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ABSTRACT

Hippopotamus pentlandi, although lacking a comprehensive description, is regarded as one of the best known dwarfed hippopotamid species
within the Mediterranean region. This study provides a detailed analysis of a hippopotamus mandible from Amoroso Cave (Palermo, Sicily).
Morphological and morphometric comparisons with insular and continental species reveal a significant similarity between the Amoroso man-
dible and some specimens from San Ciro Cave (Palermo, Sicily), as well as with Hippopotamus amphibius. Conversely, material from Cannita
Cave (Palermo, Sicily) attributed to H. pentlandi is less robust, more elongated and smaller. 3D geometric morphometric analysis performed
on the symphyseal sagittal cross-section further support a closer morphological affinity of the Amoroso mandible to San Ciro Cave specimens
and H. amphibius, suggesting an attribution to the latter. Our research reveals the presence of at least two different, potentially coeval, taxa in the
Pleistocene of Sicily: the dwarfed Hippopotamus pentlandi primarily known from Cannita Cave, and H. amphibius. While Cannita Cave material
has been thoroughly studied over the years, abundant remains from other localities, e.g. San Ciro Cave, require re-evaluation. A thorough analysis
of Sicilian hippopotamids is crucial to improve our understanding of their systematics and to provide new insights into the palacobiogeography,
palaeobiology, and palaeoenvironment of Sicily during the Pleistocene.
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INTRODUCTION fossils (especially of hippopotamids) were later collected and
sold, and several caves were almost completely depleted of
their fossiliferous content (Bivona Bernardi 1830, Scina 1831,
Desnoyers 1845).

Several cranial and post-cranial bones coming from Benfratelli

Sicily, Italy’s largest island, has a long palaeontological history.
Fossil vertebrate remains from the island are known since the
15" century, with early interpretations attributing the bones

to ‘giants’, who were thought to be the first inhabitants of the ‘
island (Fazello 1558, Valguarnera 1614). The fossil material Cave (Palermo) were mentioned by Pentland (1832). These

was later formally recognized as belonging to fossil animals by P ecimens were morphologically similar to Hippopotamus

Bivona Bernardi (1830), who, thanks to the work of Cuvier amphibius, although they were considerably smaller. In the same
(1812), realized the true nature of the remains (Fabiani 1928, Y3 bas.ed on Pentland’s work, von Meyer (1832) e.stabhshed
Burgio et al. 2002). Unfortunately, a large number of vertebrate the species Hippopotamus pentlandi. The author mentioned that
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the bones, about 100 specimens, were collected in Benfratelli
Cave, and later stored in the Museum des Konigl, Gartens of
Berlin. According to von Meyer (1832), the Sicilian hippopot-
amus shared morphological characters with both large fossil and
extant hippopotamuses. Nonetheless, he noted that it was only
alittle larger than a domestic ox. However, apart from its smaller
size, von Meyer (1832) did not report any additional diagnostic
characters when he coined the species name H. pentlandi.

During the past century, several researchers considered H.
amphibius to be the ancestor of H. pentlandi based on cranial
and post-cranial morphological affinities (Accordi 1955, Caloi
and Palombo 1983, Capasso Barbato and Petronio 1983, Faure
1983, 1984, 1985, Faure and Guérin 1989, Guérin 1996, Marra
1998,2005). The comprehensive work by Accordi (1955) exam-
ined the abundant cranial and post-cranial material attributed
to H. pentlandi, found in Cannita Cave (Palermo), and kept in
various Italian institutions (Istituto di Geologia e Mineralogia
of the University of Ferrara, Museo dell'Istituto di Geologia of
the University of Padova, and the P. Leonardi collection of the
Natural History Museum of Venice). Accordi (1955) described
several characteristics that distinguish the Sicilian hippopot-
amus from H. amphibius and recognized a clear affinity between
the two species. Similarly to Accordi (1955), Capasso Barbato
and Petronio (1983) focused on the cranial and post-cranial
material of H. pentlandi collected from Cannita Cave and stored
in the Natural History Museum of Milan. The latter authors
noted that bones of different size, but of similar morphology,
came from the same locality, which they explained as evidence
of multiple dispersals of H. amphibius onto the island. Caloi
and Palombo (1983) provided a comprehensive revision of
the Mediterranean island hippopotamids, mainly comprising
H. pentlandi, Hippopotamus creutzburgi, and Hippopotamus
minor, compared to the mainland Hippopotamus antiquus and
H. amphibius. Based on both morphological and morphometric
data, Caloi and Palombo (1983) emphasized that H. pentlandi is
a species that most likely derived from H. amphibius. In contrast,
some scholars later supported the derivation of H. pentlandi
from H. antiquus (Faure 1983, 1984, 1985, Faure and Guérin
1989, Guérin 1996, Marra 1998). In a more recent paper, Marra
(2005) proposed that the ‘mixed characters” of H. pentlandi are
related to a possible common ancestry between H. antiquus and
H. amphibius. This hypothesis, although compelling, requires
more extensive studies to support it.

Hippopotamus pentlandi was widespread throughout Sicily
during the late Middle Pleistocene until MIS 4 (Bonfiglio
et al. 2003). The occurrence of H. pentlandi has been re-
ported from several fossiliferous localities such as Mazzarino,
Niscemi, Mazzamuto Cave, Muletta Cave, Maccagnone
Cave, Puntali Cave, Cannita Cave, Corso Vittorio Emanuele,
San Ciro Cave, Santa Rosalia Cave, Olivella Cave, Billiemi,
Benfratelli Cave, Malatacca Cave, Impisu Cave, Condannato
Cave, Ponte Cave, Termini Imerese, Za’ Minica Cave, Alcamo,
San Vito lo Capo, San Teodoro Cave, Coste di Gigia, Ghiaie
di Messina, Contrada Tabuna, Spinagallo Cave, Capo Peloro,
Mazzarino, Niscemi, Fiume Imera, Boccadifalco, Riparo
Messina, Emiliana Cave, Giovanna Cave, Rocca Scodoni,
Fata Donnavilla Cave, Taormina, Contrada Fusco, Amoroso
Cave, Simeto Valley, Cugno Ballarella, Alcamo, Cape Tindari,
Comiso, and Perciata Cave (Fig. 1; Supporting information S1

modified from Martino and Pandolfi 2022) (Bivona Bernardi
1830, Alessi 1833, Anca 1867, Falconer 1868, Battaglia and
Ciofalo 1883, Ciofalo and Battaglia 1888, De Gregorio 1924,
1925, Fabiani 1928, 1931, Accordi 1955, Bonfiglio and Berdar
1969, Bonfiglio 1983, Bonfiglio and Violanti 1983, Burgio et
al. 1983, Caloi and Palombo 1983, 1986, Burgio et al. 2002,
Capasso Barbato and Petronio 1983, Burgio and Di Patti
1990, Mannino and Zava 1994, Bonfiglio et al. 2002, Marziano
and Chilardi 2002, Di Patti and Calandra 2004, Di Patti and
Piccione 2004, Abbate et al. 2006, Mannino 2008, Petruso
and Taschetta 2011, Chilardi et al. 2012, Martino and Pandolfi
2022). In addition to H. pentlandi, other hippopotamus ma-
terial not identified to the species level (and therefore reported
as Hippopotamus sp.) occurs in other localities (see Martino
and Pandolfi 2022 and references therein) (Fig. 1; Supporting
information S1 modified from Martino and Pandolfi 2022).
In this paper, we present an unpublished mandible collected
from Amoroso Cave. This fossiliferous locality has already
been reported in the literature (Burgio et al. 2002, Di Patti
and Calandra 2004), but its fossil hippopotamid content has
never been studied. The material reported here will provide
more data on the morphology and morphometry of Sicilian
hippopotamids, which despite their abundance have not been
extensively studied. In addition, we will apply 3D geometric
morphometrics methods to better analyse morphological fea-
tures such as the symphyseal sagittal cross section, a character
that has never been studied in H. pentlandi. In general, this study
aims to assess two main hypotheses: (i) the material found in
Amoroso Cave can be ascribed to H. pentlandi, as its occurrence
is extensively recorded throughout Sicily during the Middle and
Late Pleistocene; (ii) the mandible discovered in Amoroso Cave
exhibits greater similarity to H. amphibius, suggesting the oc-
currence of two hippopotamid taxa in Sicily. The possible coex-
istence of two different taxa would imply multiple entries of H.
amphibius from the mainland to Sicily.

