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ARTICLE INFO ABSTRACT

Keywords: The first articulated dentition of {Ptychodus from Africa is described herein. The specimen, likely coming from
Dental plate the Turonian of the Asfla area (Goulmima region, southeastern Morocco), exhibits a well-preserved lower dental
Heterodonty plate of a second-level predator. A new species, {P. maghrebianus sp. nov., is erected herein based on this dur-
?:;252;5;’ ophagous dentition characterised by imbricated cuspidate teeth. We employed for the first time in {Ptychodus

multiple quantitative analyses and statistical parametric and non-parametric tests to process biometrical data
taken from articulated, associated and isolated teeth. The quantitative approach (morphospace analysis) is
exploited herein to support the traditional taxonomic identification (qualitative examination) of {P. maghrebianus
sp. nov. and to separate it from the similar cuspidate species, 1P. mortoni. Morphospace reconstructions confirm a
marked lower dental heterodonty (mesio-distal patterns) for both species. The analysis protocol employed here
also allows assigning indeterminate teeth as belonging to {P. mortoni. The reconstruction of the entire lower
dental plate of {P. maghrebianus sp. nov. shows a cuspidate dentition probably able to reduce tooth damages
when crushing thin-shelled prey. Both dental morphologies and tooth wear patterns suggest a peculiar food
processing and a diet mainly consisting of bivalves, decapods and small fish for this durophagous predator.
Trophic reconstructions of the Turonian ichthyofauna inhabiting the middle to outer ramp environment of the
Asfla area emphasize that {P. maghrebianus sp. nov. and the batoid {Tingitanius most likely represented second-
level consumers, whereas the sclerorhynchiforms fAsflapristis and Ptychotrygon represented third-level preda-
tors. Top positions within the food web were occupied by larger predaceous elasmobranchs (e.g., {Squalicorax).

Asfla member
Goulmima region

1. Introduction fragmentary fossils with no commercial value are often neglected and

discarded, resulting in a dramatic loss from a scientific perspective

Vertebrate remains are very abundant in Cretaceous deposits of
southern and central Morocco (e.g. Cavin et al., 2001, 2010; Angst and
Bardet, 2015; Vullo et al., 2016, 2017; Allemand et al., 2018). In this
region, excavation activities by local people have particularly intensified
during the past two decades to collect Cretaceous fossils for commercial
purposes, but although numerous finds were discovered by these com-
mercial activities, associated data on the original sedimentology, stra-
tigraphy and provenience of the specimens, however, often are lacking
(Cavin et al., 2010). Moreover, remains are commonly unearthed
incompletely and damaged mainly due to the rudimentary techniques
used by local collectors to extract fossils from the rocks. Moreover,
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(Mcgowan and Dyke, 2009). Despite the countless number of discarded
finds, elasmobranch (sensu Maisey, 2012) remains in various degrees of
preservations, are widely documented from Upper Cretaceous deposits
of various Moroccan localities (e.g. Cappetta, 1987; Dutheil and
Ackermann, 2004; Cavin et al., 2010; Claeson et al., 2013; Cappetta
et al., 2014; Vullo et al., 2016; Villalobos-Segura et al., 2019). For
example, a highly diversified elasmobranch fauna, consisting of about
60 taxa and including both sharks and rays, was reported from the
Maastrichtian of Benguérir (Ganntour Basin, southwestern Morocco; see
Cappetta et al., 2014). Marine and freshwater bony fishes, as well as
elasmobranch and hybodont remains (e.g. teeth and fin spines), are also
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common in the famous ‘mid’-Cretaceous fossil beds of Kem Kem
(southeastern Morocco; see Dutheil, 1999; Cavin et al., 2010, 2015).
Among the most well-preserved specimens, Vullo et al. (2016) docu-
mented an articulated mackerel shark (Lamniformes) from the upper
Cenomanian - ?lower Turonian Lagerstatte of Agoult (Akrabou Forma-
tion, Kem Kem region, southeastern Morocco). Additionally,
three-dimensionally preserved skeletal remains of batoids (e.g. pla-
tyrhinid and sclerorhynchid) were described from the Turonian of the
Goulmima region (Errachidia Province, southeastern Morocco; see
Claeson et al., 2013; Villalobos-Segura et al., 2019; Cooper and Martill,
2020). Dental remains and other unspecified material assignable to the
extinct elasmobranch genus {Ptychodus were briefly reported from the
Upper Cretaceous of northern and western Morocco (see also ‘Moroccan
record of {Ptychodus’, below).

