
19

* kriwet.smns@naturkundemuseum-bw.de 
1 † = extinct

2. Fossil Record and Origin of Squaliform Sharks
Jürgen Kriwet*

Staatliches Museum für Naturkunde, Rosenstein 1, 70191 Stuttgart, Germany

Stefanie Klug
Museum für Naturkunde, Humboldt-Universität zu Berlin, 

Invalidenstr. 43, D-10115, Berlin, Germany

Biology and Management of Dogfish Sharks, 19–38
© 2009 by the American Fisheries Society

Abstract.—Squaliform sharks constitute a monophyletic group of predominantly deep-water neose-
lachians. Their fossil record mainly consists of isolated teeth; complete skeletons or skeletal remains 
are very rare. The quality of the fossil record of squaliform sharks is analyzed using a phylogenetic 
hypothesis based on a supertree to establish the timing of cladogenetic events, those related to descent 
from a common ancestor, and gaps in the fossil record. The supertree is the most inclusive estimate of 
squaliform interrelationships that has been proposed to date and contains 23 fossil and extant members 
of all major groups. In addition, the simple completeness metric is used to examine the quality of the 
fossil record of squaliforms as an independent measure. Although different (48% and 61%, respectively), 
both measures indicate that the fossil record of squaliforms is very incomplete considering that most 
living and extinct squaliforms are deep-water sharks and corresponding sediments are very scarce. Gaps 
in the fossil record range from 5 to 100 million years. The most basal and stratigraphically oldest group 
within Squaliformes consists of Squalus and †Protosqualus1. The phylogenetic hypothesis indicates a 
gap in the fossil record of Squalus spp. of about 25–30 million years. Our results show a postJurassic 
origination of squaliforms in the shallow waters of the northern Tethyal margin. The hypothetical 
ancestor of squaliforms is characterized by two dorsal fin spines and absence of dignathic heterodonty 
(the morphology of upper and lower teeth differs significantly). Lower teeth are characterized by a 
slightly oblique basal root face and overlapping upper teeth. Although disappearance and appearance 
of organisms is a fact of life, the very long geologic range and success of Squalus highlights the need for 
very careful management of its current population crisis, which is due to causes that never occurred 
before in Earth’s history–the anthropogenetic impact.

Introduction
Dogfish sharks Squalus acanthias (the Squaliformes) 
are a highly diverse group of neoselachian sharks oc-
curring in coastal and oceanic, cool temperate, and 
deep tropical waters worldwide (Compagno 1999; 
Musick et al. 2004; Figure 1). They are common in 
the deep sea and include the largest predators that 
thrive in these ecosystems (Gartner et al. 1997). Most 
species are benthonic but many mesopelagic forms 
undertake nightly vertical migrations in search for 
food (Martin and Treberg 2002).

Although great progress has been made in the last 
few years with regard to resolving the phylogenetic re-
lationships of neoselachian sharks (e.g., Shirai 1992; 
Carvalho 1996; Carvalho and Maisey 1996; Maisey 
et al. 2004), the monophyly and interrelationships 
of Squaliformes are still debated (e.g., Maisey 1980; 
Shirai 1992, 1996; Carvalho 1996). We follow 
Carvalho’s (1996) arguments and deem squaliform 
sharks to constitute a monophyletic group, which 
is supported by four homoplastic characters (those 
being similar but not derived from a common ances-
tor): subnasal fenestra present; constrictor hyoideus 
dorsalis inserting partly on hyomandibula and partly 
on palatoquadrate; linearly arranged tooth rows 
with teeth overlapping each other; and dorsal fin 
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Figure 1.—Representative extant squaliform sharks considered in this study: (A) Squalus acanthias, (B) Centrophorus 
granulosus, (C) Deania calcea, (D) Aculeola nigra, (E) Centroscyllium fabrici, (F) Etmopterus spinax, (G) Miroscyllium 
shekoi, (H) Trigonognathus kabeyai, (I) Centroscymnus coelolepis, (J) Scymnodalatias sherwoodi, (K) Scymnodon ringens, 
(L) Somniosus microcephalus, (M) Oxynotus centrina, (N) Dalatias licha, (O) Euprotomicroides zantedeschia, (P) Euptro-
tomicrus bispinatus, (Q) Isistius labialis, (R) Squaliolus laticaudus. Drawings of teeth in Figures A–C, E, I, K, M–N, 
and P from Ledoux (1970). Drawings of body outlines modified from Compagno et al. (2005) if not otherwise 
stated. Figures not to scale.
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skeleton composed of basal cartilage and finspine. Six 
families (Squalidae, Centrophoridae, Etmopteridae, 
Somniosidae, Oxynotidae, and Dalatiidae), with 98 
extant species, are recognized at present within the 
order Squaliformes. The monogeneric family Echi-
norhinidae is excluded from squaliforms based on 
odontology (Pfeil 1983; Herman et al. 1989), skeletal 
features (Shirai 1992; Carvalho 1996), and molecular 
evidence (Bernardi and Powers 1992).

The fossil record of squaliforms consists pre-
dominantly of isolated teeth and dates back to the 
Barremian (Early Cretaceous), ca. 125 million years 
ago (Cappetta 1987). Articulated fossil skeletons are 
only known from Late Cretaceous limestone deposits 
of Lebanon (e.g., Cappetta 1980; Figure 2). Fossil 
selachian taxonomy based on teeth is useful for re-
constructing the fossil record of past diversity, but 
is rarely utilized to infer phylogenetic relationships, 
mainly due to the fact that convergences in tooth 
structures are common. Moreover, the character sets 
from teeth that can be coded in cladistic analyses 
are generally limited. In this respect, squaliforms 
are exceptional, because their dentition typically 
displays high morphological variation and specializa-
tion (Figures 1 and 3). Adnet and Cappetta (2001) 
were the first to use these differences to propose a 
phylogenetic hypothesis of fossil and extant squali-
form sharks based on odontological characters and 
cladistic principles, and also the first to discuss the 
length of ghost-lineages (lineages inferred by gaps 
in the fossil record) for the clades. Although their 
work certainly represents the most comprehensive 
phylogenetic analysis based exclusively on dental 
characters for any neoselachian group including 
fossil and extant members, there are major problems 
with coding based on outgroup composition. The 
outgroup we used was considered monophyletic and 
includes some taxa with Pristiophorus as the root of 
the cladogram (conversely to Adnet and Cappetta 
2001, who used a basal polytomy). Consequently, all 
its character states were changed to the plesiomorphic 
condition [0]. This procedure required the re-coding 
of ten characters of Adnet and Cappetta (9, 10, 14, 
15, 18, 19, 23, 26, 27, 29). The hypothetical back-
ground of supertree analyses is explained in Baum 
and Ragan (2004). The resulting supertree, which is 
based on several partial phylogenetic hypotheses, is 
the most inclusive hypothesis combining fossil and 
extant taxa to date, and so is employed to establish 
the quality of the fossil record of squaliform sharks. 
The purpose of this paper is twofold: to examine 

the quality of the fossil record of squaliform sharks 
and to discuss the fossil record and origin of the 
Squaliformes and the genus Squalus, which is the 
most plesiomorphic member of this order.

Methods and Data
The quality of the fossil record of squaliform sharks 
is tested by applying the simple completeness metric 
(SCM) of Benton (1987) and using the supertree 
of squaliform interrelationships. This approach is 
advantageous because it disregards cladogenetic 
events but considers Lazarus taxa that must have 
been present in a certain stage (based on older and 
younger occurrences of this taxon) but have not yet 
been recorded from the fossil record. The SCM is 
assumed to be a measure that considers several fac-
tors contributing to the completeness of the fossil 
record, including sediment volume deposited during 

Figure 2.—Articulated fossils of squaliform †Centrosqua-
lus primaevus from Santonian (Upper Cretaceous) of Sa-
hel Alma, Lebanon: (A) Specimen BMNH P. 9469. (B) 
Specimen BMNH P. 4859. (C) Specimen BMNH P. 
4779. All scale bars equal 1.0 cm.
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a given stage, area of exposure, and intensity of palae-
ontological research (Benton 1987, 1998; Fara and 
Benton 2000). For calculating the quality of the fossil 
record, all known fossil occurrences are summed up 
and then divided by the sum of all known plus all 
Lazarus occurrences.

For the supertree, we combined the topologies 
of eleven phylogenetic hypotheses using three types 
of data sets: odontological characters (Adnet and 
Cappetta 2001; unpublished data from the authors), 
morphological features (Carvalho 1996; Carvalho 
and Maisey 1996; Shirai 1996), molecular data 
(Douady et al. 2003; Maisey et al. 2004; Winchell 
et al. 2004; unpublished data from the authors), and 
combined morphological–molecular data (Maisey et 
al. 2004). The supertree was constructed using the 
MPR approach (Baum and Ragan 2004) at genus 
level, including 23 ingroup taxa, six of which are 
known only from the fossil record (†Cretascymnus, 

†Eoetmopterus, †Microetmopterus, †Paraphorosoides, 
†Proetmopterus, and †Protosqualus). Echinorhinus or 
a combined outgroup was used to root the source 
trees. 

