Hindawi Publishing Corporation
Paleontology Journal

Volume 2014, Article ID 934235, 20 pages
http://dx.doi.org/10.1155/2014/934235

Research Article

Hindawi

Skeleton of the Fossil Shark Isurus denticulatus from
the Turonian (Late Cretaceous) of Germany—Ecological
Coevolution with Prey of Mackerel Sharks

Cajus G. Diedrich

Private Research Institute Paleologic, Petra Bezruce 96, CZ-26751 Zdice, Czech Republic

Correspondence should be addressed to Cajus G. Diedrich; cdiedri@gmx.net

Received 19 May 2013; Accepted 24 July 2013; Published 13 May 2014
Academic Editors: A. Garcia-Alix, A. M. E Valli, and E Vega

Copyright © 2014 Cajus G. Diedrich. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

An Isurus denticulatus (Glickman, 1957) shark skeleton from the late Turonian (Late Cretaceous) of Germany is described within
a diverse upwelling influenced fish fauna of northern Germany, Europe. It was found in the turbiditic marly limestones at the
submarine Northwestphalian Lippe Swell in the southern Proto-North Sea Basin. Compared to modern mackerel shark Isurus
oxyrinchus Rafinesque, 1809, including cranial denticles, this allows a revision of the younger synonym “Cretoxyrhina Glickman,
1964”. Within the Cretaceous Isurus, a loss of the lateral tooth cusps and nutritive clefts of the roots (considered as plesiomorphic
character of the Lamnidae) took place from the Albian (Early Cretaceous) to the Campanian (Late Cretaceous). The tooth
morphology changed during the Albian-Turonian from a tearing (I. denticulatus) to a cutting (I. mantelli) type (Coniacian-
Campanian). The complete lateral cusplet and symphyseal teeth reduction in Isurus at the end of the Cretaceous seem to be a
result of the coevolutionary changing feeding habits of a worldwide expanding shark. In a second evolutionary adaptation, parallel
to the new radiation of marine mammals (Paleocene/early Eocene), from Isurus, the white shark ancestors (Carcharodon) seem to
originate. In another radiation from Isurus, coevolving with appearance of dolphins and further marine mammal evolution within

the Middle Miocene, a second time Isurus developed serrated teeth (1. escheri).

1. Introduction

Macroneoselachians have in most cases ancestors reaching
into the upper early or lower Late Cretaceous (e.g., [1-
6]). The largest shark of the lower-middle Late Cretaceous
(Cenomanian-Campanian) was described as Isurus [7, 8]
or Cretoxyrhina [9] controversially until today (e.g., [6]),
which was globally distributed (Figure 1(a)). Cretaceous and
Tertiary shark researchers did not review the isurid sharks
in the past critically, whereas complete skeletons are rare
form different stratigraphical units (e.g., [6, 10]). The revision
of Mesozoic Isurus and its evolutionary trend, especially
in the dental morphology change, is highly important to
understand its fairly long evolutionary trend, which is the
basic to understand the white shark evolution and non-origin
of megatooth sharks from isurid ancestors (cf. [3]). Whereas
the dentition changed already strongly in the Cretaceous
(e.g., (cf. [11-15]), and herein continuing in the Tertiary),

it can be demonstrated, that the squamation and vertebrae
retained with plesiomorph characters. Those are found simi-
lar at modern Isurus (cf. [5]), and Cretaceous “Cretoxyrhina”
of North-America (cf. [1]), and the herein described new
skeleton of Germany. The squamation, which is strongly dif-
ferent in the Lamna/Isurus shark groups (cf. [5]) is especially
important for the revision of “Cretoxyrhina.” For this revision
herein, as well-stratified, collected, isolated material from
lower Cenomanian to late Turonian layers in northwestern
Germany, Miinster Cretaceous Basin of the Proto-North Sea
Basin of Europe is used (Figure 1(b)). A new late Turonian
Isurus skeleton and new Isurus teeth from the middle Eocene
of northern Germany (cf. [16]) are further important. Those
and a review of the literature allow to present a new view
of the evolutionary trend of this genus from the Cretaceous
to Neogene. There seems to be not an “extinction” within
the Maastrichtian (fossil record gap only, and climatic reason
combination), instead herein it will be discussed to be a fluent
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FIGURE I: (a) Late Cretaceous fish localities with Isurus remains 1-2. USA,
Republic, 9. Germany, 10. England. (b) Location of the shark skeleton s
northwestern Germany.

transition into the Tertiary to Modern Isurus. This is seen
most recent even to the “ancestor” of the modern white
sharks, which started in the Palaeocene, which is seen most
recent even to be the “ancestor” of the modern Carcharo-
don. These white sharks started in the Palacocene, nearly
parallel in evolution with the megatooth sharks. This is
latter developed instead from Lamna (cf. [3]). The repeating
tooth morphology changes of Isurus and radiation from the
Cretaceous to Neogene as coevolutionary adaptation onto its
marine large prey will be discussed herein, explaining finally
“general repeating morphology change trends” in the jaw and
tooth form within lamnid sharks. It was similarly discussed
for the Tertiary white/megatooth shark evolution and prey

3. Maroc, 4. Lebanon, 5-6. Italy (Comen, Sicily), 7. Croatia, 8. Czech
ite in the Halle-Foerth quarry and other Cretaceous Isurus sites of

adaptation onto marine mammals such as whales, sirenians,
and seals (cf. [3]). Here, all skeletal remains including teeth,
vertebrae, cartilage, and dermal denticles of recent fossil
isurid skeletons as well as isolated remains are compared.

2. Sedimentary Geology and Stratigraphy

The outcrop where the skeleton was found exposes sedi-
ments ranging from the late Cenomanian, the Turonian,
and to the early Coniacian [22, 23]. The overturned late
Cretaceous carbonates strain WNW-ESE and dip NE at 32°.
The skeleton was found in the Weissgraue Kalkstein Member
of the late Turonian (Figure 2). The carbonates consist of



Paleontology Journal

CONIACIAN|

1. deformis

| - I (C.) rotundatus/waltersdorfensis Bed

TURONIAN

Middle

Upper

S. normalis

L frechi

L, _ Rothenfelder Greensand with basal
"Triitmmereisenerz" (iron ore layer)

- Micraster/oyster event
- Tuffite TF/G

|

Hyphantgceras,
event
- Lewesiceras
event  Gignt Isurus

S. neptuni

ammonites skeleton
;- Marl layer ME and M echen (?Tuffite)

- Tuffite TE

- Tuffite TD 2

- Allocrioceras/Orbirhynchia Bed
- Tuffite TD1

- L costellatus/plana Bed

]
]

Limestone
]

C. woollgari

I. lamarcki

I lamarcki Beds

- Uppermost Red Marl Bed
L lamarcki Beds
- Marl layer Teuto (?Tuffite)

4‘ - Boundary White Bed

cuvierii|

M.

- L apicalis/cuvierii Beds

Lower

Greenish Inoceramid-rich bioclastic marls

|M.

- I. hercynicus Beds | 10m

— —— —— —— —— —— —— Different scale

CENOMANIAN

Upper
Blackcoloured Formation

WCOlOradoense‘M.nadﬂmida 1 Tt nodosoiaes

M. mytiloides

- M. mytiloides Bed 111

- Puzosia-Event 11 Giant ammonites§ 2 5 1y
- M. mytiloides Bed 11 .

- M. mytiloides Bed I
rey marl

Q)
Anogmius
=L

Syllaemus

N. juddii
M. hattini

~HF—
_ Fish

=< skeleton
layers o=

Black shale Protostomias

Enchodus

Cit;xalichthys

Puzosia- Isurus teeth
Giant ammonites

I pictus pictus|L p. bohemicus

C. naviculare M. ges

Horizon
———
_ L pictus-
Bed ITT
Lithofacies change

(a)

Northwestphalian Lippe Swell Carbonate Platform

Osning Depression

F1GURE 2: Continued.



