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a b s t r a c t

Dental remains of the elasmobranch Ptychodus from the Upper Cretaceous of northeastern Italy are
described herein. This material, consisting of two slabs containing a partially associated tooth set and
additional detached teeth with similar morphological features, derives from different lithozones of the
Scaglia Rossa Formation, known as the ʻlastameʼ and ʻPietra di Castellavazzoʼ. All of these teeth are
characterized by an unusual high and narrow cusp. The tooth set exhibits elements with different
morphologies although they are clearly referable to a single taxon. Based on the species-specific char-
acters of the teeth and according to the Principle of Priority of the International Code of Zoological
Nomenclature, we propose herein to resurrect the species Ptychodus altior Agassiz, 1835 as a valid taxon
that can easily be separated from P. rugosus Dixon, 1850. Moreover, we designate a neotype of Ptychodus
altior Agassiz, 1835 since the type series seemingly is lost. Although similarly developed cusps are
observed also in the species Ptychodus rugosus Dixon, 1850 and P. whipplei Marcou, 1858, the material
described herein is assigned to Ptychodus altior because of the presence of a narrow cusp with smooth
lateral cusp faces. The narrow high-cusped morphology characterizing this species probably indicates a
different target prey compared to low-crowned congeneric species. Ptychodus altior is solely known from
the Turonian-Coniacian of Europe; we review the distribution and paleobiogeography of this species,
extending its range to the Angola region. The fossils described herein represent the first record of Pty-
chodus altior from Italy and significantly contribute to the knowledge of this species and, more generally,
of the paleobiodiversity of the genus Ptychodus in the central Tethys area.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Ptychodus Agassiz, 1835 is a Cretaceous elasmobranch genus,
belonging to the family Ptychodontidae, whose systematic affinities
have been extensively debated up to nowand remain controversial.
Ptychodontids have been variously interpreted as batoids,

hybodontids or, more recently, neoselachian sharks (see Cuny,
2008; Shimada et al., 2009; Shimada, 2012; Brignon, 2015, 2016;
Hoffman et al., 2016 Q1). Two genera are generally included in this
family, namely Ptychodus and Heteroptychodus (Cappetta, 2012).
Recently, Hamm (2015) introduced a new genus, Paraptychodus,
with the species P. washitaensis, for teeth from the Cretaceous of
Texas that previously have been assigned to Ptychodus decurrens.

Ptychodus occurs in Upper Cretaceous marine deposits of North
and South America, Europe, Africa and Asia (Cappetta, 2012;
Shimada, 2012; Hamm, 2017). Teeth arranged in dental plates in
both upper and lower jaws, adapted for crushing or grinding
shelled macroinvertebrates (e.g., Kauffman, 1972; Ozanne and
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Harries, 2002; Shimada et al., 2009), characterize this durophagous
taxon (Cappetta, 2012; Shimada, 2012; Verma et al., 2012).
Although several associated specimens including skeletal frag-
ments and articulated sets of teeth were previously found
(Williston, 1900; Dibley, 1911; Canavari, 1916; Cigala Fulgosi et al.,
1980; MacLeod, 1982; Shimada et al., 2009, 2010; Hamm, 2010a,b,
2017; Shimada, 2012), the genus Ptychodus is mostly known from
isolated teeth (Cappetta, 2012). The teeth of Ptychodus have
generally a bulky and flat-top cusp rising from a nearly flat and
broad marginal area forming low and broad crowns. A very narrow
and high cusp, conversely, is a character shared by two peculiar
species of Ptychodus, the European P. altior Agassiz, 1835 (Dixon,
1850; Fossa-Mancini, 1921), and the North American P. whipplei
Marcou, 1858 (Lucas and Johnson, 2003; Siverson and Lindgren,
2005; Lucas, 2006). However, Ptychodus altior Agassiz, 1835 is
either regarded as a junior synonym of P. mammillaris Agassiz, 1835
(e.g., Giebel, 1848; Woodward, 1889, 1912; Priem, 1896Q2 ) or a
phenotypic variation of P. rugosus Dixon, 1850 (e.g., Woodward,
1889, 1912; Leriche, 1906, 1909), for which Leriche (1929) intro-
duced the name “elevatus”. Herman (1977) even considered the
“elevatus” morphotype as a valid distinct species, thus suppressing
de facto the previously instituted name P. altior.

Here, we describe an associated tooth set and additional isolated
specimens of P. altior from the Scaglia Rossa Formation. This ma-
terial represents the first Italian record of this species. The
nomenclature and taxonomy of this high-cusped species are dis-
cussed and we provide evidence that Ptychodus altior Agassiz, 1835
is a valid species. A detailed comparison between this taxon and the
morphologically similar Ptychodus rugosus Dixon, 1850 and
P. whipplei Marcou, 1858 is also presented.

2. The Italian record of high-cusped Ptychodus

In 1818, the Italian naturalist, zoologist, and paleontologist,
Tommaso Antonio Catullo described the first record of Ptychodus
teeth from Italy (Catullo, 1818). Later various authors documented
isolated, associated, and even articulated remains of Ptychodus from
several Italian localities (Lioy, 1865; Bassani, 1876, 1888; De Zigno,
1883; Canavari, 1916; D'Erasmo, 1922; Sorbini, 1976; Cigala
Fulgosi et al., 1980; Astolfi and Colombara, 1994, 2003). More
recently, remains of Ptychodus from northeastern Italy were re-
ported by Dalla Vecchia et al. (2005), Trevisani and Cestari (2007),
Trevisani (2009, 2011), Roghi (2010), Palci et al. (2013) and
Amalfitano et al. (2017a). However, only sporadic occurrences of
high-cusped Ptychodus teeth have been reported from Italy so far.

Bassani (1886) reported eight teeth from Castellavazzo (Belluno)
referred to an indeterminate species of Ptychodus with a very high

and narrow central cusp and compared them to Ptychodus trigeri
Sauvage, 1878. However, Bassani (1886) pointed out that those
teeth exhibit a smooth crown, thereby resembling those of P. altior
rather than those of P. trigeri. These specimens (Fig. 1) currently are
considered lost.

Sorbini (1978) reported the occurrence of Ptychodus whipplei
from Upper Cretaceous deposits cropping out in the surroundings
of Monte Loffa (S. Anna d'Alfaedo, Verona, north-eastern Italy).
Based on the figures published by Sorbini (1978), it is evident that
he was referring to the associated set of teeth that is described in
detail herein.

3. Geological setting

The Upper Cretaceous hemipelagic deposits of the Scaglia
Rossa Formation of northeastern Italy are generally poor in mac-
rofossils (Giusberti et al., 2005), with the exception of peculiar
lithozones, commercially known as ʻlastameʼ and ʻPietra di Cas-
tellavazzoʼ (Castellavazzo Stone; Amalfitano et al., 2017c). The
specimens described herein come from these specific stratigraphic
intervals.

The ʻlastameʼ is a condensed and nodular/subnodular package of
reddish to whitish limestone, 7e8 m thick, extensively quarried
around Sant'Anna d'Alfaedo (Verona Province), in the Lessini
Mountains (Roghi and Romano, 2009; Trevisani and Cestari, 2007;
Amalfitano et al., 2017a; Fig. 2). According to Lozar and Grosso
(1997), this lithozone (ʻlithozoneʼ 2) spans stratigraphically from
the lower Turonian to the lower Santonian, while other authors
assigned a Turonian-Coniacian age to it (e.g., Cigala Fulgosi et al.,
1980). The fossil content of the Lessinian ʻlastameʼ consists of in-
vertebrates (echinoids, inoceramids, ammonites and rudists) and
rare vertebrate remains, primarily of sharks and subordinately of
rare marine turtles and mosasaurs (e.g., Capellini, 1884; Cigala
Fulgosi et al., 1980; Ginevra et al., 2000; Dalla Vecchia et al.,
2005; Trevisani and Cestari, 2007; Roghi, 2010; Palci et al., 2013;
Amalfitano et al., 2017b).

The ʻPietra di Castellavazzoʼ is another condensed interval
within the Scaglia Rossa Formation characterized by relatively
common macrofossils (Bassani, 1886, 1888; Trevisani and Cestari,
2007; Amalfitano et al., 2017c). This lithozone, very similar in
thickness and paleontological content to the ʻlastameʼ, is exposed in
the surroundings of the village of Castellavazzo (north of Long-
arone, Piave Valley, Belluno; Amalfitano et al., 2017c; Fig. 2). The
ʻPietra di Castellavazzoʼ consists of a 6e7-m-thick interval of
nodular micritic limestone, whose color varies from reddish to
gray-greenish (Trevisani, 2011). Thin dark-red clay interlayers
separate the micritic beds (of variable thickness, generally

Fig. 1. High-cusped Ptychodus tooth Q10from Castellavazzo (Belluno) figured by Bassani (1886), probably assignable to P. altior Agassiz, 1835. This specimen is currently lost. Excerpt
from Bassani (1886).
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10e20 cm; Trevisani, 2011). Based on correlationwith the ʻlastameʼ,
the ʻPietra di Castellavazzoʼ has been referred to early-middle
Coniacian (Colleselli et al., 1997; Trevisani, 2011), pending
ongoing stratigraphic revisions.