In this analysis, each node (branching point be- 
tween two taxa) is treated as a character. For the exact 
procedure see Baum and Ragan (2004). Currently, 
the supertree approach provides the best prospect to  
combine information regarding fossil organisms, 
which are known only from isolated skeletal parts, 
with that of extant taxa for which many anatomical 
and molecular data are available. Here, the supertree 
is used to assume that each node represents a clado- 
genetic event and that sister groups with the same an-
cestor, characterized by a dichotomy, must have origi-
nated at the same time. The oldest representatives  
of both sister taxa should occur in the same sediment 
layer if the fossil record is complete. To quantify the 
fossil record, we summed up the actual stratigraphic 
range of all lineages and the minimal time of the 
evolutionary lines based on the ghost-lineages. Both 
values are added and then divided by the sum of 
actual occurrences. The result indicates the complete-
ness of the fossil record as a percentage.

Results
Phylogenetic hypothesis

The supertree resulting from combining published 
partial phylogenetic hypotheses (Figure 4) represents 
the most inclusive estimate of squaliform inter-
relationships to date, showing 23 out of about 35 
known fossil and extant genera. The results presented 
here are in general agreement with most published 
phylogenetic hypotheses and differ only slightly from 
others. According to our hypothesis, Squaliformes 
is composed of six monophyletic groupings of fam-
ily rank; Squalidae (Squalus and †Protosqualus) is 
separated at the deepest branching level from all 
other squaliforms according to this reconstruction. 
The arrangement of Squalidae and Centrophoridae 
in our supertree differs from that of previously 
published phylogenetic trees but the basal position 
of Squalidae and Centrophoridae in our study is 
congruent with Carvalho (1996) and Carvalho and 
Maisey (1996).

Our study shows a sister group relationship be-
tween Oxynotidae and Somniosidae, which is also 
found by Carvalho and Maisey (1996) and Shirai 
(1996). However, Somniosidae sensu Shirai (1996) 
is not monophyletic, according to our hypothesis.

Figure 3.—Representative teeth of fossil squaliforms. (A) 
Lower and upper tooth of †Cretascymnus westfalicus. 
Modified from Thies and Müller (1993, fig. 14b) and 
Müller (1989, pl. 23, fig. 3b). (B) Lower tooth of †Eoet-
mopterus supracretaceus. Modified from Thies and Müller 
(1993, fig. 6b). (C) Lower and upper tooth of †Para-
phorosoides ursulae. Modified from Thies and Müller 
(1993, figs. 10b, 8b). (D) Upper and lower tooth of †Mi-
croetmopterus wardi. Modified from Siverson (1993, pl. 3 
figs. 3, 11). (E) Upper and lower tooth of †Proetmopterus 
hemmooriensis. Modified from Siverson (1993, pl. 4, figs. 
2, 6). (F) Lower tooth of †Protosqualus cf. P. sigei. Modi-
fied from Müller and Diedrich (1991, pl. 15, fig. 6a).



Fossil Record and Origin of Squaliform Sharks

23

Figure 4.—Phylogenetic supertree resulting from combination of published partial phylogenetic hypotheses and 
stratigraphic information. Thick bars correspond to confirmed stratigraphic distribution of taxa, thin bars represent 
ghost-lineages (gaps in fossil records). First occurrences of taxa are used to infer minimum ages of cladogenetic events. 
Stratigraphic ages are from Gradstein et al. (2004). Tree length is 110 steps. The consistency index (CI) of each MPT 
is 0.73, the retention index (RI) is 0.86. Numbers indicate monophyletic groups. 1 = Squalidae, 2 = Centrophoridae, 
3 = Oxynotidae, 4 + 4’ = Somniosidae (sensu Shirai 1996, Adnet and Cappetta 2001), 5 = Dalatiidae, 6 = Etmopteri-
dae. Note the unresolved relationships of †Microetmopterus and †Proetmopterus and within Etmopteridae. Squalidae is 
the sister group to a clade containing all other squaliforms.
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The interrelationships of Etmopteridae (Figure 
4) are unresolved in this phylogenetic tree, but the 
composition resembles that seen in previous analyses. 
The assignment of †Eoetmopterus to Etmopteridae 
(Müller and Schöllmann 1989) is based on odonto-
logical evidence alone and indicates that this group 
originated in the Early Cretaceous, some 110 mil-
lion years ago. Cladogenesis between Dalatiidae and 
Etmopteridae must have occurred some 95 million 
years ago, although the fossil record of Dalatiidae 
extends back only to the Paleocene. The strati-
graphic age of †Eoetmopterus also supports a similar 
time of origination for Dalatoidei (Figure 4). The 
phylogenetic hypothesis presented here indicates a 
postJurassic origin of Squaliformes.

Fossil record
Stratigraphic occurrences of squaliforms were 
extracted from a vast literature record (e.g., Cap-
petta 1987; Cappetta et al. 1993; Underwood and 
Mitchell 1999, 2004; Adnet and Cappetta 2001 
and references therein; Cappetta and Adnet 2001; 
and Kriwet and Benton 2004). The data are sum-
marized in Appendix 1. Calibration of taxon ranges 
based on the supertree of squaliforms with the fossil 
record (Figure 4) produces approximately 800 mil-
lion years of known fossil ranges of the order and 
873 million years of evolutionary lines based on 
ghost-lineages, indicating a significant Lazarus effect 
(Jablonski 1986). 

The calculated relative completeness of the fossil 
record of squaliform genera is accordingly 47.81%, 
which suggests a very incomplete fossil record for 
this group. Ghost lineages, representing gaps in the 
fossil record, range from some 5.5 to nearly 100 
million years. This contradicts the interpretation of 
Adnet and Cappetta (2001) that stratigraphic gaps 
in the fossil record of squaliforms do not exceed 20 
million years.

For calculating the SCM of squaliform sharks, 
we generated a matrix of 223 squaliform records at 
genus level, ranging from the Barremian to the Pleis-
tocene. We excluded extant occurrences to minimize 
“the pull of the Recent” (e.g., Smith 2001). Of these 
records, 137 were known fossil distributions; the 
remaining 86 records represent Lazarus occurrences. 
A SCM for the entire fossil record of squaliforms is 
137/223 = 61.43%. This value is considerably better 
than that achieved from the phylogenetic approach. 
However, it also testifies to the rather incomplete 
fossil record of squaliforms with large gaps in the 

stratigraphic distribution. The SCMs for all stages 
analyzed are shown in Table 1. The Coniacian and 
Santonian were combined because of very poor in-
formation and data on Coniacian occurrences.

Fossil record and origin of Squalus species
The most basal group within Squaliformes is 
Squalidae. This group is characterized by a dignathic 
homodonty, which is considered here to represent 
the plesiomorphic condition within Squaliformes. 
Other squalid taxa show very weak or lack of dig-
nathic heterodonties, including Centrophoroides 
and Centrosqualus, indicating that this feature is 
homoplastic. Currently, eight extant species of 
Squalus are recognized (Compagno et al. 2005) with 
six additional unnamed species. The occurrences of 
most extant species are quite restricted. Spiny dog-
fish, shortnosed dogfish S. megalops, and shortspined 
dogfish S. mitsukurii are the only extant members 
of this group with almost world-wide distributions. 
Spiny dogfish, the most common modern Squalus 

Stage    SCM

Pleistocene 5.88%

Pliocene 57.73%

Miocene 69.72%

Oligocene 37.73%

Eocene 88.90%

Palaeocene 45.54%

Maastrichtian 91.67%

Campanian 85.71%

Coniacian-Santonian 37.50%

Turonian 50.00%

Cenomanian 100.00%

Albian 100.00%

Aptian 0.00%

Barremian 100.00%

Table 1.—Simple completeness metric (SCM) values of 
squaliform fossil record per stratigraphic unit. Barremian 
and Aptian stages are excluded because of the presence of 
a single taxon and single Lazarus occurrence respectively. 
For occurrences and references see Appendix 1.
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representative, occurs in boreal to warm-temperate 
oceans from the intertidal zone down to at least 900 
m (probably down to 1,446 m) of the upper conti-
nental and insular slopes. It is an epipelagic shark in 
cold waters, usually found near the bottom, and it 
may enter bays and estuaries (Compagno et al. 2005; 
see Hauser 2009, this volume, for a genetically based, 
contemporary perspective on distribution).

The general dental morphology of Squalus spp. 
has not changed since their first appearance in the 
fossil record, making identification of fossil species 
very difficult. Siverson (1993) argued that important 
ontogenetic and sexual variations in tooth morpholo-
gies hamper the identification of nominal fossil spe-
cies. However, the extent of dental variations through 
ontogeny, between sexes, and within and between 
different populations has not yet been analyzed or 
tested. The only available study on dental variations 
within Squaliformes is that of Straube (2006), who 
analyzed tooth sets of extant Etmopterus species.

Teeth of Squalus spp. are generally characterized 
by low crowns with well-developed labial aprons, 
lingual uvulae, and low roots, generally with an 
infundibulum (Cappetta 1987; Herman et al. 
1989; Cappetta and Adnet 2001). However, there 
might be a thin bridge present separating two axial 
foramina in different tooth positions of extant and 
fossil Squalus spp. Consequently, presence or absence 
of a root infundibulum is not a sufficient feature  
for taxonomic purposes. 

We found the most useful character for identify-
ing fossil Squalus spp. represented by teeth alone to 
be the morphology of the root, which is usually very 
generalized within Squaliformes but differs between 
species. The form and angle of the basal face might 
represent one of the most useful characters for 
separating fossil taxa (Siverson 1993). Using these 
features, it is possible to assign fossil species within 
the genus Squalus.