Amoroso Cave

The geological information regarding Amoroso Cave
(38°09°04.6“N 13°09°20.1“E) is rather scarce. The site is lo-
cated in the Puntali Cave Natural Reserve, in the municipality of
Carini (Palermo) (Fig. 2). Amoroso is a karstic cave that opens
into the limestone cliff of Monte Lungo, along the northwest
coast of Sicily (Fig. 2A, B). Unfortunately, the cave is located in-
side a private property. Over the years, various masonry artefacts
have been built, completely covering the fossil layers. Burgio et
al. (2002) reported the presence of a cavity containing various
elephant bones, which was covered by human artefacts some-
time after 1986. The cave is therefore no longer accessible, and
no further studies can be carried out. The presence of fossils in
the Amoroso Cave, hereafter referred to as Amoroso, has been
known since the 19" century. The known fauna of Amoroso in-
cludes H. pentlandi, elephants, and doubtfully bears (Anca F, per-
sonal communication in Gemmellaro 1866) (Burgio et al. 2002).

Sicilian faunal assemblages: biochronology and endemism in
the Middle to Late Pleistocene

The faunal assemblages recovered from the Sicilian fossil sites

usually contain similar groups of mammals, with more or less

taxa represented, depending on the richness of each different
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Figure 1. Distribution of Hippopotamus pentlandi (in red), Hippopotamus amphibius or H. amphibius ssp. (in orange), and Hippopotamus sp.
(in blue) in Sicily during the Middle-Late Pleistocene. List of occurrences modified from Martino and Pandolfi (2022) (see Supporting

information S1).

site. Five different biochronological faunal complexes (FCs)
have so far been identified (Bonfiglio et al. 2002). The two oldest
faunal complexes (Monte Pellegrino FC and Palaeoloxodon
falconeri FC) refer to lower Middle Pleistocene marine sedi-
ments characterized by fauna with different degrees of en-
demism. In the Palaeoloxodon falconeri FC, besides the peculiar
dwarf elephant, only Vulpes sp. is mentioned among the largest
mammal fauna. The most recent faunal complexes include the
Palaeoloxodon sp. (originally Palaeoloxodon mnaidriensis) FC,
Grotta S. Teodoro—Contrada Pianetti FC, and Castello FC
(Mangano et al. 2020). The Palaeoloxodon sp. FC has more re-
cently also been referred to as the Maccagnone FC by Bonfiglio
et al. (2022). These faunal complexes are more similar to those
found in southern Italy at this age, suggesting a link between
the mainland and Sicily. Hippopotamus pentlandi is recorded
exclusively in the Palaeoloxodon sp. FC (following Mangano
et al. 2020), a well-balanced faunal assemblage that includes
Palaeoloxodon sp., H. pentlandi, Cervus elaphus siciliae, Canis
lupus, Dama carburangelensis, Ursus cf. arctos, Crocuta crocuta
spelaea, Bos primigenius siciliae, Sus scrofa, and Vulpes vulpes
(Bonfiglio et al. 2002, Larramendi et al. 2020, Mangano et al.
2020). The Grotta S. Teodoro—Contrada Pianetti FC lists sev-
eral carnivores, including U. cf. arctos. However, this faunal list
does not include the occurrence of Hippopotamus pentlandi or
a different hippopotamus species (Bonfiglio et al. 2002). The

Castello FC does not record the occurrence of bears, hippopot-
amuses, nor elephants (Bonfiglio ef al. 2002).

The list provided by Mangano et al. (2020) for the
Palaeoloxodon sp. FC is consistent with the poor mammalian
fauna reported from Amoroso (remains of elephant, bear, and
hippopotamus). These three taxa have been reported exclusively
from the Palaeoloxodon sp. FC, while older and younger faunal
units do not include the co-occurrence of these species. In the
light of the previously discussed information, we can ascribe
the fossil material from Amoroso to the Palaeoloxodon sp. FC.
The remains from Sicily are peculiarly abundant and the fauna
retrieved from each fossiliferous locality has been extensively re-
ported in the literature, therefore the attribution of the material
from Amoroso to the Palaeoloxodon sp. FC is well supported.
Different ages were provided for the Palaeoloxodon sp. FC.
Electron spin resonance (ESR) dating of Palaeoloxodon sp. and
H. pentlandi enamel from Contrada Fusco gave ages ranging from
146.8 + 28.7 kya to 88.2 + 19.5 kya (Rhodes 1996). However,
the analysis of Dama carburangelensis from Cape Tindari sug-
gested an age of 200 + 40 kya (Bada et al. 1991). Bonfiglio et
al. (2008) reported an age between MIS 10 and MIS 4 for the
Palaeoloxodon sp. FC sensu Mangano et al. (2020). In Mangano
et al. (2020) the hippopotamid material from San Teodoro Cave
isreported under a phosphatic crust dated 120 kya. The exact age
of the Palaeoloxodon sp. FC is therefore controversial, although it
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Figure 2. Location of Amoroso Cave. A, geological map following Basilone and Di Maggio (2016). B, close-up of Sicily and Amoroso locality.

C, mandible from Amoroso in dorsal view as depicted by Fabiani (1928).

can be safely placed between the late Middle Pleistocene and the
early Late Pleistocene.

MATERIAL AND METHODS

The mandible MGUP GA1 described in this paper is stored in
the Museo di Geologia Gaetano Giorgio Gemmellaro (MGUP)
in Palermo (Sicily, Italy). The mandible was collected in 1863
and has been part of the palaeontological collection of the
MGUP since then (Gemmellaro 1866). The figure of the man-
dible depicted in Fig. 2C is indeed the one reported in Fabiani
(1928). However, no further information on this mandible has
been published since.

A list of the Sicilian fossiliferous localities that yielded
hippopotamid remains, modified from Martino and Pandolf
(2022), is provided in Supporting information S1. The termin-
ology used for the dentition followed Boisserie et al. (2010),
while the measurement protocol followed Mazza (1995). The
mandible from Amoroso was compared with H. pentlandi, H.

melitensis, H. creutzburgi, H. amphibius (extant and fossil), H.
antiquus, and H. tiberinus [= Hippopotamus ex gr. Hippopotamus
antiquus in Mazza and Bertini (2013) and following publica-
tions] from direct observations (R.M. and L.P.) and published
data (Reynolds 1922, Hooijer 1950, Accordi 1955, Melentis
1965, Boekschoten and Sondaar 1966, Caloi et al. 1980, Caloi
and Palombo 1983, Kahlke 1989, 1997, Mazza 1991, 1995,
Galobart et al. 2003, Martinez-Navarro et al. 2010, Mazza and
Bertini2013, Athanassiou et al. 2018, Martino et al. 2023,2024a).
The fossil H. amphibius specimens are not abundant, and the
ones analysed were reported from Barrington (England), Fosso
Malafede (Italy), and Cava Montanari (Italy) (Reynolds 1922,
Caloi et al. 1980, Mecozzi et al. 2023, Martino et al. 2024a). We
did not include H. minor in the dataset because this species is ra-
ther peculiar, showing strong adaptations to the insular environ-
ment and extreme dwarfism (Marra 2008, Lyras et al. 2025). All
the measurements are available in Supporting information S2.
All the analyses presented in this manuscript were developed in
the RStudio environment (R Core Team 2019). The Principal