The macrofossil assemblage of the ʻPietra di Castellavazzoʼ
consists of chondrichthyans (e.g., Scapanorhynchus subulatus, Cre-
toxyrhina mantelli, Ptychodus spp.; Bassani, 1886, 1888; Amalfitano
et al., 2017a), bony fishes (Lepidotes? sp. and Protosphyraena?
ferox?; Bassani, 1886, 1888; Amalfitano et al., 2017c), ammonites,
echinoids, inoceramids and rudists (radiolitids; Trevisani, 2009,
2011). Generally, the fossils are less common compared to that of
the ʻlastameʼ probably because of the lower number of outcrops
(especially quarries) occurring in the Belluno area (Trevisani, 2009,
2011), and in many cases poorly preserved.

4. Materials and methods

The fossils described and figured herein comprise five speci-
mens housed in the Museo di Preistoria e Paleontologia di S. Anna
d'Alfaedo (specimen numbers MCSNV v.3994-3995) and theMuseo
di Geologia e Paleontologia dell'Universit�a degli Studi di Padova
(specimen numbers MGP-PD 7344, MGP-PD 14044, MGP-PD 14031,
MGP-PD 32066). The specimen MCSNV v.3994-3995 (slab and
counterslab of the same associated specimen), currently housed in
the Museo Paleontologico e Preistorico di S. Anna d'Alfaedo, actu-
ally belongs to the paleontological collections of the Museo Civico
di Storia Naturale di Verona and for this reason is catalogued with
the acronym ‘MCSNV’. The specimen comes fromMonte Loffa, close
to the village of S. Anna d'Alfaedo (Verona Province), and were

acquired by the museum in 1973 and referred to as Ptychodus
whipplei in the museum catalogue. The specimens from the Museo
di Geologia e Paleontologia dell'Universit�a degli Studi di Padova are
represented by isolated teeth coming from the Castellavazzo
quarries (Belluno Province) and an isolated tooth of P. whipplei from
Kamp Ranch Formation, Dallas County, Texas (U.S.A.).

The specimens were photographed using a Nikon D810 camera
mounting a 60e90 mm lens and a Canon PowerShot SX720 HS
camera. The teeth were measured with image analysis software
ImageJ (v. 1.47). The tooth surface was coated with ammonium
chloride in order to enhance the contrast of morphological crown
features (“smoking”; see Amalfitano et al., 2017c and Scovil, 1996).
This methodology guarantees a uniform coverage and the persis-
tence of surfaces fidelity.

Illustrative drawings and images of the specimens were pre-
pared using the software packages GIMP (v. 2.8.16) and Photoshop
CS5 (v.12.0 x32).

A millimetric tungsten carbide spherical drill bit mounted on an
electric drill was used to sample the matrix of the specimens
MCSNV v.3995, MGP-PD 14044, and MGP-PD 14031. A smear slide,
for calcareous nannofossil analysis, has been prepared with the
powder obtained from the embedding rock. A small portion of the
limestone from MCSNV v.3995 was utilized for preparing a thin
section for planktic foraminiferal analysis.

The morphological terminology used herein mostly follows
Cappetta (2012), Shimada (2012), and Hamm (2017), with some
modifications (see Fig. 3). Open nomenclature follows the stan-
dard proposed by Matthews (1973), Bengston (1988) and Sigovini
et al. (2016).

Fig. 2. Location map of the sites in northeastern Italy that yielded the Ptychodus remains described in this paper (modified from Amalfitano et al., 2017a). The black stars indicate the
fossiliferous sites.[single-column width].
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5. Results

5.1. Systematic paleontology

Class Chondrichthyes Huxley, 1880
Subclass Elasmobranchii Bonaparte, 1838
Order incertae sedis
Family Ptychodontidae Jaekel, 1898

Genus Ptychodus Agassiz, 1835

Diagnosis. See Woodward (1912).

Ptychodus altior Agassiz, 1835 emended
Figs. 1, 3e11, 13, 14

p.1822 Teeth allied to Diodon - Mantell, p. 231, t. 32, figs. 17, 21, 27
(non figs. 18e10, 23e25, 29).

y1835 Ptychodus altior Ag. - Agassiz, Feuilletton additionnel, p. 54.
p.1838 Ptychodus decurrens Agass. - Agassiz, p. 154, t. 25b, figs. 5-50

(non figs. 1e4, 6e8).
non1838 Ptychodus altior Agass. - Agassiz, atlas, vol. III, t. 25, fig.

9, 10.
non1839 Ptychodus altior Agass. - Agassiz, vol. III, p. 155.
p.1845 Pt. mammillaris Ag. - Reuss, p. 2, t. 2, figs. 11, 12 (non fig. 13).
non1848 Pt. altior Ag. - Giebel, p. 333.
1850 Ptychodus altior - Dixon, p.362, t. 30, fig. 10.
1886 Ptychodus sp. - Bassani, p. 146, t. 9, fig. 10.
1888 Ptychodus cfr. decurrens - Bassani, p. 5 (footnote).
p.1889 Ptychodus rugosus Dixon -Woodward, p. 136 (non syn.), figs.

2, 3 (non fig. 1).
p.1896 Ptychodus rugosus Dixon - Priem, p. 289, t. 9, figs. 13e17, 22

(non figs. 1e12, 18e21, 23e25).
p.1902 Ptychodus rugosus Dixon - Leriche, p. 94, t. 2, figs. 16, 17 (non

figs. 13e15, 18).
1906 Ptychodus rugosus vari�et�e altior Dixon - Leriche, p. 68.
1909 Ptychodus rugosus Dixon var. altior Dixon - Leriche, p. 57.
p.1912 Ptychodus rugosus Dixon - Woodward, p. 231, t. 48, figs. 6, 7

(non figs. 1e5, 8e11) (non syn.).
1929 P. rugosus mut. elevatus - Leriche, p. 217.
1977 Ptychodus elevatus Leriche M. 1929 - Herman, p. 62, text fig.,

p. 63, t. 2, figs. 6aeb.

1978 Ptycodus (sic) whipplei - Sorbini, p. 69, fig. 10.
1984 Ptychodus whipplei - Aspes and Zorzin, p. 14.
1987 P. rugosus Dixon 1850 - Cappetta, p. 38, figs. 4I-K.
2002 Ptychodus whipplei Marcou 1858 - Antunes and Cappetta,

p. 106, t. 2, figs. 11aed (non syn.).
2012 P. elevatus Leriche 1929B - Cappetta, p. 78.
2013 Ptychodus rugosus Dixon 1850 - Guinot et al., p. 594,

figs. 3GeL.
2017 Ptychodus rugosus (Dixon, 1850) (sic). Trif and Codrea, p. 8,

fig. 2.
2017 P. mammillaris - Fischer et al., p. 14, fig. 2c.

Original type series. The three teeth originally figured by Mantell
(1822; Fig. 11) coming from the Chalk of South Downs, southern
England, without any indication of the precise locality of finding.
We tried to locate the original material in theMantell's collection of
the Natural History Museum, London (NHMUK), but unfortunately
it seems to be lost (Emma Bernard, pers. comm.). For this reason,
we designate below a neotype of Ptychodus altior Agassiz, 1835.
Neotype. NHMUK PV P28347 (see Figs. 14B-B0), a detached tooth
coming from the Chalk of Sussex (southern England) and belonging
to the “Dixon Collection”, is designated herein as neotype of Pty-
chodus altior Agassiz, 1835. This definition meets the qualifying
conditions specified in the article 75.3 of the International Code of
Zoological Nomenclature (ICZN Code, 1999). NHMUK PV P28347
(Figs. 14B-B0), housed in Natural History Museum, London, is
characterized by an extremely elevated narrow cusp with smooth
lateral face (see also Woodward, 1912: p. 232). In occlusal view, the
tooth shows a quadratic outline and six apical ridges, which char-
acterize the apex; a concentrical ornamentation covers the thin
marginal area. We designate this specimen as neotype owing its
completeness and English Chalk provenance from a geographical
area close to the type area of the type series. Moreover, the selected
neotype exhibits all the morphological characters of Ptychodus
altior and it is consistent with the original illustrations of the type
series by Mantell (1822). NHMUK PV P28347 has been erroneously
reported as NHMUK PV P28247 by Woodward (1922: pl. 48, fig. 7;
Fig. 14) and, subsequently, by Cappetta (1987: text figs. 4IeK).
Diagnosis (emended). Symphyseal teeth with very high cusps and
symmetric, quadratic crown in occlusal view. Cusp with smooth