To date, 14 fossil Squalus species have been de-
scribed. In addition, S. acanthias and a species very 
close to S. megalops occur in the Miocene (ca. 13–15 
Ma) of central Europe (Ledoux 1972). The oldest 
teeth of Squalus spp. were, however, reported from 
Cenomanian strata (ca. 94 Ma) of England (Under-
wood and Mitchell 1999). These teeth display very 
similar morphologies to teeth of the modern Squalus 
acanthias. Additional Late Cretaceous records are 
from the Campanian (ca. 75–72 Ma) of western 
Germany (†S. vondermarcki, Müller and Schöllmann 
1989), Wyoming (†S. worlandensis, Case 1987), 

and Texas (Squalus sp., Welton and Farish 1993); 
Campanian-Maastrichtian (ca. 70 Ma) of Angola 
(†S. aff. S. vondermarcki, Antunes and Cappetta 
2002); and Maastrichtian (ca. 68 Ma) of Sweden 
(†S. ballingsloevensis, †S. balsvikensis, †S. gabrielsoni, 
Siverson 1993) and Texas (†S. huntensis, Case and 
Cappetta 1997).

In the Palaeogene (65–23 Ma), Squalus spp. are 
widespread but mainly known from Europe, USA, 
and Morocco (Appendix 1). Most remains are as-
signed to †S. minor, †S. crenatidens, or †S. alsaticus. 
The oldest remains of S. acanthias and S. megalops, or 
closely related species, are from the Miocene (13–15 
Ma) of central and northern Europe (Scandinavia, 
Germany, Netherlands, France). Squalus remains 
also are quite common in Miocene deposits of the 
USA: †S. occidentalis occurs in Pacific coast deposits 
whereas †S. cubensis is known from Florida and the 
Caribbean. The oldest records of a species closely 
related to S. acanthias in northern America are from 
the Eocene (ca. 50 Ma) of the eastern coastal plains 
(Müller 1999) and lower Pliocene (5 Ma) of the Lee 
Creek mine, North Carolina. In the Pleistocene, un-
disputable teeth of S. acanthias occur in Pleistocene 
sediments in Orange County, California (J. Kriwet. 
personal observation, San Diego Natural History 
Museum collection).

The genus Squalus is closely related to †Protosqua-
lus based on the presence of a slightly oblique basal 
root face in lower teeth and overlapping of upper 
teeth. Together they form a monophyletic group-
ing, the Squalidae (e.g., Adnet and Cappetta 2001: 
note that the genera Cirrhigaleus and Megasqualus 
are considered here to represent junior synonyms of 
Squalus). Because the oldest record of †Protosqualus 
is from the Barremian of Germany some 125 million 
years ago, the origin of Squalidae must have been at 
least in the Early Cretaceous. This indicates that there 
is a gap in the fossil record of Squalus resulting in a 
ghost-lineage of about 25–30 million years.

The basal sister taxon of Squaliformes is supposed 
to be †Protospinax from the Middle to Late Jurassic 
of Europe; †Protospinax, however, is not a member 
of Squalimorphii (Carvalho and Maisey 1996). Con-
sequently, this taxon cannot be considered to be the 
ancestor of Squaliformes (Adnet and Cappetta 2001; 
Kriwet and Klug 2004). In our analyses, we used 
extant neoselachians (e.g., Pristiophorus) as outgroup 
because of the possibility of attaining molecular 
sequences for character polarization.



Kriwet and Klug

26

Discussion and Conclusions
Most extant and fossil squaliforms possess a rather 
high degree of dental variation (Figures 1 and 2). 
These differences permit the recognition of a suite 
of characters that can be analyzed with phylogenetic 
methods and used to infer their fossil record and 
evolutionary patterns or processes. However, the 
odontological features of several extant taxa remain 
incompletely documented, and many fossil taxa are 
still too poorly known to provide useful data. Phy-
logenetic studies such as that of Adnet and Cappetta 
(2001) and that of the present study (Figure 4) can 
highlight the importance of dental characters in 
resolving squaliform interrelationships.

The quality of the general fossil record of or-
ganisms has been debated considerably in recent 
decades. Whereas many analyses have been carried 
out to assess the quality of the fossil record of tet-
rapods (e.g., Fara and Benton 2000; Fountaine et 
al. 2005), assumptions on the completeness of the 
fossil record of neoselachians are scarce and generally 
ambiguous. Shirai (1996) assumed the fossil record 
of neoselachians to be incomplete; whereas Maisey 
et al. (2004) concluded that the fossil record of 
neoselachians might not be too poor when molecu-
lar phylogenies are tested against the stratigraphic 
distribution of taxa, although morphology-based 
phylogenies conversely indicate relatively large gaps 
in the fossil record, as is also exemplified for squali-
forms by Adnet and Cappetta (2001) and in this 
study. Kriwet and Benton (2004) conducted SCM to 
infer the quality of the fossil record of neoselachians 
and concluded that their fossil record across the K/T 
boundary (Maastrichtian = 94% and Danian = 85%) 
is undeniably good.

Our phylogenetic hypothesis based on the 
supertree provides information not only on squali-
form interrelationships but also on the timing of 
cladogenetic events. In addition, the quality of the 
fossil record of squaliforms can be deduced from 
the supertree. We assume a postJurassic origination 
of squaliform sharks in the shallow waters of the 
Tethyal margin. Two dorsal fin spines and absence 
of a dignathic dental heterodonty characterize the 
hypothetical ancestor of Squaliformes. This is in-
dependently supported by the provenance of †Pro-
tosqualus in the Barremian. To date, no compelling 
older fossil of any squaliform has been reported and, 
considering that †Protospinax is not a squaliform 
(Kriwet and Klug 2004), the order Squaliformes 

seems to have evolved in the earliest Cretaceous. 
The similarities between squaliform sharks and the 
Triassic genus †Pseudodalatias in dental morphology 
are considered to be convergent (Cuny and Benton 
1999). However, with regard to the discussion of the 
quality of the fossil record of squaliforms, which is 
quite incomplete, it is important to note that this 
interpretation might change in the future when more 
work has been carried out on small-toothed selachian 
assemblages from various environmental settings of 
Early Cretaceous and Late Jurassic age.

Most fossil and living squaliform sharks are typi-
cal deep-water sharks, although many may have been 
able to thrive in shallow coastal waters. The long gaps 
in the fossil history as indicated by our analyses can 
be explained by the scarcity of deep-water deposits 
yielding micro-teeth of sharks.

The rather poor quality of the squaliform fossil 
record expressed by the supertree is not supported by 
the SCM, although this measure might not give an 
appropriate measure of the relative incompleteness 
of the fossil record (Benton 1987). The relatively 
high amount of Lazarus occurrences (86) indicates 
that the fossil record for several stages is probably 
less complete than the SCM of about 61% might 
indicate (e.g., in the Danian [SCM = 25%], latest 
Eocene [SCM = 40%], Oligocene [SCM = 38%], 
and Pleistocene [SCM = 6%]) (Table 1). It is note-
worthy that the quality of the squaliform fossil record 
is much better for the Cretaceous (SCM = 71% on 
average) than for the Cenozoic (SCM = 57% on aver-
age) despite the fact that there is more Cenozoic rock 
volume and preserved area that might yield material. 
However, the rocks available for exploration were 
predominantly deposited in shallow marine settings 
rather than in the deep sea; some question whether 
the lithologic record is in fact sufficient enough to 
accept observed oscillations as reflecting the actual 
pattern (e.g., Gregor 1985; Wilkinson and Walker 
1989; Wold and Hay 1990; Signor 1990; Peters and 
Foote 2001). Consequently, small-toothed squali-
forms, which are assumed to have primarily occurred 
in bathyal environments, are comparably rare ele-
ments in most selachian assemblages. Nevertheless, 
the fossil record of squaliforms is also very good in 
several Cenozoic stages (e.g., middle Eocene [SCM = 
90%], Miocene [SCM = 70% on average], and early 
Pliocene [SCM = 84%]). The very complete fossil 
record of squaliforms during these stages certainly 
corresponds to more extensive research conducted in 
those strata (e.g., Adnet 2006). The rather good fossil 
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record of squaliforms in the Cenomanian, Campa-
nian, and Maastrichtian seems to correlate with the 
occasionally high abundance in relatively shallow 
water marine environments (Siverson 1993; Siverson 
and Cappetta 2001; personal observation) and we 
assume a considerable shift of ecological adaptation 
from shallow waters into deep-sea environments at 
the K/T boundary.

In conclusion, it is important to note that, al-
though the quality of the fossil record of squaliforms 
for particular stages seems to be exceptionally good, 
the overall record of the order must be regarded 
as more or less incomplete. A taxonomic count of 
squaliform genera reveals that the diversity of squali-
forms compared to that of other neoselachian groups 
is low (Kriwet and Benton 2004). The low diversity 
and the gaps in the fossil record expressed by the 
ghost-lineages might be a result of the absence of suit-
able sediments containing remains of squaliforms; it 
may also indicate that more palaeontological research 
into small-toothed selachian assemblages is required 
to gain better insights into the changes in diversity 
over time and evolutionary patterns and processes of 
squaliforms. Finally, we stress that Squalus has a very 
long geologic range, and many species have appeared 
and disappeared in the past. Disappearance is a fact 
of life, but the long evolutionary history and success 
of this taxon also highlights the need for careful man-
agement of its current population crisis due to causes 
that never occurred before in earth’s history—the 
anthropogenetic impact (see Hauser 2009).

