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ABSTRACT - Reaching body lengths of 9 m, killer whales (Orcinus orca) are the top mammalian predators of the present-day oceans.
These distinctive, cosmopolitan dolphins feature an extremely broad and diverse trophic spectrum, ranging from mollusks like octopuses and
squids to other toothed whales and even baleen whales. Due to the lack of fossils that can be confidently assigned to Orcinus or close relatives
thereof, the evolutionary origin of extant killer whales has rarely been addressed. Here, we provide an updated and thorough reappraisal of
the systematics, phylogeny and feeding behavior of Orcinus citoniensis from the Pliocene of Tuscany (Italy), the only fossil species of killer
whale currently known on the basis of diagnostic material. Our systematic and phylogenetic reassessment confirms that O. citoniensis is a
bona fide species of Orcinus that mostly differs from the extant O. orca by virtue of a smaller body size (ca. 3.5 m). Besides Orcinus spp., the
subfamily Orcininae is here recognized as a relatively early-branching clade of delphinids that also includes the Italian Pliocene species
“Tursiops” osennae, Hemisyntrachelus pisanus and Hemisyntrachelus cortesii. Our morphofunctional analysis supports a mainly piscivorous
diet for O. citoniensis. In particular, the degree of apical tooth wear observed on the holotype is consistent with that shown by the extant
generalist type of Atlantic killer whales while clearly differing from members of the cetacean-eating specialized types. The prominence of
fish in the diet of O. citoniensis is further supported by the fine and shallow microwear features on the dentine exposed at the apical portion
of the tooth crown. The emergence of Orcinus as one of the highest trophic level predators of the global oceans, especially at mid and high
latitudes, may have involved some process of exaptation, well into the Pleistocene, when large eurytrophic sharks that used to be common
and widespread in Pliocene times either became extinct or underwent a severe reduction of their biogeographic ranges.

INTRODUCTION
Killer whales, also known as orcas (Orcinus orca
[Linnaeus, 1758]), are the top mammalian predators of
the present-day oceans (e.g., Ford et al., 2010). Reaching
body lengths of 9 m, these distinctive, cosmopolitan
dolphins have no natural predators and feed on prey at
very different trophic levels. Prey items include cephalopod
mollusks (squid and octopuses), bony and cartilaginous
fishes, seabirds like penguins, seals, other toothed whales
(including several dolphin species), and even baleen whales
(both calves and, less frequently, adults) that are fed upon
by means of a “shark-like” grip-and-tear behavior (Heyning
& Dahlheim, 1988; de Bruyn et al., 2013; Berta & Lanzetti,
2020; Berta et al., 2022). There are however patterns in this
diversity of prey. Many killer whale populations display
strong prey preferences, with some feeding exclusively
on fish and others targeting marine mammals (Foote et
al., 2009; Ford et al., 2010; de Bruyn et al., 2013). Several
orca populations also differ in morphology, body size,
distributional patterns and social structure, hence some may
be undergoing ecological speciation or possibly represent
distinct, but not yet formally named species (Pitman &
Ensor, 2003; Ford et al., 2010; Morin et al., 2010; Pitman
et al., 2011; de Bruyn et al., 2013).
In spite of growing interest on the recent and ongoing
evolution of killer whales, the evolutionary origin of orcas
ISSN 0375-7633

has rarely been addressed. This is mostly due to the lack
of fossils that can be confidently assigned to Orcinus or an
extinct genus that is closely related. In fact, only a single
extinct species of killer whale is known based on diagnostic
material; Orcinus citoniensis (Capellini, 1883) is based on
a single specimen from the Pliocene of Italy. Collected
in 1882 from a rural outcrop of sandstones near Cetona
(Tuscany, central Italy), the holotype of O. citoniensis
consists of a fairly complete skeleton that was described
one year later by the Italian palaeontologist Giovanni
Capellini. Despite its high degree of completeness and
clear affinities with the extant killer whale, this specimen
has never been subject to a comprehensive reappraisal,
and its evolutionary and palaeoecological significance
have been explored only partially (Bianucci et al., 2022).
Providing an updated and thorough assessment of the
systematics, phylogeny and feeding behavior of O.
citoniensis - the oldest killer whale - 140 years after its
discovery and 100 years after the passing of Giovanni
Capellini is the goal of the present study.
MATERIALS AND METHODS
Institutional abbreviations
AMNH: American Museum of Natural History, USA;
IGF: Museo di Geologia e Paleontologia, Università
doi:10.4435/BSPI.2022.13
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di Firenze, Italy; IRSNB: Institut Royal des Sciences
Naturelles de Belgique, Belgium; MCSNC: Museo Civico
di Storia Naturale di Comiso, Italy; MGGC: Collezione
di Geologia “Museo Giovanni Capellini”, Università di
Bologna, Italy; MHNP: Museum National d’Histoire
Naturelle, France; MMPS: Stamatiadis Museum of
Mineralogy and Paleontology (MMPS), Rhodes,
Greece; MPTAM: Museo Paleontologico Territoriale
dell’Astigiano e del Monferrato, Asti, Italy; MRSNT:
Museo Regionale di Storia Naturale di Torino, Italy;
MSNUP: Museo di Storia Naturale, Università di Pisa,
Italy; MZUF: Museo di Zoologia, Università degli Studi di
Firenze, Italy; NNML: Nationaal Naturhistorish Museum,
The Netherlands; USNM: National Museum of Natural
History, USA; ZMA: Zoölogisch Museum Amsterdam,
Amsterdam, The Netherlands.
Specimens examined for comparative description and
phylogeny
Arimidelphis sorbinii Bianucci, 2005 (MSNV SAE
39756); Astadelphis gastaldii (Brandt, 1874) (MGGC
8572, MRSNT PU13883, PU13884); Cephalorhynchus
commersonii (Lacépède, 1804) (IRSNB 21143; MHNP
1983-62; USNM 252368, 395353, 550154, 550155,
550449, 571620; ZMA 24934); Delphinus delphis
Linnaeus, 1758 (IRSNB 1509C, 1519, 33388, 35447;
MNHN A3072, A3074, A3078, M974, M1233; MSNUP
C286, C289; NNML 31199; USNM 48495, 571620; ZMF
17833); Etruridelphis giulii (Lawley, 1876) (MGGC 8573;
IGF 1542V, 1541V, 8736V; MSNUP I15458); Feresa
attenuata Gray, 1874 (USNM 395177, 504396, 504916,
504917, 504918, 504919, 550389, 571268; ZMA 22687);
Globicephala macrorhynchus Gray, 1846b (MZF 9747;
USNM 37261, 500239, 500247, 504395, 504396, 550438,
571006, 571933; ZMA 1708, 5055, 5056, 5057, 5058,
5059, 5062, 5063, 8880, 11583, 23826, 23829, 23830);
Globicephala melas (Traill, 1809) (IRSNB 1514, 1514B,
1514Y; MHNP A3221, A3222, A3224, A3225, 197729; MSNUP C302; MZF 12030, 12510; NNML 24796,
28503, 31214, 34087, 34692; USNM 14417, 571006,
571349; ZMA 1706, 1888, 8055, 8880, 115383, 23836);
Grampus griseus (Cuvier, 1812) (IRSNB 39140; MSNUP
C294, C295, C296, C297; NNML 21586, 31212; USNM
504328, 550391, 572313, 572333; USNM 572921);
Hemisyntrachelus cortesii (Fischer, 1829) (MGGC
8566; MGPT PU 13875, PU 13882); Hemisyntrachelus
pisanus Bianucci, 1996 (MGGC 8560); Lagenodelphis
hosei Fraser, 1956 (USNM 504411, 550022, 571619);
Lagenorhynchus albirostris Gray, 1846a (IRSNB 12976,
22334, 32196, 35446, 39002, 39141; MHNP 1976-29;
MSNUP C291; Lagenorhynchus harmatuki Whitmore
& Kaltenbach, 2008 (USNM 163062, 182914, 183062,
206098, 244317); NNML 16882, 24764, 41125; USNM
35156, 267563, 504629, 504659, 504660, 550208,
550834; ZMA 15208); Leucopleurus acutus (Gray, 1828)
(IRSNB 1527, 34514; MHNP A3042; NNML 31211,
38323; USNM 14304, 14305, 14306, 14307, 200342,
484917, 484919, 484920, 484921, 500996, 571329,
572887, 572903; ZMA 16536, 24684, 25683, 31211);
Lissodelphis borealis (Peale, 1848) (USNM 286872,
290625, 290626, 396167, 484929, 550026, 550027,
550088, 550188, 571322; ZMA 24439); Orcaella
brevirostris (Owen in Gray, 1866a) (IRSNB 1512; MHNP