Fig. 3. Line drawing of a lower symphyseal tooth of Ptychodus altior. A, occlusal view; B, anterior view; AML ¼ anterior marginal lobe; PML ¼ posterior marginal lobe.
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lateral faces, narrowing towards the apex. Pronounced enameloid
folds confined to the apex of the cusp. Fine granulations anterior
and posterior to the ridges commonly present. Concentric, thin and
rugose ornamentation covering the marginal area of the crown.
Lateral teeth differ from symphyseals by having a bilaterally
asymmetric cusp. Cusp height decreasing mesio-distally
throughout the dental plate. It mainly differs from the morpho-
logically similar high-cusped Ptychodus whipplei Marcou, 1958, by
lacking ridges that extend transversally across the entire cusp.
Referred material. An associated tooth set belonging to a single in-
dividual, MCSNV v.3994-3995 (Figs. 4e8), and two moderately
preserved isolated teeth, MGP-PD14044 (Figs. 9D, D0) and MGP-
PD14031 (Figs. 9AeC0).
Locality and horizon. All the referred specimens come from the
Upper Cretaceous Scaglia Rossa Formation. Slabs MCSNV v.3994-
3995 were collected from the ʻlastameʼ of Monte Loffa in the
Lessini Mountains (Verona province, Fig. 2). The isolated teeth
MGP-PD14044 and MGP-PD14031 were found in the so-called
“Pietra di Castellavazzo” in the surroundings of Longarone (Bel-
luno, Fig. 2). Calcareous nannofossil content of MCSNV v.3994-
3995 indicates the UC8-UC9 zones of Burnett (1999). The
planktic foraminiferal assemblage is referable to the Dicarinella
primitiva/Marginotruncana sigali Zone of the zonal scheme by
Coccioni and Premoli Silva (2015). This zone is equivalent to the
Marginotruncana schneegansi Zone Auctt. The calcareous plankton
biostratigraphic results suggest a middle-upper Turonian age of
specimens coming from ʻlastameʼ (see Supplementary Table A.1),
according to the correlation between calcareous plankton zones
and stages by Ogg and Hinnov (2012). Matrix samples from
“Pietra di Castellavazzo” were almost devoid of calcareous nan-
noplankton and the amount of sedimentary rock was inadequate
to analyze planktic foraminifera.
Description. The specimen MCSNV v.3994-3995 consists of two
slabs that comprise a total of 38 associated teeth of small size. In
addition, several tooth fragments and some dental impressions are
also preserved on the surface of the two slabs (Figs. 6, 7). The teeth
slightly differ from each other in their overall size, height, and

Fig. 5. Ptychodus altior Agassiz, 1835 from S. Anna d'Alfaedo, Lessini Mountains, northeastern Italy. The slab MCSNV v.3995. Scale bar equals to 10 mm.

Fig. 4. Ptychodus altior Agassiz, 1835 from S. Anna d'Alfaedo, Lessini Mountains,
northeastern Italy. The slab MCSNV v.3995, (A) photo and (B) interpretative line
drawing, showing two of five teeth; the striated area indicates tooth fragments.
b ¼ MCSNV v.3995b; g ¼ MCSNV v.3995g. Scale bar equals to 5 mm.
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bilateral asymmetry of the cusps. MCSNV v.3995 contains five teeth
that are well exposed on the slab surface. One of them (labeled
herein as “MCSNV v.3995a”, Figs. 8AeC0) was removed in order to
allow detailed morphological observations. Three teeth still
embedded in the matrix exhibit a complete crown, whereas a forth
one only consists of the cusp (Figs. 4, 5). Moreover, at least four
additional fragmentary teeth and several tooth impressions are also
recognizable on the slab.

The dental crown of MCSNV v.3995a (Figs. 8A, C0) has a
quadratic and symmetrical outline in occlusal view. The tooth ex-
hibits both the characteristically high central cusp and the well-
developed marginal area. The mesial and distal marginal areas

are bilobate (Figs. 8A, A0) with the posterior marginal lobe (PML;
see Fig. 3) being wider and more rounded than the anterior one
(AML; see Fig. 3). Fine wrinkles and concentric granulations cover
the surface of the marginal area. Both the posterior sulcus and the
anterior protuberance are weakly developed. Three ridges, pre-
ceded by a weak granulation and followed by evident rugosities,
cross transversely the dental apex. The cusp is considerably
elevated, with a smooth lateral faces, and is mesio-distally com-
pressed (Figs. 8BeC0). The anterior profile of the cusp is oblique,
whereas its posterior profile is vertical. Anteriorly, the base of the
crown is thin and arched, with the concavity directed downwards.
The crown is covered with enameloid wrinkles. The tooth also
possesses remains of the root (Figs. 8C, C0). One of the teeth

Fig. 6. Ptychodus altior Agassiz, 1835 from S. Anna d'Alfaedo, Lessini Mountains, northeastern Italy. Slab MCSNV v.3994, (A) photo and (B) interpretative line drawing, showing
several teeth and some impressions of detached teeth (black areas). b ¼ MCSNV v.3994b; g ¼ MCSNV v.3994g; d ¼ MCSNV v.3994d; ε ¼ MCSNV v.3994ε; z ¼ MCSNV v.3994z;
h ¼ MCSNV v.3994h; i ¼ MCSNV v.3994i; k ¼ MCSNV v.3994k; l ¼ MCSNV v.3994l; m ¼ MCSNV v.3994m. Scale bars equals to 20 mm.
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preserved on slab MCSNV 3995 is much smaller and bilateral
asymmetric compared to MCSNV v.3995a, also showing a well-
developed distal marginal area and a low and slightly pointed cusp.

The slab MCSNV v.3994 comprises 33 teeth, most of which are
damaged with the root being almost never preserved (Fig. 6). Some
of the preserved teeth in MCSNV v.3994 exhibit a marked bilateral
asymmetry and two of them are also very small in size (e.g., MCSNV
v.3994m; Figs. 6, 7). The associated teeth are similar in size although

the height of the cusps displays some variability (see Table 1 and
Fig. 7). The tooth MCSNV v.3994d (Fig. 6) has a bilobate root.

Three teeth, still associated, have been detached from the slab
(Figs. 8DeH0). This tooth association comprises a well-preserved
tooth (labeled herein “MCSNV v.3994a”, Figs. 8FeH0), a single
dental cusp (Figs. 8D, E) and a bilaterally asymmetric fragmentary
tooth (Fig. 7E). The tooth MCSNV v.3994a (Figs. 8FeH0) is very
similar in size and overall morphology to MCSNV v.3995a

Fig. 7. Ptychodus altior Agassiz, 1835, from S. Anna d'Alfaedo, Lessini Mountains, northeastern Italy. MCSNV v.3994 (A) photo and (B) interpretative line drawing, showing teeth
characterized by different size and height. The black areas indicate the imprints of detached teeth. b ¼ MCSNV v.3994b; g ¼ MCSNV v.3994g; k ¼ MCSNV v.3994k; l ¼ MCSNV
v.3994l; m ¼ MCSNV v.3994m. Scale bars equals to 10 mm.
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Fig. 8. Dental remains of Ptychodus altior Agassiz, 1835. Detached teeth from slabs MCSNV v.3994 (D-H0) and MCSNV v.3995 (A-C0); Specimens documented by color photos (AeH)
and photos after ʻsmokingʼ treatment (A0eC0 , F0eH0). Overview of the associated teeth of the specimen MCSNV v.3994 (D, E). Occlusal (F, F0), lateral (G, G0) and anterior (H, H0) views
of MCSNV v.3994 a. Occlusal (A, A0), lateral (B, B0) and anterior (C, C0) views of NHMVR-3995a. Scale bars equals to 5 mm. (For interpretation of the references to color/colour in this
figure legend, the reader is referred to the Web version of this article.)
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(Figs. 8AeC0), although notably asymmetric. Moreover, MCSNV
v.3994a has the mesial marginal area more developed than the
distal one (Figs. 8F, F0, H, H0). See Table 1 for tooth measurements.

Specimen MGP-PD 14044 (Figs. 9D, D0) from Castellavazzo
(Belluno) consists of an isolated and incomplete tooth, solely
represented by the apical part of the cusp, still partially
embedded in the matrix. This tooth, rather abraded, exhibits two
ridges limited to the apex of the cusp, whose extremities only are
visible. MGP-PD 14031 (Figs. 9A, C0) is a laterally compressed
tooth, which consists of a thin and high cusp, whose basal portion
is embedded in a thin matrix layer. Six feebly pronounced ridges
limited to the apex characterize the asymmetric cusp. The lateral
and posterior faces of the cusp are completely smooth, whereas
the anterior face of the cusp displays faint granulations (Figs. 9C,
C0). Posteriorly, the crown profile is perpendicular to the hori-
zontal axis of the tooth, whereas the anterior profile is much
more inclined.

Remarks. The tooth labeled MCSNV v.3995a (Figs. 8AeC0) has a
symmetric and high crown, and possibly represents a symphyseal
tooth (Fig. 10S). MCSNV v.3994a (Figs. 8FeH0) represents a lateral
tooth (Fig. 10L), because of the asymmetric development of its
marginal area. MCSNV v.3994m (Figs. 6, 7) is the smallest tooth of
the set and is considerably bilaterally asymmetric; it probably
occupied one of the outer rows of the dental plate. The other teeth
are too fragmentary to confidently establish their position within
the jaws. There is no evidence of the upper symphyseal teeth. The
different heights of the many teeth along with their similar size

may indicate the presence of both lower and upper jaw teeth
(Fig. 7). MGP-PD 14044 (Figs. 9D, D0) is too fragmentary to identify
its original position within the dental plate. The cusp MGP-PD
14031 (Figs. 9AeC0) is asymmetric, probably because this tooth
occupied one of the lateral rows of the dental plate.