Recently, Adnet et al. (2008a) published a revi-
sion of Albian and Cenomanian squaliform sharks 
from Lithuania, introducing a new genus, Protocen-
trophorus, for Centrophorus balticus Dalinkevicius 
1935. This taxonomic change, however, does not 
alter our analyses or results. In an additional paper, 
Adnet et al. (2008b) provided a phylogenetic tree of 
extant squaliforms calibrated with their stratigraphic 
occurrences. They concluded that the origin of these 
deep-water sharks must have occurred in the Early 
Cretaceous (similar to our analysis). However, the 
interrelationships of most groups within Squali-
formes are not resolved and differ significantly from 
our analysis presented here. This is mainly related to 
the exclusion of extinct taxa.

Acknowledgments
We are grateful to G. Arratia (University of Kan-
sas, Lawrence, USA), P. Bartsch (Museum für 

Naturkunde, Berlin, Germany), T. Demére (San 
Diego Natural History Museum, USA), P. Forey and 
M. Richter (The Natural History Museum London, 
U.K.), and U. Schliewen (Zoologische Staatssam-
mlung, Munich, Germany) for access to fossil and 
extant squaliform taxa in their collections. F. Pfeil 
(Munich, Germany) is acknowledged for sharing 
his knowledge on fossil squaliform teeth with us 
and providing comparative material. We are deeply 
indebted to M. J. Benton (Bristol, U.K.) for intro-
ducing and discussing methodological approaches. 
Thanks are due to W. Kiessling (Museum für 
Naturkunde, Berlin, Germany) for information on 
the quality of the Phanerozoic sedimentary record. 
The two anonymous reviewers are acknowledged 
for their thorough reviews and helpful suggestions. 
Financial support for this study was provided by 
the German Scientific Foundation (DFG) and by a 
Synthesis grant to J. Kriwet.

References
Adnet, S. 2006. Nouvelles faunes de sélaciens (Elasmo-

branchii, Neoselachii) de l’Eocène moyen des Landes 
(Sud-Ouest, France). Implications dans la connaissance 
des communautés de sélaciens d’eaux profondes. Palae-
oichthyologica 10:5–128. 

Adnet, S., and H. Cappetta. 2001. A palaeontological and 
phylogenetical analysis of squaliform sharks (Chondrich-
thyes: Squaliformes) based on dental characters. Letheia 
34:234–248.

Adnet, S., H. Cappetta, and R. Mertiniene. 2008a. Re-evaluat-
ion of squaloid shark records from the Albian and Cenoma-
nian of Lithuania. Cretaceous Research 29:711–722.

Adnet, S., H. Cappetta, and J. Reynders. 2008b. Contribu-
tion of Eocene sharks and rays from southern France to 
the history of deep-sea selachians. Acta Geologica Polonica 
58:257–260. 

Antunes, M. T., and S. Jonet. 1970. Requins de l’Helvétien 
supérieur et du Tortonien de Lisbonne. Revista da Facul-
dade de Ciencias de Lisboa 16:119–280.

Antunes, M. T., and H. Cappetta. 2002. Sélaciens du Cré-
tacé (Albien-Maastrichtien) d’Angola. Palaeontographica 
264:85–146.

Antunes, M. T., A. C. Balbino, and H. Cappetta. 1999. Séla-
ciens du Miocène terminal du Bassin d’Alvalade. Essai de 
synthèse. Ciençias da Terra (UNL) 13:115–129.

Arambourg, C. 1952. Les vertebras fossils des gisements de 
phosphates (Maroc–Algérie–Tunisie). Notes et Mémoires 
du Service géologique du Maroc 92:1–372.

Balbino, A. C. 1995. Selaceos (Pisces) do Miocénico terminal 
da bacia de Alvalade. Doctoral thesis, University of Évora, 
Évora, Portugal.

Baum, B. R., and M. A. Ragan 2004. The MPR method. 
Pages 17–34 in O. R. P. Bininda-Emonds, editor. Phylo-
genetic supertrees. Combining information to reveal the 



Kriwet and Klug

28

tree of life. Kluwer Academic Publisher, Dordrecht, The 
Netherlands.

Baut, J.-P., and B. Genault. 1995. Contribution à l’étude des 
élasmobranches du Thanétien (Paléocène) du Bassin de 
Paris. 1. Découverte d’une faune d’é lasmobranches dans 
la partie supérieure des Sables de Bracheux (Thanétien, 
Paléocène) des régions de Compiègne (Oise) et de Mont-
didier (Somme). Belgian Geological Survey, Professional 
Papers 278:185–259.

Benton, M. J. 1987. Mass extinctions among families of 
non-marine tetrapods: the data. Mémoirs de la Société 
Géologique de France N.S 150:21–32.

Benton, M. J. 1998. The quality of the fossil record of the verte- 
brates. Pages 269–303 in S. K. Donovan and C. R. C. Paul,  
editors. The adequacy of the fossil record. Wiley, New York.

Bernardi, G., and D. A. Powers. 1992. Molecular phylogeny 
of the prickly shark, Echinorhinus cookei, based on a nuclear 
(18S rRNA) and a mitochondrial (cytochrome b) gene. 
Molecular Phylogenetics and Evolution 1:161–167.

Bigelow, P. K. 1994. Occurrence of a squaloid shark (Chon-
drichthyes: Squaliformes) with the pinniped Allodesmus 
from the Upper Miocene of Washington. Journal of Pale-
ontology 68:680–684.

Bosch, M. van den. 1978. On shark teeth and scales from the 
Netherlands and the biostratigraphy of the Tertiary of the 
eastern part of the country. Mededelingen van de Werk-
groep voor Tertiaire en Kwartaire Geologie 15:129-136.

Brugghen, W. van der. 1992. Over recente en fossiele tanden 
van de haai Somniosus microcephalus. Grondboor en Hamer 
2:12–15.

Cappetta, H. 1970. Les Sélaciens du Miocène de la région 
de Montpellier. Palaeovertebrata, Mémoire extraordinaire 
1970:1–139.

Cappetta, H. 1977. Observations sur quelques sélaciens du 
Crétacé supérieur d’Angleterre avec la description d’un 
genre nouveau. Geobios 10:479–485.

Cappetta, H. 1980. Les sélaciens du Crétacé supérieur du 
Liban. I. Requins. Palaeontographica A 168:69–229.

Cappetta, H. 1987. Chondrichtyes II. Mesozoic and Cenozoic 
Elasmobranchii. Pages 1–193 in H.-P. Schultze, editor. 
Handbook of paleoichthyology, volume 3B. Gustav Fischer 
Verlag, Stuttgart.

Cappetta, H., and S. Adnet. 2001. Découverte du genre 
actuel Trigonognathus (Squaliformes: Etmopteridae) dans 
le Lutétien des Landes (sud-ouest de la France). Remarques 
sur la denture de l’espèce actuelle Trigonognathus kabeyai. 
Paläontologische Zeitschrift 74:575–581.

Cappetta, H., C. Duffin, and J. Zidek. 1993. Chondrichthyes. 
Pages 593–609 in M. J. Benton, editor. The fossil record 
2. Chapman and Hall, London.

Cappetta, H., J. Granier, and J.-C. Ledoux. 1967. Deux 
faunes de sélaciens du Miocène méditerranéen de France 
et leur signification bathymétrique. Comptes rendus 
sommaires des séances de la Société géologique de France 
7:292–293.

Carvalho, M. R. de. 1996. Higher-level elasmobranch phy-
logeny, basal squaleans, and paraphyly. Pages 35–62 in M. 
K. J. Stiassney, L. R. Parenti, and G. D. Johnson, editors. 
Interrelationships of fishes. Academic Press, San Diego.

Carvalho, M. R. de, and J. G. Maisey. 1996. Phylogenetic rela-
tionships of the Late Jurassic shark Protospinax Woodward 
1919 (Chondrichthyes: Elasmobranchii). Pages 9–46 in G. 
Arratia, and G. Viohl, editors. Mesozoic fishes–systematics 
and paleoecology Verlag Dr. Friedrich Pfeil, Munich.

Case, G. R. 1987. A new selachian fauna from the Late Cam- 
panian of Wyoming (Teapot Sandstone Member, Mesaverde  
Formation, Big Horn Basin). Palaeontographica A 
197:1–37.

Case, G. R., and H. Cappetta. 1997. A new selachian fauna 
from the Late Maastrichtian of Texas (Upper Cretaceous/
Navarroan; Kemp Formation). Münchner Geowissen-
schaftliche Abhandlungen A 34:131–189.

Case, G. R., N. I. Udovichenko, L. A. Nessov, A. O. Averi-
anov, and P. D. Borodin. 1996. A middle Eocene selachian 
fauna from the White Mountain Formation of the Kizyl-
kum Desert, Uzbekistan, C.I.S. Palaeontographica Abt A 
242:99–126.

Cigala Fulgosi F. 1986. A deep water elasmobranch fauna 
from a Lower Pliocene outcropping (Northern Italy). Pages 
133–139 in T. Uyeno, R. Arai, T. Taniuchi, and K. Mat-
suura K., editors. Indo-Pacific fish biology: proceedings of 
the second international conference on Indo-Pacific fishes. 
Ichthyological Society of Japan, Tokyo.