G20z 1snBNy Zz Uo Jasn 461680014 Ad LOSY6LB/EI0SBIZ/E/F0Z/OI0NIE/UBSUUI00Z/WO0"ANO"ILISPEDE//:SAY WO PAPEOUMO(


http://academic.oup.com/zoolinnean/article-lookup/doi/10.1093/zoolinnean/zlaf063#supplementary-data

An enduring palaeontological riddle: how many hippopotamid species roamed Sicily? « §

Component Analysis (PCA) was performed on the values of
the mandible and greatest length and breadth of the third lower
molar using the R packages factoextra, FactoMiner, ggbiplot, and
ggfortify (Lé et al. 2008, Vu 2011, Husson et al. 2016, Tang et al.
2016, Kassambara and Mundt 2017). By linearly transforming
the data into a new coordinate system through a PCA, the prin-
cipal components that capture the most significant variation in
the dataset were easier to identify. The potential for similarities
or differences among the different species in the PCA space was
also assessed through PERMANOVA, as implemented in the
pairwiseAdonis and vegan R packages (Dixon 2003, Martinez
Arbizu 2020). We also conducted a Linear Discriminant Analysis
(LDA) on the PCA values to further test the dataset using the R
package MASS (Venables and Ripley 2003). LDA aimed to find
a linear combination of values, called predictors, which maxified
the difference between two or more groups (in our analyses H.
pentlandi, H. amphibius, H. antiquus, and H. ex gr. H. antiquus)
while minimizing the variability within each different group. To
effectively perform an LDA, the dataset was divided into train
(70%) and test (30%) sets. The former set, which comprised
the known species, was utilized as a training set to construct the
discriminant function, the purpose of which was to capture the
differences between the various analysed species. The test set,
comprising the Amoroso specimen, was subsequently included
in the discriminant function to ascertain to which analysed
species it was more closely related to. The R packages ggplot2,
devtools, and tidyverse were further utilized for a better visual-
isation (Wickham et al. 2016a, b, 2019).

3D methodology

The 3D model of the mandible from Amoroso was obtained
through close-range photogrammetry. Overall, 1162 pic-
tures were imported into the Agisoft Metashape Professional
(1.7.0) software. The 3D model obtained has 874,408 faces.
The 3D model of the specimen MGUP GALl is available on
MorphoSource (see Data Availability). The latter model was then
included into a large 3D dataset, including 32 models of adult
specimens of H. pentlandi, H. amphibius, H. antiquus, and H. ex
gr. H. antiquus (see Supporting information $3). A juvenile spe-
cimen of H. pentlandi (IGF4010V) was also included in order to
check the shape variability between adults and juveniles. The 3D
specimens were digitized by R.M. and L.P. using two hand-held
scanners, an Artec Eva (accuracy 0.1 mm) and an Artec Space
Spider (accuracy 0.0S mm) and using photogrammetry prin-
ciples. Some additional specimens were downloaded through
the online repository Sketchfab (see Supporting information
S3). The collected data were analysed using the principles of geo-
metric morphometrics in 3D (GMM) (Adams et al. 2004). The
shape of the sagittal cross-section of the mandibular symphysis
was analysed using semilandmark curves digitized in Avizo 7.1.
The applied protocol for 3D GMM analysis followed Martino et
al. (2024b). The shape of the mandibular sagittal cross-section is
diagnostic in Hippopotamidae (Boisserie 2005), and there-
fore potentially of interest for further study. The semilandmark
configurations were then translated, rotated, and scaled to unit
centroid size through a generalized Procrustes analysis (GPA)
(Rohlf and Slice 1990, Bookstein 1991). To better visualize the
results of the GPA, a PCA was subsequently performed. The R

packages used for the GMM analyses were scatterplot3d, shapes,
and ade4 (Ligges and Michler 2002, Dryden and Mardia 2016,
Dray and Siberchicot 2017).

Acronyms representing institutional provenance of the
examined specimens are as follows: IGF-Museo di Storia
Naturale, sezione di Geologia e Paleontologia, Universita degli
Studi di Firenze (Florence, Italy); MCP-Museum of Casal
de’ Pazzi (Rome, Italy); MCZR-Museo Civico di Zoologia di
Roma (Rome, Italy); MGUP-Museo di Geologia Gemmellaro
(Palermo, Italy); MSNM-Museo Civico di Storia Naturale di
Milano (Milan, Italy); MSNUP, Museo di Storia Naturale e
del Territorio, Universita di Pisa (Calci, Pisa, Italy); NHMMZ-
Naturhistorisches Museum Mainz/Landessammlung  fiir
Naturkunde Rheinland-Pfalz (Mainz, Germany); NOVA-
FCT-DCT-Departamento de Ciéncias da Terra, Faculdade de
Ciéncias e Tecnologia, Universidade NOVA de Lisboa (Lisbon,
Portugal).

Anatomical abbreviations throughout the manuscript: c,
lower canine; i, lower incisor; m, lower molar; p, lower premolar.

Measurements abbreviations used in the manuscript are as
follows: AB, anterior breadth; B, greatest breadth; BFi, inner
breadth of the rostral fan; Bfo, outer breadth of the rostral fan;
H2P, height of the mandibular corpus at the level of the p2;
H4P, height of the mandibular corpus at the level of the p4;
H3M, height of the mandibular corpus at the level of the m3
hypoconulid; hypB, hypoconulid breadth; L, greatest length;
LM3i, posterior border of the m3 alveolus to the first incisor
alveolus length (measured to the most anterior point of the al-
veolus border); LS, length of the mandibular symphysis; p2-p4,
length of the premolar series; m1-m3, length of the molar series;
p2-m3, length of the teeth series; PB, posterior breadth.

RESULTS
SYSTEMATIC PALAEONTOLOGY

Class Mammalia Linnaeus, 1758
Order Artiodactyla Owen, 1848
Family Hippopotamidae Gray, 1821
Genus Hippopotamus Linnaeus, 1758
Species Hippopotamus amphibius Linnaeus, 1758

MORPHOLOGICAL DESCRIPTION

The almost complete mandible MGUP GALl collected from
Amoroso is robust, exhibiting massive canines and alveoli for
the first incisors (Fig. 3). In lateral view the mandibular corpus is
stout and relatively tall, though not particularly elongated (Fig.
3A, E). The ventral profile of the mandibular corpus is straight
and slightly convex. The canine process is notably well devel-
oped and both canines are complete and large. The ascending
rami are not preserved. The angular process connects with
the lower profile of the mandible with a slightly arched angle.
The mandibular symphysis is short and sturdy, and its sagittal
cross-section is pear shaped. In dorsal view the fan is broad, and
it widens at the p2-p3 level (Fig. 3B). The rami are slightly diver-
gent. The dental arches follow a sigmoidal development, exhib-
iting minimal distance between the rami at the p2-p3 level (Fig.
3B). In anterior view the alveoli of all the four incisors are clearly
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Figure 3. Mandible from Amoroso. A, left lateral view. B, dorsal view. C, right m2 and m3. D, left m2 and m3. E, right lateral view. F, anterior

view. Scale bars S cm.

visible (Fig. 3F). The diastema between the two ils is small,
whilst the one between the ils and the i2s is almost non-existent
in comparison. The diastema between the i2s and the canines is
more developed. The cross-section of the ils is subcircular, while
that of the i2s is more elliptical, with the labio-lingual length
greater than the mesio-lateral. The canines are massive, showing
convergent ridges on the enamel surface that extend towards the
tip of the tooth (Fig. 3A, E). In the medial view a shallow longi-
tudinal groove is visible on the enamel surface (Fig. 3F). A less
evident groove is also visible on the lateral surface of the tooth
(Fig. 3A, E). Furthermore, the enamel displays faint transversal
lines. The cross-section is D shaped.