The extinct shark {Ptychodus primarily is known by its peculiar
molariform teeth and, more rarely, cranial and postcranial skeletal re-
mains such as, e.g. vertebral centra, portions of mineralized cartilages
and placoid scales (e.g. Everhart and Caggiano, 2004; Shimada et al.,
2009, 2010; Amadori et al.,, 2020a; Jambura and Kriwet, 2020).
tPtychodus was a ubiquitous elasmobranch, as its associated and isolated
teeth are widely reported from the Upper Cretaceous of Africa, Asia,
Europe and North and South America (e.g. Antunes and Cappetta, 2002;
Dutheil and Ackermann, 2004; Everhart and Caggiano, 2004; Cappetta,
2012; Shimada, 2012; Diedrich, 2013; Vullo and Courville, 2014;
Hamm, 2017, 2019, 2020; Amadori et al., 2019b, 2020a, b). The
dentition of f{Ptychodus consists of teeth that are arranged in
antero-posteriorly directed dental rows to form maxillary and mandib-
ular tooth plates exhibiting different degrees of dignathic heterodonty
(see Woodward, 1887, 1904, 1912; Williston, 1900a, b; Shimada, 2012;
Amadori et al., 2019b, 2020a). The marked interspecific and intraspe-
cific morphological variabilities displayed by the dentitions of
tPtychodus often complicate its taxonomic identification and systematic
position to and within elasmobranchs (Nicholls, 2010). Nevertheless, a
recent histological-based study considers this enigmatic predator as
closely related to elasmobranchs rather than extinct hybodontiform
sharks (see Hoffman et al., 2016).

Within {Ptychodus, two different morphological groups comprising
taxa with distinct cuspidate and low-crowned teeth, respectively, can
easily be separated (Amadori et al., 2019b, 2020a). {Ptychodus most
likely was a durophagous predator able to crush hard-shelled prey with
its pavement-like dentitions (e.g. Williston, 1900a, b; Fossa-Mancini,
1921; Kauffman, 1972; Shimada, 2012; Everhart, 2017; Hamm, 2017,
2019, 2020; Amadori et al., 2020a, b). Opportunistic feeding also was
hypothesized for some cuspidate species largely preying on soft-bodied
molluscs, crustaceans, and small fishes (e.g. Shimada et al., 2009;
Amadori et al., 2019b, 2020b).

Here, we report the first, still articulated lower dental plate con-
sisting of characteristic cuspidate teeth of a hitherto unknown
tPtychodus species, TP. maghrebianus sp. nov., from the Turonian (Upper
Cretaceous) of Morocco and discuss its feeding specialization and diet
preferences. Qualitative and quantitative approaches are employed
herein to compare the morphospaces of the new taxon to the morpho-
logically most-similar species, TP. mortoni. Both intraspecific (e.g. mesio-
distal heterodonty) and interspecific variabilities of each taxon are
analysed in the present study. Indeterminate isolated teeth also are
taxonomically identified here employing the same approach. The
Turonian marine trophic web for the Asfla area, is reconstructed based
on a review of published data and the dental morphology of
tP. maghrebianus sp. nov. New insights into the distribution patterns of
tPtychodus in Morocco additionally are provided based on our results.

