muscle. Following what was done by
Snively et al. (2015) in their study about the bite force of
Basilosaurus isis, we assumed the cross-section of the masseter to
be equal to 10% of that of the temporalis. To substantiate this
assumption, we observed that both Z. varolai and B. isis display
a wide cross-section of the temporalis muscle and elongated zygo-
matic arches (Bianucci and Landini 2006; Snively et al. 2015). This
is apparent by studying the ratio between the length of the zygo-
matic arch and the distance measured from the tip of the rostrum to
the posteriormost point of the temporal fossa: this ratio equals 0.28
in B. isis, 0.20 in Z. varolai, and 0.06 in Physeter macrocephalus.
Such values indicate that B. isis and Z. varolai bear similarly elon-
gated zygomatic arches, thus greatly differing from
P. macrocephalus in this respect. Based on these considerations,
the assumption of a cross-section area of the masseter equalling
10% of that of the temporalis is here regarded as reasonable for
Z. varolai. Subsequently, we digitally coupled the skull with the
mandibles in Blender and determined the direction of the muscular
vectors. We calculated the latter at two mouth gape angles (20° and
35°) in order to estimate the bite force exerted on different bite
scenarios. We chose such gape angles as they were selected for
carrying out the FEA analyses on B. isis (ca. 20°, measured from
Snively et al. 2015: Figure 1la) and Carcharodon carcharias (35
Wroe et al. 2008), thus allowing for robust comparisons of bite force
values in these marine predator species. As origin of the temporalis
muscle, we chose the entire surface of the temporal fossa (Figure 1),
following the reconstruction proposed by Lambert et al. (2014) for
Acrophyseter robustus and the muscular anatomy of extant odonto-
cetes (Von Schulte and De Forest Smith 1918; Seagars 1982).
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Figure 1. Reconstruction of the Zygophyseter varolai skull and mandibles in lateral
view, based on the cast of the holotype (MSNUP 1-16828), and schematic recon-
struction of the temporalis (red) and masseter (including the pars superficialis and
pars profunda) (yellow).

Concerning the masseter muscle, we placed the origin of the pars
superficialis on the lacrimo-jugal complex, whereas the origin of the
pars profunda was reconstructed as distributed between the
lacrimo-jugal complex and the zygomatic process (Figure 1) (Von
Schulte and De Forest Smith 1918; Seagars 1982). Zygophyseter
varolai displays a keel along the anterior crest of the coronoid
process that we tentatively interpreted as marking the anterior
limit of the temporalis muscle insertion. We based our reconstruc-
tion of the masseter insertion on the observation of a low but well-
defined crest paralleling the ventral margin of the mandible and
projecting anteriorly from the mandibular condyle. Moreover, to
rebuild the masseter architecture of Z. varolai, we also followed
previous reconstructions for the holotype of A. deinodon (MNHN
SAS 1626) and anatomical data from extant odontocetes (Von
Schulte and De Forest Smith 1918; Seagars 1982; Lambert et al.
2008, 2017).

Simulating a biting action in a fossii mammal can prove
a challenging task: one of the most crucial phases is reconstructing
the jaw adduction muscle architecture of the species under exam-
ination. However, muscles are soft tissues that are only rarely
preserved in the fossil record; thus, researchers often base their
assumptions on soft-tissue anatomical data from extant taxa
(which are often quite rare in literature). Therefore, a future devel-
opment of physiological and anatomical studies aimed at increasing
our knowledge of muscle architecture and its functions in living
taxa is desirable (Bates and Falkingham 2018). In a mammalian
biting action, at least three muscular groups are involved: tempor-
alis, masseter, and pterygoid (Weijs 1985; Thomason 1991). For our
purposes, we did not estimate any force for the pterygoid because,
in mammals, the contribution of this muscle group to the mandible
adduction can be regarded as irrelevant (Snively et al. 2015).