1888-386; MSNUP C293; USNM 199743, 284430);
Orcinus orca (AMNH 34276, 34844, 11980, 16487,
219326, 238112; IRSNB 1511; MHNP A3234, 1983-048;
MSNUP C298, C301; NNML 1982, 6974, 16981, 17711,
31219, 31220, 31221; USNM 11980, 16488, 22068,
23004, 219326, 238112, 239351, 504925; ZMA 13489,
19487, 21168); Peponocephala electra (Gray, 1846b)
(MHNP A3089; NNML 38435; USNM 504250, 504502,
504503, 504505, 504948, 550399, 550837; ZMA 1179,
15956, 15960, 15961, 15962, 15963, 15967); Pseudorca
crassidens (Owen, 1846) (AMNH 99681, 16948, 180609;
MHNP1993-66; MSNUP C299, C300; NNML 2236,
2393, 2430; USNM 11320, 20932, 218360, 219325,
270986; ZMA 7700, 12897, 12898,14525, 21168, 21186,
21897, 25223); Rododelphis stamatiadisi Bianucci et al,
2022 (MMPS 544); Sagmatias obliquidens (Gill, 1865)
(USNM 290642, 290644, 290646, 550124, 550497,
550834, 550913, 550914); Septidelphis morii Bianucci,
2013 (MPTAM 216.1330); Sotalia spp. (IRSNB 1516,
20137; MNHN 1888-791, 1888-793, 1928-211, 1990002; NNML 18168, 21756, 22258, 22259; USNM 21499,
253476, 550376, 550748, 571012, 571558; ZMA 14641,
19487, 19784); Sousa plumbea (Cuvier, 1829) (USNM
550939, 550941, ZMA 20728, 21437); “Stenella” rayi
Whitmore & Kaltenbach, 2008 (USNM 182930); Steno
bredanensis (Cuvier in Lesson, 1828) (MCSNC 3404,
3405); IRSNB 1515, 1515B, 1515C; MNHN A-3047,
A-3048, A-3050, A-3052, 1866-150, 1882-108, 1882114, 1921-297, 1929-5, 1965-209; NNML 31171, 31174,
31175, 31176, 31177, 31178; ZMA 7685, 7889; USNM
21169, 504494, 504496, 550221, 550837, 573835);
Tursiops truncatus (Montagu, 1821) (IRSNB 1517D,
17692, 20138, 20141, 20142; MSNUP C280, C281,
M284, M285; MZF c17833; NNML 4340, NNML 31182,
31183; USNM 550165, 504494, 550180, 550221, 550368,
550837); “Tursiops” osennae Simonelli, 1911 (MGGC
8561-8562).
Anatomical terminology
The anatomical terminology follows Mead & Fordyce
(2009) for the skull and mainly Evans & de Lahunta (2013)
for the postcranial skeleton.
Cladistic analysis
The phylogenetic analysis discussed herein is the
same as that described by Bianucci et al. (2022). Their
dataset included 148 taxa coded for 372 morphological
characters. Analyses were conducted in the computer
application TNT, using the default settings in a “New
Technology Search” (Goloboff & Catalano, 2016).
Relationships among extant taxa were constrained to
match that supported by molecular data, specifically
those relationships described by McGowen et al. (2020).
We did a few additional analyses to explore the support
for specific nodes and to identify alternative, but not as
well supported, phylogenies. Specifically, we explored
how well the relationships between extant taxa and select
extinct taxa (i.e., Orcinus citoniensis, Hemisyntrachelus
spp., and “Tursiops” osennae) are supported using double
decay analyses (Wilkinson et al., 2000). The application
TNT enforces a backbone constraint, in contrast to a
regular constraint, by allowing the user to “define some
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taxa as floaters”. For example, to find the shortest tree
that had O. citoniensis more closely related to an extant
delphinid other than Orcinus orca, we removed O.
citoniensis from the list of floating taxa and then specified
a reverse constraint for O. citoniensis + O. orca.
Tooth wear analysis
Odontocete teeth can display two different abrasion
patterns: 1) shearing (or occlusal) facets on the mesial and
distal tooth surfaces, caused by repeated tooth-to-tooth
contact between mesial/distal margins of opposing teeth;
and 2) apical facets on the crowns, caused by contact with
prey during food capture and processing (Loch et al., 2013;
Caldwell & Brown, 1964).
The observed degree of apical tooth wear (= TW)
correlates with the abrasiveness of the ingested food,
and as such, it reflects the feeding habits of different
odontocete populations (Foote et al., 2009; Ford et al.,
2011; Jett et al., 2017; Purnell et al., 2017). The TW of a
single individual can be quantified by using the following
formula proposed by Foote et al. (2009):
TW = Σ (q . kq) / n
where q is the degree of wear of the single tooth (0
= none; 1 = wear accounting for up to one quarter of the
crown height; 2 = wear accounting for up to half the crown
height; 3 = wear accounting for more than half the crown
height), kq is the number of teeth worn to level q, and n
is the total number of teeth. According to Foote et al.
(2009), a TW value of 0.5 distinguishes two populations
of Orcinus orca in the North Atlantic. Specifically, TW
> 0.5 indicates a mainly piscivorous diet, with marine
mammals (like seals) representing only a small fraction
of the prey items (generalist type), while a lower degree
of tooth wear (TW < 0.5) characterizes specialized marine
mammal eaters.
Since apical wear is very well preserved in Orcinus
citoniensis and the dental morphologies of the two
Orcinus species are very similar, TW represents a
potential proxy for reconstructing the diet preferences
of O. citoniensis.
Tooth wear measurements were taken on teeth that are
preserved in situ, i.e., inside the upper and lower right
dental alveoli of the O. citoniensis holotype. Since the TW
value is calculated on the total number of the teeth, the
resulting values were doubled, assuming a symmetrical
pattern of abrasion on the basis of the apical wear patterns
displayed by the isolated upper and lower left teeth (not
preserved in situ). The broken fourth right mandibular
tooth was excluded from the analysis.
For each worn tooth, observations on the extent of
the worn-out area of the crown compared to the total
crown area were also performed, following the approach
proposed by Loch & Simoes-Lopes (2013).
Analysis of the microwear on the dentine
The apices of teeth are subject to repeated direct
contacts with the food items. Consequently, microwear
features that are found in apical wear facets are interpreted
as mostly representing the result of food-tooth friction
(Loch & Simoes-Lopes, 2013; Green & Croft, 2018).
Microwear texture features (e.g., the presence and size of
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pits, number and intensity of scratches, and the presence
of gouges) depend on the abrasiveness of the ingested
food items and have a high probability of being preserved
during fossilization. Here, the dentine exposed on the
apical wear surfaces of the teeth of Orcinus citoniensis
and Orcinus orca was analyzed via stereoscopic, lowmagnification light microscopy (= LM) in order to check
for qualitative differences in microwear.
Teeth of O. citoniensis and O. orca were analyzed
with a Zeiss Stemi 2000-c stereoscopic microscope. The
qualitative identification of microwear features (i.e., from
fine to coarse and hypercoarse scratches, and the presence
of gouges) was determined through the differential
refraction of light (Green & Croft, 2018). The density
of microwear features was determined by counting the
singular features inside a 2 × 2 mm square. In order to
compare teeth affected by similar stress dynamics, we
compared teeth with similar positions along the tooth
row. In both species of Orcinus the apical facets are subhorizontally oriented, thus precluding any bias in the
microwear patter that may occur whenever the analyzed
wear facets display significant differences in terms of
orientation and slope (Purnell et al., 2017).
The good preservation state of the O. citoniensis
holotype and its high degree of articulation suggest a
relatively low-energy depositional environment, thus there
is no reason to think that taphonomic processes affected
tooth microwear post-mortem. Moreover, all the analyzed
teeth were originally found in the vicinities of the upper
and lower jaws, and no traces of wear and microwear due
to erosion have been detected on the cortical surface of
the bones. Thus, it seems unlikely that bottom currents
were strong enough to induce a significant degree of
biostratinomic dentine removal in the form of gouges or
scratches.
SYSTEMATIC PALAEONTOLOGY
Class Mammalia Linnaeus, 1758
Order Cetacea Brisson, 1762
Suborder Odontoceti Flower, 1867
Superfamily Delphinoidea Gray, 1821
Family Delphinidae Gray, 1821
Genus Orcinus Fitzinger, 1861
Orcinus citoniensis (Capellini, 1883)
(Figs 2-6, 9-10)
Holotype and only referred specimen - MGGC
8560, incomplete cranium lacking most of its left side
and posteroventral portion, plus the almost complete
mandibles. MGGC 8563-8565, vertebral column lacking
two cervicals and several caudals, plus ribs, the incomplete
sternum, right scapula and proximal part of the right
humerus, two metacarpals and 13 isolated teeth. MGGC
8560 and 8563-8565 all belong to the same individual.
Type locality and age - Podere Poltriciano, two
kilometers south-west of Cetona (Siena Province),
Tuscany, Italy (Fig. 1). Capellini (1883) described the
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process, a thinner maxilla over the orbit, a less nuchal
emargination of the zygomatic process of the squamosal,
a straight ventral margin of the zygomatic process of the
squamosal, a larger base of the acromion process of the
scapula, and a smaller body size.
Ontogeny - The vertebral epiphyses are joined to
their respective corpora in all thoracics and caudals,
whereas most of the lumbars display free epiphyses. Such
a vertebral epiphyseal pattern suggests a young adult
animal because the progression of vertebral epiphyseal
ankylosis terminates in the thoracic and lumbar regions
(Galatius & Kinze, 2003). Further supporting the adult
age of the Orcinus citoniensis holotype are the nearly
closed pulp cavity of its teeth and the well ossified and
articulated lunate and trapezium carpal bones (Mellor
et al., 2009).