2. Moroccan record of {Ptychodus
Cappetta (1987, p. 38) reported the genus {Ptychodus for the first

time from the Upper Cretaceous of the Agadir region (western Morocco;
see Fig. 1A) without further information on the provenance or the nature
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Fig. 1. Location of the Moroccan fossiliferous sites (A) yielding {Ptychodus
remains (stars) and palaeogeographical scenario map (B) of the Cenomanian-
Turonian transgression in Morocco (modified after Bardet et al., 2003a). 1,
Jbel Tselfat area; 2, Goulmima region; 3, Agadir region.

of the finds (see also Cappetta, 2012). From south to north, basinal
sedimentary rocks of Tarfaya, Agadir, Essaouira, as well as at the margin
of the Meseta, represent the preserved Cretaceous depositional area of
the Atlantic Moroccan margin (see Wiedmann et al., 1982) with Upper
Cretaceous deposits almost exclusively cropping out in the northern and
western surroundings of the Agadir area (see Saadi et al., 1985; Garas-
sino et al., 2011; Jaillard et al., 2019). Turonian deposits within the
Agadir basin (‘Atlas Gulf’; see Fig. 1B) mainly consist of bituminous
marls (black shales) characterized by carbonaceous laminated marls
with intercalated pelagic limestones and cherts, which were deposited in
a sea depth of 200-300 m (upper bathyal; Einsele and Wiedmann, 1982;
Wiedmann et al., 1982).

Dutheil and Ackermann (2004) reported additional small teeth of
tPtychodus (?P. decurrens) testified by dental imprints from the upper
Cenomanian of Jbel Tselfat (or ‘Djebel Tselfat’, northwestern Morocco;
see Fig. 1A). The Cenomanian-Turonian black shale deposits outcrop-
ping in this area (e.g. Ain el Kerma and Sigda) indicate a poorly
oxygenated deep-sea environment (probably deeper than 500 m)
deposited under a hot and humid climate and possibly associated with
the Oceanic Anoxic Event 2 (OAE2; see Khalloufi et al., 2010; Ward
et al., 2014). The Upper Cretaceous deposits of Jbel Tselfat have yielded
a rich and well-diversified Cretaceous ichthyofauna up to now, whose
only chondrichthyan representative, however, is {Ptychodus (Ara-
mbourg, 1954; Rindone, 2008; Khalloufi et al., 2010; Ward et al., 2014).

3. Geological setting

The well recognizable cliff ‘Hamada’ cropping out extensively from
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the Gulf of Agadir (southwestern Morocco) to the Gulf of Gabes (eastern
Tunisia) represents the main ‘mid’-Cretaceous (Aptian-Turonian) de-
posits of northwestern Africa (Choubert and Faure-Muret, 1962; Angst
and Bardet, 2015). From the base to the top, the series exposed at
Hamada classically include three formations: (1) the red sandstones of
the Ifezouane Fm., which are questionably referred to the Albian, (2) the
Albian-Cenomanian Aoufous Fm, mainly consisting of green marls and
lagunar gypsous marly sandstones, and (3) the limestone of Akrabou Fm
representing the beginning of the Cenomanian-Turonian transgression
in the area (see also Ettachfini and Andreu, 2004; Cavin et al., 2010;
Angst and Bardet, 2015). The Hamada domain, belonging to the Prea-
frican platform, comprises the narrow Imini and Goulmima plateaus that
are wedged between the Anti- and the High-Atlas (Ferrandini et al.,
1985; Ettachfini and Andreu, 2004; Zouhri et al., 2008; Cavin et al.,
2010). The Cretaceous succession cropping out in the surroundings of
the Goulmima area (Fig. 2A) overlies the folded Palaeozoic basement of
the Anti-Atlas, forming a foreland to the folded successions of the
High-Atlas in the north (Claeson et al., 2013). The lower part of the
Cretaceous succession mainly consists of non-marine Albian-Cenoma-
nian deposits (Ifezouane and Aoufous formations), overlaid by upper
Cenomanian-Turonian shallow-water carbonates (Akrabou Formation;
Ettachfini and Andreu, 2004). The Akrabou Formation also includes
marly limestones, marls, and other impure micrites with ovoid calcar-
eous concretions (see “Asfla Member” in Fig. 2B) testifying to middle to
outer ramp early Turonian marine environment (e.g. Lézin et al., 2012;
Meister et al., 2017; Villalobos-Segura et al., 2019; Cooper and Martill,
2020; Veysey et al., 2020).