Simulating a bite

We used the software GOM Inspect 2019 (https://www.gom.com/
it/software-3d.html) to reduce the polygon count and to optimise
the topology of the high-density photogrammetry mesh into
a cleaner, smaller mesh appropriate for FEA. The final result was
a 3D. stl model of the Zygophyseter cranium having 10000 vertices
and 20008 faces (Figure 1). To perform the bite simulations, we
used Autodesk Inventor 2020 (https://www.autodesk.it/products/
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inventor/overview), the finite element (FE) solver of the Autodesk
suite. In Autodesk Inventor, the model was converted to a FE mesh
consisting of 100076 nodes and 60327 elements. We set the material
as isotropic, and trade-off values between the mammalian compact
bone and dentine were adopted to describe the elastic behaviour of
the Z. varolai cranium (elastic modulus E = 17.4 GPa and Poisson’s
ratio = 0.34) (Martin et al. 2015; Snively et al. 2015). Concerning the
volumetric density, we assigned a value (1.38 gr/cm’) averaging the
density of the maxilla and occipital in the common dolphin
(Delphinus delphis) (de Buffrénil and Sire J-Y 1986). It is worth
mentioning here that the cranium of the extant sperm whale
P. macrocephalus displays an amphitheatre-shaped supracranial
basin formed by a macroporous lamina between two denser bony
layers (Alam et al. 2016). Such a peculiar osteoanatomical structure
likely results in a lower bone density compared to other toothed
whales. However, based on the observation of broken bone surfaces
in the holotypes of Z. varolai and A. deinodon, we contend that
macroraptorial sperm whales did not display a macroporous
lamina.

To simulate the mandibular joints, we placed a fixed constraint
on each squamosal at level of the mandibular fossa; in addition,
a third fixed constraint was placed alternatively on the posterior-
most and anteriormost upper left teeth, thus simulating the resis-
tance of a food item during posterior and anterior biting actions,
respectively. The reaction force generated at the dental constraint
represents the bite force exerted in that specific point (following
Snively et al. 2015). Varying the position of the dental constraint
and the gape angle of the mouth, we made four simulations corre-
sponding to four load cases:

® 20° gape angle, constraint at the anteriormost teeth (anterior
bite)

® 20° gape angle, constraint at the posteriormost tooth (poster-
ior bite)

® 35° gape angle, constraint at the anteriormost tooth (anterior
bite)

® 35° gape angle, constraint at the posteriormost tooth (poster-
ior bite)

Finally, we compared the von Mises stress patterns obtained for the
four loading cases, to explore how stress distribution varies during
an anterior and posterior biting actions.

Comparative palaeoecology

In order to compare the bite force of Z. varolai with that exerted by
an extant marine apex predator in a comparative palaeoecological
framework, we estimated the body mass of a hypothetical great white
shark (Carcharodon carcharias) that could generate the same bite
forces estimated for Zygophyseter at 35° gape angle by following the
equation proposed by Wroe et al. (2008). Furthermore, we applied
the equation provided by Kohler et al. (1996) to calculate the total
length of such a hypothetical great white shark. We did not perform
this calculation for the bite force at 20° gape angle because Wroe et al.
(2008) proposed their bite force estimation at a gape angle of 35°.
Consequently, doing the same calculation with the Z. varolai bite
force at 20° would produce misleading data.

Results

The bite force results obtained from our FE simulations in this
study are reported in Table 1 . Considering a specific muscular
tension of 37 N/cm?, we calculated a force of 18645 N for the left
temporalis muscle and 18780 N for the right one. According to

Table 1. Input muscular data and resulting forces obtained from the biting
simulation at 20° and 35° gape angle. Note that all the results have been calculated
at a specific tension of 37 N/cm?.

Gape angle 20° Gape angle 35°

Cross-section of the left temporalis muscle 503.93 cm? 503.93 cm?
Cross-section of the left masseter muscle 50.39 cm? 50.39 cm?
Cross-section of the right temporalis muscle ~ 507.56 cm? 507.56 cm?
Cross-section of the right masseter muscle 50.76 cm? 50.76 cm?
F temporalis left muscle 18645 N 18645 N
F masseteric left muscle 1864 N 1864 N
F temporalis right muscle 18780 N 18780 N
F masseteric right muscle 1878 N 1878 N
Anterior bite force 4312 N 4812 N
Posterior bite force 10103 N 10823 N

previous assumptions, we estimated that the masseter muscles
exerted a force of 1864 N (left) and 1878 N (right). At a gape
angle of 20°, the FE simulation generated an anterior bite force of
4312 N, and a posterior bite force of 10103 N. The bite simulation at
a greater gape angle (35°) yielded slightly higher values of 4812 N at
the anterior end of the dental row and 10823 N at its posterior end.

We calculated that a posterior bite force of 10823 N would be
generated by a great white shark having a body mass of 1542.5 kg
and a total length of 536.3 cm. Similarly, an anterior bite force of
4812 N would be generated by a great white shark reaching a body
mass of 1249.6 kg and a total length of 501.3 cm.