Fig. 1 - Schematic geological map of southern Tuscany, showing the
location of Cetona, near to which the Orcinus citoniensis holotype
was found. Redrawn from Nalin et al. (2016).

sediment surrounding the specimen as a yellow bioclastic
sandstone entombing both mollusks and bones. These
sediments are part of the marine Pliocene deposit of the
Val di Chiana Basin. Dominici et al. (2018) divided the
whole Pliocene marine succession of Tuscany into six
synthems (S1 to S6) and referred Orcinus citoniensis to
a broad stratigraphical interval (S3 to S6) accounting for
the whole Piacenzian (3.6-2.59 Ma). However, alternative
chronostratigraphic assessments of the siliciclastic
deposits exposed in the vicinities of Cetona place these
sediments within the Zanclean (Nalin et al., 2016, fig.
2). Unfortunately, no biostratigraphically significant
microfossils were found by examining a sample of the
sediment that entombs the fossil (S.C. Vaiani, pers.
comm.). All things considered, the O. citoniensis holotype
is referred herein to a generic Pliocene epoch.
Emended diagnosis - Orcinus citoniensis shares with
Orcinus orca the following character combination: large
mesiodistally compressed teeth, a low tooth count per
quadrant (n ≤ 14), the presence of a groove on the medial
side of the upper teeth, a moderately high maxillary crest,
a globose and ovoid antorbital process, a very deep orbit in
which the ventral margin of the supraorbital process forms
an almost 90 degree angle with the anterior margin of the
postorbital process, a wide postorbital process that faces
dorsolaterally, an occipital shield that is not inflated, a high
coronoid process of the mandible, and aligned posterior
margins of the mandibular angle and condyle.
Orcinus citoniensis differs from O. orca in the
following characters: rostrum narrower at mid-length;
premaxillae wider at mid-length of the rostrum, posterior
wall of the antorbital notch formed by the maxilla; a
larger anterior extension of the supraorbital process,
the presence of a postorbital ridge, a shorter postorbital

Description of the skull Preservation state - Part of the left side of the
rostrum and the portion of the neurocranium posterior
to the vertex are missing, whereas the ventral surface
of the cranium is badly preserved and partially covered
by sediment (Figs 2 and 3). The vertex is preserved
but detached from the rest of the cranium. The rostrum
displays a weak degree of diagenetic deformation: the
left premaxilla is slightly shifted towards the right side
and covers the anterior portion of the mesorostral groove.
Undescribed fragmentary remains of the left ear bones,
still partially embedded in the sediment, have been
prepared by us and examined in detail (Fig. 4). These
bone fragments include small featureless portions of the
periotic, tympanic bulla (including a piece of the sigmoid
process) and malleus, the latter being still articulated
with the almost complete incus (the only part deserving a
detailed description). The right posteroventral part of the
cranium is still covered by sediment and the articulated
right mandible. Consequently, there is a small possibility
that the apparently lost right ear bones are hidden and still
articulated to the cranium. Thirty-four teeth, including
11 that are preserved in situ along the right maxilla and
23 detached, are also present (Figs 3 and 5). The hyoid
bones are totally missing.
Premaxillae - The porcelaneous parts of the right and
left premaxillae are preserved, albeit intensively fractured
with some portions missing. Neither the right nor the left
ascending processes of the premaxillae are preserved. In
dorsal view, the lateral margin of the premaxilla is weakly
convex laterally along the anterior half of the rostrum to
become rectilinear in its posterior part. Consequently,
the premaxillae on the rostrum display their maximum
transverse width at about two thirds of the rostrum length
(measured from its base). A similar widening of the
premaxilla is observed also in several skulls of Orcinus
orca where, however, it is associated with a significant
transverse narrowing of the premaxillae at the rostrum
mid-length (absent in Orcinus citoniensis). Indeed, at
mid-length of the rostrum, the premaxillae account for
about 61% of the width of the rostrum in O. citoniensis but
between 40-47% in the extant killer whale. The widening
of the premaxillae in O. citoniensis at the rostrum midlength is nonetheless less than that observed in many
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Fig. 2 - Skull of Orcinus citoniensis (MGGC 8560, holotype) in dorsal view; photograph (a1) and corresponding schematic drawing (a2).
Scale bar is equal to 10 cm.

delphinids (i.e., Astadelphis Bianucci, 1996, Feresa Gray,
1871, Globicephala Lesson, 1828, Grampus Gray, 1828,
Peponocephala Nishiwaki & Norris, 1966, Pseudorca
Reinhardt, 1862, Orcaella Gray, 1866a, Sousa Gray,
1866a and Steno Gray, 1846b) that have most of the dorsal
surface of the anterior half of the rostrum covered by the
premaxillae (width of the premaxillae about 63-100%
of the width of the rostrum at mid-length). The extreme
case is represented by Globicephala macrorhynchus,
which typically has premaxillae that cover the entire
anterior half of the rostrum. Transversely, the premaxillae

are weakly convex dorsally in the anterior half of the
rostrum, flat at mid-length, and weakly concave in the
posterior half of the rostrum. However, the dorsal profile
of the premaxillae could have been slightly modified
by the aforementioned deformation of the skull. The
dorsal surfaces of the premaxillary sac fossae, laterally
delimited by the anteromedial and the posterolateral
sulci, are badly preserved; that said, they do not seem to
be deeply excavated. Only the left premaxillary foramen
is preserved: it is a small fissure (15 × 3 mm) located
approximately at the level of the base of the rostrum.
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Fig. 3 - Skull of Orcinus citoniensis (MGGC 8560, holotype) in right lateral view; photograph (a1) and corresponding schematic drawing
(a2). Scale bar is equal to 10 cm.

Maxillae - Although incomplete, the right maxilla
is better preserved than the left maxilla, the latter
having most of the rostral portion and ascending process
missing. In dorsal view, the maxilla widens transversely
toward the base of the rostrum. The dorsal surface of
the maxilla faces dorsolaterally along the anterior half
of the rostrum and becomes almost horizontal near its
base. The ascending process of the maxilla extends
laterally to cover almost all of the frontal. A prominent
maxillary crest (i.e., ridge) runs anteroposteriorly between
the antorbital and postorbital processes of the frontal.
Although no infraorbital foramina are visible on the dorsal
surface of the maxilla, the endocast of the canal for the

infraorbital nerve is preserved on the right side of the
neurocranium along the maxillary-premaxillary suture.
This canal is divided into four branches, three of which
open dorsally on the maxilla, originally forming dorsal
infraorbital foramina (one anterior small foramen and two
larger, posterior foramina), whereas the fourth opened
in the premaxilla, originally forming the premaxillary
foramen (located approximately at the same level as the
left premaxillary foramen). In lateral view, the antorbital
process of the maxilla is anterodorsally delimited by a
distinct and dorsally convex maxillary crest. This crest,
together with the preorbital process of the frontal and
the antorbital process of the lacrimal, forms an ovoid
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Fig. 4 - a) Fragmentary remains of the left ear bones of Orcinus citoniensis (MGGC 8560, holotype) including the incus articulated with
a portion of the malleus and the sigmoid process of the tympanic bulla, photograph (a1) and corresponding schematic drawing (a2). b-g)
The shape of the incus of O. citoniensis is compared with that shown by other delphinids (all panels in ventral view). b) Tursiops truncatus
(IRSNB 20141). c) Grampus griseus (IRSNB 39140). d) Steno bredanensis (MCSNC 3404). e) Orcinus orca (MSNUP C300). f) Pseudorca
crassidens (NNML 2393). g) Globicephala melas (NNML 34692). Scale bars are equal 2 mm.