As mentioned above, on both slabs MCSNV v.3994-3995, several
teeth are broken or only poorly preserved (Figs. 4e7). In his
description of Ptychodus altior sensu Agassiz, 1835, Dixon (1850)
assumed that a direct relationship exists between the reduced
thickness of the enameloid layer and occurrence of damaged teeth.
Several specimens from the Upper Chalk of England, housed in the
Natural History Museum, London, display damaged enameloid and
seem to support Dixon's assumption. Several detached teeth
coming from two tooth sets housed in the Naturhistorisches
Museum, Wien (NHMW) exhibit morphologies that are fully
consistent with the lateral and symphyseal teeth described herein;
the only difference is their much smaller size (one third as wide in
average) compared to those preserved on the slabs MCSNV v.3994-
3995. Such difference in size could be an indication of different
ontogenetic stages, pending further findings of associated or arti-
culated tooth sets of this poorly known species.

Nomenclatural notes. High-cusped Ptychodus teeth with smooth
cusp faces were figured for the first time by Gideon Mantell (1822:
pl. 32, figs. 17, 21, 27; Fig. 11) based on material collected from the
English Chalk of South Downs. Subsequently, Agassiz (1835, p. 54)
introduced the species Ptychodus altior, referring explicitly to the

Fig. 9. Isolated teeth of Ptychodus altior Agassiz, 1835 from Castellavazzo (Belluno). Specimens documented by color photos (AeD) and photos after smoking treatment (A0eD0).
MGP-PD-14031 (A, A0 , occlusal view; B, Bʼ, lateral view; C, C0 , anterior view) and MGP-PD-14044 (D, D0 , occlusal view), the latest markedly abraded on the dental cusp. The fossils
show typical reddish or gray-greenish matrix of the “Pietra di Castellavazzo” limestone. Scale bars equals to 5 mm. (For interpretation of the references to color/colour in this figure
legend, the reader is referred to the Web version of this article.)
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teeth figured by Mantell (1822), in the “Feuilleton additionnel” of
the “Recherches sur les Poissons Fossiles” (Brignon, 2015). There-
fore, according to Article 12.2.7 of the Code of Zoological Nomen-
clature (ICZN Code, 1999, names published before 1931), 1835 must
be regarded as the year of the original description of P. altior
(Brignon, 2015: p. 14). After the publication of the “Feuilletton”,
Agassiz attributed two additional teeth, figured and described in

the third volume of the “Recherches” (Agassiz, 1838: pl. 25b, figs. 9,
10 and Agassiz, 1839; Fig. 12), to P. altior. However, the teeth figured
by Agassiz (1838) strongly differ from those presented in Mantell's
figure, to which Agassiz referred in 1835. Subsequently, several
authors (e.g., Giebel, 1848; Priem, 1896; Woodward, 1889, 1912)
considered Ptychodus. altior as figured in Agassiz (1838, 1839) to be
a junior synonym of Ptychodus mammillaris Agassiz. However, ac-
cording to Dixon (1850), Ptychodus altior represents a “very char-
acteristic species”. The specimen figured by Dixon (1850: pl. 30, fig.
10; Fig. 13E), which is fully consistent with the specimens described
herein, is probably NHMUK PV P49851 (Figs.13AeD), currently part
of the “Capron Collection” housed in the Natural History Museum,
London. This specimen is also very similar to the three teeth orig-
inally figured by Mantell (1822) and assigned to P. altior by Agassiz
(1835). Woodward (1889, 1912) considered P. altior sensu Dixon
(1850) to be a phenotypic variation of P. rugosus Dixon 1850, and
figured two examples exhibiting the peculiar high-cusped
morphology in his 1912 publication (Fig. 14). Since then, most au-
thors followed this interpretation and Leriche (1906,1909) used the
name “altior” to indicate a variety of P. rugosus with elevated cusp
and smooth lateral cusp faces. The same author later renamed this
peculiar morphotype and introduced the name “elevatus” for it
(Leriche, 1929). Since Dixon (1850), P. altior was mentioned as a
valid species solely by Fossa-Mancini (1921: p 209). Herman (1977)
considered the “morphotype” elevatus as a separate and valid
species (Ptychodus elevatus), returning to the initial Ptychodus altior
concept of Dixon (1850) and Agassiz (1835). Finally, Cappetta
(2012) used the specific name elevatus for Ptychodus teeth charac-
terized by a high and narrow cusp. According to the Article 23.1 of
the International Code of Zoological Nomenclature (ICZN Code,
1999), the valid name of a taxon is the oldest available name. As a
consequence, we consider Ptychodus elevatus Herman 1977 as a
junior synonym of Ptychodus altior Agassiz, 1835.

6. Discussion

6.1. Comparison with similar species

As discussed above, several authors assigned Ptychodus teeth
with high cusps and smooth faces to the species P. rugosus (e.g.,
Woodward, 1912; Hamm, 2010b). Priem (1896) interpreted the
small and narrow teeth formerly referred to P. altior as pertaining to
the upper symphyseal row of P. rugosus. This hypothesis is, how-
ever, not acceptable since the upper symphyseal teeth of P. rugosus
(Figs. 15B, B0) are characterized by a scarcely developed or almost
absent cusp (Case, 1990; Hamm, 2010a,b Q3). Moreover, as evidenced
herein, both specimens MCSNV v.3994-3995 comprise bilateral
asymmetric (lateral, Figs. 8FeH0, 10L) as well as symmetric (sym-
physeal, Figs. 8AeC0, 10S) teeth and both of them are notably

Fig. 10. Interpretative illustrations of lower teeth of Ptychodus altior Agassiz, 1835.
Symphyseal (S) and lateral (L) teeth; reconstruction based on MCSNV v.3994a (L) and
MCSNV v.3995a (S). Scale bar equals to 5 mm.

Fig. 11. First illustration of Ptychodus altior Agassiz, 1835 teeth. Figures (AeC) by Mantell (1822: t. 32, figs. 17, 21, 27). Mantell initially identified these fossil teeth as pertaining to a
teleost close to the porcupine fish genus Diodon. Excerpt from Mantell (1822), ETH-Bibliothek Zürich, Rar 2452, http://doi.org/10.3931/e-rara-16021/Public Domain Mark.
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different from those characteristic of Ptychodus rugosus (e.g.,
Hamm, 2010b; MGP-PD 7344, Figs. 15AeA00).

Woodward (1912) hypothesized that the Ptychodus altior mor-
photype might belong to immature specimens of P. rugosus Dixon
(1850). Later, other authors (e.g., Leriche, 1929) accepted the
opinion of Woodward (1912), based on some similarities between
the teeth of P. altior and P. rugosus, as for example the presence of
ridges confined to the cusp apex, which occur only in these two
taxa (Figs. 7, 14AeA00). Moreover, the stratigraphic ranges of the two
taxa are partially overlapping. Ptychodus altior seems to be
restricted to the interval Turonian-Coniacian (Leriche, 1929;
Herman, 1977), whereas P. rugosus ranges from the Coniacian to
the Santonian (Herman, 1977; MacLeod, 1982; Hamm, 2010b).
Furthermore, the central teeth of P. rugosus have more rounded and
large cusps (Figs. 15AeA00) than those of P. altior (Figs. 8AeC0) and
their lateral marginal areas are never bilobate (see Hamm, 2010b).

High cusps similar to those of Ptychodus altior (e.g., Fig. 8) are
also present in the North American species P. whipplei
(Figs. 15CeC00, DeD0000). Ptychodus whipplei is characterized by nar-
row and high tooth cusps, which are nearly cylindrical in cross
section, unlike those of other Ptychodus species, which have a more
oval or conical cusp cross section (see Lucas, 2006). The two species,
however, can be easily separated based on different ridge mor-
phologies and distributional pattern since P. whipplei has ridges
that extend transversally across the entire cusp (Figs. 15CeC00,
DeD0000; see also Williston, 1900).