Local people commonly excavate various localities in the Goulmima
area (e.g. the villages of Tadirhoust and Asfla; see white asterisk in
Fig. 2), searching for macrofossils, such as exceptionally preserved
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vertebrate remains usually embedded in calcareous nodules (e.g. Bardet
et al., 2003a, b; Cavin et al., 2010; Claeson et al., 2013; Angst and
Bardet, 2015; Allemand et al., 2018; Cooper and Martill, 2020; Villa-
lobos-Segura et al., 2021). In particular, a sequence of alternating facies
succession consisting of fossiliferous packstones, chalky marls, cherts
and vertebrate-bearing nodular horizons belonging to the Asfla Member
(Fig. 2B) of the Akrabou Fm of the Asfla area are targeted for vertebrate
fossils (e.g. Cavin et al., 2010; Claeson et al., 2013; Angst and Bardet,
2015; Villalobos-Segura et al., 2019; Cooper and Martill, 2020). The
Asfla Member is assigned to the early Turonian based on its ammonite
fauna (Mammites nodosoides Zone; Meister et al., 2017; Kennedy et al.,
2008; Cavin et al., 2010). The macrofossil assemblages from the Goul-
mima area usually comprise ammonites, teleosts, pycnodont actino-
pterygians, marine reptiles (e.g. mosasauroids and plesiosaurs) and,
more rarely, elasmobranchs (e.g. Bardet et al., 2003a, b; Kennedy et al.,
2008; Cavin et al., 2010; Claeson et al., 2013; Angst and Bardet, 2015;
Gale et al., 2017; Meister et al., 2017; Allemand et al., 2018; Villalo-
bos-Segura et al., 2019, 2021; Cooper and Martill, 2020). Additionally,
the limestones of the Akrabou Fm include shell beds, with a
low-diversified bivalve assemblage, and stromatolites in various hori-
zons (Kennedy et al., 2008; Cooper and Martill, 2020).

The articulated tooth set presented here is preserved in a light brown
calcareous ‘concretion’ (nodule) and it undoubtedly belongs to a single
individual. The preservation and matrix texture of this specimen are
consistent with that of the main fossil-bearing horizon of the Goulmima
region (Errachidia Province; see also Claeson et al., 2010b, 2013). In this
area, the shape and size of the nodules can greatly vary, sometimes
completely embedding the fossil remains or only partially incorporating
them. Additionally, fossils from this region also might be contained in
more or less continuous limestone layers in certain levels (L. Cavin, pers.
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Fig. 2. Locality map (A; white stars indicate the main fossil quarries) and stratigraphic column (B) of the Akrabou Fm in the surrounding of Asfla area (Goulmima
area, southeastern Morocco). Modified after Claeson et al. (2013) and according to Saadi et al. (1985), Villalobos-Segura et al. (2019) and Cooper and Martill (2020).
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Table 1
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List of nine specimens belonging to two cuspidate species of {Ptychodus, including the holotype of {P. maghrebianus presented herein and the selected comparison

material assigned to {Ptychodus sp. and {P. mortoni. H, Holotype.