Based on the FE simulations we also obtained the resulting von
Mises stress distributions on the cranium of Z. varolai during
a biting action (Figure 2). At the two different gape angles (20°
and 35°), the stress patterns are almost indistinguishable from each
other. The stress values affecting the cranium are between 4 MPa
and 19 MPa, with higher values being located in correspondence of
the lacrimo-jugal complex and the dental constraints (Figure 2). In
the posterior bite simulations (Figure 2a, b, ¢, d), the stress mainly
affects the supracranial basin, with three major peaks being located
medial to the left antorbital notch, in correspondence of an ante-
roposteriorly elongated ridge that is grossly aligned with the right
antorbital notch and on the left lateral border of the supracranial
basin. The anterior bite load cases exhibit a von Mises stress pattern
that is anteriorly projected, involving the rostrum for most of its
length (Figure 2e, f, g, h). The von Mises stress values are higher at
the base of the rostrum and decrease forward. As we used a cavity-
filling 3D mesh, the resulting stress distribution across the supra-
cranial basin could be slightly affected by the lack of modelling of
the hollow spaces that are found in this region of the neurocranium
(e.g. the facial terminations, the infraorbital canal branches and the
nasal cavity). However, this issue should not affect the stress pattern
on the rostrum, which appears to be a rather massive structure,
lacking apparent foramination.

Discussion
Comparing bite force magnitudes

Much of the biomechanic studies on cetaceans (both extant and
extinct) have been focussed on motion, physical properties of
tissues, hearing, and sound production; analyses of the feeding
mechanics are quite scarce in literature (Fish 1998; de Buffrénil
et al. 2000; Rohr and Fish 2004; Yamato et al. 2008; Bagnoli et al.
2011; Loch et al. 2013; Loch and van Vuuren 2016; Tubelli and
Ketten 2019). In one of the few investigations about this issue, the
bite force of the archaeocete Basilosaurus isis was estimated at the
specific tension of 37 N/cm? (Snively et al. 2015). The posterior and
anterior bite forces estimated for Zygophyseter varolai at 20° gape
angle are, respectively, 39.6% and 66.3% weaker than the
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corresponding values in B. isis (Snively et al. 2015). We only
compared the Z. varolai bite force at 20° because this gape angle
is similar to that used for the B. isis bite simulations (measured from
Snively et al. 2015: Figure 1a). The disparity of bite force values
between Z. varolai and B. isis is not surprising: indeed, Z. varolai
displays a smaller cross-section of the temporalis muscle, and con-
sequently, a less developed mandible adduction power.
Furthermore, Z. varolai bears a proportionally more elongated
rostrum than B. isis; this is clear when comparing the ratios between
the length of the rostrum and the distance between the tip of the
rostrum and the posteriormost point of the temporal fossa in
Z. varolai (0.56) and B. isis (0.51). This morphological difference
may contribute to the large gap between the anterior bite force of
Z. varolai and that of B. isis.

We calculated the hypothetical body length (501.3-536.3 cm) and
mass (1249.6-1542.5 kg) of a great white shark (Carcharodon carch-
arias) that would exert the same bite force as estimated for Z. varolai
at a gape angle of 35°. We noted a slight discrepancy between the
datum calculated for the anterior and posterior bite forces; this can be
easily explained by considering that the force dispersion is greater
along the elongated rostrum of Z. varolai than along the short and
rounded mouth arch of C. carcharias. Regardless for this, our results
suggest that Z. varolai generated the same bite force as a fully adult
great white shark (Long and Jones 1996; Estrada et al. 2006).

We also compared the biting performances of Z. varolai with
those of the extant saltwater crocodile (Crocodylus porosus, the
largest living reptile) at the caniniform and molariform teeth
(Read et al. 2007). Saltwater crocodiles grow throughout their life
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span, and consequently, their bite force greatly increases with age
(Erickson et al. 2012). The highest bite force recorded by Erickson
et al. (2012) for a saltwater crocodile is 11216 N (at the caniniform
tooth) and 16414 N (at the molariform tooth) in a 459 cm long
individual with a skull length of 65 cm; these results are higher than
the bite forces estimated for Z. varolai and place C. porosus near to
B. isis (Erickson et al. 2012). This is even more surprising consider-
ing that Z. varolai exhibits a body that is about 1.5 times longer and
a cranium that is more than twice as long than the tested individual
of C. porosus (Bianucci and Landini 2006; Erickson et al. 2012). The
reason behind these exceptional values in C. porosus could be
searched in the reptilian cranial and muscular architecture.
Indeed, reptiles have laterally unconstrained pterygoid muscles
and highly pennate temporalis muscles that exert a higher specific
tension than mammals. Thus, the lack of bony restrictions, and the
resulting greater space available for the muscle expansion in reptiles
might explain the high bite force values observed in C. porosus
(Thomason 1991; Christiansen 2007; Erickson et al. 2012; Snively
et al. 2015).