6.2. Possible dietary preference of Ptychodus with high and
narrow-cusped teeth

The wide and flat molariform teeth of Ptychodus (e.g.,
P. decurrens, P. latissimus and P. polygyrus) are commonly regarded
as durophagous feeding adaptations and benthic, thick-shelled

macroinvertebrates are traditionally considered target preys of
Ptychodus (e.g., Compagno, 2002; Everhart and Caggiano, 2004;
Everhart, 2005; Cappetta, 2012; Shimada, 2012; Kolmann et al.,
2014). A few possible lines of evidence supporting this assump-
tion are represented by putative tooth marks on inoceramid bi-
valves (Kauffman, 1972). Stewart (1988) also reported some
Ptychodus teeth found associated with presumed remains of ino-
ceramid bivalves and fragments of cirriped crustaceans. The
peculiar cusp morphology shared by P. altior and P. whipplei (see
above) may be related to peculiar target preys, possibly different
from those of the other congeneric species. Cappetta (2012)
therefore suggested that the narrow-cusped species Ptychodus
whipplei and P. elevatus (¼ P. altior) probably preyedmostly on thin-
shelled invertebrates (e.g., ammonites). However, there is no direct
evidence of predator-prey relationships between Ptychodus and any
invertebrate yet. Shimada et al. (2009) hypothesized an alternative
diet for Ptychodus occidentalis based on articulated specimen
exhibiting laterally narrow dentitions with high-crowned teeth.
According to Shimada et al. (2009), the dentition could have also
had a grasping function in although the dental plates of this species
were suitable for crushing. The species P. occidentalis may have
been an opportunistic generalist, which occasionally preyed on
crustaceans and mollusks that not necessarily were protected by
hard shell (Shimada et al., 2009).

In addition, several extant chondrichthyans with relatively
narrow and cusped teeth feed on thin-shelled prey (see Talent,
1982; Wilga and Motta, 2000; Compagno et al., 2005; Shimada
et al., 2009; Mara et al., 2010; Herbert and Motta, 2018). For
example, in the bonnethead shark (Sphyrna tiburo) the high-cusped
anterior teeth are relatively small and narrow and are used for
grasping, while the posterior molariform teeth are suitable for
crushing and processing food (Wilga and Motta, 2000; Mara et al.,
2010). Smooth-hound sharks (Mustelus spp.) have rounded cusped

Fig. 12. Teeth assigned by Agassiz (1838: t. 25b, figs. 9, 10) to Ptychodus altior, figured in the third volume of “Recherches sur les poissons fossiles”, subsequently re-determined by
other authors as P. mammillaris. Excerpt from Agassiz (1838). A, occlusal view; A0 , B, lateral view.

Fig. 13. NHMUK PV P49851, specimen of Ptychodus altior Agassiz, 1835 belonging to the “Capron Collection” (associated to another teeth). A, occlusal view; B, lateral view; C, anterior
view; D, posterior view. It probably corresponds to the specimen (E) originally figured byDixon (1850: t. 30, fig.10). Scale bars equals to 10mm. Fig.13E is an excerpt fromDixon (1850).
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Fig. 14. Teeth of Ptychodus altior Agassiz, 1835. Specimens NHMUK PV P4428 (A, A0) from the “Mantell Collection” and NHMUK PV P28347 (B, B0) from the “Dixon Collection”.
NHMUK PV P28347 (B, B0) is designated herein as neotype of Ptychodus altior Agassiz, 1835. Woodward (1902: t. 48, figs. 6e7b) originally figured both these teeth, and referred them
to Ptychodus rugosus. 6, 7 ¼ occlusal view; 6a, 7a ¼ posterior view; 6b, 7b ¼ lateral view. Scale bar equals to 10 mm. Fig. 14AeB excerpt from Woodward (1912).

Table 1
Measurements of the teeth of Ptychodus altior. MCSNV v.3995a and MCSNV v.3994a: see Fig. 8. MCSNV v.3994b, MCSNV v.3994g, MCSNV v.3994d, MCSNV v.3994ε, MCSNV
v.3994z, MCSNV v.3994h, MCSNV v.3994i, MCSNV v.3994k, MCSNV v.3994l and MCSNV v.3994m: see Fig. 6, 7. MCSNV v.3995b and MCSNV v.3995g: see Fig. 4. CRH ¼ Crown
height; CRW ¼ Crown width; CRL ¼ Crown length; CUH ¼ Cusp height; CUW ¼ Cusp width; CUL ¼ Cusp length.

Tooth CRH CRW CRL CUH CUW CUL

MCSNV v.3994a ~10 mm ~18 mm ~14 mm ~8 mm ~9 mm ~12 mm
MCSNV v.3994b ~14 mm ~13 mm ~14 mm ~ mm ~ mm ~ mm
MCSNV v.3994g ~11 mm e ~11 mm e e e

MCSNV v.3994d ~10 mm ~13 mm ~12 mm e e e

MCSNV v.3994ε e ~12 mm ~12 mm e e e

MCSNV v.3994z ~7 mm ~10 mm ~11 mm e e e

MCSNV v.3994h ~12 mm ~10 mm ~13 mm e e e

MCSNV v.3994i ~8 mm ~11 mm e e e e

MCSNV v.3994k ~14 mm ~13 mm ~12 mm e ~7 mm e

MCSNV v.3994l ~12 mm ~13 mm ~13 mm e e e

MCSNV v.3994m ~7 mm ~8 mm ~9 mm ~4 mm ~3 mm ~7 mm
MCSNV v.3995a ~12 mm ~13 mm ~14 mm ~10 mm ~6 mm ~11 mm
MCSNV v.3995b ~10 mm ~18 mm ~13 mm e ~6 mm ~11 mm
MCSNV v.3995g e e e ~9 mm e ~12 mm
MCSNV v.14044 e e e ~8 mm ~9 mm ~6 mm
MCSNV v.14031 e e e ~5 mm ~4 mm ~7 mm
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Fig. 15. Teeth of high-cusped Ptychodus. Central rows tooth (MGP-PD-7344; A, occlusal view; A0 , anterior view; A00 , lateral view) of Ptychodus rugosus from the Santonian of
Valdagno (Vicenza province, Northern Italy); scale bars equals to 10 mm. Upper symphyseal tooth of Ptychodus rugosus (B, occlusal view; B0 , lateral view) belonging to an associated
tooth set (NHMUK PV P61143-49), Sussex (English Chalk); scale bars equals to 5 mm. FHSM VP-18451 (C, occlusal view; C0 , lateral view; C00 , anterior view) ascribed to P. whipplei,
Norther Kansas (U.S.A.) and housed in Fort Hays State University0s Sternberg Museum of Natural History (FHSM); scale bars equals to 5 mm. MGP-PD 32066 (D, occlusal view; Dʼ,
lateral view; Dʼʼ, anterior view; Dʼʼʼ, posterior view; Dʼʼʼʼ, inferior view) ascribed to P. whipplei coming from Kamp Ranch Fm., Dallas County, Texas (U.S.A.).
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teeth as well and feed on crustaceans (Compagno, 1984; Rountree
and Able, 1996). Moreover, some Rajidae, such as Dipturus chi-
lensis and Bathyraja brachyurops, or Potamotrygonidae, such as
Potamotrygon motoro, grasp its preys (e.g., crustaceans) using their
narrow-cusped teeth (Belleggia et al., 2008; Koen Alonso et al.,
2001; Shibuya et al., 2012.). Although these extant chon-
drichthyans and Ptychodus altior are not closely related, some of the
dental characters shared by most of them may indicate similar diet
preferences. Indeed, the peculiar dental morphology with narrow-
cusped teeth in P. altior suggests a grasping function.

Nevertheless, based on the marked abrasion patterns observed
on occlusal surfaces of some of the teeth described here (see for
example Fig. 9 D, D0) and on those observed on teeth housed in the
collections of the museums of London and Vienna, it is evident that
P. altior was also able to crush and fragment its preys.

Therefore, it is possible that within the genus Ptychodus gener-
alists (e.g., P. altior and P. occidentalis) and specialists (e.g.,
P. mortoni, see Shimada, 2012; P. latissimus and P. polygyrus) evolved
probably tominimize competition. Ptychodus altiormay represent a
peculiar evolutionary lineage, in which new feeding adaptations
evolved, with a dental morphology more similar to a mixed
grinding/grasping-type dentition, in analogy with some extant rays
or sharks that target mostly crustaceans (see above).

6.3. Distribution and paleobiogeography

Most specimens referred to Ptychodus altior come from the
Upper Cretaceous English Chalk (e.g. Kent, Sussex, Surrey; Dixon,
1850; Mantell, 1822; Woodward, 1889, 1912). The Chalk of Sussex,
England (see Mantell, 1822) also provided the original type series
onwhich Agassiz (1835) based this species (see also Brignon, 2015).
Reuss (1845) and Fischer et al. (2017) described some teeth
belonging to P. altior from Germany, erroneously referred to as
P. mammillaris. Several other isolated teeth from Germany are
housed in the collections of the Naturhistorisches Museum, Wien.
Material referred to P. altior also occurs in Turonian deposits of
northwestern France (Priem, 1898; Leriche, 1902, 1906, 1929;
Guinot et al., 2013), and two teeth from the Coniacian of Belgium
(Maisi�eres Chalk Fm) were described and figured by Herman
(1977). More recently, an isolated tooth, attributable to P. altior
was described from the Upper Cretaceous of Romania (Trif and
Codrea, 2017). The Late Cretaceous configuration of Europe as an
archipelago (see Dalla Vecchia et al., 2005; Martin and Delfino,
2010; Scotese, 2014) probably promoted the broad distribution of
Ptychodus altior in this area. Antunes and Cappetta (2002: figs.
11aed) described and figured a single tooth, assigned to P. whipplei
but clearly attributable to P. altior, from Angola, which currently is
the only record of this species outside Europe. The presence of a
“Trans-Saharan Seaway” (Scotese, 2014) could have constituted a
passage between southern Europe and Angola region.