Cigala Fulgosi, F. 1988. Additions to the Pliocene fish fauna 
of Italy. Evidence of Somniosus rostratus (Risso, 1826) 
from the foot-hills of the Northern Apennines (Parma 
Province, Italy) (Chondrichthyes, Squalidae). Tertiary 
Research 10:101–106.

Cigala Fulgosi, F. 1996. Rare oceanic deep water squaloid 
sharks from the Lower Pliocene of the Northern Apennines 
(Parma Province, Italy). Bolletino della Società Paleonto-
logica Italiana 34:301–322.

Compagno, L. J. V. 1999. Checklist of living elasmobranchs. 
Pages 471–498 in W. C. Hamlett, editor. Sharks, skates and 
rays: the biology of elasmobranch fishes. Johns Hopkins 
University Press, Baltimore.

Compagno, L. J. V., M. Dando, and S. Fowler. 2005. A 
field guide to the sharks of the world. Harper Collins, 
London.

Cuny, G., and M. J. Benton. 1999. Early radiation of 
the neoselachian sharks in western Europe. Geobios 
32:193–204.

Dalinkevicius, J. A. 1935. On the fossil fishes of the Lithu-
anian chalk. I. Selachii Mémoires de la Faculté des Sciences 
de l´Universitè de Vytautas le Grand 1935:245–305.

Douady, D. J., M. Dosay, M. S. Shivji, and M. J. Stanhope. 
2003. Molecular phylogenetic evidence refuting the hy-
pothesis of Batoidea (rays and skates) as derived sharks. 
Molecular Phylogenetics and Evolution 26:215–221.

Dutheil, D. B. 1991. A checklist of Neoselachii (Pisces, 
Chondrichthyes) from the Palaeogene of the Paris Basin. 
Tertiary Research 13:27–36.

Dutheil, D., F. Moreau, and V. Delhaye-Prat. 2002. Cycle 
sédimentaire et vertebras d’une formation peu connue du 
Bassin de Paris l’unité des Sables de Bourguillemont (Oise, 
France) (Paléocène supérieur). Geodiversitas 24:753–764.

Fara, E., and M. J. Benton. 2000. The fossil record of Creta-
ceous tetrapods. Palaios 15:161–165.



Fossil Record and Origin of Squaliform Sharks

29

Fountaine, T. M. R., M. J. Benton, G. J. Dyke, and R. L. 
Nudds. 2005. The quality of the fossil record of Me-
sozoic birds. Proceedings of the Royal Society, Series B 
272:289–294.

Freess, W. B. 1991. Elasmobranchii und Teleostei des 
Sternberger Gesteins (Oberoligozän). Archiv für Geschie-
bekunde 1:131–216.

Gartner, J. V. Jr., R. E. Crabtree, and K. J. Sulak. 1997. Feed- 
ing at depth. Pages 115–194 in D. J. Randall and A. P. Far-
rell, editors. Deep-sea fishes. Academic Press, San Diego.

Gradstein, F. M., J. G. Ogg, A. G. Smith, F. P. Agterberg, W. 
Bleeker, R. A. Cooper, V. Davydov, P. Gibbard, I. A. Hin-
nov, and M. R. House. 2004. A geologic time scale 2004. 
Cambridge University Press, Cambridge, UK.

Gregor, C. B. 1985. The mass-age distribution of Phanerozoic 
sediments. Pages 284–289 in N. J. Snelling, editor. The 
chronology of the geologic record. Geological Society of 
America, Memoir 10, Boulder, Colorado.

Gurr, P. R. 1962. A new fish fauna from the Woolwich Bot-
tom Bed (Sparnacian) of Herne Bay. Kent Proceedings of 
the Geological Association 72:419–447.

Hauser, L. 2009. The molecular ecology of dogfish sharks. 
Pages 229–252 in V. F. Gallucci, G. A. McFarlane, and G. 
G. Bargmann, editors. Biology and management of dogfish 
sharks. American Fisheries Society, Bethesda, Maryland. 

Herman, J. 1977. Les sélaciens des terrains néocrétacés et pa-
leocenes de Belgique et des contrées limitrophes—eléments 
d’une biostratigraphique inter-continentale. Mémoires 
pour sérvir à l’ explication des cartas géologuiques et 
miniers de la Belgique. Service Géologique de Belgique 
15:1–401.

Herman, J., Hovestadt-Euler, M., and D. C. Hovestadt. 1989. 
Part A: Selachii. No. 3: Order: Squaliformes. Families: 
Echinorhinidae, Oxynotidae and Squalidae. Pages 101–157 
in M. Stehmann, editor. Contributions to the study of the 
comparative morphology of teeth and other relevant ich-
thyodorulites in living supraspecific taxa of chondrichthyan 
fishes. Bulletin de l’Institut Royal des Sciences Naturelles 
de Belgique 59, Brussels.

Jablonski, D. 1986. Causes and consequences of mass extinc-
tions: a comparative approach. Pages 183–230 in D. K. 
Elliott, editor. Dynamics of extinction. Wiley, New York.

Kemp, D. J. 1982. Fossil shark, rays and chimeroids of the 
English Tertiary Period. Gosport Museum 1982:1–47.

Keyes, I. W. 1984. New records of fossil elasmobranch genera 
Megascyliorhinus, Centrophorus, and Dalatias (Order Sela-
chii) in New Zealand. New Zealand Journal of Geology 
and Geophysics 27:203–216.

Kriwet, J., and M. J. Benton. 2004. Neoselachian (Chondrich-
thyes, Elasmobranchii) diversity across the Cretaceous-
Tertiary boundary. Palaeogeography, Palaeoclimatology, 
Palaeoecology 214:181–194.

Kriwet, J., and S. Klug. 2004. Late Jurassic selachians (Chon-
drichthyes, Elasmobranchii) from southern Germany: 
re-evaluation on taxonomy and diversity. Zitteliana A 
44:67–95.

Kruckow, T. 1965. Die Elasmobranchier des tertiären Nor-
dseebeckens im nordwestdeutschen Bereich. Senckenber-
giana lethaea 46a:215–256.

Ledoux, J.-C. 1970. Les dents des Squalidés de la Méditerranée 
occidentale et de l’Atlantique nord-ouest Africain. Vie et 
Milieu Série A 21:309–362.

Ledoux, J.-C. 1972. Les Squalidae (Euselachii) miocènes des 
environs d’Avignon (Vaucluse). Documents du Laboratoire 
de Géologie de la Faculté des Sciences de Lyon, Notes et 
Mémoires 52:133–175.

Leriche, M. 1905. Les poissons tertiaires de la Belgique. II. Les 
poissons éocènes. Mémoires du Musée Royale d’Histoire 
Naturelle de Belgique Bruxelles 11:49–228.

Leriche, M. 1927. Les poissons du Crétacé marin de 
la Belgique et du Limbourg hollandais. Les résultats 
stratigraphiques de leur étude. Bulletin de la Société Belge 
de Géologie 37:199–299.

Lewy, Z., and H. Cappetta. 1989. Senonian elasmobranch 
teeth from Israel. Biostratigraphic and paleoenvironmental 
implications. Neues Jahrbuch für Geologie und Paläontolo-
gie, Monatshefte 1989:212–222.

Maisey, J. G. 1980. An evaluation of jaw suspension in sharks. 
American Museum Novitates 2706:1–17.

Maisey, J. G., G. J. P. Naylor, and D. J. Ward. 2004. Mesozoic 
elasmobranchs, neoselachian phylogeny and the rise of 
modern elasmobranch diversity. Pages 17–56 in G. Arratia 
and A. Tintori, editors. Mesozoic fishes 3—systematics, 
palaeoenvironments and biodiversity. Verlag Dr. Friedrich 
Pfeil, Munich.

Mañé, R., J. Magrans, and E. Ferrer. 1996. Ictiologia fossil 
del Pliocè del Baix Llobregat. II. Selacis pleurotremats. 
Batalleria 6:19–33.

Martin, R. A., and J. Treberg. 2002. Biology of deep-sea sharks:  
a review. Symposium Proceedings of the July 2002 Interna- 
tional Congress on the Biology of Fish, Vancouver.

Mendiola, C., and J. Martinez. 2003. La ictiofauna fósil 
(Chondrichthyes, Euselachii) from the Mesozoic and 
Cenozoic of Spain. Revista de la Societat Paleontológica 
d’Ex 9:1–103.

Merle, D., J. -P. Baut, L. Ginsburg, C. Sagne, S. Hervet, R. 
-P. Carriol, M. -T. Vénece-Peyré, M. -M. Blanc-Valleron, 
C. Mourer-Chauviré, D. Arambol, and P. Viette. 2002. 
Découverte d’une faune de vertebras dans l’Oligocène 
inférieur de Vayres-sur-Esonne (basin de Paris, France: 
biodiversité et paleoenvironment). Comptes Rendus 
Palevol 1:111–116.

Müller, A. 1983. Fauna und Paläkologie des marinen Mittelo-
ligozäns der Leipziger Tieflandsbucht (Böhlener Schichten). 
Altenburger naturwissenschaftliche Forschung 2:1–152.

Müller, A. 1989. Selachier (Pisces: Neoselachii) aus dem 
höheren Campanium (Oberkreide) Westfalens (Nordrhein-
Westfalen, NW-Deutschland). Geologie und Paläontologie 
in Westfalen 14:1–161.