4 Paleontology Journal

(
g
Rhinellus

Protosphyraena Cylindracanthus

Y i
) !

b)

Oxygene Minimum Zone
(= OMZ) |

Mass mortalities

Hedbergella/Rotalipora
planctonic foraminifers

Upper warm water column

\

Green Marl Bed
(Upper Ramp Facies)

Middle water column

Chondrites Horizon
(Lower Ramp Facies)

Xiphactinus Syllaemus

=

-

Elopopsis Anogmius

—_—

Enchodus

Cimolichthys
Protostomias

Lower cold water column

Mass mortalities

1
Praeglobotruncana/Whiteinella
planctonic foraminifers

|
|
|
v i\ N

]
Black Shale

(Deep Basin Facies)

FIGURE 2: (a) Stratigraphy of the Halle quarry sections (combined quarries Hesseltal and Foerth), with the position of fish-rich beds, isolated
Isurus tooth, and skeletons. (b) Mortality models due to the decreasing of the oxygen minimum zone within the water column during algae
blooming and mass-foraminifera/fish-mortalities as result of upwelling events (from [17]).



Paleontology Journal

alternating layers of 5-20cm thick-bedded homogenous,
grey, wavy limestone (90% carbonate) and thin, dark marl
layers (50-60% carbonate). A referencial layer called the
Hyphantoceras event is situated 14.4 m above the horizon of
a markant marl layer (= ME) event in the ammonite biozone
of Suprionocyclus normalis and the inoceramid biozone of
Inoceramus frechi (Figure 2). The Turonian matrix which
yielded the skeleton was thin sectioned for microfacies and
environmental analysis. The results were compared to the
known marine Cenomanian/Turonian palaeoenvironments
([22-24], Figure 2). Typical of the Hyphantoceas event, the
layers are rich in ammonites and other marine taxa. They
are decimeter thick, white foraminifera wackestones, and
foraminfera mudstone layers. This turbiditic microfacies is
typical of the lower slope [23, 24], which was deposited
at the margin of a carbonate platform, the Northwest-
phalian Lippe Swell, below the storm wave base (>30m).
A slight bioturbation of Chondrites, in the thin grey marls,
indicates periodic dysoxic conditions on the bottom floor
(cf. [23, 25]).

3. Material and Methods and
Their Biostratigraphy

An incomplete neoselachian skeleton of Isurus was firstly
discovered in northwest Germany in the summer of 1989
by M. Plesker. It is now housed in the Museum Natur
und Mensch Bielefeld (north Germany). The locality is
the Foerth quarry, west of Halle/Westphalia (coordinates R
3455.20 and H 5771.30, topographical map 1:25000, sheet
3916 Halle/Westphalia). Parts of the skeleton were first visible
only in cross section in the quarry wall. At the time, the
cranial part was already destroyed by quarry activities. In two
days, more than 60 slabs were excavated. The material was
prepared mechanically by S. Schubert over two years.

It was fortunate to find unprepared slabs in which
cartilage fragments are present, especially the anterior ones,
where skull cartilage fragments were found. Because of the
in removal of the marls between the vertebrae during the
mechanical preparation, it was not possible to take samples
of different body regions. The only parts sampled were three
large blocks from the cranial region. Dark grey marl of the
slab surface was scratched off mechanically for chemical
processing with 99% dilute acetic acid. In the next step, the
sediment was washed using a 0.063 mm sieve. The residues
consisted of hundreds of dermal denticles, a few small
teeth, cartilage fragments, crinoid remains, and agglutinating
foraminifers. The microfossils were hydrated for two days and
dried in a stove at 50° Celsius. Under microscope, hundreds of
0.4-2.2 mm small placoid denticles as well as small cartilage
fragments were isolated.

In addition to this Turonian skeleton, newly collected
isolated teeth and dermal denticles from other German
sites such as Halle-Ascheloh (early Cenomanian), Halle-
Hesseltal (late Cenomanian), and Ochtrup (late Santonian)
are important in the understanding of the systematics of the
genera Cretoxyrhina and Isurus.

Isolated teeth and denticles from the Halle/Ascheloh
locality (NW Germany, Figure 1) are additionally described

here in the analyses. These were sieved from slump sediments
in the M. dixoni biozone of the early Cenomanian. However,
in this slump, the complete marine fauna was condensed
from different biozones of the lower Cenomanian. This is
indicated by the ammonite Mantelliceras dixoni and the
belemnite Neohibolites ultimus, and phacoid structures, such
as noncemented “inoceramid prisma sand” [4].

Other teeth and dermal denticles from the Halle-
Hesseltal site (NW Germany, Figure 1) are from the Metoic-
oceras geslinianum biozone (Chondrites Horizon and Puzosia
event I). This indicates a late Cenomanian age, well dated
by the ammonids, inoceramids, and high resolution multi-
stratigraphy [23] (Figure 2). From this black-coloured forma-
tion (Cenomanian/Turonian boundary) of the Teutoburger
Wald and northern Germany in general, a fish-rich fauna is
known [17], which is important to understand the possible
prey and taphonomy of fish skeletons in the Proto-North Sea
Basin of Europe (Figure 3).

Isolated tooth material of the vertebrate-rich late San-
tonian locality Werner Esch near Ochtrup (NW Germany;,
Figure 1) is from conglomerates which intercalate into lime-
stone arenites. Those series are dated by the inoceramids
Sphenoceramus patootensis and the belemnites Gonioteuthis
granulata and Actinocamax verus [26].

Finally, new and abundant Isurus teeth, which were
found recently in the middle Eocene Fiirstenau Formation
(Lutetian) of north-western Germany [16], were included in
the analyses.

Cartilage fragments of a Coniacian I. mantelli from the
Niobrara Fm from Kansas, were chemically prepared in a 99%
diluted acetic acid solution.

4. Palaeontology

4.1. Megafauna of the Shark Skeleton Bed. Rhynchonellids,
crinoids, and heteromorph ammonites such as Hyphanto-
ceras reussianum, Eubostrychoceras saxonicum, and Scaphites
geinitzii are associated with the shark remains. The diverse
ammonite fauna of the Hyphantoceras event described for
the Halle/Foerth locality (cf. [22]) indicates normal saline,
marine boreal conditions of the middle deep shelf.

Two small selachian teeth cusp fragments from Hex-
anchus microdon, one tooth from Scyliorhinus cf. elongatus
and teeth of the teleostean Enchodus sp. were found in the
sieved samples associated with the shark skeleton. Twelve
teeth cusps from a Scymnorhinidae are other small scavenger
shark remains.

4.2. Taphonomy of the Skeleton. The skeleton was found
oriented E-W in the quarry, with the caudal part directed to
the west. Many vertebrae, a few isolated teeth, dermal denti-
cles, and cartilage from the “head region” (around skull/jaw
cartilage) are mainly preserved. Parts of the vertebral column
are nearly articulated (Figure 4(a)). In the medial region,
five fragments consisting of four to six articulated vertebrae
are preserved. Disarticulated vertebrae are few scattered. The
caudal column does not show any articulation. Most of the
vertebrae are embedded on their flat centre side in the current
stable position. Five teeth are found posteriorly between
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FIGURE 3: Fish and shark biodiversity selection of the Cenomanian/Turonian boundary to late Turonian of the Miinster Cretaceous Basin
of northwest Germany (composed from [17]) (a) Xiphactinus caudal fin and vertebral column, (b) Xiphactinus pectoral fin, (c) Xiphactinus
scale, (d) Berycopsis skeleton, (e) Isurus vertebra, (f) Ptychodus tooth, (g) Ptychodus tooth, (h) Ptychodus tooth, (i) Pachyrhizodus skeleton, (j)
Anogmius skeleton, (k) Syllaemus skeleton, (1) Elopopsis skeleton, (m) Clupavus skeleton, (n) Diplomystus skeleton, (o) Cimolichthys skeleton,
(p) Aulolepis skeleton, (q) Protosphyraena pectoral fin, (r) Cylindracanthus rostrum, (s) Paraorthacodus skeleton (see details in [17]).

the vertebrae, and many placoid denticles and cartilage
fragments are also preserved.