According to an estimation made via the ‘dry-skull’ method and
adjusted for the pennation of the mammalian musculature, the lion
(Panthera leo) can exert a bite force of 3388 N at the canine
(McHenry et al. 2007). The lion is one of the largest extant felids
and is known to use a powerful bite to hold and kill its prey
(Sunquist and Sunquist 2002; McHenry et al. 2007; Schaller 2009).
In felids, the canine tooth is placed in an anterior position along the
tooth row, thus we compared the canine bite force of P. leo with the
anterior bite force estimated for Z. varolai. Despite the long ros-
trum, and thus the relative force dispersion, Z. varolai results in
having a 21.4-29.6% higher anterior bite force value than the canine
bite force of P. leo (McHenry et al. 2007).

According to our simulation, in condition of static bite, Z. varolai
can generate a force of more than 10000 N at the posteriormost tooth,
depending on the gape angle. It has been calculated that 7000-9000 N
are needed to break a long bone of a large ungulate (Tanner et al.
2008). In addition, Erickson et al. (1996) estimated that the giant
theropod dinosaur Tyrannosaurus rex had to generate at least 6410 N
to damage a Triceratops ilium. Based on these lines of evidence,
Z. varolai was likely able to break or seriously damage the bones of
a prey by using its powerful posterior bite. Given all these considera-
tions, we hypothesise that Z. varolai was able to generate a great bite
force, even compared with other marine and terrestrial vertebrate
predators known to use biting actions for capturing, killing, and
sometimes processing (i.e., cutting or tearing) their prey items.

Feeding strategy by biomechanics

The high bite force values associated to Zygophyseter varolai are in
good agreement with several osteomorphological and dental char-
acters of this extinct sperm whale, including a wide temporal fossa,
a well-developed zygomatic process of the squamosal, and the
presence of deep occlusal facets on teeth suggesting a strong degree
of occlusion during bite (Bianucci and Landini 2006).

The mouth gape angle and the point where the reaction force is
measured are two important factors in a FE bite simulation (Bourke
et al. 2008; Wroe et al. 2008). Our results reveal that the bite force
estimated at 35° gape angle is higher than that at 20° gape angle
(both anteriorly and posteriorly); probably, 35° is close to the angle
at which the highest bite force is generated (i.e., the optimum of the
mechanical advantage) (Bourke et al. 2008; Wroe et al. 2008).
Future research efforts might investigate the variation of bite force
values with the gape angle increase, which is especially relevant in
the light of the wide mouth opening hypothesised for Z. varolai
(Bianucci and Landini 2006).

In our simulations, we recorded a higher bite force at the poster-
ior most dental constraint relative to the anteriorly positioned
constraint. This trend is not unexpected, because the posteriormost
tooth is closer to the rotation centre of the mandible (mandibular
fossa), and as such, to the lever fulcrum. Consequently, the huge
disparity between the anterior and posterior bite forces is a direct
consequence of the mandible lever mechanics (Wroe et al. 2008;
Lambert et al. 2014). Interestingly, bony outgrowths that have been
detected along the upper dental row in MUSM 1399, the holotype of
Acrophyseter robustus (a macroraptorial sperm whale phylogeneti-
cally and morphologically close to Z. varolai; Lambert et al. 2014,
2017), are especially developed nearby the posteriormost teeth.
These bony outgrowths have been interpreted as resulting from
the occlusal stress increase close to the rotation centre of the
mandible lever system (Lambert et al. 2014). Thus, the bony exo-
stoses observed in A. robustus and their functional interpretation
further support the bite force trend described by our bite simula-
tions in Z. varolai. Such a variation of bite force along the upper jaw
provides some clues about the feeding strategy of Z. varolai: this
macroraptorial sperm whale likely captured large food items with
an anterior bite and then cut them into pieces with a powerful
posterior bite. The anteriorly tapered rostrum and the procumbent
conical anterior teeth could have been used to efficiently grab
motile preys (Bianucci and Landini 2006). On the other hand, the
posterior mandibular teeth (the sole that were found within the
corresponding alveoli) display an obvious degree of mediolateral
compression of the root portion placed above the gingival collar
that possibly facilitated the shearing of food items (Bianucci and
Landini 2006). Even though this character could simply reflect the
accommodation of the voluminous lower cheek teeth within the
narrow space left by the large mandibular canal running through
the posterior portion of the dentary, the mediolateral compression
of the posterior postcanines might still represent an exaptation
facilitating the shearing of prey items.