7. Concluding remarks

The Late Cretaceous elasmobranch Ptychodus altior had a
dominantly European distribution with the exception of a single
record from Angola (Africa). All records indicate that the strati-
graphic range of the species is confined to the Turonian-Coniacian
and the micropaleontological analyses of the sedimentary rock
sample obtained from the matrix of MCSNV v.3995 are consistent
with this datum. According to the International Code of Zoological
Nomenclature (ICZN Code, 1999), Ptychodus altior Agassiz, 1835
must be considered valid and consequently represents a senior
synonym of P. elevatus Herman, 1977. The presence of MCSNV
v.3994-3995 in the Lessini Mountains area represents the first
associated occurrence of this species in Italy providing new

information about its dental pattern (e.g., the narrow teeth of
P. altior do not represent upper symphyseal teeth as previously
hypothesized). The Italian specimens are similar, but still clearly
different from the teeth of Ptychodus rugosus and P. whipplei. The
different size of Italian specimens and those housed at the Natural
History Museum of Wien may be an indication of different onto-
genetic stages. The narrow high-cuspedmorphology characterizing
Ptychodus altior and P. whipplei probably indicates a different target
prey compared to low-crowned Ptychodus species.

Author contributions Q4

Manuel Amadori conceived and designed the experiments,
performed the experiments, analyzed the data, authored or
reviewed drafts of the paper, prepared figures and/or tables,
approved the final draft.

Jacopo Amalfitano conceived and designed the experiments,
performed the experiments, analyzed the data, authored or
reviewed drafts of the paper, prepared figures and/or tables,
approved the final draft.

Luca Giusberti conceived and designed the experiments, per-
formed the experiments, analyzed the data, contributed reagents/
materials/analysis tools, authored or reviewed drafts of the paper,
approved the final draft.

Eliana Fornaciari performed the micropaleontological analyses,
analyzed the data, contributed reagents/materials/analysis tools,
authored or reviewed drafts of the paper, prepared supplementary
tables, approved the final draft.

Valeria Luciani performed the micropaleontological analyses,
analyzed the data, authored or reviewed drafts of the paper, pre-
pared supplementary tables, approved the final draft.

Giorgio Carnevale authored or reviewed drafts of the paper,
approved the final draft.

Jürgen Kriwet authored or reviewed drafts of the paper,
approved the final draft.

Uncited reference

Geinitz, 1875, Woodward and Sherborn, 1890 Q7.

Acknowledgements

This paper is dedicated to Anna Vaccari (curatorial technician of
the paleontological section of theMuseo Civico di Storia Naturale di
Verona), taken from us too soon.

The authors deeply thank Elisa Marchesini (Associazione Cul-
turale Officina 3; Museo Paleontologico e Preistorico di S. Anna
d'Alfaedo), Roberto Zorzin (Museo Civico di Storia Naturale di
Verona), Mariagabriella Fornasiero (Museo di Geologia e Paleon-
tologia dell'Universit�a di Padova), Emma Bernard (Natural History
Museum of London, NHMUK) and Ursula G€ohlich (Naturhistor-
isches Museum, Wien) for access to the specimens and to the in-
formation about the collections. We would also acknowledge
Stefano Castelli (Dipartimento di Geoscienze dell'Universit�a di
Padova) for accurate photographic documentation and figures
preparation of the Italian specimens and Kevin Webb (NHMUK) for
the accurate photos of the English Chalk specimens housed in the
NHMUK. The copyright of the NHMUK photos is reserved to the
NHMUK (“NHM”) and Kevin Webb. We thank also Christina Byrd
(Sternberg Museum of Natural History, Fort Hays State University)
for photographs and collection data about Ptychodus whipplei from
the U.S.A. Special thanks are due to Giuseppe Marram�a (University
of Wien) for useful suggestions. We thank Alberto Collareta and an
anonymous reviewer for helpful comments and suggestions.
Funding for this research was provided by Q5University of Padova

M. Amadori et al. / Cretaceous Research xxx (2018) 1e1614

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

YCRES3979_proof ■ 10 October 2018 ■ 14/16

Please cite this article in press as: Amadori, M., et al., First associated tooth set of a high-cusped Ptychodus (Chondrichthyes, Elasmobranchii)
from the Upper Cretaceous of northeastern Italy, and resurrection of Ptychodus altior Agassiz, 1835, Cretaceous Research (2018), https://
doi.org/10.1016/j.cretres.2018.10.002



(Progetto di Ateneo CPDA159701/2015 titled ‘Reappraisal of two
key Fossil-Lagerst€atten in Scaglia deposits of northeastern Italy in
the context of Late Cretaceous climatic variability: a multidisci-
plinary approach’, assigned to Eliana Fornaciari).

References

Agassiz, J.L.R., 1835. Rapport sur les poissons fossiles d�ecouverts depuis la publi-
cation de la troisi�eme livraison. In: Feuilleton additionel sur les Recherches sur
les poissons fossiles. Quatri�eme livraison (Janvier 1835). Imprimerie de Petit-
pierre et Prince (text), Neuchâtel, pp. 39e64.

Agassiz, J.L.R., 1838. Recherches sur les poissons fossiles, 11th livraison (November
1838). Petitpierre (text) and H. Nicolet (atlas), Neuchâtel, vol. 3 [73] -140, pl. 1a,
8a, 8b, 15, 17, 19, 20, 24, 25b, 30-35, 39, 40; Feuilleton additionnel, 107e116.

Agassiz, J.L.R., 1839. Recherches sur les poissons fossiles, 10th and 12th livraisons
(April 1839). Petitpierre (text) and H. Nicolet (atlas), Neuchâtel, vol. 3,
pp. 141e156 pl. 9, 23, 25, 30a.

Amalfitano, J., Dalla Vecchia, F.M., Giusberti, L., Fornaciari, E., Luciani, V., Roghi, G.,
2017a. Direct evidence of trophic interaction between a large lamniform shark,
Cretodus sp., and a marine turtle from the Cretaceous of northeastern Italy.
Palaeogeography, Palaeoclimatology, Palaeoecology 469, 104e121.

Amalfitano, J., Giusberti, L., Dalla Vecchia, F.M., Kriwet, J., 2017b. First skeletal re-
mains of the giant sawfish Onchosaurus (Neoselachii, Sclerorhynchiformes)
from the Upper Cretaceous of northeastern Italy. Cretaceous Research 69,
124e135.

Amalfitano, J., Giusberti, L., Fornaciari, E., Carnevale, G., 2017c. A reappraisal of the
Italian Record of the Cretaceous Pachycormid Fish Protosphyraena Leidy, 1857.
Rivista Italiana di Paleontologia e Stratigrafia 123 (3), 475e485.

Antunes, M.T., Cappetta, H., 2002. S�elaciens du Cr�etac�e (Albien-Maastrichtien)
dʼAngola. Palaeontographica Abteilung A, Pal€azoologie, Stratigraphie Bd 264,
85e146.

Aspes, A., Zorzin, R., 1984. Guida al Museo di Storia Naturale di S. Anna dʼAlfaedo
(VR). La Grafica di Vago, Verona, 35 pp.

Astolfi, G., Colombara, F., 1994. Cava Bomba a Cinto Euganeo. La fornace - Il Museo
Geopalentologico. Tesori del Veneto. Musei naturalistici 1. Editoriale Pro-
gramma, Treviso, 48 pp.

Astolfi, G., Colombara, F., 2003. La geologia dei Colli Euganei. Edizioni Canova,
Padova, 238 pp.

Bassani, F., 1876. Ittiodontoliti del Veneto. Atti della Societ�a Veneto-Trentina di
Scienze Naturali residente in Padova 5, 275e308.

Bassani, F., 1886. Sull'et�a degli strati a pesci di Castellavazzo nel Bellunese. Bollettino
della Societ�a Geologica Italiana 4, 143e148.

Bassani, F., 1888. Colonna vertebrale di Oxyrhina Mantelli, Agassiz, scoperta nel
calcare senoniano di Castellavazzo, nel Bellunese. Estratto dalle Memorie della
Societ�a Italiana delle Scienze (detta dei XL), s. III (n. 1), 7, pp. 1e5.

Belleggia, M., Mabraga~na, E., Figueroa, D.E., Scenna, L.B., Barbini, S.A., de
Astarloa, J.M.D., 2008. Food habits of the broad nose skate, Bathyraja bra-
chyurops (Chondrichthyes, Rajidae), in the south-west Atlantic. Scientia Marina
72 (4), 701e710.

Bengston, P., 1988. Open nomenclature. Palaeontology 31 (1), 223e227.
Brignon, A., 2015. Senior synonyms of Ptychodus latissimus Agassiz, 1835 and Pty-

chodus mammillaris Agassiz, 1835 (Elasmobranchii) based on teeth from the
Bohemian Cretaceous Basin (the Czech Republic). Acta Musei Nationalis Pragae,
Series B-Historia Naturalis 71 (1e2), 5e14.