projection in lateral view. A similar globose antorbital
process is present in Orcinus orca, Arimidelphis Bianucci,
2005 and, to a lesser extent, in Globicephala, Grampus
and Hemisyntrachelus Brandt, 1873.
Frontal - Most of the right frontal (orbital and vertex
portions) is preserved, whereas only the vertex portion of
the left frontal is preserved. In dorsal view, the right orbital
process is almost completely covered by the ascending
process of the maxilla. At the vertex, the frontals are well
exposed dorsally, the minimum distance between the
supraoccipital and the nasals being about 25 mm. In lateral
view, the robust antorbital process is ventrally expanded
and displays a rounded anterior margin, similar to Feresa,
Pseudorca, Steno, Sotalia Gray, 1866a, but not Orcinus
orca, the latter having a triangular antorbital process
that resembles the condition observed in many other
delphinids. The orbit is very deep and, as in O. orca, the
ventral margin of the supraorbital process forms an almost
straight angle with the anterior margin of the postorbital
process. The latter is weakly bent posteroventrally and
very robust. Indeed, the ratio between its anteroposterior
width at mid-length and the distance between the middle
points of the antorbital and postorbital processes is 0.44,
a value that recalls the range of variation observed in O.
orca (0.4-0.65). A postorbital ridge is visible in ventral
view; such a ridge is absent in O. orca.
Nasal - The right nasal is reniform, with a concave
anterior margin and a convex posterior margin. Its
transverse length is 57 mm and its anteroposterior thickness
30 mm. It is firmly sutured to and embedded into the
frontal, and its dorsal surface is weakly convex. Although
the nasals in delphinids are subject to wide intraspecific
variation that is partly linked to ontogeny, the shape of
the right nasal of Orcinus citoniensis does not appear to
fit into the variability of O. orca, the latter ranging from
being roughly square-shaped to irregularly-shaped and
nodular nasals. Among other delphinids, the right nasal of
O. citoniensis clearly differs from the larger, globose, and
strongly protuberant nasals of Globicephala and Grampus.
Jugal - The right jugal is broken in several pieces that
are separated from the cranium. As in the other delphinids,
this bone is thin and styliform, measuring 108 mm in

length and having a transverse width that varies between
8 mm (at the anterior and posterior ends of the bone) to 3
mm, (at mid-length of the jugal).
Vomer - The palatal part of the vomer is incomplete,
broken into some pieces and partially displaced towards
the left side of the cranium. It is widely exposed in left
ventrolateral view due to the loss of most of the palatine
process of the left maxilla.
Lacrimal - Only the right lacrimal is preserved. In
lateral view, the preorbital process of the lacrimal is robust,
oriented obliquely, and its maximum length is 60 mm. The
posterodorsal end of the preorbital process of the lacrimal
is a triangular tip that is wedged between the maxilla
and the frontal. A similar morphology of the lacrimal is
also observed in some skulls of extant delphinids (e.g.,
Pseudorca, Steno and Sotalia) but not in Orcinus orca or
Hemisyntrachelus spp. The jugal process of the lacrimal
is missing.
Squamosal - The right squamosal is partially
preserved, but only its zygomatic process is visible.
The other parts of this bone are obscured by the right
mandible and sediment. The left squamosal is missing. The
zygomatic process is robust and square-shaped in lateral
view, recalling the anteroposteriorly short zygomatic
process of Orcinus orca. The thin postglenoid process is
ventrally extended.
Mandible - The right mandible lacks a few
millimeters of its anterior end, part of the lateral wall
of mandibular body posterior to the alveoli, and the
condyle. Nevertheless, the complete shape of the ramus
can be easily reconstructed based on a natural endocast
of the mandibular fossa and canal, which are exposed
where the thin lateral bony wall is missing. Moreover,
the tip of the right mandible was complete (showing
the small apical alveolus) when this bone was described
and figured by Capellini (1883, tab. 1, figs 3 and 7). The
left mandible is dislocated and pushed towards the right
mandible, probably due to diagenetic compression. A
small anterior portion of the left mandible is missing
and its posteroventral margin is poorly preserved. The
symphyseal portion of the mandible is short (ratio
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between the symphyseal length and the mandibular
length = 0.17), as in most other delphinids but not Sousa
(0.29-0.32) and Steno (0.30-0.34). In lateral view, the
symphyseal portion of Orcinus citoniensis does not
expand ventrally as observed in several delphinids (e.g.,
Delphinus, Feresa, Globicephala and Grampus) but not in
Orcinus orca, Pseudorca, Sotalia, Sousa and Steno. Two
small mental foramina are present, one 5 cm and another
7 cm posterior to the tip of the mandible. All the alveoli
of the left mandible have post-mortem lost their teeth;
they are large, deep, and anteroposteriorly compressed.
The alveolar portion of the mandible represents about
47% of the total mandibular length. Between the first
and the second right mandibular teeth is an embrasure
pit, produced by the crown of the first tooth of the
corresponding maxilla. In lateral view, the mandible of
O. citoniensis resembles that of O. orca in being robust,
with the height of the body increasing posteriorly due to
the abrupt rise of its dorsal margin (coronoid crest) as well
as to the lowering of its ventral margin. The elevation of
the coronoid process of O. citoniensis (measured as the
ratio between the vertical distance from the top of the
coronoid process to the dorsal alveolar margin and the
vertical distance from the top of the coronoid process to
the ventral margin of the mandibular condyle) is 0.46,
just within the range of variation observed in O. orca
(0.46-0.57). Among other delphinids, such an elevated
coronoid process is also observed in Pseudorca, Sotalia,
Sousa and Steno. Furthermore, similar to O. orca, O.
citoniensis lacks the precoronoid process that is typical
of many delphinids (e.g., Delphinus Linnaeus, 1758
and Tursiops Montagu, 1821). The mandibular notch is
moderately deep and semicircular in shape, and as in O.
orca, the posterior margins of the mandibular angle and
condyle are aligned.
Incus - As in all other neocetes, the incus of
Orcinus citoniensis has an inflated body and a large
and posteriorly directed crus longum (Mourlam &
Orliac, 2019). In particular, the incus of O. citoniensis is
roughly cylindrical; the maximum transverse diameter
of its body (BID) is not substantially smaller than the
maximum transverse diameter of the crus longum (CLD)
(CLD/BID = 0.88). A similar shape is observed in all
Delphinidae, although the incus of O. orca (MSNUP
C300) appears stockier than that of O. citoniensis. An
even more stocky and conical incus has been observed
in Phocoena Cuvier, 1812 and Pontoporia Gray, 1846b,
as well as in Ziphiidae and Physeteroidea (Lambert et al.,
2017, fig. 14). The elongated and robust crus breve of O.
citoniensis starts from below the margin of the articular
surface with the malleus. This condition is shared with
most other cetaceans, including other delphinids, but not
physeteroids (crus breve starting directly from the margin
of the articular surface), nor ziphiids (crus breve displaced
from the articular surface). An elliptical lenticular process,
originally articulating with the head of the stapes, is visible
on the dorsal surface of the crus longum.
Teeth - We estimate there were 14 upper teeth based
on the 11 teeth that are preserved inside their alveoli on
the preserved portion of the right maxilla as well as the
embrasure pits on the right mandible suggesting three

Fig. 5 - Three detached teeth of Orcinus citoniensis (MGGC
8563-8565, holotype), photographs (a1, b1, c1) and corresponding
schematic drawings (a2, b2, c2 ).. Scale bar is equal to 2 cm.