Described material:

Taxa Specimen Type N. of selected teeth Provenience

tP. maghrebianus (MAG) PIMUZ A/I 5056 Articulated tooth set (H) 90 Asfla area, Goulmima region, Errachidia Province, Morocco

Comparison material:

Taxa Specimen Type N. of selected teeth Provenience

1P. mortoni (MOR) NHMUK OR 28394 Isolated tooth (H) 1 Wilcox County, Alabama, USA
FHSM VP-17415C Associated tooth set Jewell County, Kansas, USA
FHSM VP-335 Associated tooth set 12 Scott County, Kansas, USA
KUVP 119675 Articulated tooth set Gove County, Kansas, USA
ROM 21705 Articulated tooth set 90 Gove County, Kansas, USA
UNSM 1194 Articulated tooth set 74 Lane County, Kansas, USA

tPtychodus sp. (IND) MT-G-011 Isolated tooth 1 Chejendé, Trujillo, Venezuela
MT-G-012 Isolated tooth 1 Chejendé, Trujillo, Venezuela
MT-G-013 Isolated tooth 1 Chejendé, Trujillo, Venezuela

comm. 2021). ‘Concretions’ identical to that enclosing the specimen
described here are easily recognizable around vertebrate fossils from the
Turonian of Asfla and Tadighoust villages (Goulmima region, L. Cavin,
pers. comm. 2021).

4. Materials and methods
4.1. Materials

The articulated dentition described herein, originally purchased by
one of us (RK) at the Munich Mineralshow in 2015, is part of the
collection of the Palaeontological Institute and Museum of the Univer-
sity of Zurich, Switzerland (catalogue number: PIMUZ A/I 5056). The
specimen is currently on display in the ‘Haimuseum und Sammlung R.
Kindlimann’ in Aathal-Seegraben (Switzerland), with public access. The
tooth labelled here ‘PIMUZ A/I 5056’ originally was part of specimen
PIMUZ A/I 5056 but subsequently was detached. Specimens used for
comparative purposes include the holotype of the cuspidate species,
tPtychodus mortoni (NHMUK OR 28394; see also Everhart, 2013: fig. 3)
and five articulated and associated tooth sets, respectively, which are
assigned to the same species here. The articulated sets consist of three
lower dentitions (KUVP 119675, ROM 21705 and UNSM 1194), which
were extensively documented by Shimada (2012: fig. 3E, 4, 5), an
associated tooth set (FHSM VP-335; see Hamm, 2020: text fig. 99), and a
lower symphyseal tooth (here labelled ‘FHSM VP-17415C’) associated
with a large portion of the Meckel’s cartilage of specimen FHSM
VP-17415 (see Shimada et al., 2010: fig. 2C). Additionally, three isolated
and still indeterminate teeth, MT-G-011, MT-G-012, and MT-G-013 (see
Carrillo, 2009: fig.3.1a-3.3b) exhibiting dental morphologies similar to
those typical for {P. mortoni were included in the analyses here. See
Table 1, for details of the specimens.

4.2. Methods

4.2.1. General procedures

Two photographic cameras, Olympus E-MD5 and Olympus E-MD1
Mark II with a mounting macro lens Olympus M. Zuiko Digital ED
Objektiv (12-50 mm) were used to create high-quality photos of all
specimens. The illustrative drawings and images of the fossils were
prepared using the software packages GIMP (v. 2.8.16) and Photoshop
CS5 (v.12.0 x 32). A smear slide of the matrix embedding the new
specimen was prepared for calcareous nannofossil analysis to obtain an
exact stratigraphic age of the specimen (see Amadori et al., 2019b,
2020a for detailed information on the procedure). The anatomical and
odontological terminologies used here for {Ptychodus follow Cappetta
(2012), Shimada (2012) and Amadori et al. (2020a). For the morpho-
metric tooth terminology, see Fig. 3.