On a first glance, the taphonomical context suggests a
complete caudal disarticulation, with the small vertebrae
being scattered. In a second step, the central column fell apart
into articulated pieces. Only the cranial (skull or jaw, unclear)
cartilage is preserved, but in smaller fragments only. The few
teeth were displaced early from the jaws and caught (not

appropriated) between the vertebrae. The cranium and first
vertebrae were destroyed by the quarry activities.

The preservation of the skeleton seems to be linked with
the paleoenvironment: the sediments of the Hyphantoceras
event are typical of the lower slope, which allows the artic-
ulation of large carcasses. Turbidites within the slope facies
preserved disarticulated shark remains but rarely complete
skeletons. The best preservation cases are found in the
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black shale of the ramp facies in the Osning-Depression,
at the Cenomanian/Turonian boundary, or during the so-
called anoxic event II at the Teutoburger Wald, where many
articulated fish are found [17, 27].

All recently known skeletons of Cretaceous isurids are
compared here in their taphonomy (Figure 4). The his-
torically first Late Cretaceous isurid skeleton (Figure 4(d))
was described [20] from the northern Italian “Senonian.
An incomplete vertebral column, consisting of about 100
vertebrae, is preserved in three pieces, with the caudal one
being lost. The total length of this incomplete skeleton mea-
sures 285 cm. The straight column orientation, without any
disarticulated vertebrae, looks like a roll of coins. The figures
show a few teeth and vertebrae only. The skull (cartilage) is
preserved.

The skeleton of “Cretoxyrhina mantelli” from the Nio-
brara Formation (Coniacian to Campanian) of North Amer-
ica was described [28] with isolated teeth, Meckel’s cartilage,
dermal denticles, and isolated vertebrae, without taphonomic
map of the specimen. Three skeletons from the Niobrara For-
mation (Coniacian to Campanian) of North America were
described as “Cretoxyrhina mantelli Agassiz” [6, 10-15, 28,
29]. They represent the world’s best preserved skeletons. The
first finding (Figure 4(e), (cf. [29])) is strongly U-curved, the
most distal caudal column being lost. The skull is preserved
with cartilage and hundreds of teeth in nearly anatomical
position. Interestingly, the stomach contents are preserved;
they consist of fragments of a five-meter long giant bony fish
Xiphactinus audax (Figure 3(b), after [18]). Another roughly
five-meter long skeleton (Figure 3(c), FHSM VP-2187, after
[18]) is the most complete skeleton ever known. Its vertebrae
and teeth are well described but not the denticles (cf. [18]).
Dermal denticles were mentioned at least [13] but not figured.
However, the descriptions fit to the main types figured herein
from several sites and specimens. The S-shaped vertebral
column of this seven meter long skeleton is mostly completely
articulated with only the stomach region vertebrae slightly
disarticulated. The jaws are preserved with all their teeth,
which allows a reconstruction of the dentition (cf. [12, 28]).

4.3. Systematics

Class Chondrichthyes Huxley, 1880.
Subclass Euselachii Bonaparte, 1838.
Cohort Euselachii Hay, 1902.

Subcohort Neoselachii Compagno, 1977.
Supraorder Galeomorphii Compagno, 1973.
Order Lamniformes Berg, 1958.

Family Lamnidae Miiller and Henle, 1838.
Genus Isurus Rafinesque, 1810.

Isurus denticulatus Glickman, 1957.

Figures 3-7.

General Description. The incomplete, but first skeleton of its
species, was found in the late Turonian of Halle/Westphalia

Paleontology Journal

(Foerth Quarry). This skeleton consists of 149 partially
articulated vertebrae, five teeth (one anterior, one lateral,
and three rootless crowns of lateral teeth), Meckels cartilage
fragments of the cranial region, and about 100 cranial dermal
denticles. This specimen is housed in the NMB as no. 3916
Foerth-Isurus-1.

Vertebrae. One hundred forty-nine vertebrae are present
(Figure 5(a)). Two of them are not prepared and not visible
in the figures. Two of the 147 figured vertebra, vertebra
72 and vertebra 126, were sectioned: they show the typical
neoselachian and lamnid asterospondylic structure (Figures
5(b) 1 and 5(b) 2). The largest cranial vertebra is 6cm
in diameter with a width of 26 mm; the smallest caudal
vertebra measures 26 mm in diameter and 5mm wide.
The haemapophysic and neurapophysic grooves are in the
cranial and middle vertebral column. They are rectangular
in horizontal cross section (vertebra 72), changing to oval
and round in outline in the caudal region (vertebra 148,
Figure 5(a)). The diameter increases from the cranial to the
vertebra 72 (Figure 5(a)), starting at 13 x 4 mm and getting
smaller towards vertebra 126 at 6 x 4 mm caudal. The neural
and haemal arch grooves radiate from the centre of the
vertebra (Figure 5(b)). Concentric growth lines are visible
in cross sections (Figure 5(b)). Both sectioned vertebrae are
composed of radiating lamellae (white coloured, Figure 5(b))
bifurcating in their outer part. In between these lamellae,
carbonate sediment is present. The lamellae are visible in
the outer lateral, dorsal, and ventral views (Figure 5(b)).
They are preserved in between the anterior and posterior
vertebral surface. Their number decreases from the cranial
to the caudal region (Figure 5(a)-5(b)). Fourty, partly fused
connected lateral become are reduced in diamater (18 mm)
at vertebra 126. The most caudal preserved vertebra has no
lamella but has a perforated surface structure.

Dermal Denticles. A few cranial dermal denticles of shagreen
type are present. Three clear, but possibly four, morphological
types are recognized in the area of the gills or of the mouth,
as well as in the posterior cranial area.

(i) The first large type I (5 to 15mm in length) is drop-
shaped in outline (Figures 5(d) 1-5 and 7(n)-7(r)).
The enameloid cusp stands straight to slightly angled
on the basal plate. The morphology varies from high
to low drop-shaped, while the surface is covered with
5 to 1I ridges starting with the basal and reaching
the mid-high of the cusp. Basal plates are ventrally
rhomboid-shaped with central foramina (Figures 5(d)
5 and 7(n)-7(r)). In lateral or dorsal views, they have
an inverted anchor shape.

(ii) The second type II (Figures 5, 6, and 7(s)-7(v)) is
less than 5mm long and is clearly separated into
the enameloid cusp and the basal plate. Three to six
longitudinal ridges ornament the rhomboidal cusps.
These ridges completely cover the enamel. The mid-
to-high basal plate has a central foramina.