The m2s present a moderate degree of wear, as evidenced by
the presence and preservation of all four cuspids (Fig. 3C, D).
The enamel is thick and crenulated. The wear surface of the
hypoconid of the left m2 is fused with the distostylid. A trefoiled
wear pattern is evident in all the cuspids, with the exception of
the entoconid, which displayed a simpler wear pattern, almost
subcircular or in the shape of a figure 8. The cingulid is also
strong, forming shelves mesially and distally. The m3s are rather
stout, with thick crenulated enamel and five slightly worn cus-
pids. The four main cuspids, with the exception of the entoconid
which exhibits a comma-shaped wear pattern, have a trefoil-
shaped wear pattern analogous to that observed in the m2s. The
distal cuspid, the hypoconulid, has a sub-circular wear pattern

on the right m3 (Fig. 3C), while on the left m3 the wear pattern
is more cruciform shaped (Fig. 3D). The cingulid is strong and
crenulated. The m3 cingulid formed a strong post-entostylid and
a clearly discernible post-ectostylid. The anterior outlets of the
transverse valley are V shaped, whilst the posterior outlets are
U shaped.

The wear surface of the m2s and the m3s suggest that the spe-
cimen from Amoroso belongs to group XIV or XV (Laws 1968).
The individual was presumably between 24 and 33 years old at
the time of death (Laws 1968). The m2s exhibit moderate to
heavy wear with dentine between cusps not continuous (group
XIV). Conversely, the m3s exhibit dentine on the hypoconulid
as in group XV, whereas in group XIV dentine was still not ex-
posed.

MORPHOLOGICAL AND MORPHOMETRICAL
COMPARISON

Qualitative morphological comparison: The mandible col-
lected from Amoroso (Figure 4A) is well preserved and
therefore of particular interest. According to Accordi
(1955), in H. pentlandi the height of the mandibular corpus
is notably low, in contrast to the Amoroso mandible, where
the mandibular corpus is comparatively tall and robust. The
replica of the mandible from the Cannita Cave (Fig. 4F),
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H. amphibius

Figure 4. Comparison of different mandibles in lateral view. A, MGUP GAl, Hippopotamus amphibius from Amoroso. B, SMUC D3980, H.
amphibius from Barrington (modified from Reynolds 1922, mirrored). C, MGUP SC7, H. pentlandi from San Ciro Cave. D, MGUP SCS8,
H. pentlandi from San Ciro Cave (mirrored). E, MSNM V2(10), H. pentlandi from Cannita Cave. F, MGUP 24915, replica of the complete

composite skeleton of H. pentlandi from Cannita Cave. Scale bars $ cm.

currently stored in the Museo Gemmellaro (Palermo, Sicily),
exhibits a distinctive slender mandible with a comparatively
low mandibular corpus when compared to the one from
Amoroso. Caloi and Palombo (1983) defined the overall as-
pect of H. pentlandi mandibular corpus as more elongated
than that of H. amphibius. Another mandible depicted in
Capasso Barbato and Petronio (1983) and collected from
Cannita Cave also shares a slender aspect, with a mandibular
corpus rather low, in comparison to H. amphibius (Fig. 4E).
The authors described the mandible of H. pentlandi from
Cannita Cave as being taller than in H. antiquus but slightly
lower than in H. amphibius. It is a commonly held view that
H. antiquus is distinguished by a more slender and longer
mandible when compared to H. amphibius (Fig. 4B) (Caloi
et al. 1980, Mazza 1995). Despite the fragmentation of the
mandibles collected from San Ciro Cave (Fig. 4C, D), a

mandibular corpus that is more robust and taller than in H.
pentlandi from Cannita Cave is evident. In contrast, the man-
dibles of H. antiquus collected from Valdarno, Colle Curti,
and Cal Guardiola Lower Unit are more slender and longer
than the H. amphibius mandibles from Cava Montanari,
Barrington, and Fosso Malafede (Reynolds 1922, Mazza and
Ventra 2011, Mecozzi et al. 2023, Fidalgo et al. 2024, Martino
et al. 2024a). Mandibles attributed to H. ex gr. H. antiquus,
such as the remains described from Maglianella and Ortona,
are much slenderer than in H. antiquus (Mazza 1991, 1995,
Agostini et al. 2005). No complete mandibles of H. melitensis
are known, while the mandible of H. creutzburgi figured in
Marra (2005), in lateral view, is more slender than that of
H. antiquus. Moreover, this species exhibits a short diastema
between the p2 and the ¢, contributing to the mandible’s dis-
tinctive short anterior portion.
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Capasso Barbato and Petronio (1983) reported that the man-
dibles from Cannita Cave display a convex ventral profile of the
mandibular corpus and an anteriorly arched angular process.
Moreover, the dental arches exhibit a double curvature, with
maximum concavity observed at the m2 level and maximum
convexity in correspondence of the p3. In the Amoroso spe-
cimen the ventral profile of the mandibular corpus is straight
or slightly convex and the teeth development is sigmoidal, as
described in the specimens reported by Capasso Barbato and
Petronio (1983). The isolated mandibles depicted in Accordi
(1955) show a rather straight ventral profile of the mandibular
corpus, a narrow rostral fan, small canines, and rather short
symphysis. In contrast, the mandible of the mounted skeleton
from Cannita Cave, despite severe deformity, clearly exhibits a
convex profile. The rostral fan of the mounted skeleton’s man-
dible is not particularly wide, and the length of the symphysis
is short. The canine processes are well developed. In com-
parison to the Amoroso mandible, the first incisors and canines
are less massive. The rostral fan is wider, and the symphysis is
longer in the specimen from Amoroso than in H. pentlandi from
Cannita Cave. Hippopotamus antiquus is typically distinguished
by a convex ventral profile of the mandibular corpus, an an-
gular process displaying a right angle, dental arches with a uni-
formly curved development, and a narrow rostral fan (Caloi et al.
1980, Petronio 1986, Mazza 1995). It is evident that the afore-
mentioned characters are not exhibited by the specimen from
Amoroso. In general, a greater number of characters (including
the angular process with an anteriorly arched angle, the dental
arches with a sigmoidal development, and a wide rostral fan) are
shared by the Sicilian specimen and H. amphibius. The island spe-
cies H. creutzburgi from Crete clearly differs from the Amoroso
mandible in several morphological characters. A notable distinc-
tion between H. creutzburgi and the Amoroso specimen is the
extremely narrow rostral fan, which does not widen laterally, a
characteristic typical of the former species. Other distinguishing
teatures of the latter species include a short symphysis, an il and
i2 of similar size, and a small canine (Marra 2005).

Unfortunately, all the incisors are missing in the specimen
from Amoroso. Nevertheless, some characters remain visible.
The il section is round, as seen in H. pentlandi specimens de-
scribed by Accordi (1955). However, it should be noted that this
character is shared by the majority of the Pleistocene European
species. It is noteworthy that Di Patti and Piccione (2004) docu-
mented some juvenile specimens of H. pentlandi from Cannita
Cave exhibiting the hexaprotodont condition, a character pre-
viously reported exclusively in H. amphibius (Hooijer 1942).
Regarding the lower canine, Accordi (1955) also acknowledged
a massive ¢ in certain specimens of H. pentlandi, asserting that
males and females evidently differed in the dimensions of this
tooth. This character is notably evident in H. amphibius, in which
the size of canines represents one of the few anatomical fea-
tures influenced by sexual dimorphism (Shannon et al. 2021).
Following the study of Shannon ef al. (2021), the large canines
of the mandible from Amoroso indicate that this individual was
most likely a male. The specimen designated as MGUP 24915
displays small canines, which are indicative of the specimen
likely being a female individual. The canines of H. pentlandi from
Cannita Cave possess a groove on the mesial side, but do not

exhibit an additional groove on the lateral surface. This feature
has been reported in some H. amphibius. According to Caloi
and Palombo (1983), in H. pentlandi the canines typically ex-
hibit deep convergent ridges on the lateral surfaces. However,
there are also specimens where the ridges were poorly de-
veloped and parallel. As demonstrated in Marra (2005), the
lower canines of H. creutzburgi usually exhibit parallel ridges. In
general, the grooves on the enamel surface are rather variable in
H. antiquus and H. amphibius, and therefore this character seems
not diagnostic at species level (but see discussion in Blandamura
and Azzaroli 1977, Mecozzi et al. 2023).