Many morphological features among those listed above (e.g., the
anteriorly tapered rostrum, the wide temporal fossa, the procum-
bent anterior teeth) are shared between Z. varolai and Acrophyseter
spp.; in addition, both Z. varolai and A. deinodon display
a mediolateral compression of the posterior mandibular teeth
(Bianucci and Landini 2006; Lambert et al. 2008, 2017). Based on
these shared morphological characters, we propose for Zygophyseter
and Acrophyseter a ‘grip-and-shear’ feeding strategy consisting of
three phases: 1) grasping and piercing of the prey with the anterior
teeth, 2) moving the food item backward along the mouth, and 3)
cutting it with the posterior teeth. In Figure 3, this hypothetical
trophic behaviour is integrated within the framework of feeding
strategies proposed for extant marine mammals by Kienle et al.
(2017) and Berta and Lanzetti (2020). It is our content that such
a feeding strategy was also used by heterodont basilosaurids having
anterior conical teeth (canine and incisors) and even more medio-
laterally compressed posterior teeth (premolars and molars) (Uhen
2004; Fahlke 2012; Fahlke et al. 2013; Loch et al. 2015; Snively et al.
2015) and, as a plesiomorphic condition, by several heterodont
basal neocetes (e.g., squalodontids; see Loch et al. 2015; Collareta
et al. 2020a). Nevertheless, the trophic strategy of Zygophyseter and
Acrophyseter can hardly be considered as plesiomorphic. Indeed,
neither Eudelphis motzelensis nor the recently described Raphicetus
valenciae, both of which appear to have branched earlier than
Acrophyseter spp. and Z. varolai, display any osteological or dental
feature that could be positively associated with a macropredator
ecology (Lambert 2008; Lambert et al. 2020). Considering also the
incipient homodonty observed in all physeteroids (in which all
teeth feature one root and no accessory cusps), we interpret the
feeding strategy of Zygophyseter and Acrophyseter as a secondary re-
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Figure 3. Feeding strategies of marine mammal predators. Modified from Berta and Lanzetti (2020), with the addition of the grip-and-shear feeding (illustration of

Zygophyseter varolai modified from Bianucci and Landini 2006).

adaptation driven by a selective pressure towards a diet consisting
of large-bodied prey. A tooth morphology roughly similar to that of
Z. varolai and Acrophyseter spp. is also observed in some fossil
homodont odontocetes, e.g. the early Miocene Furcacetus flexiros-
trum, which is characterised by large and procumbent upper inci-
sors (Bianucci et al. 2020). However, based on the delicate
sigmoidal rostrum and the moderately expanded temporal fossa,
F. flexirostrum is believed to have used the anterolaterally oriented
teeth to catch quickly moving prey items such as shrimps and small
fishes (Bianucci et al. 2020). Similarly, the living river dolphin
Platanista gangetica uses the large and pointed (but not procum-
bent) anterior teeth and slender rostrum to grab and pierce small
preys, the latter being subsequently moved towards the throat with-
out being sheared (Pilleri 1970; McCurry et al. 2017).