(iii) A third type III may be present, corresponding to 1-
2% of the dermal denticle material only (Figure 5(d)
11-12). It is irregular in outline and without any
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FIGURE 5: Skeleton of Isurus denticulatus (Glickman, 1957) (NMB no. 3916 Foerth-Isurus-1) from the late Turonian (Suprionocyclus normalis
Zone) of Halle/Westphalia (Germany). (a) Photo without vertebra 71, 147, and teeth and interpretative drawing of the skeleton with integrated
vertebra 71, 147, and teeth. (b) Vertebrae: 1. vertebra no. 72 in different views before and after cross sectioning; cranial, ventral, dorsal, lateral,
cross sections, and interpretative drawing; 2. vertebra no. 126 in different views before and after cross sectioning; cranial, ventral, dorsal,
lateral, cross sections, and interpretative drawing. (c) Teeth; 1. lateral tooth (see (a) = T2), labial; 2. anterior tooth (see (a) = T3), labial; 3.
lateral rootless tooth (see (a) = T4), lingual; 4. lateral rootless tooth (see (a) = T5), lingual; 5. lateral rootless tooth with lateral cusps (see (a)
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FIGURE 6: Teeth of Isurus from different sites of north-western Germany. (a) Lateral tooth of I. denticulatus from the late Turonian of
Halle/Westph. (NMB, no. 3916 Foerth-Isurus-1a); labial, lateral, lingual views; (b) anterior tooth of I. denticulatus (skeleton) from the late
Turonian of Halle/Westph. (NMB, no. 3916 Foerth-Isurus-1a): labial, lateral, lingual views; (c) lateral rootless tooth of I. denticulatus (skeleton)
from the late Turonian of Halle/Westph. (NMB, no. 3916 Foerth-Isurus-1a), lingual view; (d) lateral rootless tooth of I. denticulatus (skeleton)
from the late Turonian of Halle/Westph. (NMB, no. 3916 Foerth-Isurus-1a): lingual view; (e) lateral rootless tooth with lateral cusps of L.
denticulatus from the late Turonian of Halle/Westph. (NMB, no. 3916 Foerth-Isurus-1a): labial view; (f) lateral tooth of I denticulatus from the
late Cenomanian (Chondrites bed, Calycoceras naviculare Zone) of Halle/Hesseltal (EZM Diedrich Hes-1): labial, lingual views; (g) posterior
lateral tooth of I. denticulatus from the late Cenomanian (Puzosia event I, Metoicoceras geslinianum zone) of Halle/Hesseltal (WMFNM,
no. P.-22024): labial view; (h) lateral tooth of I. denticulatus from the late Cenomanian (Griine Mergellage, Calycoceras naviculare Zone) of
Halle/Hesseltal, (EZM Diedrich Hes-2): labial view; (i) anterolateral tooth of I. appendiculatus from the early Cenomanian (slump in the
Mantelliceras dixoni zone) from Halle/Ascheloh (EZM no. Diedrich, Asch-Sel 3): (A) labial, (B) lateral, (C) lingual views; (j) lateral tooth of
I appendiculatus from the early Cenomanian (slump in the Mantelliceras dixoni zone) from Halle/Ascheloh (EZM no. Diedrich, Asch-Sel 4):
labial, lateral, lingual views; (k) lateral tooth of I. appendiculatus from the early Cenomanian (slump in the Mantelliceras dixoni Zone) from
Halle/Ascheloh (EZM No. Diedrich, Asch-Sel 5): labial view; (1) symphyseal tooth of I. denticulatus from the late Cenomanian (Puzosia event
I, Metoicoceras geslinianum zone) from Halle/Hesseltal (WMFNM, no. P.-19918), labial view.

sculptural elements. The maximum length measures ~ Meckels Cartilage. Isolated fragments of calcified cartilage
8 mm. A well-developed root has a central foramina. are recognized as being scattered with fragments around the
(iv) A fourth type IV (Figures 5(d) 7-10) is thomboidal in cranial VerFebra'l column. They are not larger thap 30 x 30 mm
outline, similar to type one, but has 8 to 9 basal ridges ~ and 3 mm in thickness. The perforate structure is made up of
beginning anteriorly on the margin and reaching ~ 1-2mm thin pore canals radially connected on the surface via

only the mid-high of the enamel surface. The root is ~ a network structure. The origin of the cartilage seems to be
rhomboidal with a basal central foramina. cranial. These fragments are coming most probably from the
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FIGURE 7: Interpretative drawings of teeth and dermal denticles of Late Cretaceous Isurus I. appandiculatus (g-j, 1, m, s, t); I. denticulatus
(b-f, k, n-p, 1, u); I. mantellii (a, q, v) (a) Anterolateral tooth, late Santonian, Weiner Esch/Ochtrup (RE no. 551.763.333 A 3868): (A) labial,
(B) lateral, (C) lingual views; (b) anterior tooth, late Turonian, Halle/Westph. (NMB, no. 3916 Foerth-Isurus-1a): (A) labial, (B) lateral, (C)
lingual views; (c) lateral tooth, late Turonian, Halle/Westph. (NMB, no. 3916 Foerth-Isurus-1a): (A) labial, (B) lateral, (C) lingual views; (d)
lateral tooth, late Cenomanian (C. naviculare zone), Halle/Hesseltal (EZM Diedrich Hes-2), labial view; (e) Lateral tooth, late Cenomanian
(C. naviculare Zone), Halle/Hesseltal, (EZM Diedrich Hes-1): (A) labial, (B) lingual views; (f) posterior lateral tooth, late Cenomanian (M.
geslinianum zone), Halle/Hesseltal (WMFNM, no. P.-22024): (A) labial, (B) lingual views; (g) anterior tooth, early Cenomanian (M. dixoni
zone), Halle/Ascheloh (EZM no. Diedrich Asch-Sel 1): (A) labial, (B) lateral, (C) lingual views; (h) anterior tooth, early Cenomanian (M.
dixoni zone), Halle/Ascheloh (EZM no. Diedrich, Asch-Sel 2): (A) labial, (B) lateral, (C) lingual views; (i) lateral tooth, early Cenomanian
(M. dixoni zone), Halle/Ascheloh, (EZC no. Diedrich, Asch-Sel 4): (A) labial, (B) lateral, (C) lingual views; (j) anterolateral tooth, early
Cenomanian (M. dixoni zone), Halle/Ascheloh (EZM no. Diedrich Asch-Sel 3): (A) labial, (B) lateral, (C). lingual views; (k) symphyseal
tooth, late Cenomanian (M. geslinianum Zone), Halle/Hesseltal (WMFNM, no. P.-19918): (A) labial, (B) lateral, (C) lingual views; (1) lateral
tooth, Aptian/Albian, Poland (redrawn after [21]) lingual view; (m) Lateral tooth, Aptian/Albian, Poland (redrawn after [21]) lingual view;
(n) Dermal denticle type I, late Turonian, Halle/Westph. (NMB, no. 3916 Foerth-Isurus-1a): (A) occlusal, (B) back view, (C) lateral, (D) basal
views; (o) dermal denticle type I, late Turonian, Halle/Westph. (NMB, no. 3916 Foerth-Isurus-1a): (A) occlusal, (B) back view, (C) lateral, (D)
basal views; (p) dermal denticle type I, late Turonian, Halle/Westph. (NMB, no. 3916 Foerth-Isurus-1a): (A) occlusal, (B) back view, (C) lateral,
(D) basal views; (q) Dermal denticle type I without root Niobrara Fm (Coniacian to Campanian), USA: (A) occlusal view; (r) dermal denticle
type I, late Cenomanian (M. geslinianum zone), Halle/Hesseltal (WMFNM, no. P.-22048): (A) occlusal, (B) posterior, (C) lateral, (D) basal
views; (s) dermal denticle type II, late Turonian, Halle/Westph. (NMB, no. 3916 Foerth-Isurus-1a): (A) occlusal, (B) basal, (C) lateral views; (t)
dermal denticle type II, late Turonian, Halle/Westph. (NMB, no. 3916 Foerth-Isurus-1a): (A) occlusal, (B) basal, (C) lateral views; (u) dermal
denticle type II, late Cenomanian (M. geslinianum zone), Halle/Hesseltal (WMFNM, no. P.-22037): (A) occlusal, (B) basal, (C) lateral views;
(v) dermal denticle type II, Niobrara Fm (Coniacian to Campanian), USA: (A) occlusal, (B) lateral views.
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gill bars or the jaws. A clear anatomical position is not visible
because of the small disarticulated fragments preservation.

Teeth. Only five large teeth from different locations are pre-
served. The labial coronal surface of all teeth cusps is flat; the
lingual one is ornamented with one to four longitudinal basal
and irregular crenulation faults. Lingual’s corona is convex
and well developed in the anterior tooth. The complete
anterior tooth (Figure 6(a)) measures 35.5 mm in height and
23.1mm in width. The cusp is slender and slightly moved
from the apex labially. The root is massive and without a clear
foramina. Two enamel crenulations are visible on the labial
side. Four lateral teeth are present.

(i) The first one is complete and belongs to the upper jaw
(Figure 6(b)). Its total length measures 28.2 mm and
the width of the root is 26.6 mm. The crown base is
prominent and bright; the root in lateral view is flat
but without a clear nutritive foramina. Labially, five
enamel crenulations are present.