4.2.2. Multiples analyses

A fragmentary fossil record largely composed of isolated teeth often
hampers the dental-based taxonomic identification in elasmobranchs,
which is even more complex for taxa without extant relatives (Shimada,
2005; Cappetta, 2012; Marrama and Kriwet, 2017; Amadori et al.,
2020a). One of the major problems is represented by the impossibility of
correctly evaluating the intraspecific variability of each group due to the
widespread heterodonty in both sharks and rays (Cappetta, 2012;
Marrama and Kriwet, 2017). Furthermore, qualitative tooth features (e.
g. overall shape, ornamentations and presence of folds or cusps) are
predominately employed for the identification of fossil species in sharks
with rare exceptions (e.g. Adnet, 2006; Cappetta, 2012; Marrama and
Kriwet, 2017; Fialho et al., 2018; Salama et al., 2020). However, it has
been convincingly demonstrated that quantitative approaches (e.g.
geometric morphometric and biometric characters), combined with
traditional, qualitative investigations based on descriptive traits, can
greatly enhance the reliability of taxonomic identifications in elasmo-
branchs, and in other vertebrates as well (e.g. Smith et al., 2005; Adnet,
2006; Whitenack and Gottfried, 2010; Brophy et al., 2014; Marrama and
Kriwet, 2017; Galan et al., 2019; Salama et al., 2020). In this perspec-
tive, multivariate statistical techniques as principal component (PCA)
and linear discriminant analyses (LDA) based on a large set of quanti-
fiable variables (e.g. pure linear measurements) can be extremely useful
to support heterodont pattern investigation and taxonomic identifica-
tion in fossil shark employing a rigorous protocol and statistic tests for
evaluating their effectiveness (e.g. Marrama and Kriwet, 2017; Cullen
and Marshall, 2019).

4.2.2.1. Taxon sampling. Articulated upper dental plates of {Ptychodus
maghrebianus sp. nov. are unknown and only the lower dental plate,
which nevertheless provides sufficient important characters for defining
a new species, was recovered. Consequently, the statistical analyses
presented herein focus only on lower dentitions for a rigorous biometric
comparison and the articulated dentitions available for the present study
thus ensure a detailed evaluation of the interspecific variability. This
helps limiting taxonomic overestimations, which results from the
prevalent dental heterodonties in {Ptychodus species. The material used
for the analyses includes the articulated specimen of {P. maghrebianus sp.
nov. described herein as well as five articulated or associated dentitions
of tP. mortoni to ensure an accurate comparison. Teeth assigned to sub-
adult or juvenile forms were excluded in the present study (e.g. Hamm,
2020, text Figs. 97 and 98). Although the two homodont dentitions
assigned to {P. cyclodontis by Brito and Janvier (2002) and Mutter et al.
(2005) markedly differ from those of all other species within the family
Ptychodontidae, a rigorous and careful reassessment of this material is
mandatory to clarify the still ambiguous relationships between
tP. cyclodontis and the other ptychodontids (see Shimada, 2012).
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Fig. 3. Morphometric tooth terminology. The linear measurements collected in occlusal (A), posterior (B) and lateral (C) views include transversal width of the
crown (CW), anteroposterior length of the crown (CL), width of the cusp (CuW), length of the cusp (CuL), distal displacement of the cusp (CuDD), transversal width of
the crested area (CrAW) and anteroposterior length of the crested area (CrAL). In occlusal view (D-G), additional linear measurements have been taken between the

“center of the tooth crown” (point “Q”) and 16 “biometric marks” (points “A-P”).

Unfortunately, the necessary material for an accurate taxonomic review
of this species is currently unavailable and {P. cyclodontis thus was
excluded from present study. The taxonomic identification of three
isolated teeth exhibiting a very acute cusp and radial occlusal orna-
mentations and previously referred to fPtychodus sp. is also here
included (see Table 1 for more details).