The m2 and the m3 in H. pentlandi characteristically exhibit a
comma-shaped entoconid (Fig. SA, F-1, K-O), a feature that is
observed in H. antiquus (Fig. SE) and in select fossil H. amphibius
specimens (Fig. SC, D) (Mazza 1995, Marra 2005). However, in
some of the m3s figured by Accordi (1955), the entoconid does
not appear to be comma shaped, but rather more complex in its
morphology. Stylids are generally common in hippopotamids,
particularly the entostylid (Mazza 1995). The latter is typically
strong in H. antiquus (Mazza 1995). However, Capasso Barbato
and Petronio (1983) did not mention the presence of posterior
stylids in the m3s from Cannita Cave. However, a subsequent
deeper analysis of the material stored at the MSNM and col-
lected from Cannita (Fig. SL, N, O) and in the MGUP (Fig. SK,
M) did indeed highlight the presence of this character. Some of
the m3s figured in Accordi (1955) show the post-entostylid and
the post-ectostylid, as observed in the m3s of the Amoroso spe-
cimen. The outlets of the transverse valley can be either V shaped
or U shaped, and therefore are not diagnostic (Mazza 1995).
The overall shape of the MGUP GAL is comparable to that of
MGUP SC7 from San Ciro Cave (Fig. SF). The comparison be-
tween these two latter specimens is facilitated by the similarity of
their wear. In general terms, the wear surface and the enamel of
the specimens from Sicily are more complex than in other speci-
mens, and this is also the case for extant H. amphibius (Fig. SB).
The m3 of H. melitensis depicted by Marra (2005) (Fig. 5J) ex-
hibits a slightly greater degree of wear and tear in comparison
to the two m3s of the mandible from Amoroso. However, the
general shape in H. melitensis is similar to the one of H. pentlandi,
whereas the overall size is smaller than in the Sicilian species.
The hypoconid in H. melitensis do not have a trefoiled wear pat-
tern, as in the specimens from Amoroso. Moreover, in the m3
of H. melitensis the hypoconulid is comma shaped, whereas H.
pentlandi is typically distinguished by more complex wear pat-
terns (Marra 2005). A well-developed post-entostylid is also
visible. In the m3 figured by Marra (2005), the presence of an
entostylid is also supposed.

Morphometrical comparison: It is unfortunate that there is a
paucity of mandibles available for morphometrical study of H.
pentlandi. In the scatterplot LS vs. Bfo (Fig. 6) the specimen
from Amoroso falls within the variability of H. amphibius,
and close to the specimens collected from San Ciro Cave. The
specimen from Cannita Cave plots in a distinctly different
morphospace, exhibiting values that are remarkably smaller
and potentially influenced by deformation. The values of Bfi
are analogous to those from San Ciro Cave, whereas the speci-
mens collected from Cannita Cave are considerably smaller and
approximate the value of H. creutzburgi. The values of H4P and
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extant
B

Gimbsheim

Figure S. Comparison between different m3s belonging to the family Hippopotamidae. A, MGUP GALl, H. amphibius (Middle-Late
Pleistocene, Amoroso). B, NOVA-FCT-DCT-5375, H. amphibius (extant, Angola). C, MCP CdP110, H. cf. amphibius (Middle Pleistocene,
Casal de’ Pazzi). D, NHMMZ PW1992/74-LS, H. amphibius (Late Pleistocene, Gimbsheim). E, MCZR PV 2010.2690B, H. cf. antiquus
(Middle Pleistocene, Malagrotta). F, MGUP SC7, H. pentlandi (Middle-Late Pleistocene, San Ciro Cave). G, MGUP SC3S, H. pentlandi
(Middle-Late Pleistocene, San Ciro Cave). H, MGUP 635, H. pentlandi (Middle-Late Pleistocene, Maccagnone Cave). [, MGUP ST329bis,
H. pentlandi (Middle-Late Pleistocene, San Teodoro Cave). ], H. melitensis, modified from Marra (2005) (Middle-Late Pleistocene,

Ghar Dalam). K, MGUP CNFCO022, H. pentlandi (Middle-Late Pleistocene, Cannita Cave). L, MSNM V9-4, H. pentlandi (Middle-Late
Pleistocene, Cannita Cave). M, MGUP CNS0, H. pentlandi (Middle-Late Pleistocene, Cannita Cave). N, MSNM V9-3, H. pentlandi (Middle—
Late Pleistocene, Cannita Cave). O, MSNM V9-10, H. pentlandi (Middle-Late Pleistocene, Cannita Cave).

H3M of the Amoroso mandible fall within the variability of H.
amphibius, whilst the specimens from Cannita Cave are smaller
(see Supporting information S2). The differences in the ANOVA
using LS, H3M, m1-m3, and p2-m3 are statistically significant
(see Supporting information S2). However, the only values
that are significantly different from the ones of the mandible

of Amoroso are H. antiquus LS and p2-m3 measurements.
Furthermore, H. pentlandi exhibits distinct variations when
compared with both H. antiquus and H. amphibius, while H.
amphibius diverges from H. antiquus. The dimensions of incisors
and canines are significantly influenced by sexual dimorphism,
thereby rendering morphometric comparisons challenging
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Figure 6. Scatterplot of length of the mandibular symphysis (LS) vs. outer breadth of the rostral fan (Bfo) (in mm).

(Shannon et al. 2021). With regard to the ils, the measurements
of the specimens from Amoroso (ilapD, 68.59 mm; ilmID,
65.95 mm) fall within the variability of H. amphibius (ilapD,
mean 45.85 mm; ilmlD, mean 41.27 mm) and H. pentlandi
collected from San Ciro Cave (ilapD, mean 54.14 mm; i1miD,
mean 46.61 mm) (see Supporting information S2). The meas-
urements of H. pentlandi material from Cannita (ilapD, mean
37.8 mm; ilmlD, mean 33.5 mm) are significantly smaller than
the previously mentioned specimens. The only il available meas-
urement belonging to H. creutzburgi (ilmlD, 22 mm) is also
notably smaller compared to all the fossil and extant specimens
analysed (see Supporting information S2). In contrast to the
mandible, a greater number of isolated teeth from H. pentlandi
can be compared to those from Amoroso. In the scatterplot B m2
vs. L m2 (Fig. 7A), the specimens from Amoroso fall within the
variability of H. amphibius, whilst the variability of H. pentlandi
is characterized by lower values. The smaller H. pentlandi m2s
are all recovered from Cannita Cave and Contrade d’Imera. As
anticipated, H. creutzburgi is smaller than H. pentlandi. The meas-
urements for H. melitensis reported by Marra (2005) are more
closely aligned with H. creutzburgi and H. pentlandi from Cannita
Cave rather than with the specimens from Amoroso. The results
of the analysis indicate that the differences between the values
of both L and B of the m2s are statistically significant. It is note-
worthy that the L values of H. pentlandi (different localities and
Cannita Cave) and the Amoroso specimens exhibit a statistically

significant difference (for detailed results, see Supporting in-
formation, S2). The difference in the MANOVA analysis using
the B and L values of the m2s is also statistically significant. The
scatterplot of L and B of the m3 (Fig. 7B) is of particular interest.
The Amoroso specimens exhibit a degree of variability that en-
compass both H. amphibius and H. pentlandi. However, the values
of H. pentlandi that are more closely aligned with Amoroso are
the San Ciro Cave specimens, while the majority of the smaller
specimens are all from Cannita Cave. The differences in the
ANOVA analyses using L and B values of the m3s are also statis-
tically significant. However, no differences are detected between
the specimens from Amoroso and H. antiquus, H. amphibius, H.
ex gr. H. antiquus, H. melitensis, and H. pentlandi (Cannita Cave,
San Ciro Cave, and different localities). A MANOVA analysis
utilizing L and B of the m3s also highlight statistically significant
differences (see Supporting information S2).