anteriormost upper teeth are missing. Similarly, the
number of teeth in the right lower quadrant was 14; 13
teeth are still in place in the right mandible and there was a
small alveolus originally preserved in the missing anterior
portion of the same bone. There are also 14 alveoli in the
complete quadrant of the left mandible. The tooth count
for each quadrant of Orcinus citoniensis corresponds
to the maximum observed in Orcinus orca (10-14) and
is higher than those of. Feresa (11-13), Globicephala
(7-12), Grampus (2-7, in the lower quadrant only),
Platalearostrum Post & Kompanje, 2010 (6, tooth count
known for the upper quadrant only), Pseudorca (7-12)
and Rododelphis Bianucci et al., 2022 (11, tooth count
known for the lower quadrant only), but lower than those
of all other delphinids. Capellini (1883) described and
figured 22 detached teeth cleaned during the preparation
of the O. citoniensis holotype. According to this author,
these teeth are referrable to positions 1, 2, 4, 6, 7, 8 of
the left upper quadrant and 3, 4, 6, 7, 8, 9 of the left
lower quadrant (numbered from anterior to posterior).
Two additional detached teeth, still partially embedded
in the sediment, are visible; one near the coronoid crest
of the right mandible posterior to the last maxillary tooth
and another between the left mandible and the rostrum,
approximately at the level of the posteriormost alveolus
of the mandible. Finally, during our reappraisal of the O.
citoniensis holotype, we found another tooth referred to
this specimen. Due to its size and low degree of apical
wear, we tentatively identify this tooth as the tenth of the
left lower quadrant.
Similar to O. orca, all but the 1st tooth of O. citoniensis
are large, robust, and display a peculiar mesiodistal
compression involving both the root and the crown.
The maximum transverse diameter of any tooth of O.
citoniensis is 24 mm, a value only slightly smaller than
those observed in O. orca (25.6-30 cm). The relative size
of the largest tooth of O. citoniensis (largest transverse
tooth diameter/bizygomatic width = 5.85) is greater
than that of O. orca (4.39-4.94) and in the range of
variation of Pseudorca crassidens (4.82-6.32). Among
other homodont odontocetes, teeth larger than those of
O. citoniensis are only observed in the macroraptorial
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physeteroids (e.g., Acrophyseter deinodon Lambert et al.,
2008: 6.21; Livyatan melvillei [Lambert et al., 2010]: 6.19;
Zygophyseter varolai Bianucci & Landini, 2006: 7.38).
Acrophyseter spp. and Z. varolai also show the peculiar
mesiodistal tooth compression observed in O. citoniensis
and O. orca, but only in the posterior upper teeth; by
contrast, their posterior lower teeth are labiolingually
compressed. Although the typical transverse tooth
diameter of O. citoniensis is similar to those of O. orca
and P. crassidens, the typical length of the O. citoniensis
teeth is significantly smaller than that observed in the
extant killer and false killer whales. In fact, while the
length of the teeth of O. citoniensis varies from 47 to 61
mm (average 52.3 mm, excluding the small first tooth), the
teeth of O. orca and P. crassidens usually grow up to 100
mm and roughly 70-80 mm, respectively. As observed in
O. orca, the upper teeth of O. citoniensis display a broad
mesial groove accommodating the lower teeth during
occlusion. The crown of the teeth in O. citoniensis is
conical and covered by a thin layer of enamel, which is
smooth and lacks keels. Due to mesiodistal compression,
a cross section at the base of the crown is elliptical, with
the transverse (i.e., labiolingual) diameter greater than the
mesiodistal diameter (respectively 17 mm and 11 mm,
on average, excluding the first two teeth). The crown is
relatively large, accounting for 17-30% of the total length
of the teeth (23% on average, excluding the first two teeth).
Wear has removed the tips of the crowns in all detached
teeth, the first ten teeth in place on the right mandible,
and the first seven teeth in place on the right maxilla. The
roots are very robust and straight (in the lower teeth) or
weakly curved (in the upper teeth). Cross-sections at midlength of the teeth display a reniform shape, with a convex
anterior margin and a straight or concave posterior margin
(Capellini, 1883, pl. 2). Cross-section of the teeth at the
level of the root are in the shape of an arcuated ellipse
due to the convex proximal surface of the tooth. The pulp
cavity is closed or very small. O. citoniensis lacks occlusal
wear facets on the mesial and distal surfaces of the teeth,
unlike O. orca and P. crassidens.
Description of the postcrania Scapula - The left scapula is broken into two pieces
but is almost complete. Only its lateral surface is visible,
the rest of the bone being still partially embedded in
sediment (Fig. 6).
In comparing the scapula of Orcinus citoniensis with
those of other delphinids, we have taken into account
that this bone is subject to significant allometric growth,
with the anteroposterior width increasing more than the
dorsoventral height during ontogeny (Perrin, 1975, figs
30-31). In light of this observation, we have excluded
from our comparisons the narrow scapula of the juvenile
skeleton of Hemisyntrachelus cortesii from the Pliocene
of Camerano Casasco (northern Italy) described by Sacco
(1893). The scapula of O. citoniensis is anteroposteriorly
wide and shares with Orcinus orca a semicircular anterior
margin. The half-circle shape of O. citoniensis is mainly
due to the widening of its posterior portion, where the
teres major muscle inserted. Indeed, in O. citoniensis, the
angle formed by the posterior margin of the scapula and
the crest separating the infraspinous fossa from the fossa
for the teres major is 31°, that is, a value significantly
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larger than in O. orca (20-24°) and comparable only to
Lissodelphis borealis (30°) and Orcaella brevirostris (3339°) among delphinids. The acromion of O. citoniensis is
large; its proximal height equals 25% of the total height of
the scapula, a value significantly larger than that observed
in O. orca (13-19%) but within the range of variation
of Tursiops truncatus (18-35%). As in most delphinids,
including O. orca, the acromion of O. citoniensis exhibits
a distal widening, although less marked than in Delphinus,
Sousa, Stenella Gray, 1866b and Sotalia. The coracoid
process of O. citoniensis is short and weakly expands
distally, as in O. orca, whereas in most other delphinids
it is elongated and more expanded distally.
Humerus - Only a proximal and rather damaged
portion of the right humerus is preserved in the same
block of sediment that also contains the distal portion of
the scapula. It is exposed in lateral view. The head of the
humerus is spherical, and its anteroposterior diameter
equals 68 mm.
Carpals - The only carpals preserved are the lunate
and a small portion of the trapezium (Capellini, 1883, pl.
3, fig. 6). Both these bones are well ossified and articulated
with each other. By contrast, the carpals of Orcinus orca
are scarcely ossified and not closely in contact with each
other, even in adult individuals (Mellor et al., 2009; pers.
obs.). The lunate is large, hexagonal, and weakly elongated
anteroposteriorly.
Sternum - Two elements of the sternum are preserved:
the almost complete manubrium and the greatly damaged
mesosternum. The former is still partially embedded in the
sediment, and only its ventral, partially eroded surface is
visible. As in Orcinus orca, it is roughly square-shaped
and without a median incisure. The most distinctive
feature of the manubrium of O. citoniensis, as compared
to other delphinids, is the limited development of lateral
protuberances. Indeed, the ratio between the posterior
width of the manubrium (130 mm) and the width at the
proximal protuberance (130 mm) is 1, a value that only
approaches that of O. orca (1.25) among other dolphins,
in which the aforementioned ratio typically ranges from
1.5 to over 3. In conclusion, despite the wide intraspecific
and ontogenetic variation of the delphinid sternum (Perrin,
1975; Klima, 1978; Robineau & Buffrenil, 1985; pers.
obs.), the manubrium of O. citoniensis shows the greatest
affinities with that of O. orca.
Ribs - Still articulated with the vertebral column, nine
right ribs (from the second to the tenth) are exposed on
a side of the main stone block. The proximal portions of
all these ribs are still embedded in the sediment and all
their distal portions have been lost. On the opposite side
of the same block, eight left ribs are visible; they are all
disarticulated and in different states of preservation (from
small fragments to almost complete bones). The right ribs
appear as rather robust and become progressively narrower
and less arched moving posteriorly. The best preserved
left rib is transversely narrow and uniformly arched; it
was identified as the fifth or sixth rib by Capellini (1883).
Another left rib, wider than all others and L-shaped,
represents the first rib.
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Fig. 6 - a) Plate 3 from Capellini (1883), showing the two opposite sides of the main stone block that contains the partially articulated ribcage
and right forelimb of the holotype of Orcinus citoniensis. b1-b2) Photographs of the same stone block showing the right (b1) and the left (b2)
side of the partial postcrania. Scale bar is equal to 20 cm.