Burnett, J.A., 1999. Upper Cretaceous. In: Bown, P.R. (Ed.), Calcareous Nannofossil
Biostratigraphy. Springer ScienceþBusiness media, LLC, pp. 132e199 (reprint
with corrections).

Canavari, M., 1916. Descrizione di un notevole esemplare di Ptychodus Agassiz
trovato nel calcare bianco della Creta superiore di Gallio nei Sette Comuni
(Veneto). Paleontographia Italica 22, 35e102.

Capellini, G., 1884. Il chelonio veronese (Protosphargis veronensis, Cap.) scoperto
nel 1852 nel Cretaceo superiore presso S. Anna di Alfaedo in Valpolicella.
Memorie dellʼAccademia dei Lincei, Roma, s. III, 18, pp. 291e320.

Cappetta, H., 1987. Handbook of Paleoichthyology, Vol. 3B: Chondrichthyes II.
Gustav Fischer Verlag, Stuttgart, 193 pp.

Cappetta, H., 2012. Chondrichthyes. Mesozoic and Cenozoic Elasmobranchii: teeth.
Handbook of Paleoichthyology, vol. 3E. Verlag Dr. Friedrich Pfeil, München, 512
pp.

Catullo, T.A., 1818. Osservazioni sopra i monti che circoscrivono il distretto di Bel-
luno. Tipografia Mainardi, Verona, 147 pp.

Cigala Fulgosi, F., Kotsakis, T., Massari, F., Medizza, F., Sorbini, L., 1980. Il giacimento
di S. Anna dʼAlfaedo. In: I vertebrati fossili italiani, Catalogo della Mostra, Ver-
ona, pp. 123e129.

Coccioni, R., Premoli Silva, I., 2015. Revised UpperAlbian-Maastrichtian planktonic
foraminiferal biostratigraphy and magnetostratigraphy of the classical Tethyan
Gubbio section (Italy). Newsletters on Stratigraphy 48 (1), 47e90.

Colleselli, E., Cornale, P., Siorpaes, C., 1997. Ambiente geologico e caratteri petrog-
rafici del materiale. In: Alpago Novello, A. (Ed.), Castellavazzo. Un paese di
pietra, la pietra di un paese, Neri Pozza, pp. 31e44.

Compagno, L.J.V., 1984. FAO Species Catalogue, vol. 4, Sharks of the World. Food and
Agricultural Organization of the United Nations, Rome.

Compagno, L.J.V., 2002. Sharks of the world: an annotated and illustrated catalogue
of shark species known to date. Volume 2. Bullhead, mackerel and carpet sharks

(Heterodontiformes, Lamniformes and Orectolobiformes). Food and Agriculture
Organization Species Catalogue for Fishery Purposes 1 (2), 1e269.

Compagno, L.J.V., Dando, M., Fowler, S., 2005. Sharks of the World. Princeton Uni-
versity Press, Princeton, NJ, 368 pp.

Cuny, G., 2008. Mesozoic hybodont sharks from Asia and their relationships to the
genus Ptychodus. Acta Geologica Polonica 58 (2), 211e216.

Dalla Vecchia, F.M., Barbera, C., Bizzarini, F., Bravi, S., Delfino, M., Giusberti, L.,
Guidotti, G., Mietto, P., Papazzoni, C., Roghi, G., Signore, M., Simone, O., 2005. Il
Cretaceo marino. In: Bonfiglio, L. (Ed.), Paleontologia dei Vertebrati in Italia.
Memorie Museo Civico di Storia Naturale di Verona, Sezione Scienze della Terra,
6, pp. 101e116.

De Zigno, A., 1883. Sui vertebrati fossili dei terreni mesozoici delle Alpi Venete.
Estratto dalle Memorie della Regia Accademia delle Scienze, Lettere e Arti 9,
1e12.

D'Erasmo, G., 1922. Catalogo dei pesci fossili delle Tre Venezie. Memorie dell'Istituto
Geologico della Regia Universit�a di Padova 6, 1e181.

Dibley, G.E., 1911. On the teeth of Ptychodus and their distribution in the English
Chalk. Quarterly Journal of the Geological Society of London 67, 263e277.

Dixon, F., 1850. The Geology and Fossils the Tertiary and Cretaceous Formations of
Sussex. London: Longman, Brown, Green, And Longmans. Printed by Richard
And John Edward Taylor, Red Lion Corrt, Fleet Street, [I-XVI] þ 422 pp.

Everhart, M.J., 2005. Oceans of Kansas - A Natural History of the Western Interior
Sea. Indiana University Press, Bloomington, Indiana, 322 pp.

Everhart, M.J., Caggiano, T., 2004. An associated dentition and calcified vertebral
centra of the Late Cretaceous elasmobranch, Ptychodus anonymus Williston
1900. Paludicola 4, 125e136.

Fischer, J., Kogan, I., Popov, E., Janetschke, N., Licht, M., 2017. The Late Cretaceous
chondrichthyan fauna of the Elbtal Group (Saxony, Germany). Research and
Knowledge 3 (2), 13e17.

Geinitz, H.B., 1875. Das Elbtalgebirge in Sachsen. Teil II. Palaeontographica 20 (2),
206e229.

Giebel, C.G., 1848. Die Fische der Vorwelt, mit steter Berücksichtigung der lebenden
Fische. Erster Band: Wirbelthiere. Dritte Abtheilung: Fische: iexii, 1e467.
Leipzig (Brockhaus).

Ginevra, M., Saralli, M., Sedea, R., Zampieri, D., 2000. Le cave della Lessinia (la pietra
di Prun). Regione Veneto. Giunta Regionale. Assessorato alle politiche per
l'ambiente. Segreteria regionale allʼambiente. Direzione geologia e ciclo del-
lʼacqua. Servizio cave. Quaderno n. 2, Venezia, 95 pp.

Giusberti, L., Fantin, M., Buckeridge, J., 2005. Ovulaster protodecimae n. sp. (Echi-
noidea, Spatangoida) and associated epifauna (Cirripedia, Verrucidae) from the
Danian of northeastern Italy. Rivista Italiana di Paleontologia e Stratigrafia 111
(3), 455e465.

Guinot, G., Underwood, C.J., Cappetta, H., Ward, D.J., 2013. Sharks (Elasmobranchii:
Euselachii) from the Late Cretaceous of France and the UK. Journal of Systematic
Palaeontology 11 (6), 589e671.

Hamm, S.A., 2010a. The Late Cretaceous Shark Ptychodus marginalis in the Western
Interior Seaway, USA. Journal of Paleontology 84 (3), 538e548.

Hamm, S.A., 2010b. The Late Cretaceous shark, Ptychodus rugosus, (Ptychodontidae)
in the Western Interior Sea. Transactions of the Kansas Academy of Science, No.
1/2 113, 44e55.

Hamm, S.A., 2015. Paraptychodus washitaensis n. gen. et n. sp., of Ptychodontid shark
from the Albian of Texas, USA. Cretaceous Research 54, 60e67.

Hamm, S.A., 2017. First Associated Tooth Set of Ptychodus mammillaris in North
America, Pfeifer Shale Member (Lower Middle Turonian), Greenhorn Limestone.
Transactions of the Kansas Academy of Science 120 (1e2), 17e30.

Herbert, A.M., Motta, P.J., 2018. Biomechanics of the jaw of the durophagous bon-
nethead shark. Zoology 129, 54e58.

Herman, J., 1977. Les S�elaciens des terrains n�eocr�etac�es et pal�eoc�enes de Belgique et
des contr�ees limitrophes. El�ements d'une biostratigraphie intercontinentale.
M�emoires pour servir �a lʼexplication des Cartes g�eologiques et mini�eres de la
Belgique 15, 450 pp.

Hoffman, B.L., Hageman, S.A., Claycomb, G.D., 2016. Scanning electron microscope
examination of the dental enameloid of the Cretaceous durophagous shark
Ptychodus supports neoselachian classification. Journal of Paleontology 90 (4),
741e762.

ICZN Code, 1999. International Code of Zoological Nomenclature, fourth ed. http://
iczn.org/code.

Kauffman, E.G., 1972. Ptychodus predation upon a Cretaceous Inoceramus. Palae-
ontology 15 (3), 439e444.

Koen Alonso, M., Crespo, E.A., García, N.A., Pedraza, S.N., Mariotti, P.A., Beron
Vera, B., Mora, N.J., 2001. Food habits of Dipturus chilensis (Pisces: Rajidae) off
Patagonia, Argentina. ICES Journal of Marine Science 58, 288e297.

Kolmann, M.A., Huber, D.R., Dean, M.N., Grubbs, R.D., 2014. Myological variability in
a decoupled skeletal system: batoid cranial anatomy. Journal of Morphology
275 (8), 862e881.

Leriche, M., 1902. R�evision de la faune ichthyologique des terrains cr�etac�es du Nord
de la France. Annales de la Soci�et�e G�eologique du Nord 31, 87e154.