Müller, A. 1990. Selachier (Pisces, Neoselachii) aus dem 
höheren Campanium (Oberkreide) Westfalens (Nordrhein-
Westfalen, NW-Deutschland ). Geologie und Paläontologie 
in Westfalen 20:1–105.

Müller, A. 1990. Eine Ichthyofauna aus dem Neogen einer  
Bohrung in der nördlichen Nordsee. Neues Jahrbuch für  
Geologie und Paläontologie Abhandlungen 181:431–453.

Müller, A. 1999. Ichthyofaunen aus dem atlantischen Tertiär 
der USA. Leipziger Geowissenschaften 9/10:1–360.



Kriwet and Klug

30

Müller, A., and C. Diedrich. 1991. Selachier (Pisces, Chon-
drichthyes) aus dem Cenomanium von Ascheloh am Teu-
toburger Wald (Nordrhein-Westfalen, NW-Deutschland). 
Geologie und Paläontologie in Westfalen 20:1–105.

Müller, A., and L. Schöllmann. 1989. Neue Selachier (Neo-
selachii, Squalomorphii) aus dem Campanium Westfalens 
(NW-Deutschland). Neues Jahrbuch für Geologie und 
Paläontologie Abhandlungen 178:1–35.

Musick, J. A., M. M. Harbin, and L. J. V. Compagno. 2004. 
Historical zoogeography of the Selachii. Pages 33–78 in 
J. C. Carrier, J. A. Musick, and M. R. Heithaus, editors. 
Biology of sharks and their relatives. CRC Press, Boca 
Raton, Florida.

Naruse, A., K. Hayashi, T. Iwai, M. Kuroda, and T. Asada. 
1994. Fossil elasmobranches from the Pleistocene Shimosa 
Group, Central Japan. Bulletin of the Mizunami Fossil 
Museum 21:47–56.

Peters, S. E., and M. Foote. 2001. Biodiversity in the Phanero-
zoic, a reinterpretation. Paleobiology 27:583–601.

Pfeil, F. 1983. Zahnmorphologische Untersuchungen an 
rezenten und fossilen Haien der Ordnungen Chlamydose-
lachiformes und Echinorhiniformes. Palaeoichthyologica 
1:1–315.

Pfeil, F. H. 1984. Neoselachian teeth collected from phor-
phorite-bearing Greensand on Chatham Rise East of New 
Zealand. Geologisches Jahrbuch 65:107–115.

Purdy, R. W. 1998. The early Miocene fish fauna from the Pol-
lack Farm Site, Delaware. Pages 133–139 in R. N. Benson, 
editor. Geology and paleontology of the lower Miocene 
Pollack Farm Site, Delaware. Delaware Geological Survey, 
Special Publication 21, Newark, Delaware.

Reinecke, T., and P. Engelhard. 1997. The selachian fauna 
from Geschiebe of the Lower Selandian Basal Conglomer-
ate in the Danish Subbasin. Erratica 2:3–45.

Reinecke, T., H. Stapf, and M. Raisch. 2001. Die Selachier 
und Chimären des unteren Meeressandes und Schleic-
sandes im Mainzer Becken (Rupelium, unteres Oligozän). 
Palaeontos 1:1–73.

Reinecke, T., H. Moths, A. Grant, and H. Breitkreutz. 2005. 
Die Elasmobranchier des norddeutschen Chattiums, ins-
besondere des Sternberger Gesteins (Eochattium, oberes 
Oligozän). Palaeontos 8:1–135.

Shirai, S. 1992. Squalean phylogeny: A new framework of 
squaloid sharks and related Taxa. Hokkaido University 
Press, Sapporo, Japan.

Shirai, S. 1996. Phylogenetic interrelationships of neosela-
chians (Chondrichthyes: Euselachii). Pages 9–34 in M. 
K. J. Stiassney, L. R. Parenti, and G. D. Johnson, editors. 
Interrelationships of Fishes. Academic Press, San Diego.

Signor, P. W. 1990. The geologic history of diversity. An-
nual Review of Ecology, Evolution, and Systematics 
21:509–539.

Siverson, M. 1993a. Late Cretaceous and Danian neose-
lachians from southern Sweden. Lund Publications in 
Geology 110:1–28.

Siverson, M. 1993b. Maastrichtian squaloid sharks from 
southern Sweden. Palaeontology 36:1–19.

Siverson, M., and H. Cappetta. 2001. A skate in the Earli-

est Maastrichtian of southern Sweden. Palaeontology 
44:431–445.

Smith, A. B. 2001. Large-scale heterogeneity of the fossil 
record: implications for Phanerozoic biodiversity studies. 
Proceedings of the Royal Society of London B, Biological 
Sciences 356:351–367.

Smith, R. 1999. Elasmobranches nouveaux de la transi-
tion Paléocène-Eocène de Dormaal (Belgique). Bulletin 
de l’Institut Royal des Sciences Naturelles de Belgique 
69:173–185.

Straube, N. 2006. Statistical and shape analyses of dental 
characters of the deep-sea shark Etmopterus baxteri (Chon-
drichthyes: Squaliformes) with comments on its taxonomic 
status. Diploma thesis. Ludwig-Maximilians-University, 
Munich, Germany.

Thies, D., and A. Müller. 1993. A neoselachian fauna (Ver-
tebrata, Pisces) from the Late Cretaceous (Campanian) of 
Höver, near Hannover (NW Germany). Paläontologische 
Zeitschrift 67:89–107.

Underwood, C. J., and S. F. Mitchell. 1999. Albian and 
Cenomanian selachian assemblages from North-East Eng-
land. Special Papers in Palaeontology 60:9–56.

Underwood, C. J., and S. F. Mitchell. 2004. Sharks, bony 
fishes and endodental borings from the Miocene Mont-
pelier Formation (White Limestone Group) of Jamaica. 
Cainozoic Research 3:157–165.

Ward, D. J., and C. G. Bonavia. 2001. Additions to, and a 
review of, the Miocene shark and ray fauna of Malta. The 
Central Mediterranean Naturalist 3:131–146.

Ward, D. J., and R. L. Wiest. 1990. A checklist of Paleocene 
and Eocene sharks and rays (Chondrichthyes) from the 
Pamunkey Group, Maryland and Virginia, USA. Tertiary 
Research 12:81–88.

Welton, B. J. 1981. A new species of Oxynotus Rafinesque 
1810 (Chondrichthyes: Squalidae) from the Early Miocene 
(Saucesian) Jewett Sand, Kern County, California, USA. 
Tertiary Research 3:141–152.

Welton, B. J., and Farish, R. J. 1993. The Collector’s Guide 
to Fossil Sharks and Rays from the Cretaceous of Texas. 
Before Time, Lewisville, Texas.

Wilkinson, B. H., and J. C. G. Walker. 1989. Phanerozoic 
cycling of sedimentary carbonate. American Journal of 
Science 289:525–548.

Winchell, C. J., A. P. Martin, and J. Mallatt. 2004. Phy-
logeny of elasmobranches based on LSU and SSU ribo-
somal RNA genes. Molecular Phylogenetics and Evolution 
31:214–224.

Wold, C. N., and W. W. Hay. 1990. Estimating an-
cient sediment fluxes. American Journal of Science 
290:1069–1089.

Takakuwa, Y., Y. Takayama, and M. Kitagawa. 2003. Occur-
rence of two fossil sharks from the Haraichi Formation, 
Tomioka Group (Middle Miocene) in the Gunma Prefec-
ture, Japan. Bulletin of the Gunma Museum of Natural 
History 7:101–104.

Yabumoto, Y., and T. Uyeno. 1994. Late Mesozoic and Ceno-
zoic fish faunas of Japan. The Island Arc 1994:255–269.



Fossil Record and Origin of Squaliform Sharks

31

Genus Species Period Stage Occurrence

Centropterus lividus Early Cretaceous Aptian Naples, Italy
Protosqualus albertsi Early Cretaceous Barremian Braunschweig, Germany
Protosqualus pachyrhiza Early Cretaceous Albian England
Protosqualus sigei Early Cretaceous Albian Kent, UK
Protosqualus sigei Early Cretaceous Albian Haute-Marne, France
Protosqualus sigei Early Cretaceous Albian Wissant, Boullonais, France 
Somniosinae indet. Late Cretaceous Cenomanian Germany
Squalus sp. Late Cretaceous Cenomanian England
Squalus sp. Late Cretaceous Cenomanian England
Protosqualus cf. siegei Late Cretaceous Cenomanian Germany
Protosqualus glickmani Late Cretaceous Cenomanian Saratov Prov., Russia
Protosqualus sp. Late Cretaceous Cenomanian-Turonian Lithuania    
cf. Squaliolus sp. Late Cretaceous Turonian Lithuania
Centrophorus? balticus Late Cretaceous Turonian Lithuania
Centrophoroides sp. Late Cretaceous Con-Santon Western Australia
Protosqualus? sp. Late Cretaceous Con-Santon Western Australia
Centrophoroides latidens Late Cretaceous Santonian Lebanon
Centrosqualus primaevus Late Cretaceous Santonian Lebanon
Cretascymnus adonis Late Cretaceous Santonian Lebanon
aff. Centroscymnus sp. Late Cretaceous Campanian Israel
aff. Deania sp. Late Cretaceous Campanian Germany
Centrophoroides appendiculatus Late Cretaceous Campanian Germany
Centrophoroides appendiculatus Late Cretaceous Campanian Germany
Centrophoroides appendiculatus Late Cretaceous Campanian Lithuania
Centrophoroides cf. latidens Late Cretaceous Campanian Japan
Centrophoroides sp. Late Cretaceous Campanian Angola
Centrophoroides sp. Late Cretaceous Campanian Canada
Centroscymnus praecursor Late Cretaceous Campanian Canada
Centroscymnus praecursor Late Cretaceous Campanian Germany
Centroscymnus praecursor Late Cretaceous Campanian Germany
Centrosqualus sp. Late Cretaceous Campanian Israel
Cretascymnus quimbalaensis Late Cretaceous Campanian Angola
Cretascymnus sp. Late Cretaceous Campanian Canada
Cretascymnus sp. Late Cretaceous Campanian Israel
Cretascymnus westfalicus Late Cretaceous Campanian Germany
Cretascymnus westfalicus Late Cretaceous Campanian Germany
Deania? sp. Late Cretaceous Campanian Germany
Eoetmopterus sp. nov. Late Cretaceous Campanian Texas, USA