PCAand LDA

In order to conduct further testing of the measurements
obtained from the sample, both PCA and LDA were performed.
Both analyses take into consideration LS, Bfo, Bfi, L m3, and B
m3 values. PC1 account for 66.4% of the total variability, while
PC2 accounted for 15.7% (> 80%) (Fig. 7C). The specimen
from Amoroso falls within the variability of H. amphibius and is
close to H. pentlandi. It is important to note that the two Sicilian
hippos in the present sample are from San Ciro Cave; data for
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Figure 7. A, scatterplot greatest length (L) vs. greatest breadth (B) m2 (in mm). B, scatterplot greatest length (L) vs. greatest breadth (B) m3
(in mm). C, PCA analysis performed on the values of length of the mandibular symphysis (LS), outer breadth of the rostral fan (Bfo), inner
breadth of the rostral fan (Bfi), greatest length of the m3 (L m3), and greatest breadth of the m3 (B m3). PC1 (66.4%) vs. PC2 (15.7%). D,

LDA analysis performed on the same values of the PCA, LD1 vs. LD2.

the specimens collected from Cannita Cave or any other Sicilian
locality are not available. Hippopotamus antiquus is distin-
guished by higher values of PC1 in comparison to H. amphibius.
Hippopotamus ex gr. H. antiquus is plotted within the variability
of the extant species and H. antiquus. The variables exhibiting
the highest absolute correlation with the first and second axis are
Bfo and LS. PERMANOVA analysis indicates that statistically
significant differences can be observed exclusively between the
values of H. antiquus and H. amphibius.

We also performed a LDA using the same dataset as the PCA
to further test the morphometrical variability of the examined
hippopotamid specimens (Fig. 7D). The predicted group for
the Amoroso specimen is H. pentlandi (San Ciro Cave), with an
accuracy of 75%. The Amoroso specimen and H. pentlandi are
distinguished by notably negative values of LD1. In contrast to
the variability exhibited by PCA, the values of H. amphibius are
less subject to variation. Hippopotamus amphibius displays both
negative and positive values of the LD 1. By contrast, H. antiquus
displays greater variability than H. amphibius, predominantly
exhibiting positive LD1 and negative LD2 values. This analysis
indicates a high degree of similarity between the values of the
Amoroso and the H. pentlandi mandible from San Ciro Cave.

However, it is noteworthy that certain values of H. amphibius
demonstrate a close proximity to those observed in Amoroso
and H. pentlandi specimens from San Ciro Cave. It is important
to reiterate that the present analysis is based exclusively on spe-
cimens from San Ciro Cave, with no additional localities having
been considered. The current bibliography does not report any
complete or undeformed mandibles from Cannita Cave.

3D Geometric Morphometrics

We performed GMM analyses using mandibles of different
continental species and island species (Fig. 8). The character
under investigation is the mandibular symphysis, as it is a diag-
nostic character in different Hippopotamidae species, following
Boisserie (2005). In the results of our PCA analysis the positive
PC1 values are indicative of a robust and predominantly sub-
circular symphyseal cross-section, while the negative PC1 values
are associated with a thin and elongated shape. Positive PC2
values are linked to a pear-shaped symphyseal cross-section,
while conversely, negative PC2 values are characterized by a
more elongated and taller posterior portion of the cross-section
if compared to positive values. The Amoroso mandible exhibits a
degree of variability that falls within the range of H. amphibius.
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However, it is also closely related to both San Ciro Cave and
H. antiquus specimens. The mandible from Cannita Cave plots
further away from all the specimens present in our sample, as
well as a juvenile mandible (IGF4010V) collected from the
same Sicilian locality. An important shift in mandibular shape
during the ontogenetic growth of H. amphibius was previously
discussed by Martino et al. (2024b), who suggested a shift in
shape occurs between the stage IIT and more adult individuals.
Nevertheless, further specimens must be incorporated into the
analysis to achieve a comprehensive understanding of the onto-
genetic growth of H. pentlandi. The specimens assigned to H.
ex gr. H. antiquus deviate from the variability observed in both
the extant specimens and H. antiquus. However, the specimen
IGF4010V and MSNUP C.601 shared a similar cross section of
the mandibular symphysis.

DISCUSSION

Taxonomical attribution of the Amoroso mandible

The mandible MGUP GA1 differs from H. pentlandi from Cannita
Cave in having a sturdy and tall mandibular corpus and an overall
shorter mandible in lateral view. The mandible of Hippopotamus
creutzburgi differs from the Amoroso specimen in exhibiting
an extremely narrow rostral fan that does not widen laterally, a
short symphysis, ils and i2s of similar size, and a small canine
(Marra 200S). The angular process of the Amoroso mandible

has an anteriorly arched angle, dental arches with a sigmoidal de-
velopment, and a wide rostral fan, characteristics shared with H.
amphibius. No clear diagnostic differences were identified in the
m2s and m3s of the different species analysed. However, a more
complex wear surface and the presence of stylids on the cingulids
are observed in H. pentlandi and fossil species, in contrast to
the extant H. amphibius. Hippopotamus melitensis has a comma-
shaped hypoconulid (Marra 2005 ), while in the other specimens
analysed from Sicily it is cruciform shaped.

The morphometric analysis revealed a clear distinction be-
tween the specimens collected from Cannita Cave and those
from Amoroso, the latter exhibiting a close resemblance to some
specimens found in San Ciro Cave and to H. amphibius. The
teeth and mandible measurements taken from the Cannita Cave
specimens are notably small, suggesting that a more thorough
revision of the hippopotamid fauna collected from this locality
is necessary. The values of both H. melitensis and H. creutzburgi
are smaller than those of H. pentlandi from both Cannita Cave
and the hippopotamids collected from other Sicilian localities.
The PCA and LDA confirm a close affinity between the speci-
mens from San Ciro Cave and those from Amoroso material,
with the former exhibiting a strong resemblance to H. amphibius.
Unfortunately, no specimens from Cannita Cave were in-
cluded in our analyses, since undeformed and rather complete
mandibles are not described in literature. The 3D GMM ana-
lysis further highlights the significant differences between the
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specimens collected from San Ciro Cave and Amoroso and
those from Cannita Cave. It is evident from our morphological,
morphometrical, and 3D GMM analyses that the specimens
from Cannita Cave are rather unique and diverge significantly
from those found in Amoroso and in San Ciro Cave.

In consideration of the preceding discussion, the mandible
from Amoroso is found to be more analogous in terms of di-
mensions and morphology to H. amphibius rather than to H.
pentlandi collected from Cannita Cave. The material included in
this study, which was obtained from San Ciro Cave, also exhibits
a greater degree of similarity to the variability of H. amphibius
rather than to that of H. pentlandi collected from Cannita Cave.
Despite the observed similarity in variability between the man-
dible from Amoroso and the material from San Ciro Cave,
distinctive morphological or morphometrical characters that
would enable a clear differentiation from H. amphibius are ab-
sent. Consequently, we can tentatively ascribe the mandible
from Amoroso to H. amphibius.