4.2.2.2. Analytical protocol. Twenty-three linear measurements were
assembled using the image analysis software Image J (v. 1.47) as
depicted in Fig. 3. All measurements are in millimeters and they were
approximated avoiding decimals (see ‘Data Archiving Statement’,
below). The measurements collected include the transversal width of the
crown (CW), the anteroposterior length of the crown (CL), the width of
the cusp (CuW), the length of the cusp (CuL), the distal displacement of
the cusp (CuDD), the transversal width of the crested area (CrAW), and
the anteroposterior length of the crested area (CrAL). Since parts of the
teeth are abraded, measurements of the height of the crown and of the
cusp were not included. Additional measurements were taken between
the ‘center of the tooth crown’ and 16 ‘biometric marks’ placed on the
crown outline in occlusal view (Fig. 3D-G). The center of the quadri-
lateral circumscribed to the tooth outline was considered as crown
center (points ‘Q’ in Fig. 3D-G); the base of the quadrilateral (bottom in
Fig. 3D-G) is always tangent to the posterior side of the tooth crown. The
first four ‘biometric marks’ were obtained by the intersection between
the crown outline and the perpendicular lines crossing the center as
depicted in Fig. 3D. Extending the bisectors of the angles from the center
to the crown outline allowed to identify five additional ‘biometric
marks’ (Fig. 3E), which was repeated twice (see also Fig. 3F). Mea-
surements from ‘QB’ to ‘QH’ are always referred to the mesial tooth side,
while those from ‘QJ’ to ‘QP’ are those taken on the distal side (see
Fig. 3G). Measurements referred to the distal tooth edges have been
taken on the left side of the symphyseal teeth. Measurements of the root
were not taken, as the roots are rarely preserved or exposed in
tPtychodus specimens. Principal components analysis (PCA) based on
the linear measurements (see ‘Data Archiving Statement’, below) was
employed herein to investigate the intraspecific variability (e.g. mesio-
distal patterns) and to provide reliable support for the taxonomic
identification of specimens assignable to the cuspidate species

tP. maghrebianus sp. nov. and 1P. mortoni, respectively The PCA protocol
of Marrama and Kriwet (2017) was employed or, if necessary, adapted
for the analyses conducted herein. The logtransformation function was
used as data treatment for overcoming the problem of the non-normal
distribution of data by un-stretching large scales of values (see Smith
et al., 2005; Hamm, 2010; Janziekovi¢ and Novak, 2012; Marrama and
Carnevale, 2015; Marrama and Kriwet, 2017), when articulated teeth
derived from a single individual were analysed. Additionally, the pro-
portion between each measurement (see above) and a standard ‘refer-
ence’ measurement (crown length; see CL in Fig. 3A) is employed herein
to considerably reduce allometric size-dependent variations for com-
parisons between articulated or associated dentitions that belong to
different individuals and possibly even to different developmental stages
(Hammer, 2019). The similarities of in-group centroid positions and the
degree of overlap between the different groups ({P. maghrebianus sp.
nov., tP. mortoni and indeterminate specimens) were tested quantita-
tively through the multivariate analysis of variance (PERMANOVA) and
the analysis of similarities (ANOSIM; see Clarke, 1993; Anderson, 2001;
Hammer et al., 2001; Nyberg et al., 2010; Marrama and Kriwet, 2017;
Cullen and Marshall, 2019; Hammer, 2019). The statistical robustness of
the groups delineated in the PCA was tested herein through a linear
discriminant analysis (LDA) or a canonical variate analysis (CVA) for
comparisons between more than two groups (Sokal and Rohlf, 1995;
Mclachlan, 2004; Buckley et al., 2010; Marrama and Kriwet, 2017;
Galan et al., 2019; Hammer, 2019). The significance of each pairwise
comparison was determined using the ‘Hotelling’s test’ (p-value < 0.05)
and the ‘squared Mahalanobis distance’ (considerably different from 0),
which is equivalent to Hotelling’s T-square distribution (see Kowalewski
et al., 1997; Mclachlan, 2004; Marrama and Kriwet, 2017; Hammer,
2019). The pairwise squared distances between the centroids of the
groups in the discriminant space (‘squared Mahalanobis distances’,
significant when markedly higher than 0) was estimated using a para-
metric approach (MANOVA; Kowalewski et al., 1997; Smith et al., 2005;
Hammer, 2019). Where necessary, results were adjusted using the
‘Bonferroni correction’ (multiplying by the number of pairwise com-
parisons) and/or ‘Jackknife resampling’ functions (deleting single ob-
servations from the original sample) in order to reduce any possible bias
or spurious positives (Smith et al., 2005; Sahinler and Topuz, 2007;
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Fig. 4. Holotype PIMUZ A/I 5056 of {Ptychodus maghrebianus sp. nov. coming from the Upper Cretaceous of Morocco. Scale bar equals 50 mm.