Appendix 1.—Occurrences of fossil squaliform taxa used in this study. Data from Antunes and Jonet (1970); Antunes 
et al. (1999); Arambourg (1952); Balbino (1995); Baut and Genault (1995); Bigelow (1994); Brugghen (1992); Case 
and Cappetta (1997); Case et al. (1996); Cappetta (1970, 1977, 1980, 1987); Cappetta and Adnet (2001); Cappetta 
et al. (1967, 1993); Cigala Fulgosi (1986, 1988, 1996); Dalinkevicius (1935); Dutheil (1991); Dutheil et al. (2002); 
Freeß (1991); Gurr (1962); Herman (1977); Kemp (1982); Keyes (1984); Kruckow (1965); Leriche (1905, 1927); 
Lewy and Cappetta (1989); Mañé et al. (1996); Mendiola and Martinez (2003); Merle et al. (2002); Müller (1983, 
1990, 1999); Müller and Diedrich (1991); Müller and Schöllmann (1989); Naruse et al. (1994); Pfeil (1984); Purdy 
(1998); Reinecke and Engelhard (1997); Reinecke et al. (2001, 2005); Siverson (1993a, 1993b); Smith (1999); 
Takakuwa et al. (2003); Thies and Müller (1993); Underwood and Mitchell (1999); Ward and Bonavia (2001); Ward 
and Wiest (1990); Welton (1981); Welton and Farish (1993); Yabumoto and Uyeno (1994); and references cited in 
the text.
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Eoetmopterus supracretaceus Late Cretaceous Campanian Germany
Eoetmopterus supracretaceus Late Cretaceous Campanian Germany
Oxynotus sp. Late Cretaceous Campanian Canada
Paraphorosoides  ursulae Late Cretaceous Campanian Germany
Proetmopterus hemooriensis Late Cretaceous Campanian Germany
Protoxynotus misburgensis Late Cretaceous Campanian Germany
Somniosinae indet. Late Cretaceous Campanian Germany
Squalus aff. vondermarcki Late Cretaceous Campanian Angola
Squalus sp. Late Cretaceous Campanian Israel
Squalus vondermarcki Late Cretaceous Campanian Germany
Squalus worlandensis Late Cretaceous Campanian Wyoming, USA
Squalus sp. Late Cretaceous Campanian Belgium
Squalus? vondermarcki Late Cretaceous Campanian Germany
Centrophoroides appendiculatus Late Cretaceous Maastrichtian Belgium
Centrophoroides appendiculatus Late Cretaceous Maastrichtian Germany
Centrophoroides appendiculatus Late Cretaceous Maastrichtian Holland
Centrophoroides appendiculatus Late Cretaceous Maastrichtian Holland
Centrophoroides sp. Late Cretaceous Maastrichtian Angola
Centrophorus squamosus Late Cretaceous Maastrichtian New Zealand
Centroscymnus schmidi Late Cretaceous Maastrichtian Germany
Centroscymnus schmidi Late Cretaceous Maastrichtian Germany
Centroscymnus schmidi Late Cretaceous Maastrichtian Sweden
Cretascymnus quimbalaensis Late Cretaceous Maastrichtian Angola
Dalatias sp. Late Cretaceous Maastrichtian Germany
Eoetmopterus cf. supracretaceus Late Cretaceous Maastrichtian Sweden
Eoetmopterus supracretaceus Late Cretaceous Maastrichtian Germany
Microetmopterus wardi Late Cretaceous Maastrichtian Sweden
Proetmopterus hemooriensis Late Cretaceous Maastrichtian Germany
Proetmopterus hemooriensis Late Cretaceous Maastrichtian Sweden
Proetmopterus hemooriensis Late Cretaceous Maastrichtian Sweden
Squalus aff. vondermarcki Late Cretaceous Maastrichtian Angola
Squalus ballingsloevensis Late Cretaceous Maastrichtian Sweden
Squalus balsvikensis Late Cretaceous Maastrichtian Sweden
Squalus gabrielsoni Late Cretaceous Maastrichtian Sweden
Squalus hassei? Late Cretaceous Maastrichtian Texas, USA
Squalus huntensis Late Cretaceous Maastrichtian Texas, USA
Centrophoroides volgensis Palaeogene early Palaeocene Russia
Centrophorus squamosus Palaeogene early Palaeocene New Zealand
Dalatias crenulatus Palaeogene early Palaeocene Greenland
Megasqualus aff. orpiensis Palaeogene early Palaeocene Greenland
Megasqualus orpiensis Palaeogene early Palaeocene Belgium
Megasqualus orpiensis Palaeogene early Palaeocene Belgium
Megasqualus orpiensis Palaeogene early Palaeocene Eastern USA
Squalus crenatidens Palaeogene early Palaeocene Morocco
Squalus minor Palaeogene early Palaeocene Belgium
Squalus minor Palaeogene early Palaeocene Greenland
Squalus minor Palaeogene early Palaeocene Eastern USA
Squalus minor Palaeogene early Palaeocene New Jersey, USA
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Squalus crenatidens Palaeogene early Palaeocene  
Megasqualus orpiensis Palaeogene early Palaeocene Belgium
Squalus acanthias Palaeogene early Palaeocene Nova Scotia, Canada
Squalus minor Palaeogene early Palaeocene Eastern US
Centrophorus sp. Palaeogene late Palaeocene Germany
Dalatias? crenulatus Palaeogene late Palaeocene Morocco
Isitius trituratus Palaeogene late Palaeocene England
Isitius trituratus Palaeogene late Palaeocene Morocco
Isitius trituratus Palaeogene late Palaeocene Russia
Megasqualus orpiensis Palaeogene late Palaeocene Belgium
Megasqualus orpiensis Palaeogene late Palaeocene Belgium
Megasqualus orpiensis Palaeogene late Palaeocene England
Megasqualus orpiensis Palaeogene late Palaeocene England
Megasqualus orpiensis Palaeogene late Palaeocene Paris Basin, France
Megasqualus orpiensis Palaeogene late Palaeocene Paris Basin, France
Megasqualus orpiensis Palaeogene late Palaeocene Paris Basin, France
Megasqualus orpiensis Palaeogene late Palaeocene Germany
Megasqualus orpiensis Palaeogene late Palaeocene Kazakhstan
Megasqualus orpiensis Palaeogene late Palaeocene Eastern USA
Megasqualus orpiensis Palaeogene late Palaeocene Eastern USA
Megasqualus orpiensis Palaeogene late Palaeocene N Dakota, USA
Megasqualus orpiensis Palaeogene late Palaeocene S Dakota, USA
Squalus cf. minor Palaeogene late Palaeocene Eastern USA
Squalus crenatidens Palaeogene late Palaeocene Maret
Squalus crenatidens Palaeogene late Palaeocene Morocco
Squalus minor Palaeogene late Palaeocene Denmark
Squalus minor Palaeogene late Palaeocene England
Squalus minor Palaeogene late Palaeocene Paris Basin, France
Squalus minor Palaeogene late Palaeocene Paris Basin, France
Squalus minor Palaeogene late Palaeocene Germany
Squalus minor Palaeogene late Palaeocene Maryland & Virgina
Squalus minor Palaeogene late Palaeocene N Dakota, USA
Squalus minor Palaeogene late Palaeocene S Dakota, USA
Squalus minor Palaeogene late Palaeocene Belgium
Squalus crenatidens Palaeogene late Palaeocene England
Megasqualus orpiensis Palaeogene late Palaeocene Morocco
Centrophorus sp. Palaeogene early Eocene Denmark
Dalatias crenulatus Palaeogene early Eocene Morocco
Isistius sp. Palaeogene early Eocene Jordan
Isistius trituratus Palaeogene early Eocene Paris Basin, France
Isistius trituratus Palaeogene early Eocene Morocco
Isistius trituratus Palaeogene early Eocene Virgina, USA
Isitius trituratus Palaeogene early Eocene Belgium
Isitius trituratus Palaeogene early Eocene England
Isistius trituratus Palaeogene early Eocene Belgium
Megasqualus orpiensis Palaeogene early Eocene Belgium
Megasqualus orpiensis Palaeogene early Eocene Belgium
Megasqualus orpiensis Palaeogene early Eocene Belgium
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Megasqualus orpiensis Palaeogene early Eocene England
Megasqualus orpiensis Palaeogene early Eocene Virgina, USA
Megasqualus orpiensis Palaeogene early Eocene Germany
Squalus acanthias Palaeogene early Eocene New York, Germany
Squalus crenatidens Palaeogene early Eocene England
Squalus crenatidens Palaeogene early Eocene Eastern USA
Squalus crenatidens Palaeogene early Eocene Morocco
Squalus minor Palaeogene early Eocene England
Squalus minor Palaeogene early Eocene Eastern USA
Squalus smithi Palaeogene early Eocene Belgium
Squalus sp. Palaeogene early Eocene Russia
Squalus sp. Palaeogene early Eocene Germany
Acrosqualiolus mirus Palaeogene middle Eocene SW France (Landes)