Systematics and morphological variability of Sicilian
hippopotamuses: insights and challenges

Despite the extensive documentation of the historical presence
of hippopotamuses in Sicily, these large semi-aquatic mam-
mals have received only limited attention in scientific research
(Martino and Pandolfi 2022 and references therein). The ma-
jority of studies on Sicilian hippopotamuses were conducted
during the 20" century (Scina 1831, Fabiani 1928, 1932, 1934,
Accordi 1955, Bonfiglio 1983, Caloi and Palombo 1983, 1986,
Capasso Barbato and Petronio 1983, Petronio 1995, Petruso and
Taschetta 2011, Martino and Pandolfi 2022 ). However, more re-
cently, there has been a decline in interest, with the focus shifting
towards the reconstruction of the hippopotamus diet and mor-
phological functional adaptations to island life (i.e. Bethune et al.
2019, Georgitsis et al. 2022a, b).

The majority of the hippopotamid material from Sicily has
been referred to a single species, H. pentlandi. Nevertheless, the
evidence supporting this attribution is inconclusive. Despite the
widely accepted fact that Sicilian hippopotamuses are smaller
than those found in the Middle to Late Pleistocene mainland,
H. pentlandi lacks a holotype. This is because von Meyer (1832)
did not provide a formal systematic palacontological description
or images of this species when he erected it. The International
Commission on Zoological Nomenclature asserts that ‘every
name published before 1931 must be accompanied by a descrip-
tion or a definition of the taxon’ (ICZN 1999). In light of this, H.
pentlandi is therefore not a valid species. Due to the ambiguity
surrounding its systematics, the species H. pentlandi has been
utilized for over a century as a ‘waste basket’ taxon, signifying
all the small-sized hippopotamid material coming from Sicily.
This approach, however, fails to address the challenges inherent
in identifying the mainland ancestor, or determining whether a
single, or multiple ancestors colonized the island. This is a salient
issue given that both H. amphibius and H. antiquus are known to
have inhabited the continent during relevant temporal periods.
An early attempt to clarify the characters of the Sicilian spe-
cies was made by Thenius (1954), who defined H. pentlandi as
smaller than H. amphibius but bigger than H. melitensis. The au-
thor also highlighted that the third lower molar of H. pentlandi
was characterized by a connection between the protoconid

and metaconid, and by the absence of connection between the
paraconid and the hypoconid. Nevertheless, Accordi (1955)
demonstrated that these molar characters are rather variable in
H. pentlandi from Cannita Cave, and therefore not diagnostic at
a specific level. Accordi (1955) thus proposed the description
provided by his work on the material from Cannita Cave as a new
definition for the species H. pentlandi. Consequently, the species
H. pentlandi, with its distinctive characters and morphometrical
values, should henceforth be understood as H. pentlandi sensu
Accordi (1955).

A number of studies were conducted on the Sicilian fossil
fauna, with a particular focus on the H. pentlandi populations.
Falconer (1860) documented the presence of two distinct hippo-
potamus species in San Ciro Cave. The author also documented
that more than 40000 kilograms of predominantly hippopot-
amus material had been extracted from San Ciro Cave and sub-
sequently destroyed. Consequently, a substantial proportion of
the skeletal material from San Ciro Cave is no longer available
for study, which significantly complicates the analysis of the vari-
ability of the hippopotamids from this locality. Accordi (1955)
also recognized the occurrence of two different hippopotamid
taxa in Cannita Cave, based on an i1, two upper canines, and an
upper molar. Furthermore, Accordi (1955) identified the pres-
ence of a species closely resembling H. amphibius from different
fossiliferous localities of Sicily documented in extant literature
(Scina 1831, Seguenza 1900, De Gregorio 1924, 1925).

Ciofalo and Battaglia (1888) described a series of bones
originating from Contrade d'Imera (Termini Imerese),
including 10 maxillary and mandibular fragments, premolars,
molars, and a substantial quantity of post-cranial material. The
measurements of the teeth reported for the hippopotamus from
Contrade d’Imera are small, with values that are similar to those
of the Cannita Cave specimens. It is important to highlight that
a portion of the material described by Ciofalo and Battaglia
(1888) can be attributed to juvenile specimens, rendering size
differences uninformative.

The findings of the hippopotamid fossils at San Cusmano
(Melilli, Siracusa), as documented by Accordi (1957), are dis-
tinctly smaller than the average size recorded from Cannita Cave.
The author proffered two plausible explanations for this discrep-
ancy. The first explanation suggests that the remains of Cannita
Cave ascribed to H. pentlandi were sourced from multiple levels,
leading to a composite collection of both H. amphibius-like and
H. pentlandi. This would consequently lead to a greater morpho-
metric variability of H. pentlandi from Cannita Cave. The second
explanation posits that the Melilli population was more homoge-
neous, primarily consisting of small H. pentlandi. Consequently,
other Sicilian localities would therefore have been characterized
by the occurrence of both H. amphibius-like and H. pentlandi, re-
sulting in a larger average size.

Capasso Barbato and Petronio (1983) advanced the argu-
ment that the hippopotamid species from Sicily should have ra-
ther been indicated as Hippopotamus amphibius pentlandi. The
authors proposed a division of the presence of H. amphibius
pentlandi in Sicily into three distinct stages. The first stage was
distinguished by the co-occurrence of H. amphibius pentlandi,
Megaloceros messinae, and P. antiquus, with the former exhib-
iting a size closely resembling its continental counterpart. A
second phase was characterized by the presence of H. amphibius
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pentlandi and Palaeoloxodon mnaidriensis (or Palaeoloxodon
sp.), with both the hippopotamus and the elephant exhibiting
a reduction in size (e.g. specimens from Cannita Cave). A third
phase was then characterized by the absence of the hippopot-
amus and the presence of a well-differentiated fauna including
Palaeoloxodon cf. mnaidriensis, C. elaphus siciliae, C. lupus, S.
scrofa, C. crocuta spelaea, B. primigenius, Bison priscus, Panthera
leo spelaea, and U. arctos. However, this hypothesis is in contrast
with the faunal list of the Palaeoloxodon sp. FC, which high-
lighted the presence of hippopotamus together with the pre-
vious listed fauna (Bonfiglio et al. 2002, Larramendi et al. 2020,
Mangano ef al. 2020). In Mangano et al. (2020) the material of
H. pentlandi, U. cf. arctos, and Palaeoloxodon sp. was collected to-
gether in San Teodoro Cave, similarly to the fossil remains re-
trieved from Amoroso.

Caloi and Palombo (1983) argued that H. pentlandi should not
be considered as a subspecies of H. amphibius since it is charac-
terized by several distinctive apomorphies, including zygomatic
arches that are not particularly broad, a long upper canine-
second upper premolar diastema, and a short dental series.
Other characters visible in H. pentlandi, such as the elevated and
more posterior orbits and protruding condyles, are common in
H. antiquus. The mandibular corpus is typically longer and lower
than in the common hippo and the ventral profile is generally
sub-rectilinear. Furthermore, the horizontal rami become more
subvertical than in the continental hippos, and the mandibular
condyle and the coronoid process share a similar vertical height.
It is also noteworthy that Caloi and Palombo (1983) identi-
fied numerous apomorphies in the post-cranial elements of H.
pentlandi. The characters identified by Caloi and Palombo (1983)
include a humerus with a poorly inclined trochlear axis, an ulna
olecranon exhibiting a minor inclination, a femur characterized
by a more developed lesser trochanter, a talus exhibiting a more
protruding lateral lip, and metapodials displaying an articular
surface that is more developed in the anterior view. In more
general terms, the authors identified several morphological key
differences between H. pentlandi and H. amphibius, highlighting
that H. pentlandi possesses bones with distal epiphyses that are
more developed transversally, an elongated radius and tibia in re-
spect to the femur, reduced central metacarpals, and elongated
central metatarsals. According to Caloi and Palombo (1983),
all the aforementioned cranial and post-cranial characters arise
from a combination of unique adaptations and a decrease in size.