Hammer, 2019; Galan et al., 2019). The software package Past 3.25 was
used for all the statistical analyses performed herein (see Hammer et al.,
2001; Marrama and Kriwet, 2017; Galan et al., 2019; Hammer, 2019;
Amadori et al., 2020Db).

4.2.3. Micropalaeontological analyses

Two small rock samples were removed from two different portions of
the matrix embedding the specimen for micropalaeontological analyses.
The rock samples were impregnated with Araldite®2029 Huntsman,
then cut and polished using standard hard rock thin sectioning equip-
ment and technique with minor modifications. Two 30-pm-thick thin
sections of rock pasted with epoxy onto a glass slide were prepared for
petrographic analysis using transmitted light optical microscopy. The
remaining portions of the two samples were drilled with a millimetric
tungsten carbide spherical drill bit mounted on an electric drill. The

powder obtained was then utilized for preparing two smear slides for
standard calcareous nannoplankton analyses.

4.2.4. Institutional abbreviations

FHSM, Fort Hays State University’s Sternberg Museum of Natural
History (Vertebrate Paleontology collection) in Hays (Kansas, USA);
PIMUZ, Palaeontological Institute and Museum of the University of
Zurich (Switzerland); KUVP, University of Kansas Museum of Natural
History (Vertebrate Paleontology collection) in Lawrence (Kansas, U.S.
A); MT-G, Coleccién de Geologia y Paleontologia del Museo Tulene
Bertoni Trujillo (Trujillo, Venezuela); NHMUK, Natural History Museum
in London (United Kingdom); ROM, Royal Ontario Museum in Toronto
(Ontario, Canada); UNSM, University of Nebraska State Museum in
Lincoln (Nebraska, USA).
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Fig. 5. Interpretative line drawing of PIMUZ A/I 5056; the slab is showing several articulated and disarticulated teeth belonging to the lower dentition of {Ptychodus
maghrebianus sp. nov. Asterisks indicate the worn teeth. A code (e.g. al, a2, etc.) has been arbitrarily assigned to all the teeth preserved from anterior end of each
tooth row. m, symphyseal row; 11-12, lateral rows. a, original placement of the detached tooth “PIMUZ A/I 5056a”. The white star indicate a possible fragment of an

upper tooth. Scale bar equals 50 mm.
5. Systematic palaeontology

This published work and the nomenclatural acts it contains have
been registered with Zoobank: http://zoobank.org/References/68013
2ee-d7be-40c8-8c34-3398al3ca5al

Class Chondrichthyes Huxley, 1880

Subclass Elasmobranchii Bonaparte, 1838

Order {Ptychodontiformes Hamm, 2019

Family {Ptychodontidae Jaekel, 1898

Genus fPtychodus Agassiz, 1834

Type species. {Ptychodus schlotheimii Agassiz (1834) (nomen oblitum),
senior synonym of f{Ptychodus latissimus Agassiz (1835) (nomen

protectum). See Brignon (2015) and Giusberti et al. (2018).

Diagnosis. See Woodward (1912) and Jambura and Kriwet (2020).

tPtychodus maghrebianus sp. nov.

Figs. 4-12

LSID.urn:Isid:zoobank.org:pub:680132EE-D7BE-40C8-8C34-
3398A13CA5A1

Holotype. Specimen PIMUZ A/I 5056, an articulated portion of the
lower dental plate.

Type locality and horizon. Goulmima region, southeastern Morocco.
Micropalaeontological analyses conducted on the matrix were incon-
cludent for obtaini