(ii) A second lateral rootless tooth (Figure 6(e)) has a
cusp length of 22.3 mm and a width of 21.7 mm at the
crown base. Very large triangular lateral cusps are well
preserved.

(iii) A third lateral tooth (Figure 6(d)) is rootless as well;
175 mm in height and 13.5 mm in width at the crown
base.

(iv) The last tooth crown (Figure 6(d)) is 22.0mm in
height and 22.5 mm wide at the bright base.

5. Discussion

5.1. Global Skeleton Records. Isurus skeletons from the upper
Cretaceous are very rare in Europe, especially in the Ceno-
manian and the Turonian. The herein described I. dentic-
ulatus find from Germany (Figure 4) is the oldest skeleton
record of this genus. In Italy, another “Cretoxyrhina mantelli”
skeleton in the “Senonian” strata (= Coniacian to Santonian)
was recovered in historic times [30]. This long articulated
vertebrate column (without caudal part) was associated with
many rootless teeth (Figure 4(d)). The figures do not allow
deciding whether the roots are stuck in the sediment or are
not preserved. A set of 50 teeth and vertebrae of a single
individual of “Cretoxyrhina mantelli” and other isolated teeth
were found in the “Upper Chalk” (= Coniacian to early
Campanian) of Grays in southeast England [31-37]. Skele-
tons have much better records in the younger Coniacian-
Campanian strata of Northern America of the Western
Interior Seaway (cf. [6,10-15, 18, 29]). Eastman [28] described
from there the first nearly complete skeleton of “Cretoxyrhina
mantelli” from the “Niobrara Group” (= Niobrara Forma-
tion, Coniacian-Campanian). This skeleton, housed in the
Bayerische Staatssammlung Munich, was destroyed during
World War II (pers. com. Wellnhofer). Shimada [6, 10-15, 29]
and Shimada et al. [14] published very well-preserved, nearly
complete and new skeletons of “Cretoxyrhina mantelli” from
the Niobrara Formation, Kansas (North America). Other
specimens (a complete skeleton plus another partial one)
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of Isurus mantelli from the “Selma Formation” (Kansas) are
housed in the Museum of Natural History of the University
of Kansas (no. 199): they are not figured or described in detail
but were mentioned [38]. An associated tooth set was also
figured more recently (cf. [39]).

5.2. Vertebrae. One hundred forty-nine vertebrae compose
the incomplete vertebral column of the late Turonian isurid
of Halle-Foerth compared to the incomplete isurid skeleton
counting 205 vertebrae as described by Eastman [28]. He
noted an increasing diameter from the first cranial vertebra
to the body center, changing at this point to a reduced diam-
eter continuously to caudal. The 218 vertebrae of the most
complete specimen of the Niobrara Formation (FHSM VP-
2187, Figure 4(c), after [13]) are the most informative, even if
nos. 6 to 10 caudal vertebrae are missing. A comparison to
the German I. denticulatus skeleton demonstrates the missing
of 30-40 cranial and the last caudal vertebrae. If the total
number of about 225 vertebrae is accepted for this genus
generally, then only 149 are present on the new Turonian
German I denticulatus skeleton, about 75 seem to be lost.
Because of variations in body sizes between the Turonian
and Niobrarian skeletons (cf. ontogenetic variability in [29]),
the total number of vertebrae can not be precised in I
denticulatus yet. The length of the Eastman specimen was
given as 700 cm in length [28]. The most complete specimen
FHSM VP-2187 (Figure 4(c)) is about 550 cm in length (cf.
[13]). The skeleton of Halle-Foerth reaches a maximum length
of 400 cm if the total vertebrae amount of about 225 is used
herein.

Isolated vertebra and column fragments of the upper
Cretaceous Isurus have been found worldwide. Another
column part from the Turonian locality Halle-Foerth found
in the Hyphantoceras event (deposited in the WM{NM) and
another one housed in the GPIM (consisting of 5 to 9 partly
articulated vertebrae) indicate more abundant articulated
skeletons also for German sites. In the Cenomanian of Russia,
isolated vertebrae were described as “Alopias siwerianus” or
“Otodus obliquus” and as unidentified selachian vertebrae (cf.
[40]). Also, a large Isurus vertebra from the Middle Turonian
greensand of north-western Germany was figured [17]. It is
very similar in size and shape to the vertebra described herein
for the upper Cretaceous Isurus with its asterospondylic
selachian vertebra type, which is present similar in both
Isurus and Lamna (e.g., [1]). Mantell [36] figured also a large
asterospondylic vertebra from the “Upper Chalk” of England
that he assigned to I. mantelli. Hasse [41] figured another
similar sectioned vertebra. All those single vertebrae are
identical in characters to those of the new German Turonian
Isurus skeleton. They are flattened (max 2 cm thick), up to
6 cm in diameter, are in cross-section asterospondylic, and
have similar haemal and neural arch groves which is demon-
strated herein on the internal structures of two sectioned
vertebrae (nos. 72 and 148, Figure 5(b)). Finally, those are
identical in structures to a sectioned vertebra from the extant
Isurus oxyrinchus Rafinesque (cf. [7]) and close to the extinct
Lamna appendiculata from the Niobrara Formation of North
America (cf. [38]). However, the vertebrae of the Turonian
Isurus are not useful for further separation of Isurus from
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Lamna, but from other shark genera, which was already
discussed (e.g., [1, 29]).

5.3. Cartilage. The comparison of fossil cartilage (or sha-
green) fragments of Isurus with different Late Cretaceous
(Cenomanian-Campanian) skeletons proves again identical
structures in the new Turonian I. denticulatus skeleton and
in the North American I. mantelli skeleton described by
Eastman [28]. Under microscope, the cartilage fragments,
which are from the cranial region (cf. Figure 4), expose on
the surface netlike perforating canals. Also, the cartilage is
macroscopically not genus or species diagnostic.