The grip-and-shear feeding technique is not observed among
extant sarcophagous predators, since they hold and shake their prey
with the jaws to tear off large pieces of flesh (Figure 3), without
a proper cutting action (Werth 2000; Berta and Lanzetti 2020). This
shark-like feeding strategy is known as grip-and-tear (Figure 3), and
the sole extant cetaceans that use it are the killer whale (Orcinus
orca) and the false killer whale (Pseudorca crassidens) (Ford 2018;
Berta and Lanzetti 2020; Galatius et al. 2020). These large-sized
delphinids have a blunt and robust rostrum as well as cheek teeth
that are not laterally compressed (Werth 2006a; McCurry et al.
2017; Ford 2018; Berta and Lanzetti 2020; Galatius et al. 2020),
thus differing from the putative grip-and-shear feeders like
Z. varolai and B. isis (Uhen 1996; Bianucci and Landini 2006).
Regardless of the differences between the aforementioned trophic
strategies, the teeth of O. orca display long occlusion facets (pers.
obs. on MSNUP C298 and MSNUP C301) that are reminiscent of
the condition observed in Z. varolai and Acrophyseter spp.
(Bianucci and Landini 2006; Lambert et al. 2008, 2014, 2017).
However, the presence of well-developed occlusal facets is only
indicative of a strong dental occlusion and an extensive use of the
biting action during feeding (Bianucci and Landini 2006; Lambert
et al. 2017; Lambert and Bianucci 2019; Peri et al. 2020).
Furthermore, during a grip-and-tear feeding event, the predator
tears its prey into pieces with large bites, thus exerting a somewhat
ripping action (Werth 2006a; Berta and Lanzetti 2020). According
to our hypothesis, a grip-and-shear feeder would rather use
a posterior bite to cut its prey after capturing it with an anterior
bite. Therefore, the fundamental difference between these two feed-
ing strategies relies on how the biting action is used for prey
processing.

Thus, during the first phase of a grip-and-shear feeding action,
the prey is grabbed with an anterior bite; during the second phase, it
is moved posteriorly along the mouth towards the posterior tooth
rows; finally, during the third phase, it is sheared with a powerful

posterior bite. In our simulations of the anterior bite of Z. varolai
(Figure 2e, f, g, h), the stress pattern appears as projected towards
the tip of the rostrum, and the higher values are placed at the
rostrum base. This is a consequence of the mechanical response of
an elongated body being subjected to a force application at one of its
ends. In these conditions, the base of an elongated rostrum is
a ‘bending point’ where the tensile stress accumulates.
Consequently, the von Mises stress pattern resulting from our FE
model replicates well the first phase of a grip-and-shear feeding
action. After capture, the wounded prey was likely transported
towards the posterior portion of the mouth, possibly by means of
suction. Interestingly, the living sperm whale P. macrocephalus can
create a powerful suction at level of the gular cavity (Werth 2006a),
thus evoking the possibility that extinct physeteroids were also
capable of applying some degree of suction. Moreover, a phase of
transport of the food items by means of suction is observed in
extant raptorial longirostrine odontocetes (e.g., Inia geoffrensis) as
well as in the more stoutly snouted Tursiops (Werth 2000, 2006a,
2006b; Bloodworth and Marshall 2005). In the posterior bite simu-
lations, the rostrum does not appear as stressed, except for its very
basal portion, close to the constraint at the posteriormost tooth
(Figure 2a, b, ¢, d). Here, the FEA shows an evident stress peak that
is probably related to the contact between the tooth and the food
item during the third phase of a grip-and-shear feeding action.
Based on these observations, the stress patterns resulting from our
FEA simulations appear as consistent with the feeding strategy
hypothesised above for Z. varolai. Interestingly, there is a peak of
stress insisting on the right side of the supracranial basin, in corre-
spondence of an evident ridge. This structure might counteract the
bending of the rostrum during a biting action, and especially in
occasion of an anterior bite (Figure 2). However, as already men-
tioned, the lack of modelling of the internal cranial geometry of the
cranium of Z. varolai prevents us from further anatomical and
functional interpretations of specific stress peaks while allowing
for a more general discussion of stress distribution on the neuro-
cranium and, especially, the rostrum.