Vertebrae - Four cervicals (C4-C7) and 11 thoracics
(T1-T11) are preserved and remain partially embedded
in the sediment in the main stone block, whereas eleven
lumbars (L1-L11) and 14 caudals (Ca-C14) are fully free
from the sediment. C4-C7 are difficult to describe due
to their incompleteness and by being mostly covered by
matrix. T1-T11 are well exposed in lateral view on one
side of the large stone block. The first two lumbars are
badly preserved. Overall, the vertebral column of Orcinus
citoniensis appears similar to that of Orcinus orca by
having massive centra that lack the peculiar anteroposterior

compression observed in several other delphinids (e.g.,
Leucopleurus acutus). The vertebral count of O. citoniensis
(C7, T11, L11, Ca > 14) apparently falls within the range
of variation of O. orca (C7, T11-13, L10-12, Ca20-24).
PHYLOGENY
The phylogenetic results in the present study (Fig.
7), excluding some additional analyses to measure nodal
support, were first reported in Bianucci et al. (2022).
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That study focused on the description of the extinct
globicephaline Rododelphis stamatiadisi, and aspects of
their phylogeny they did not discuss are covered here.
The sole representative of Eurhinodelphinidae in
the phylogenetic analysis (Xiphiacetus bossi [Kellogg,
1925]) is found to be the sister-group to Ziphiidae, a
result aligned with early thoughts on eurhinodelphid
relationships (Abel, 1901, 1902). The Squaloziphiidae,
represented by Squaloziphius and the recently described
Yaquinacetus, are found to be the sister-group to the
eurhinodelphinid + ziphiid clade. Whereas some studies
have emphasized or supported the eurhinodelphid
affinities of Squaloziphius Muizon, 1991 (Fordyce &
Barnes, 1994; Fordyce, 2002) and others its ziphiid
affinities (Muizon, 1991; Aguirre-Ferńandez & Fordyce,
2014; Lambert et al. 2015, 2018b), our results appear
to be the first to place all in a single clade. Unlike
some studies (Lambert et al., 2018a; Guo & Kohno,
2021), Kentriodontidae is not monophyletic in our
most parsimonious tree, with taxa divided amongst
four separate clades. Importantly, we found most
“kentriodontids” to be along the delphinidan stem, but
others to be nested within Delphinida, some forming a
stem group to Delphinoidea (i.e., Tagicetus Lambert et
al., 2005, Pithanodelphis Abel, 1902, Lophocetus Cope,
1867 and Atocetus Muizon, 1988). Although paraphyly
of kentriodontids has been found in several studies (e.g.,
Geisler et al., 2012; Murakami, 2016; Peredo et al., 2018),
the separation of kentriodontids along the delphinidan
and delphinoid stems appears to be new. We also want
to highlight some important features of the phylogeny
within Delphinidae. “Stenella” rayi, a Pliocene taxon
from the Lee Creek Mine of North Carolina, USA, is
among the most basal delphinids, as the sister-group to
Leucopleurus acutus. This grouping is diagnosed by five
character states: maxillary tooth rows roughly parallel
to each other (character 29: state 0), internasal suture
marked by deep cleft (151:1), medial portions of nasals
distinctly higher than rest of nasals (156:0), postmeatic
process contains small area of laminated bone (228:1),
and suprameatal pit forms deep excavation (231:1).
The last feature shows variability in L. acutus and is of
uncertain importance. Another taxon known from the Lee
Creek Mine is “Lagenorhynchus” harmatuki Whitmore
& Kaltenbach, 2008, which, in contrast to “S.” rayi, was
found to be highly nested within Delphinidae as the sistergroup to Lagenodelphis hosei. The grouping is supported
by seven character states: two posterior maxillary
foramina (109:2), anterior edge of nasals aligned with
gap between postorbital and zygomatic processes (114:6),
maxillae not exposed adjacent to mesorostral groove and
nares (116:0), premaxillae overhang maxillae (144:1),
supraoccipital lower than nasals and/or frontal (170:0),
dorsal edge of zygomatic process concave in lateral view
(186:2), and pre- and postorbital lobes of pterygoid sinus
do not coalesce dorsal to optic nerve foramen (217:0). As
a side note, another skull (USNM 182914) is referred to
“L.” harmatuki (Whitmore & Kaltenbach, 2008), but we
noted multiple differences between it and the holotype.
Thus, we restricted our character codings for “L.”
harmutuki to the holotype only (i.e., USNM 206098).
Our analysis includes all Pliocene delphinid taxa from
Italy that are represented by partial or complete skulls.

177

Astadelphis gastaldi, which is represented by three skulls
(Bianucci, 1996), is positioned as the sister-group to
Steno bredanensis. Although there are distinct differences
between A. gastaldi and S. bredanensis, it is noteworthy
that this extinct species was originally considered a species
of Steno (Brandt, 1874). Its affinities with Steno were
discussed in one of two hypotheses explored by Bianucci
(1996), but that author considered Sotalia and Sousa to be
more closely related to Astadelphis. More recent nuclear
genes and total evidence analyses indicate that Sousa and
Sotalia are not closely related to Steno (McGowen et al.,
2009, 2020), a conclusion reflected in our constraint tree
and the single most parsimonious tree from our analysis.
However, mitochondrial DNA support Steno as a member
of Delphininae (Vilstrup et al., 2011), specifically as
the sister-group to Sotalia (Cunha et al., 2011). The
sister-group relationship between Astadelphis and
Steno recovered in the present study is supported by the
following characters: anterolateral corner of maxilla thin
(112:0), anterior process of petrosal is very short (249:1),
posterior end of ventromedial keel of bulla points medially
(299:1), and inner and outer posterior prominences of
bulla aligned (316:0). As noted by Bianucci et al. (2022),
Arimidelphis, which had previously been thought to be
a Pliocene relative of Orcinus (Bianucci, 2005), is here
positioned as the sister-group of Astadelphis + Steno.
The characters that diagnose this clade of three taxa are:
lacrimal wraps around anterior edge of frontal (76:1),
proximal opening of facial nerve canal anterior to spiral
cribriform tract (284:0), oval-shaped proximal opening of
facial nerve canal (285:1), basihyal lacks anterior process
(324:0), and deltoid crest/process of the humerus absent
(359:2).
Bianucci et al. (2009) placed “Stenella” giulii in a
new genus to form Etruridelphis giulii and provided a
revised diagnosed for this species. In a subsequent study
that described the Pliocene delphinid Septidelphis morii,
Bianucci (2013) conducted a phylogenetic analysis that
supported a sister-group relationship between Septidelphis
Bianucci, 2013 and Etruridelphis Bianucci et al., 2009
and placed both in the subfamily Delphininae. If correct,
that would make these Pliocene taxa the oldest known
members of this subfamily. In the present study, we
found Septidelphis and Etruridelphis to not be closely
related. Like in Bianucci (2013), Septidelphis is within
Delphininae, but here it is the sister-group to Sousa, not
Etruridelphis. The sister-group relationship between
Septidelphis and Sousa is supported by the following
character states: narrow rostrum at midpoint (6:0),
mandible is bowed medially (61:0), orbit slightly lower
than rostrum (71:2), nasals forms flat surface (156:1),
and maxilla lateral to vertex face dorsally (162:2). Unlike
Bianucci (2013), we found a more basal placement for
Etruridelphis, specifically as the sister-group to the
clade including Delphininae + Globicephalinae. The
clade that excludes Etruridelphis is supported by three
synapomorphies: tooth diameter 10 to 20% of external
nares width (36:1), postorbital ridge present (86:0), and
internal acoustic meatus is funnel shaped (281:0).The
clade of Orcinus, including O. citoniensis, and extinct
kin (Hemisyntrachelus spp. and “Tursiops” osennae)
is supported by five character states: maxilla forming
the posterior wall of the antorbital notch (character 21:
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Fig. 7 - Phylogenetic position of Orcinus citoniensis. Single most parsimonious tree from Bianucci et al. (2022) that is 3147.67 steps in length.
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state 0), 20 to 22 maxillary teeth (32:4), tooth diameter
10-20% the width of external nares (36:1), narrow hiatus
epitympanicus of petrosal (258:0), and bizygomatic
width between 246-377 mm (374:2). All but the
petrosal character (character 258) can be scored in O.
citoniensis. The clade of Hemisyntrachelus + Orcinus
is diagnosed by five characters, including anterior third
of premaxillae dorsally separated by a fissure (13:3),
14 to 16 maxillary teeth (32:2), 17 to 19 mandibular
teeth (54:1 or 2), tegmen tympani moderately or slightly
elevated adjacent to vestibular aqueduct (280:2 or 3), and
foramen singular weakly separated by spiral cribriform
tract on petrosal (283:1). Whereas the dental characters
supporting this node can be coded in O. citoniensis, the
petrosal ones could not. The premaxillae in the holotype
of O. citoniensis might be separated by a fissure, but the
rostrum has been compressed post-mortem, and thus
a suture or sporadic contact between the premaxillae
cannot be excluded. The extinct genus Hemisyntrachelus
is not monophyletic in our most parsimonious trees and
instead forms a grade, with Hemisyntrachelus cortesii
more closely related to Orcinus than to Hemisyntrachelus
pisanus. Only one character state diagnoses the H. cortesii
+ Orcinus clade: postorbital lobe of the pterygoid fossa
is present but does not excavate the roof of the orbit
(216:3). This feature cannot be scored in O. citoniensis or
‘T.’ osennae, and its importance within this clade should
be viewed with caution. Orcinus citoniensis is the sistergroup to Orcinus orca, and together these two species form
the genus Orcinus in our most parsimonious tree. This
grouping is well supported, with ten synapomorphies: 11
to 13 maxillary teeth (32:1), tooth diameter > 20% width
of bony nares (36:0), upper teeth bear mesial grooves that
accommodate lower teeth during occlusion (38:1), high
coronoid process (66:1), posterior margins of mandibular
angle and condyle aligned (69:1), wide postorbital process
(88:2), postorbital process faces dorsolaterally (89:0),
maxillary ridge intermediate in height (113:2), occiput not
inflated (197:1 or 2), and bizygomatic width is between
378 and 500 mm (374:3). All of these features can be
observed in O. citoniensis.
We also examined an alternative relationship for
O. citoniensis and its associated character support. The
shortest tree that lacks a close relationship between both
species of Orcinus is 2.22 steps longer (Fig. 8). In that tree,
O. citoniensis and R. stamatiadisi have exchanged places,
such that the former is the sister-group to Pseudorca and
the latter is the sister-group to Orcinus orca. A total of
33 characters have different lengths on this longer tree as
compared to the most parsimonious tree, but these trees
differ in several ways, and not all these differences can be
tied directly to the position of O. citoniensis. To identify
those characters directly related to differences in the
position of O. citoniensis, we filtered these 32 characters
by those that were optimized as supporting O. orca + O.
citoniensis or Rododelphis + Pseudorca. Specifically, five
characters that include states identified as synapomorphies
of Orcinus were longer on the alternative tree that grouped
O. citoniensis with Pseudorca: number of maxillary teeth
(character 32), mesial grooves on upper teeth (38), width
of postorbital process (88), and orientation of postorbital
process (89). An examination of the longer tree did not
reveal unexpected synapomorphies of O. citoniensis +
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Fig. 8 - Shortest tree lacking monophyly of Orcinus. This tree is
3149.89 steps in length and is identical to that of Fig. 6 except that
Orcinus citoniensis and Rododelphis stamatiadisi have swapped
places.