5.4. Dermal Denticle Types. Dermal denticles of the Turonian
I denticulatus skeleton cranial area, isolated scales of the late
Cenomanian strata of Halle-Hesseltal (northwest Germany),
and scales connected to cartilage of a skull fragment from
Gove County (Kansas, USA) in the Smoky Hill Chalk of
the Niobrara Fm (late Coniacian) are compared to recent
Lamna and Isurus (see denticle photos in [2, 5]). REM
figures of dermal scales of I. mantelli are lacking, although
denticles were described from skeleton remains [13]. The first
well description of I. mantelli skeleton dermal denticles by
Eastman [28] was not recognized by many authors describ-
ing isolated “Cretoxyrhina” remains. He described a couple
centimetres in size connected shagreen fragments and many
well-preserved dermal scales, including two different types,
which he presented with anatomical positions of the skull
region. His first described and figured dermal denticle type as
being less than 0.5 mm and well separated into the enameloid
rhomboidal surface, having clear and sharp parallel ridges.
The root possesses a central foramina. The same scale type
was also described for the same species 1. mantelli, but was,
as mentioned, not figured (cf. [13]), which is figured herein
(Figure 7(v)), isolated from the cartilage of a fragmentary
skull from the Niobrara Formation. This type (Figure 7(v))
has the same shape such as isolated denticles from the
Chondrites bed (C. naviculare Zone, late Cenomanian) of
Halle/Hesseltal (cf. [27], Figure 7(u)). This denticle type,
always found in the skull region of upper Cretaceous Isurus
skulls/skeletons, is also present in I denticulatus (cf. REM-
photos, Figures 5(d) 6 and 7(s)-7(t)). A second denticle type
from the German I. denticulatus skeleton (Figures 5(d) 1-5
and 7(n)-7(p)) was described but not figured by Eastman
[28] nor by Shimada [13]. The material extracted from
cartilage fragments of the Gove County 1. mantelli cranial
shagreen specimen (Figure 7(q)) is similar to the second,
drop-shaped, dermal denticle type of I. denticulatus and to
an isolated scale from the Chondrites bed (C. naviculare zone,
late Cenomanian) of Halle/Hesseltal (Figure 7(r)). Eastman
[28] mentioned a 1 mm small denticle with an unsculptured
enameloid surface, but he did not figure a clear outline.
Maybe this type can be referred to a third denticle type found
similar at the I. denticulatus skeleton (Figure 5(d) 11-12). The
fourth scale type (Figures 5(d) 8-10) of the I denticulatus
skeleton is different from the photographed dermal skeleton
of the modern Lamna nasus and Isurus oxyrinchus (cf. REM
photos of modern species in [5]). This might provide new
systematic information. However, the most important new
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character for the revision arguments comes from the cranial
dermal denticles. At minimum, two dermal scale types of
the Late Cretaceous I. denticulatus skeleton have exactly the
same shape as those of I. oxyrinchus (cf. [5]) which are from
the oral cavity and gills. After REM, photos of [5] those
cranial areas are covered by small, densely crowded, leaf-
shaped scales which have a short cusp and are completely
smooth (herein = type 2, cf. Figure 5(d) 1-5). The cusps are
posteriorly pointed (cf. [5, pl. 20, Figure M1]). Those only for
Isurus characteristic scales, are found similar in shapes on
juvenile and adult individuals, which are therefore constant
in their morphology during ontogeny (cf. [5]). The constant
and consistent shape is a plesiomorphic character dating back
at minimum to the early Cenomanian, as demonstrated in
the German fossil Late Cretaceous record (cf. Figures 7-8).
Another type (herein type 1), small rhomboidal, with 7-9
parallel ridges and ornamented scales was also figured by Reif
(cf. [5, pl. 21, Figure H2]) for I. oxyrinchus on its gill areas. The
only difference of those denticle shapes to the Late Cretaceous
material of Isurus is the amount of the parallel ridges, which,
however, fall within a variability or demonstrate a slower
evolutionary change, as in the dentition. Juvenile individuals
of I oxyrinchus have up to three such ridges, whereas adults
(220 cm in length) have up to 5 (cf. [5, pl. 21, Figure H2]),
and therefore, an evolutionary trend seemed to be excluded.
However, there are small differences in those denticle types
of Cretaceous and Modern Isurus. In the 400 cm long “adult”
I denticulatus skeleton, up to seven ridges are present on
the scale surfaces (Figures 5(d) 6 and 7(s)-7(t)). The same
ornamentation number is found in the material from the
Niobrara Formation (Figure 7(v)) and on isolated scales from
the late Cenomanian of Halle-Hesseltal (Figure 7(u)).

5.5. Tooth Record and Evolutionary Trend. The teeth of the
upper Cretaceous Isurus were described very often, but
because of different morphologies, they were referred to
different species or genera. Tooth crowns by Mantell [35]
described as “Squalus zygaena” (pl. 32, Figures 26, 28; non
4,7, 8, 10) seem to belong to I. denticulatus or 1. mantelli.
Such rootless crowns are not diagnostic, nor is the pres-
ence of nonprominent lateral cusps in lamnid shark tooth
morphology, in which genera are based mainly on those
characteristics. Therefore, the taxon name Squalus zygaena
must be considered as a nomen nudum. The typical lamnid
tooth is flanked by nonprominent lateral cusps such as in
the Cenomanian and Turonian teeth of I. denticulatus. Many
authors also consider this feature as typical for Lamna (or
Cretolamna). The result was a separation into the species
Cretolamna appendiculata and Otodus semiplicatus and other
genera Macrorhizodus and Isurolamna, in which the latter is
also seen herein as being simply Isurus.

Cenomanian-Turonian. Reuss [42], Geinitz [43-45], and
Fritsch [46, 47] described and figured isolated teeth of
“Oxyrhina mantelli” from the Cenomanian of the Elbe
Sandstone Mountains in Germany and Czech Republic. The
teeth figured by Reuss [42, pl. 3, Figures 1-6] are considered
here as anterior and lateral teeth of I denticulatus. One
lateral tooth is flanked by the typical lateral cusps. Also, the
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teeth that Reuss [42] described as “Otodus appendiculatus”
(pl. 3, Figures 24, Cenomanian-Turonian, and 29) and “O.
semiplicatus” (pl. 3, Figures 21, 24, 27, and 29) are considered
here as lateral cusped teeth of I. denticulatus. Dixon [33]
figured the teeth of I mantelli from the Cretaceous of
England under the name “Lamna acuminata.” Fischer [48,
pl. 2, Figure 43] identified an anterior lateral tooth from the
Cenomanian/Turonian of Strehlen, Germany, as “Oxyrhina
mantelli.” Roemer [49, pl. 36, Figures 3-5] described two
anterior teeth (one upper and one lower tooth) and an antero-
lateral one, all without cusplets, as belonging to “Oxyrhina
mantelli.” Geinitz [43-45] mentioned and figured Turonian
anterior and lateral teeth from the Planerkalk (Turonian)
of Strehlen, as “Oxyrhina mantelli.” Teeth from the upper
Cretaceous of USA described and figured as “Oxyrhina
extent” by Leidy [50] are considered here as belonging to
I. mantelli. Another upper jaw lateral tooth without lateral
cusps is figured as “Oxyrhina mantelli” by Fritsch [46, text
Figure 12] that comes from the “Isarschichten” (Turonian) of
Bohemia, Czech Republic. Based on teeth from the upper
Cretaceous of England (considered as belonging to Isurus
here), Woodward [31, 32] created two species. “Oxyrhina
mantellii” and “Lamna macrorhiza.” The first lacks lateral
cusps, and the latter (today “Macrorhizodus macrorhiza”) has
exposed lateral cusplets. The latter is also similar to the early
(Albian-Lower Cenomanian) Isurus tooth type (cf. Figure 8).
Cenomanian teeth from southeast England, figured and
identified as “Lamna appendiculata® by Woodward [37, pl.
XLIV, Figure 6, 7, non 3-5], are considered here as lateral
teeth with lateral cusps of I appendiculatus or I. denticulatus.
Another tooth from the early Cenomanian of England figured
by Woodward [37, pl. XLIII, Figure 12] is similar to material
from the early Cenomanian of Halle-Ascheloh (Germany)
as described here. It is not clear whether this nonstratified
(Cenomanian-Turonian) tooth of the same plate (Figures
11 and 13) belongs to I denticulatus. Even if so, it has
very small lateral cusps (as in the early Cenomanian I
appendiculatus teeth from Halle/Ascheloh, cf. Figure 8).

Williston [51] was the first to consider the teeth of
“Oxyrhina mantelli” as belonging to Isurus (= I. mantelli), a
consideration followed by Witzke [52] based on specimens
from the Late Cretaceous of USA. Lériche [53, pl. 3, Figure 49]
considered a small lateral tooth from the A. plenus Zone (lat-
est Cenomanian) as belonging to “Oxyrhina mantelli.” Addi-
tional teeth from the Cenomanian and Turonian described
as “O. manteli” [54, 55] are considered here to belong to I.
denticulatus. Another typical but incomplete tooth of Isurus
from the green sandstone facies (Cenomanian/Turonain) of
the Wevelsburg in the Muenster Basin was figured by Jordan
[56], indicating its facies breaking occurrence in coastal to
shallow marine temperate and upwelling influenced regions
[17].

Glickman [8, pl. 1, Figures 1-17] created the Cenomanian
species “Isurus denticulatus” based only on isolated and
nonsymphyseal anterior/lateral teeth of Czech Republic. The
middle lateral to posterior teeth that he figured show lateral
cusps but not the anterior ones. This is identical to the
German Isurus skeleton. Later, Glickman [9] created the
taxa “Cretoxyrhina” and “Isurus denticulata” from the same
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layers based on their separation only in its arguments by
the “presence of lateral cusps on the lateral teeth,” which
represent after the herein results only different jaw positions
within 1. denticulatus (Figure 8).