Palaeoecological role and diet of Zygophyseter varolai

According to our estimates, Zygophyseter varolai was able to gen-
erate the same bite force as a great white shark individual well
beyond sexual maturity (Kohler et al. 1996; Wroe et al. 2008).
Extant Carcharodon carcharias is known as a highly generalist
predator that mainly feeds upon diminutive and fat-rich marine
mammals, such as fur seals and small toothed whales (Compagno
1984; Heithaus 2001; Brown et al. 2010; Skomal et al. 2017; Moro
et al. 2020). Several field studies and laboratory analyses have
demonstrated that extant white sharks prey upon marine mammals
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in adulthood, when they reach a body length of 300-400 cm (Long
and Jones 1996; Estrada et al. 2006). Considering that the body
length of the holotype of Z. varolai was likely 650-700 cm (Bianucci
and Landini 2006), its ecology might have been somewhat similar to
that of an adult C. carcharias, and its diet mainly consisting of
medium-sized marine vertebrates. As already mentioned,
Z. varolai was retrieved from the Tortonian strata of the Cisterna
quarry (Lecce), which also provided remains of several other mar-
ine vertebrates, such as Messapicetus longirostris (Ziphiidae,
Cetacea), Metaxytherium medium (Dugongidae, Sirenia), Makaira
cf. M. nigricans (Istiophoriade, Perciformes) and Acanthocibius cf.
A. solandri (Scombridae, Perciformes) (Bianucci et al. 1992, 2003,
2016a; Carnevale et al. 2002); all of them would have been potential
prey items for Z. varolai. Besides Z. varolai, the Tortonian strata of
the Pietra leccese formation have yielded fossils of other marine
macropredators, including an unnamed macroraptorial sperm
whale found at approximately the same horizon as the holotype of
Z. varolai (Peri et al. 2020) and several large-sized sharks (e.g.,
Anotodus agassizi, Carcharocles megalodon, Cosmopolitodus hasta-
lis, Parotodus benedeni) (Menesini 1969). Such an abundance of
high trophic-level predators in the Mediterranean Basin during the
early late Miocene starkly contrasts with the present-day situation,
which sees the great white shark and occasionally the killer whale as
the sole apex predators to be found in the Mediterranean trophic
chains (Notarbartolo di Sciara et al. 1993; Morey et al. 2003;
Abdulla 2004; Notarbartolo di Sciara and Reeves 2006;
Notarbartolo di Sciara 2016). The late Miocene presence of multiple
top predators has previously been explained with high productivity
conditions that led to a high availability of food items for a broad
spectrum of marine vertebrates (Peri et al. 2020). Sedimentologic
evidence of high productivity, such as phosphate-rich levels asso-
ciated with glauconite, has been reported from several localities of
the central Mediterranean (Salento Peninsula, Sicily, Malta and
Crete) (Follmi et al. 2008, 2015; Catanzariti and Gatt 2014;
Vescogni et al. 2018). This suggests the presence of nutrient-laden
currents from the eastern Mediterranean that replenished the cen-
tral basin and supported the late Miocene macropredator guild
retrieved from the Pietra leccese formation (Menesini 1969;
Bianucci and Landini 2006; Peri et al. 2020).

Remarks on the Miocene marine macropredators

The results obtained in this study need to be framed in the context
of the complex ecology of Miocene seas. Indeed, besides a number
of genera and species that are based on taxonomically diagnostic
skeletal materials, isolated teeth referable to macroraptorial physe-
teroids have been reported from middle and upper Miocene depos-
its of several localities of the Americas, Asia and Europe (e.g.,
Kimura et al. 2006; Hasegawa et al. 2006; Marra et al. 2016;
Reumer et al. 2017; Piazza et al. 2018; Lambert and Bianucci
2019). As already mentioned, the chronostratigraphic and geo-
graphic distribution of the published remains of macroraptorial
sperm whales suggests that this group impressively radiated during
the middle and late Miocene (Lambert et al. 2017). In the light of
the presence of at least six species of macropredator sperm whales
(Acrophyseter  deinodon, A. robustus, Livyatan melvillei,
Zygophyseter varolai, and two unnamed taxa identified from iso-
lated dental remains by Marra et al. 2016 and Peri et al. 2020)
during the late Miocene, the present-day stock of high-trophic
level odontocete predators appears greatly depleted, with two del-
phinids - i.e., the killer whale (Orcinus orca) and the false killer
whale (Pseudorca crassidens) - being the sole macropredators
among living toothed whales (Baird et al. 2008; Barrett-Lennard
et al. 2011; Ford et al. 2011; Pitman et al. 2015; Ford 2018; Baird

2018; Galatius et al. 2020). Considering the taxonomic composition
of the highest trophic levels, a shift likely occurred in Plio-
Pleistocene epochs, with sperm whales (acting as apex consumers
in the late Miocene) being replaced in this trophic position by large-
sized delphinids. Besides macroraptorial sperm whales, large-sized
elasmobranchs like Anotodus agassizii, Carcharocles megalodon,
Cosmopolitodus hastalis and C. plicatilis roamed the seas as apex
predators during the middle and late Miocene (Menesini 1969;
Purdy et al. 2001; Collareta et al. 2017a, 2017b; Boessenecker et al.
2019; Landini et al. 2017; Perez et al. 2018). On the other hand,
large-sized extant lamnid and carcharhinid sharks (e.g,
Carcharhinus leucas, Carcharodon carcharias and Galeocerdo
cuvier) are often regarded as top predators within their habitats
(Long and Jones 1996; Simpfendorfer et al. 2001; Estrada et al. 2006;
Kim et al. 2012; Heupel et al. 2014); however, they do not reach the
giant size of mega-toothed sharks of the Miocene (Collareta et al.
2017a; Boessenecker et al. 2019).