Pseudorca; all features they share are also shared by both
species of Orcinus. However, the grouping of Rododelphis
+ O. orca is supported by one feature: a cochlear aqueduct
that is subequal to the vestibular aqueduct (character 274).
Alternative hypotheses for the phylogenetic positions of
other extinct relatives of Orca were also explored. Not
surprisingly, the next shortest trees placed some of these
extinct taxa as closer to globicephalines, a result suggested
in previous studies (Bianucci, 1996, 1997). In trees 2.41
steps longer, Hemisyntrachelus is monophyletic, and
this grouping is supported by only two character states:
anterior third of premaxillae separated by a narrow fissure
(13: state 3) and 14 to 16 maxillary teeth (32:2). In this
suboptimal tree, Hemisyntrachelus is the sister-group to
“T.” osennae, and the clade of these three species is the
sister-group to the clade of Orcaella + Globicephalinae.
The length of this particular topology is largely driven
by H. cortesii, which is known from multiple skulls and
skeletons (Bianucci, 1996, 1997). In trees just 0.96 steps
longer, H. cortesi remains as the sister-group of Orcinus,
but H. pisanus is the sister-group of “T.” osennae, and the
latter two are deeply nested within Globicephalinae as the
sister-group of Pseudorca + Rododelphis.
MORPHOFUNCIONAL ASPECTS AND
ECOLOGICAL ROLE OF ORCINUS CITONIENSIS
Body size - Large raptorial mammalian carnivores
tend to feed on relatively larger prey and occupy higher
trophic positions than smaller carnivores (Tucker &
Rogers, 2014). Among odontocetes, this relationship is
further influenced by the trophic strategy of the predator.
Extant delphinid raptorial feeders (e.g., Delphinus delphis,
Stenella attenuata Gray, 1846b and Tursiops truncatus)
range from small to medium-sized species (from 250 cm to
380 cm in total body length), and most of them pierce and
swallow their prey whole. Their prey items are typically
about 20 cm in total body length, only rarely exceeding
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30 cm (Sekiguchi et al., 1992). Only three species of
small- to medium-sized dolphin (Feresa attenuata, Inia
geoffrensisis Blainville, 1817 and Platanista gangetica
[Lebeck, 1801]) sometimes break food into smaller pieces.
The average size of the prey items of Platanista Wagler,
1830 and Inia D’Orbigny, 1834 is, however, around 20
cm, and they only rarely pierce fishes up to 80 cm in
length (Perrin et al., 2009; Bashir et al., 2010). Feresa
mostly preys upon squid and small fishes with a maximum
length about 30 cm, but it has been observed to take other
odontocetes like Stenella spp. and D. delphis (Perrin et al.,
2009; O’Dwyer et al., 2015). Among extant odontocetes,
there are only two large, macroraptorial, grip-and-tear
species (sensu Berta & Lanzetti, 2020; Peri et al., 2021)
that consume large bony fishes and marine mammals like
seals and other cetaceans. While Pseudorca crassidens
(average body length around 6 m) frequently feeds upon
large bony fishes, it has rarely been observed taking
marine mammals (Leatherwood et al., 1989; Bianucci et
al., 2022). This kind of foraging behavior, on the contrary,
is extremely frequent in some populations of killer whales
(Foote et al., 2009). Reaching nine meters in length,
Orcinus orca is indeed the largest delphinid, whereas
Orcinus citoniensis is significantly smaller, estimated
around 3.5 m based on the nearly complete vertebral
column of the holotype. Therefore, the relatively small
size of O. citoniensis does not support macropredatory
feeding habits for this extinct relative of O. orca.
Shape of the rostrum - Rostral morphology is strongly
related to feeding strategies in extant odontocetes. Species
with a relatively short and broad rostrum and concomitant
blunt head and a circular mouth opening are mostly suction
feeders (Werth, 2006), with Orcinus orca and Pseudorca
crassidens being significant exceptions. These two
large-sized delphinids are indeed macroraptorial feeders,
although they can also use suction, especially when young
(Werth, 1992). The short and wide rostrum of extant killer
whales correlates with high bite forces (McCurry et al.,
2017a). Such a robust rostral architecture, coupled with
strong bite forces and large interlocking teeth, allow
O. orca and P. crassidens to process large prey items
(including tetrapods) by using a shark-like, grip-and-tear
feeding style (Werth, 2000). Whereas Orcinus citoniensis
displays a clearly wider and shorter rostrum compared
to many extant pierce-feeding delphinids like Delphinus
and Steno, its rostrum is nonetheless slightly longer and
narrower than that of O. orca.
Size of the temporal fossa and shape of the mandible
- In odontocetes, bite strength depends mainly on the
development of the temporalis muscle, one of the main
muscles involved in closure of the mouth. It originates
in the temporal fossa of the cranium and inserts on the
coronoid process of the mandible (Seagars, 1982; Cozzi et
al., 2016; Marx et al., 2016b). Quantification of the shape,
size, and locations of these two muscle attachments allows
bite strength to be interpreted, which in turn can shed light
on possible trophic position (Lambert et al., 2017; Peri
et al., 2021). The relative length of the temporal fossa of
Orcinus citoniensis, here defined as the ratio between the
length of the temporal fossa and the length of the orbit,
is 1.47. The latter value is significantly smaller than that