Anterior teeth of I denticulatus from the Atarque Sand-
stone Member (Middle-Turonian) were identified by Wolberg
[57, 58] as belonging to “C. appendiculata.” He also identified
anterior tooth with lateral cusps from there as belonging
to I denticulata. Longbottom and Patterson [34] figured
a lateral tooth without lateral cusps, from the Campanian
of England, as “Cretoxyrhina mantelli.” A small lower and
anterior tooth from the Turonian of Texas, without lateral
cusps, was described as “Cretoxyrhina mantelli” by Cappetta
[1]. The tooth figured by Werner [59] is not preserved
enough to identify it as I. mantelli but is surely of the genus
Isurus. Late Cenomanian teeth of “Cretoxyrhina mantelli” and
“Cretolamna woodwardi” described by Williamson et al. [60]
demonstrate again the problem of the presence or absence of
lateral cusps as a diagnostic character at all.

All North American Coniacian-Campanian Isurus skele-
tons and tooth sets help reconstruct well the dentition of
I mantelli (cf. [12]), which was finally used herein for a
preliminary reconstruction of the dentition of few younger
species of I. denticulatus (cf. Figure 8). Those Coniacian-
Campanian I mantelli teeth are all without lateral cusps
(cf. [1, 13, 28, 50, 51, 61-66]), which allow to separate
I appendiculatus, 1. denticulatus from I. mantelli only on
complete tooth sets.

5.6. Stratophenetic and Evolutionary Trend within the Isurus
Lineage. The genus Isurus seems to evolve, such as many
Neoselachians (cf. [1]), within the late Early Cretaceous, and
survived the Cretaceous/Tertiary boundary, which is seen
herein contraversionally to other authors (e.g., [10]), whereas
a fossil gap or missing abundant shark tooth/skeleton record
is present within the Maastrichtian-Danian. A stratophenetic
trend is proposed for Isurus during the Aptian to the
Campanian (late Early to late Late Cretaceous) based on
tooth morphology (cf. [12]) (Figure 8), in which further
preliminary evolutionary trend is added for the Tertiary
within the genus Isurus, which seem to split in several species

[1].

Aptian-Albian. 'The first records of Isurus are in the
Aptian/Albian (uppermost Early Cretaceous) with a species
of lamnid-type teeth, with lateral cusplets on all anterior
to posterior teeth. The root was described as plesiomorphic
which has no nutritive cleft or foramen. This form is dated
from the Aptian to early Cenomanian. From the middle
to late Albian (Albian phosphorite beds) of Poland, Marci-
nowski and Radwanski [67] figured and identified an anterior
rootless tooth without lateral cusps as belonging to “Oxyrhina
mantelli” and a lateral tooth with roots and lateral cusps
as belonging to “Otodus appendiculatus.” These teeth are
similar to those of I. appendiculatus and to those of the mid-
Cretaceous of Kazakhstan [21].

Early Cenomanian. Teeth of “C. mantelli” from the early
Cenomanian of Halle/Ascheloh, mentioned by Miiller and
Diedrich [4], are figured here now (Figures 6(i)-6(k) and
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7(g)-7(j)): two anterior but partial teeth (Figures 7(g)-7(h))
have lateral cusps. Sometimes a nutritive cleft seems to be
present but not well developed (Figure 7(g)). Lateral teeth
show no nutritive cleft but diagnostic, extremely bright
lateral cusps (Figures 6(j) and 7(i)). Roots are sometimes
labially ornamented with longitudinal ridges (Figure 7(i)).
This material is very typical of Isurus from the Albian to early
Cenomanian. Anterior teeth and lateral teeth with lateral
cusps sometimes have a nutritive cleft. Both characteristics
are present in other lamnidae and correspond to a plesiomor-
phic character (cf. [1, 6]). Some lateral and symphyseal teeth
from the late Cenomanian (C. naviculare and M. geslinianum
Zone) of Halle/Hesseltal (Figures 6(f)-6(h), 7(d)-7(f) and
7(k), [23]) fall into the typical variety of the tooth morphology
of I appendiculatus, whose separation must have occurred
during the Cenomanian-Turonain boundary. Other rare
Cenomanian “Cretoxyrhina” teeth from Northern America
were described but often incorrectly referred to “C. mantelli”
(14, 68].

Middle Cenomanian. The anterior teeth with couplets seem to
start to dissappear in the middle Cenomanian (Figure 8).

Late Cenomanian. Isurus material is rare from that time glob-
ally, and the important anterior teeth are still not preserved.
In the late Cenomanian, anterior teeth seem to be partly with
and partly without lateral cusps and show a typical isurid root.
Sometimes a nutritive cleft is present. All lateral teeth from
the early to late Cenomanian are flanked by lateral cusps. In
contrast, lateral cusps are absent at the anterior and anterior
lateral teeth.

Upper Turonian. In the late Turonian, lateral cusps of the
anterior teeth have already been reduced (Figure 8) as shown
by the anterior tooth of the new skeleton of I. denticulatus.

Coniacian-Santonian. From the lower Coniacian to the upper
Santonian, the lateral cusps, completely reduced, are only
rudimentary rarely present, a character considered as ple-
siomorphic [10]. New teeth from the Late Santonian of
the Weiner Esch near Ochtrup (northwest Germany) show
also no lateral cusps at all anterior to posterior teeth ([26],
Figure 7(a)).

Campanian. Also, the material of the Coniacian to Campa-
nian of the Niobrara Formation of USA, which are referred
to as I. mantelli (cf. [10] = “Cretoxyrhina mantelli”), has no
lateral cusplets.

Maastrichtian-Palaeocene. Following the stratophenetical
approach adopted here, Isurus continued with the Maas-
trichtian to Late Paleocene (Thanetian) with the species I.
schoutedeni found in Morocco, northern Africa [69, 70].

Middle Eocene. Including herein also the newest Eocene
finds from northern Germany [16] there is no need to
separate Cretaceous from Tertiary Isurus genera, only species
(Figure 8). Numerous recently discovered teeth of Isurus
praecursor allow a preliminary reconstruction of the Early to
Middle Eocene Isurus dentition (Figure 8), based on the well-
known dentition of younger species.
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Oligocene. I. desori (Sismonda) is the species from this period
that is well known in Europe and also northern Germany
(e.g., [1, 71], Figure 8).

Miocene. 1. planus (Agassiz), I xiphodon (Agassiz),
(Miocene), I. retroflexus (Agassiz), I hastalis (Agassiz),
and I escheri (Agassiz), (Miocene-Pliocene) developed in
the Miocene, whereas a serration developed from I. hastalis
to I escheri, which is not seen in new discussions as the
“ancestor” of the modern white sharks [3]. I escheri was
found only on the Pacific along the South American coastline
with extinction in the Pleistocene (Figure 8).

Pliocene to Modern. I. oxyrinchus (Rafinesque) and I. paucus
(Guitart Manday) are the extant species (e.g., [5]).

5.7. Coevolutionary Prey and Tooth Morphology Change.
Shimada [6] described homologies in Cretaceous lamnid
dentitions and their evolution, but did not include the older
forms (Cenomanian/Turonian), neither the Tertiary ones.
The change in tooth morphology of Isurus is obviously
correlated with a change in feeding habits and prey presence,
as already newly described for the Tertiary large shark record
(cf. [3]). Isurus seems to have evolved already in the late
Early Cretaceous. In the Albian to the lower Cenomanian, the
tearing-type dentition with cusps was present which separate
herein the first species from I appendiculatus (Figure 8),
which was very close to Lamna in its dental characters
(cf. also [6]). This dentition with cusplets was adapted best
to the fish hunting (cf. [I, 6]). Even largest fish of the
upper Cretaceous, such as Xiphactinus, was swallowed and
consumed completely, which is demonstrated well by the
stomach content of one I. mantelli skeleton (Figure 4(b)) (cf.
(18, 19]). Also, even larger suspension-feeding giant fish like
Bonnerichthys (ct. [72]) was possibly a prey. This fish was
globally distributed together with its top predator, Isurus, in
the northern hemisphere and was also common in the Proto-
North Sea Basin of Europe (cf. Figure 3).