Leriche, M., 1906. Contribution �a lʼ�etude des poissons fossiles du Nord de la France
et des r�egions voisines. Extrait des Memoires de la Soci�et�e G�eologique du Nord
5 (M�emoire 1), 430 pp.

Leriche, M., 1909. Observations sur la G�eologie du Cambr�esis et Compte rendu de
lʼExcursion de la Soci�et�e g�eologiqueduNord aux environs de Busigny et de
Pr�emont, le 20 juin 1909. Annales de la Soci�et�e G�eologique du Nord 28, 372e411.

Leriche, M., 1929. Les Poissons du Cr�etac�e marin de la Belgique et du Limbourg
hollandais (note pr�eliminaire). Les r�esultats stratigraphiques de leur �etude.

M. Amadori et al. / Cretaceous Research xxx (2018) 1e16 15

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

YCRES3979_proof ■ 10 October 2018 ■ 15/16

Please cite this article in press as: Amadori, M., et al., First associated tooth set of a high-cusped Ptychodus (Chondrichthyes, Elasmobranchii)
from the Upper Cretaceous of northeastern Italy, and resurrection of Ptychodus altior Agassiz, 1835, Cretaceous Research (2018), https://
doi.org/10.1016/j.cretres.2018.10.002



Bulletin de la Soci�et�e Belge de G�eologi�e, de Pal�eontologie et dʼHydrologie 37 (3),
199e299.

Lioy, P., 1865. Sopra alcuni avanzi di plagiostomi fossili del Vicentino e specialmente
sull'Alopiopsis plejodon, Lioy (Galeus cuvieri, Ag.). Atti della Societ�a Italiana di
Scienze Naturali 7, 398e405.

Lozar, F., Grosso, F., 1997. Biostratigrafia della successione cretacica del margine dei
Lessini occidentali (Provincia di Verona, Italia). Bollettino del Museo Regionale
di Scienze Naturali, Torino 15 (1), 111e136.

Lucas, S.G., 2006. Type locality of the Late Cretaceous shark Ptychodus whipplei
Marcou, northern New Mexico. New Mexico Museum of Natural History and
Science, Bulletin 35, 157e159.

Lucas, S.G., Johnson, S.C., 2003. Cretaceous invertebrate and selachian fossil
assemblage from the Juana Lopez Member of the Mancos Shale near Herrera,
west-central New Mexico. New Mexico Geological Society Guidebook, 54th
Field Conference, Geology of the Zuni Plateau, pp. 347e351.

MacLeod, N., 1982. The First North American Occurrence of the Late Cretaceous
Elasmobranch Ptychodus rugosus Dixon with Comments on the Functional
Morphology of the Dentition and Dermal Denticles. Journal of Paleontology, No.
2 56, 403e409.

Mantell, G.A., 1822. The Fossils of the South Downs, or Illustrations of the Geology of
Sussex. Lupton Relfe, London, 442 pp.

Mara, K.R., Motta, P.J., Huber, D.R., 2010. Bite force and performance in the dur-
ophagous bonnethead shark, Sphyrna tiburo. Journal of Experimental Zoology
Part A: Ecological Genetics and Physiology 313 (2), 95e105.

Marcou, J., 1858. Geology of North America, with two reports on the prairies of
Arkansas and Texas, the Rocky Mountains of New Mexico, and the Sierra
Nevada of California, originally made for the United States Government,
pp. 1e144.

Martin, J.E., Delfino, M., 2010. Recent advances in the comprehension of the
biogeography of Cretaceous European eusuchians. Palaeogeography, Palae-
oclimatology, Palaeoecology 293 (3e4), 406e418.

Matthews, S.C., 1973. Notes on open nomenclature and on synonymy list. Palae-
ontology 16, 713e719.

Ogg, J.G., Hinnov, L., 2012. The Cretaceous Period. In: Gradstein, F.M., Ogg, J.G.,
Shmitz, M.D., Ogg, G.M. (Eds.), The Geological Time Scale 2012. Elsevier,
pp. 793e853.

Ozanne, C.R., Harries, P.J., 2002. Role of predation and parasitism in the extinction of
the inoceramid bivalves: an evaluation. Lethaia 35, 1e19.

Palci, A., Caldwell, M.W., Papazzoni, C.A., 2013. A new genus and subfamily of
mosasaurs from the Upper Cretaceous of northern Italy. Journal of Vertebrate
Paleontology 33 (3), 599e612.

Reuss, A., 1845. Die Versteinerungen Der Bohmischen Kreideformation. E. Schwei-
zerbart' Sche Verlagsbüchhandlung Und Druckerel, Stuttgart, 148 pp.

Roghi, G., 2010. I fossili della Scaglia Rossa. La Lessinia, Ieri, Oggi e Domani 33,
59e62.Q6

Roghi, G., Romano, R., 2009. Le formazioni geologiche del Veronese nella nuova
Cartografia Geologica Nazionale. Ridefinizione delle formazioni mesozoiche
della Lessinia sulla base delle recenti revisioni stratigrafiche. La Lessinia, Ieri
Oggi e Domani 32, 78e88.

Rountree, R.A., Able, K.W., 1996. Seasonal abundance, growth and foraging habits of
juvenile smooth dogfish, Mustelus canis, in a New Jersey estuary. Fishery
Bulletin 94, 522e534.

Sauvage, M.H.E., 1878. Notes sur les poissons fossiles (suite). Partie VII-XV. Sur un
Myliobates des terrains tertiaires de Paris. Bulletin de la Soci�et�e g�eologique de
France, (Series 3) 6, 623e627.

Scotese, C.R., 2014. Atlas of Late Cretaceous paleogeographic maps, PALEOMAP atlas
for ArcGIS, volume 2, The Cretaceous, Maps 16e22, Mollweide Projection.

Scovil, J.A., 1996. Photographing Minerals, Fossils, and lapidary Materials. Geo-
science Press, Tucson, Arizona, 224 pp.

Shibuya, A., Zuanon, J., Tanaka, S., 2012. Feeding behavior of the Neotropical
freshwater stingray Potamotrygon motoro (Elasmobranchii: Potamotrygonidae).
Neotropical Ichthyology 10 (1), 189e196.

Shimada, K., 2012. Dentition of Late Cretaceous shark, Ptychodus mortoni (Elasmo-
branchii, Ptychodontidae). Journal of Vertebrate Paleontology 32 (6),
1271e1284.

Shimada, K., Rigsby, C.K., Kim, S.H., 2009. Partial skull of Late Cretaceous dur-
ophagous shark, Ptychodus occidentalis (Elasmobranchii: Ptychodontidae), from
Nebraska, USA. Journal of Vertebrate Paleontology 29 (2), 336e349.

Shimada, K., Everhart, M.J., Decker, R., Decker, P.D., 2010. A new skeletal remain of
the durophagous shark, Ptychodus mortoni, from the Upper Cretaceous of North
America: an indication of gigantic body size. Cretaceous Research 31 (2),
249e254.

Sigovini, M., Keppell, E., Tagliapietra, D., 2016. Open Nomenclature in the biodi-
versity era. Methods in Ecology and Evolution 7, 1217e1225.

Siverson, M., Lindgren, J., 2005. Late Cretaceous sharks Cretoxyrhina and Carda-
biodon from Montana, USA. Acta Palaeontologica Polonica 50 (2), 301e314.

Sorbini, L., 1976. L'ittiofauna cretacea di Cinto Euganeo (Padova - Nord Italia). Bol-
lettino del Museo Civico di Storia Naturale di Verona 3, 479e567.

Sorbini, L., 1978. Amatori di fossili e recenti scoperte paleontologiche in pro-
vincia di Verona. La Lessinia, Ieri, Oggi e Domani. Quaderno Culturale n�1,
1978: 65-70.

Stewart, J.D., 1988. Paleoecology and the first West Coast record of the shark genus
Ptychodus. Journal of Vertebrate Paleontology 8 (3, Supplement), 27A.

Talent, L.G., 1982. Food habits of the gray smoothhound, Mustelus californicus, the
brown smoothhound, Mustelus henlei, the shovelnose guitarfish, Rhinobatos
productus and the bat ray, Myliobatis californica, in Elkhorn slough, California.
California Fish Game 68, 224e234.

Trevisani, E., 2009. New shark from the Upper Cretaceous of the Venetian Prealps
(Castellavazzo, Belluno province, Northern Italy). In: International Conference
on Vertebrate Palaeobiogeography and continental bridges across Tethys,
Mesogea, and Mediterranean Sea. Abstract Book, pp. 89e92.

Trevisani, E., 2011. Resti di uno squalo lamniforme dal marmo di Castellavazzo
(Cretaceo Superiore, Castellavazzo, provincia di Belluno). Frammenti, conoscere
e tutelare la natura bellunese 3, 87e92.

Trevisani, E., Cestari, R., 2007. Upper Cretaceous bivalves from basinal highs
(Venetian Prealps. northern Italy). In: Scott, R.W. (Ed.), Cretaceous Rudists and
Carbonate Platforms: Environmental Feedback. SEPM Special Publication, 87,
pp. 71e80.
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