observed in Orcinus orca (1.70-2.2, average 1.96), which
in turn exhibits the longest temporal fossa of all delphinids.
The relative size of the fossa in O. citoniensis falls within
the range of variation of Tursiops truncatus (1.3-1.8).
The mandible of O. citoniensis is rather robust, with a
high body posterior to the alveoli and an elevated coronoid
process, although less so as compared to most specimens
of O. orca we examined.
Tooth count and size - As described above, the teeth
of Orcinus citoniensis are robust, with their absolute,
transverse diameters being, among the delphinids, only
slightly smaller than those of Orcinus orca, and their
relative values being even greater than those of O.
orca, falling within the range of variation of Pseudorca
crassidens. Nevertheless, the teeth of O. citoniensis are
significantly shorter than those of the present-day killer
and false killer whales. Indeed, O. orca and P. crassidens
are characterized by very long roots, longer than in
any other delphinid but Rododelphis, such that a large
part of each tooth is exposed instead of hidden within
the corresponding alveolus. This configuration could
represent an adaptation for deeply penetrating and tearing
tetrapod flesh. In O. citoniensis the roots are relatively
shorter and a smaller fraction of each tooth is emergent.
Consequently, the crowns fit well in the space between
the two, sequential, opposing teeth but avoid contacting
them, thus accounting for the absence of occlusal wear
surfaces. Resembling toothed scissors, such interlocking
may prove more suitable for cutting large fish rather than
for tearing bigger prey items that have more robust skeletal
elements such as marine mammals.
Occlusal wear facets - Occlusal wear facets on teeth
are caused by repeated friction between the mesial and
distal surfaces of opposing teeth during feeding. Most
modern odontocetes usually swallow their prey (fish
and cephalopods) whole so that their teeth are used for
capturing rather than for processing and chewing food.
In these cetaceans, the occlusal facets, when observed
(e.g., in Tursiops truncatus and Lagenodelphis hosei), are
due to friction between the small, numerous and closely
spaced teeth during the rapid closure of the mouth using
the ram feeding strategy (Loch & Simoes-Lopes, 2013).
On the contrary, macrophagic species such as Orcinus
orca and Pseudorca crassidens need to firmly hold and
mechanically reduce their prey. This requires not only a
very strong bite but also a highly interlocking dentition
capable of deeply penetrating prey. This peculiar dentition
and feeding behavior generate marked occlusal facets on
the teeth. Consequently, the presence of occlusal wear
facets is used as a proxy for macropredatory habits in
extinct species (Lambert et al., 2010, 2017; Loch &
Simoes-Lopes, 2013). The total absence of occlusal wear
facets in Orcinus citoniensis makes a diet based mainly
on large marine mammals (or even particularly large
bony fishes, like in Pseudorca) unlikely for this extinct
killer whale.
Apical tooth wear - Apical tooth wear in Orcinus
citoniensis is present in the anteriormost ten mandibular
teeth and seven maxillary teeth (data from the right side
of the skull, Fig. 8). The degree of apical wear is very
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high in the first three mandibular teeth but progressively
decreases towards teeth 8, 9 and 10 (Fig. 9). The posterior
teeth (11, 12, 13 and 14) do not exhibit any evidence
of apical wear. The apical wear facets slope anteriorly
in the lower anterior teeth and become sub-horizontal
on teeth closer to the rear of the mouth. The apical
wear surfaces that occur on the maxillary teeth are subhorizontal. All apical wear facets are invariantly flat.
Apical wear affects 67% of the teeth of O. citoniensis,
a percentage in line with similar observations taken on
several medium-sized extant dolphin species but smaller
than in forms like Pseudorca crassidens and Stenella
spp., where the wear frequencies are over 80% (Loch &
Simoes-Lopes, 2013). The degree of apical tooth wear
(TW; Foote et al., 2009) on the teeth of O. citoniensis
(1.17) is consistent with that shown by the generalist (i.e.,
mainly piscivorous) type of extant Atlantic killer whales
(TW > 0.5) while clearly differing from the degree of
tooth wear displayed by members of the cetacean-eating
specialized type (TW < 0.5). The diet of extant generalist
killer whales is mainly comprised of fishes like scombrids
and clupeids, causing high levels of wear, with animals
on higher trophic levels (e.g., seals) representing only a
small fraction of the diet. If larger prey items like marine
mammals or big bony fishes were taken by O. citoniensis,
they probably constituted a small portion of the diet
as this extinct killer whale lacks many of the typical
wear features linked with this macrophagic behavior.
The presence of apical wear surfaces on cetacean teeth

181

may also reflect abrasion due to the frequent passage
of water laden with sediment during suction-feeding at
the seafloor (Lambert et al., 2013; Marx et al., 2016a;
Muizon et al., 2019). This is unlikely to be the case in
O. citoniensis, which lacks features that are typically
linked with benthic suction, namely: 1) apical wear
surfaces extending throughout both the upper and lower
tooth rows; 2) apical wear surface inclined anteriorly or
sub-horizontal, and aligned to each other in all the teeth
(Lambert et al., 2013); 3) a differential erosion of the
lingual and labial sides of the teeth (like in Odobenus
rosmarus, where the lingual surface of the crown is much
more worn than the opposite side); 4) a convex and slightly
asymmetrical shape of the tip of the crown generated by
differences in the erosive potential of the water flux (as
e.g. in Physeter macrocephalus Linnaeus, 1758) (Marx et
al., 2016a). Thus, there is no evidence for benthic feeding
at the sea bottom for O. citoniensis.
Dental microwear - The analysis of the microwear
on the apical wear surfaces revealed marked differences
between the teeth of Orcinus citoniensis and Orcinus orca.
Indeed, the former preserve a higher number (twice than
in O. orca) of (sub)parallel, fine, straight scratches, in
agreement with a proportionally higher number of smaller
prey items (Fig. 10). Few (less than half than in O. orca)
coarse scratches have been found in teeth of O. citoniensis,
while features typically associated with bone-crushing
behavior (gouges and hypercoarse scratches; Fahlke et

Fig. 9 - Right upper and lower tooth rows of Orcinus citoniensis (MGGC 8560, holotype) in dorsolateral (a1) and lateral (a2) views, showing
the anterior increase in apical wear. Scale bars are equal to 5 cm.
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Fig. 10 - Apical microwear on two teeth of Orcinus citoniensis (a-b) (MGGC 8563-8565, holotype) and one tooth of O. orca (c) (MSNUP
C298). Cs: coarse scratches; fs: fine scratches; g: gouges; hs: hypercoarse scratches. Scale bars for the entire apical surface of the crowns are
equal to 5 mm; scale bars for the magnifications are equal to 1 mm.

al., 2013) are completely absent in the extinct species.
Moreover, while in O. orca the worn surface is uneven
and rough, in O. citoniensis it is completely smooth as a
result of continuous wear of the surface by finely abrasive
materials, which is consistent with the ingestion of smallto medium-sized fishes.
WHEN DID ORCINUS BECOME
AN APEX PREDATOR?
The Miocene-Pliocene transition was characterized
by a distinct turnover in apex predators of the marine
vertebrate communities, both globally and at the scale
of the Mediterranean. The abundance and distribution
of the megatoothed shark Carcharocles megalodon
(Agassiz, 1835) as well as that of the macroraptorial
stem sperm whales clearly declined during this time span.
With regards to C. megalodon, it ultimately went extinct
around the Zanclean-Piacenzian boundary (~3.6 Ma), with
finds from the Mediterranean Basin representing some
of the latest occurrences of this species (Marsili, 2008;
Boessenecker et al., 2019), whereas the last record of a
likely macroraptorial physeteroid in the Mediterranean
region consists of some fragmentary teeth from the
Pliocene of Piedmont, northern Italy (Portis, 1885).
A previous study (Piazza et al., 2018) hypothesized
that Orcinus citoniensis filled the ecological niche left
empty by apex predators such as the macroraptorial stem
physeteroids and C. megalodon. However, the present
study shows that O. citoniensis was a mainly piscivorous
form, as no direct evidence for macroraptorial behavior has
been detected on the specimen. Instead of O. citoniensis,
the highest trophic levels of the Pliocene Mediterranean
Sea were occupied by eurytrophic sharks, including extant
(Carcharhinus leucas [Valenciennes in Müller & Henle,
1841], Carcharodon carcharias [Linnaeus, 1758] and
Galeocerdo cuvier [Péron & Lesueur in Lesueur, 1822])
and extinct (Cosmopolitodus plicatilis [Agassiz, 1843] and
Parotodus benedeni [Le Hon, 1871]) species (Bianucci
et al., 2002; Marsili, 2007; Collareta et al., in press); in
addition, during phases of strong “oceanization” of the
Mediterranean Basin (e.g., Cigala Fulgosi et al., 2009),
deep-sea sharks such as Hexanchus griseus may also
have ordinarily preyed upon coastal/epipelagic marine
mammals (Merella et al., 2021). The apex predators of the
present-day Mediterranean Sea include C. carcharias and
Orcinus orca, the latter being uncommon (Notarbartolo
di Sciara, 1987) and mostly reported from the western
part of the basin. Considering that C. leucas and G.

cuvier are currently known as largely extramediterranean
taxa, while H. griseus is mostly confined to deep-water
habitats, the predatory pressure in the Mediterranean Sea
would have been much higher in Pliocene times than it is
today. The emergence of Orcinus as one of the topmost
predators of the global oceans, especially at mid and high
latitudes, may have involved some process of exaptation
(Lindberg & Pyenson, 2006; Bianucci et al., 2022), well
into the Pleistocene, when the large lamniforms like
C. plicatilis and P. benedeni disappeared and globally
decreasing sea surface temperatures caused the geographic
ranges of thermophilic eurytrophic sharks like C. leucas
and G. cuvier to shrink towards the tropics. Given that
all the extinct members of Orcininae known to date
have been found from Pliocene deposits of Italy, new
palaeontological campaigns where fossiliferous marine
strata of the Mediterranean are widely exposed (e.g.,
southern Italy and some Greek islands) may lead to new
fossils of killer whales, shedding additional light on the
emergence of orcas as the top mammalian predators of
the present-day oceans.
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