In the basal Late Cretaceous marine large reptiles were
present with the last ichthyosaurs, which occurred rarely
during the lower to upper Cenomanian also in Europe,
the Proto-North Sea Basin [73, 74]. The few finds indicate
this reptile group to be less important as prey and motor
for coevolutionary tooth change within Isurus. Important
plio-/plesiosaurs were reduced at that time already in their
biodiversity [73, 74] and disappeared with most groups
during Turonian [75-82]. In the Turonian, Polyptychodon was
especially distributed and was also found in the Proto-North
Sea Basin of Europe at some sites [79-82]. This marine reptile
group continued with Elasmosaurus long-necked forms into
the Maastrichtian [83]. However, those reptiles, which also
are demonstrated to have large shark bite damages on bones
[18], were most probably also not the motor of prey-predator
coevolution, because already in the Jurassic, when their
biodiversity was the best, no such evolutionary adaptation is
seen in shark evolution yet. Also, marine crocodiles, another
possible food source for large shark Isurus, were present
during the Cretaceous but seem to have played again no role
for the coevolutionary trend.



Paleontology Journal

The most obvious correlation is found within the Creta-
ceous “whale-like” mosasaurs, and Isurus as its top scavenger,
which is proven by bitten mosasaur vertebrae and bones (Cli-
dastes, ct. [18, 84, 85]). Mosasaurs developed with first smaller
forms in the late Cenomanian, diversified in the Turonian
[86], with larger (time of I. denticulatus), and radiated espe-
cially in the Coniacian-Campanian with largest forms (time
of I. mantelli) in maximum within the Maastrichtian where
they finally disappeared globally at the Cretaceous/Paleogene
boundary [87]. During the Turonian-Campanian, the time
of maximum mosasaur biodiversity, which is seen as the
main scavenging prey for upper Cretaceous Isurus, the tooth
morphology changed again within Isurus already in the
middle Turonian to a full cutting-type without any lateral
cusplets (cf. [11, 12], Figure 8), which continued into the
Maastrichtian ([69], time of I. schoutendeni). The extinction
of large marine reptiles (especially mosasaurs) at the end of
the Late Cretaceous (Figure 8) explains best a new radiation
within Isurus, which was believed to be the beginning of
Isurus by many authors, such as [1, 6], that had to adapt
again to prey, but this time on marine mammals such as
whales, sirenians, and seals that all evolved already in the
Paleocene/Eocene (Thanetian, Ypresian, e.g., [3]). It seems,
from the larger I schoutendeni, that 1. praecursor evolved
around the Cretaceous/Paleogene boundary which charac-
ters in tooth morphology are most close. Their gap in well
knowledge seems to relate to a fossil gap, and possibly this
is driven by climate change and ocean water temperature
changes, partly by upwelling influence.

5.8. Paleocurrent Water Temperature and Climate of Isurus.
The trend within Isurus is obviously also driven by paleocli-
mate (cf. [3]). The oldest forms appear in cold water regions
and lived also in upwelling influenced oceans (Figure 8).
Isurus was no warm water form, obviously, which might
explain their reduction in some ocean areas, especially during
the warmer Maastrichtian periods. Finally this explains then
why I schoutendeni is found in Morocco (and not anymore
at other “classical older Isurus locality” regions globally),
in which northwestern African coast was under upwelling
influence. A similar relationship of paleocurrents and water
temperature trends was recently found in the “white sharks”
[3], which are believed to have evolved from Isurus, and
which were in the past also temperate to upwelling adapted
large sharks, instead Otodus (= megatooth shark) was the
warm water top predator that became extinct in global
cooling of the Pleistocene (cf. [3]).

6. Conclusions

The similarities of the asterospondylic vertebra, cartilage,
dermal denticle morphology in the cranial region, and tooth
morphology between upper Cretaceous I. appendiculatus, I.
denticulatus, 1. mantelli, and Modern I. oxyrinchus indicate
that the genus “Cretoxyrhina” is a junior synonym of Isurus.
The Cretaceous genus “Cretoxyrhina” was created based on
tooth morphology and presence, absence of cusplets on teeth
from Cenomanian deposits of Europe (southern Proto-North
Sea Basin) by Glickman (1957, 1964). Cretoxyrhina is revised
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here and synonymized with Isurus, which origin is believed
to have started such as other Neoselachians already in the
late Early Cretaceous. Tooth morphology changed strongly
within this genus. The taxonomy is only to understand
by including Cretaceous and Tertiary forms globally. This
revision of one of the largest sharks Isurus (= mackerel shark)
is based on similar and plesiomorphic shagreen denticle
types of the head region, which are strongly different in
Isurus and Lamna, in extinct and extant species. The dermal
denticles do not change during the Cenomanian to the
Campanian. All the fossil upper Cretaceous and modern
extant Isusus species have the 5 mm small rhomboidal cranial
dermal denticle type on the gill areas, with many more
enameloid parallel ridges in adult Cretaceous Isurus than
in recent adults of I. oxyrinchus with a trend to few ridge
reduction within the evolution. All the Late Cretaceous and
extant Isurus species possess a second, up to 2 mm drop/leaf-
shaped denticle type in the mouth to gill bar areas, also not
present with such forms in Lamna. A reducing of the lateral
cusps of the teeth started anteriorly during the Cenomanian;
also, the crown base became more prominent, especially on
the anterior teeth. Cartilage and vertebrae, in contrast, do
not appear to change in their morphology as in modern
species of Isurus, which is similar to Lamna. The possible
monophyletic series of the Cretaceous Isurus starts in the
late Early Cretaceous (pre-Albian), while the early forms,
between Albian to late Cenomanian, still show plesiomorphic
characters with the lamniform sharks, especially the aster-
ospondylic vertebra and tooth morphology: the teeth possess
cusplets on anterior to lateral and rarely on anterior teeth,
a possible nutritive cleft and central foramina at the root
base (I. appendiculatus). It is rectangular and flat within the
early to middle Cenomanian Isurus. In the latest Cenomanian
to late Turonian, I. denticulatus Glickman, 1957 has reduced
and sometimes absent cusplets on the anterior teeth and
first lateral teeth—which gave confusing to separate both to
two different “species” The stratigraphically younger valid
and by many skeletons best known I. mantelli Agassiz, 1833
from the Coniacian to Campanian has no cusplets at all
anymore, such as the Maastrichtian I. schoutendeni. During
the Cretaceous evolution of Isurus, the tooth morphology
changed from a catching to a cutting-type with a reduction
of the lateral cusps and the presence of broad tooth cusp
bases. This tooth morphology change correlates mainly with
the mosasaur evolution and biodiversity, whereas Isurus seem
to have specialized to scavenge on their carcasses globally.
With the extinction of mosasaurs, this had a strong impact
on a new “wave of the Isurus” evolution, which was seen
in former times as the “beginning of Isurus evolution.” This
indeed continued over the Cretaceous/Paleogene boundary,
and within Isurus; two new coevolutionary dentition changes
resulted from the adaptation to new marine prey, whales,
sirenians, and seals. Within the Paleocene Isurus, developed
a first serrated new form, which was the beginning of the
real white sharks. Possibly from the Eocene I. praecursor the
Miocene I. hastalis developed, which enlarged in another
trend only its teeth. From this, within Isurus, a second
serrated form developed with I. escheri in the Pacific only,
which became extinct in the Pleistocene. Also those serration
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evolution trends are correlated with waves and biodiversifica-
tion of marine mammal prey. In total, there are strong tooth
modifications within Irurus, cusplet appearing/disappearing,
crown enlarging, and serration—as coevolutionary trends to
marine reptile/mammal prey evolution, whereas logically the
shagreen and other skeletal characters stay plesiomorphic.
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