In Bonfiglio (1992), the hippopotamus remains from
Acquedolci (Messina), also called San Teodoro Cave, were in-
dicated as falling towards the lower end of the morphometric
variability of extant hippopotami, with post-cranial elements
that are stouter than in H. amphibius. The Acquedolci material
is particularly abundant, comprising more than 20 individuals,
including 14 adult crania. Among these remains juvenile indi-
viduals are also well represented, with a femur and a metapodial
found in anatomical connection with their distal epiphyses in-
tact. The silty matrix of the fossiliferous layer, the abundance of
H. pentlandi material, the absence of erosion, and the occurrence
of elements in anatomical connection suggest the presence of a
palaeolacustrine basin in the area (Bonfiglio 1992). Furthermore,
the presence of well-preserved juvenile hippopotamid bones
provides compelling evidence for their autochthonous nature, as
these skeletal elements would not have been capable of surviving

transportation processes. However, it is regrettable that no fur-
ther studies have been conducted on the morphology and
morphometry of the abundant material from Acquedolci.

Petronio (1995) analysed the post-cranial hippopotamid
material coming from Puntali Cave (Palermo). The hippo ma-
terial from this locality was primarily found in association with
P mnaidriensis and C. elaphus siciliae and was assigned to the late
Middle-Late Pleistocene. The hippopotamid remains described
by Petronio (1995) exhibit greater morphological and morpho-
metric similarities to H. amphibius rather than to H. pentlandi. In
accordance with this observation, the author ascribed the ma-
terial analysed from the Puntali Cave to a subspecies of the ex-
tant hippo, indicated as H. amphibius ssp. Furthermore, Petronio
(1995) identified significant variations between hippopotamid
remains collected from Tindari, Malatacca Cave, Maccagnone
Cave, San Teodoro Cave (or Acquedolci), and Puntali Cave
in comparison to material originating from Cannita Cave and
Melilli. The hippopotamid elements described from the former
localities were larger than those from Cannita Cave, with dimen-
sions and morphologies that were more similar to H. amphibius.
Petronio (1995) emphasized the imperative for a comprehen-
sive re-evaluation of the intermediate-sized hippopotamid forms
identified in Tindari, Malatacca Cave, Maccagnone Cave, San
Teodoro Cave, and Puntali Cave, which, according to the author,
most likely also represented a subspecies of the continental H.
amphibius.

In addition, a number of small specimens of H. pentlandi were
documented at site K22 (San Vito lo Capo, Trapani) (Petruso
and Taschetta 2011). The fauna from the latter deposit ex-
hibits smaller dimensions than those from Cannita Cave. The
authors of the study hypothesize that the reduced size of the
hippopotamid material collected from the K22 locality, which
represents the westernmost occurrence of hippos in Sicily, may
be attributed to elevated selective pressure resulting in morpho-
functional alterations of the limbs (Caloi and Palombo 1994).

In light of the current state of the art, the systematics of the
Sicilian hippo are challenging to evaluate. However, it is evi-
dent that two distinct taxa likely inhabited Sicily during the
Quaternary. One of these taxa can be distinguished by an elong-
ated cranium, narrower zygomatic arches, and a shorter sagittal
crest when compared to H. amphibius. Its mandible exhibits a
more elongated and lower mandibular corpus compared to the
common hippo, while the position of the mandibular condyle
and the coronoid process are more or less of the same level.
This taxon is distinguished by a number of post-cranial diag-
nostic characteristics, as listed by Accordi (1955) and Caloi and
Palombo (1983, 1986). It is notable for its comparatively small
size in comparison to H. amphibius. The available evidence sug-
gests that this taxon was predominantly present in Cannita Cave,
San Vito lo Capo, Melilli, and most likely Contrade d’Imera.
The first morphotype can be designated as H. pentlandi sensu
Accordi (1955). Conversely, a second taxon is characterized
by morphologies and morphometrics that are more analo-
gous to H. amphibius, exhibiting a size comparable to that of
small to medium-sized common hippopotamuses. Falconer
(1860), Accordi (1955, 1957) suggested that is likely that both
morphotypes (H. pentlandi and H. amphibius) were present in
Cannita Cave and San Ciro Cave. In the stratigraphic log re-
ported in Di Patti and Piccione (2004 ), based on the information
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mentioned in Fabiani (1934), the hippopotamid remains from
Cannita Cave were collected from a well-defined fossiliferous
stratum. Therefore, the material later studied by Accordi (1955)
was most likely sourced from the same level. The presence of
an hippopotamid more closely resembling H. amphibius than
H. pentlandi was also reported in Puntali Cave by Petronio
(1995). The study herein presented confirms the presence of
H. amphibius in Sicily during the Middle-Late Pleistocene.
Accordingly, as also hypothesized by Capasso Barbato and
Petronio (1983), the continental form H. amphibius most likely
dispersed several times into Sicily, and that would explain why
the size of the hippopotamuses sourced from the same cave is
sometimes highly variable. Further research on hippopotamid
material from Sicily is required to facilitate a comprehensive
understanding of their systematics.

CONCLUSION

The mandible described from Amoroso in this work pro-
vides significant data on the cranial morphological and
morphometrical variability of hippopotamids in Sicily. The
Amoroso mandible, known from the 19 century, had never
been described in detail but, until to now, has represented one
of the best-preserved hippo mandibles ever found in Sicily.
The mandible under consideration in this study is notable for
its robust and tall mandibular corpus, its overall short man-
dible, and its wide rostral fan. The angular process exhibits an
anteriorly arched angle, while the dental arches are character-
ized by a sigmoidal development. A thorough morphometric
analysis reveals a significant disparity between the specimens
gathered from Cannita Cave and those from Amoroso, the
latter exhibiting characteristics closer to samples from San
Ciro Cave and to extant H. amphibius. The 3D GMM appli-
cation also highlight a significant discrepancy between the
specimens from Amoroso and San Ciro Cave and the ones
collected from Cannita Cave. The Amoroso specimen falls
within the variability of H. amphibius and is closely related
to the variability found at San Ciro Cave. Following a thor-
ough examination encompassing both morphological and the
morphometrical analyses, the mandible from Amoroso can be
tentatively ascribed to H. amphibius. The Amoroso mandible
thus supports the hypothesis that at least two distinct spe-
cies of hippopotamids inhabited Sicily during the Quaternary
period. Based on the presence of elephant and bear remains,
usually found in the Palaeloxodon sp. FC (or Maccagnone FC),
in association with the mandible from Amoroso, it is plaus-
ible to assume that H. pentlandi and H. amphibius cohabited
in Sicily during the Middle-Late Pleistocene. The remains of
the small H. pentlandi are abundant from Cannita Cave, Melilli,
Capo San Vito, and most likely Contrade d’Imera. However, a
thorough reassessment of the extensive material from Cannita
Cave is essential to definitively rule out the possibility that
H. pentlandi may be a subspecies of H. amphibius rather than
a distinct species. Moreover, further studies on the abundant
material from localities such as Maccagnone Cave, San Ciro
Cave, Puntali Cave, Malatacca Cave, Za’ Minica Cave, and San
Teodoro Cave (also known as Acquedolci) are required to
gain a comprehensive understanding of the systematics of the
hippopotamids from Sicily.

SUPPORTING INFORMATION

Supplementary data is available at Zoological Journal of the
Linnean Society online.
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