All things considered, the late Miocene oceans displayed
a greater diversity of large-sized macropredators than today; in
addition, several such forms have been retrieved in the same sedi-
mentary bodies, thus suggesting a cohabitation in the same marine
areas (e.g. Carnevale et al. 2002; Bianucci et al. 2016; Peri et al. 2020;
Bosio et al. 2021). Nowadays, macroraptorial sperm whales are
extinct, and the reasons behind this disappearance are tentatively
traced back to the late Neogene establishment of gigantism as the
size standard among baleen whales (Lambert et al. 2010; Marx and
Fordyce 2015; Slater et al. 2017; Bianucci et al. 2019). Furthermore,
a global cooling occurred at the end of the Miocene (about 7-
5.4 Ma) may have reduced the geographical range of these macro-
raptorial physeteroids and led to the disappearance of medium-
sized baleen whale faunas (Lambert et al. 2010; Herbert et al. 2016;
Tanner et al. 2020). Similar biotic and abiotic drivers, together with
the emergence of modern ecomorphotypes such as those repre-
sented by the great white shark and the killer whale, have been
evoked for explaining the decline and the extinction of the otodon-
tid lineage in the early Pliocene (ca. 5.3-3.5 Ma) (Collareta et al.
2017a; Boessenecker et al. 2019; Pimiento et al. 2019).

Conclusions and perspectives

We used the ‘dry skull’ method and the finite element analysis
(FEA) to estimate the bite force of the macroraptorial sperm
whale Zygophyseter varolai from the late Miocene of southern
Italy. We set four different load cases to obtain anterior and poster-
ior bite force estimated at 20° and 35° gape angles. From the FEA
simulation, we obtained an estimation of 4312 N (20° gape angle)
and 4812 N (35° gape angle) for the anterior bite. We also estimated
that Z. varolai generated 10103 N (20° gape angle) and 10823 N (35°
gape angle) at the posterior bite.

Through mathematical formulas, we calculated that Z. varolai
exerted the same bite force of an adult great white shark reaching
more than 500 cm of body length. Extant white sharks begin to prey
upon marine mammals when they reach 300-400 cm of body length.
Consequently, we hypothesise that Z. varolai had an analogous diet
and that it fed upon the small and medium-sized marine vertebrate
fauna retrieved from the Tortonian strata of the Pietra leccese
formation.

The obtained bite force results are similar to, though somewhat
lower than, those estimated in the basilosaurid archaeocete
Basilosaurus isis in a previous study. According to our estimations,
Z. varolai exerted a high bite force, most likely sufficient to break
the bones of its prey. Based on the bite force variations along the
maxilla and the teeth and cranial morphology of Z. varolai, we
hypothesise that this extinct sperm whale grasped its food item



with an anterior bite, moved it backward along the mouth and
finally cut it with a powerful posterior bite. This hypothetic feeding
strategy, here named ‘grip-and-shear’, was likely shared by the
phylogenetically and morphologically close sperm whale genus
Acrophyseter. Some modern odontocetes use slightly different feed-
ing strategies as they grab and tear apart large-sized food items
(grip-and-tear feeding), snap small preys with anterior pointed
teeth to swallow them entirely (pierce feeding) or smash them
with their posterior teeth (crushing feeding). The stress patterns
derived from the FEA appear as consistent with the grip-and-shear
feeding strategy proposed for Z. varolai: the anterior bite simula-
tions show a stress pattern that is anteriorly projected on the
rostrum, while the posterior bite simulations reveal a stress peak
at the rostrum base that replicates the contact between the posterior
cutting tooth and the food item.

This is the first study that investigates the bite mechanics of
a macroraptorial physeteroid using FEA. Such a biomechanical
approach might be applied to shed new light on the trophic spectrum
and the feeding strategies of other macroraptorial sperm whales,
including the giant putative whale-eater Livyatan melvillei. A better
understanding of these aspects will greatly contribute to unravel the
complex trophic relationships in the Miocene oceans, which were
home to a surprisingly high diversity of large-sized predators.
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