Angoumeius paradoxus Palaeogene middle Eocene SW France (Landes)
Centrophorus squamosus Palaeogene middle Eocene New Zealand
Centrophorus cf. granulosus Palaeogene Middle Eocene SW France (Landes)
Centroscymnus cf. owstoni Palaeogene Middle Eocene SW France (Landes)
Dalatias aff. crenulatus Palaeogene middle Eocene UK
Dalatias crenulatus Palaeogene middle Eocene England
Dalatias licha Palaeogene middle Eocene New Zealand
Dalatias sp. Palaeogene Middle Eocene SW France (Landes)
Deania angoumeensis Palaeogene Middle Eocene SW France (Landes)
Eosqualiolus aturensis Palaeogene Middle Eocene SW France (Landes)
Etmopterus cahuzaci Palaeogene Middle Eocene SW France (Landes)
?Euprotomicroides sp. Palaeogene Middle Eocene SW France (Landes)
Isistius trituratus Palaeogene middle Eocene Belgium
Isistius trituratus Palaeogene middle Eocene Russia
Isistius trituratus Palaeogene middle Eocene UK
Isitius trituratus Palaeogene middle Eocene Belgium
Isitius trituratus Palaeogene middle Eocene Belgium
Isitius trituratus Palaeogene middle Eocene England
Isitius trituratus Palaeogene middle Eocene England
Isitius trituratus Palaeogene middle-late Eocene Russia
Isitius cf. trituratus Palaeogene Middle Eocene SW France (Landes)
Isitius sp. Palaeogene middle Eocene S Germany
Paraetmopterus nolfi Palaeogene Middle Eocene SW France (Landes)
Scymnodalatias cigalafulgosi Palaeogene Middle Eocene SW France (Landes)
Squaliodalatias weltoni Palaeogene middle Eocene SW France (Landes)
Squaliolus gasconensis Palaeogene middle Eocene SW France (Landes)
Squalus acanthias Palaeogene middle Eocene Eastern USA
Squalus minor Palaeogene middle Eocene UK
Squalus smithi Palaeogene middle Eocene USA
Squalus sp. Palaeogene middle Eocene Russia
Squalus minor Palaeogene middle Eocene England
Squalus minor Palaeogene middle Eocene England
Trigonognathus virginiae Palaeogene middle Eocene SW France (Landes)
Centrophorus sp. Palaeogene late Eocene Jordan
Centroscymnus schaubi Palaeogene late Eocene Barbados
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Squalus sp. Palaeogene late Eocene Western USA
Squalus alsaticus Palaeogene early Oligocene Belgium
Squalus alsaticus Palaeogene early Oligocene Germany
Squalus alsaticus Palaeogene early Oligocene France
Squalus alsaticus Palaeogene early Oligocene Paris Basin, France
Squalus alsaticus Palaeogene early Oligocene Holland
Squalus alsaticus Palaeogene middle Oligocene Germany
Squalus stehleni Palaeogene middle-late Oligocene Venezuela
Centrophorus squamosus Palaeogene late Oligocene New Zealand
Dalatias licha Palaeogene late Oligocene New Zealand
Dalatias sp. Pal-Neogene late Oligocene New Zealand
Etmopterus acutidens Palaeogene late Oligocene Barbados
Scymnodon sp. Palaeogene late Oligocene Western USA
Megasqualus aff. orpiensis Palaeogene late Oligocene Germany
Squalus acanthias Palaeogene late Oligocene Western USA
Squalus alsaticus Palaeogene late Oligocene Germany
Squalus alsaticus Palaeogene late Oligocene Eastern USA
Centrophorus sp. Palaeogene early Oligocene Czechoslovakia
Centrophorus sp. Palaeogene early Oligocene Western USA
Squalus alsaticus Palaeogene early Oligocene Poland
Squalus sp. Palaeogene early Oligocene Czechoslovakia
Squalus stehleni Pal-Neogene early Oligocene Trinidad
Centrophorus sp. Neogene early Miocene Spain
Centrophorus sp. Neogene early Miocene Barbados
Centroscymnus schaubi Neogene early Miocene Barbados
Centroscymnus schaubi Neogene early Miocene France
Centroscymnus? sp. Neogene early Miocene Japan
Dalatias licha Neogene early Miocene Barbados
Dalatias licha Neogene early Miocene France
Dalatias licha Neogene early Miocene S. Sardinia
Etmopterus acutidens Neogene early Miocene Barbados
Isistius triangulus Neogene early Miocene France
Isistius triangulus Neogene early Miocene Switzerland
Isitius triangulus Neogene early Miocene S. Germany
Oxynotus crochardi Neogene early Miocene Western USA
Somniosus sp. Neogene early Miocene Japan
Squalus cubensis Neogene early Miocene Eastern USA
Squalus cubensis Neogene early Miocene Caribbean
Squalus radicans Neogene early Miocene Switzerland
Squalus sp. Neogene early Miocene Switzerland
Deania calceus Neogene early-middle Miocene France
Centrophorus cf. granulosus Neogene middle Miocene Germany
Centrophorus cf. granulosus Neogene middle Miocene S Germany
Centrophorus cf. granulosus Neogene middle Miocene S Germany
Centrophorus granulosus Neogene middle Miocene France
Centroscymnus sp. Neogene middle Miocene Germany
Centrphorus? sp. Neogene middle Miocene Japan
Dalatias licha Neogene middle Miocene Japan
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Dalatias licha Neogene middle Miocene S. France
Dalatias sp. Neogene middle Miocene Japan
Dalatias licha Neogene middle Miocene Portugal
Etmopterus sp. Neogene middle Miocene Germany
Isistius triangulus Neogene middle Miocene Ecuador
Isistius triangulus Neogene middle Miocene Panama
Isistius triangulus Neogene middle Miocene Portugal
Isistius triangulus Neogene middle Miocene Switzerland
Isistius triangulus Neogene middle Miocene S Germany
Isistius triangulus Neogene middle Miocene Austria
Isitius triangulus Neogene middle Miocene S. France
Ististius triangulus Neogene middle Miocene Germany
Megasqualus serriculus Neogene middle Miocene Japan
Scymnodon sp. Neogene middle Miocene Italy
Squaliolus sp. 1 Neogene middle Miocene Germany
Squaliolus sp. 2 Neogene middle Miocene Germany
Squalus aff. acanthias Neogene middle Miocene off Scandinavia
Squalus cf. acanthias Neogene middle Miocene Germany
Squalus sp. Neogene middle Miocene Holland
Squalus sp. Neogene middle Miocene France
Squalus cubensis Neogene middle Miocene Caribbean
Squalus radicans Neogene middle Miocene S Germany
Squalus sp. Neogene middle Miocene Germany
Squalus almeidae Neogene middle Miocene Portugal
Squalus cf. megalops Neogene middle Miocene France
Squalus sp. Neogene middle Miocene Austria
Squalus cf. acanthias Neogene middle Miocene Germany
Deania sp. Neogene late Miocene Italy
Deania sp. Neogene late Miocene Portugal
Isistius triangulus Neogene late Miocene Portugal
Isistius sp. Neogene late Miocene Holland
Isistius triangulus Neogene late Miocene Ecuador
Isistius triangulus Neogene late Miocene Mexico
Squalus almeidae Neogene late Miocene Portugal
Squalus cubensis Neogene late Miocene S America
Squalus acanthias Neogene late Miocene Holland
Squalus occidentalis Neogene late Miocene Eastern USA
Squalus sp. Neogene late Miocene Germany
Squalus sp. Neogene late Miocene Holland
Squalus sp. Neogene late Miocene Portugal
Centrophorus squamosus Neogene Miocene New Zealand
Centroscyllium? sp. Neogene Miocene France
Centroscymnus schaubi Neogene Miocene Jamaica 
Centroscymnus schaubi Neogene Miocene Italy
Centroscymnus schaubi Neogene Miocene Japan
Centroscymnus Sp. Neogene Miocene Japan
Dalatias licha Neogene Miocene Italy
Dalatias licha Neogene Miocene Japan
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Dalatias licha Neogene Miocene New Zealand
Dalatias licha Neogene Miocene West Indies
Deania radicans Neogene Miocene S. Germany
Deania sp. Neogene Miocene Jamaica
Deania sp. Neogene Miocene Japan
Deania sp. Neogene Miocene Portugal
Deania sp. Neogene Miocene West Indies
Etmopterus sp. Neogene Miocene France
Isistius brasiliensis Neogene Miocene Eastern U.S.A.
Isistius triangulus Neogene Miocene Barbados
Isistius triangulus Neogene Miocene France
Isistius triangulus Neogene Miocene Eastern U.S.A.
Isistius triangulus Neogene Miocene Eastern U.S.A.
Ististius triangulus Neogene Miocene Spain
Megasqualus serriculus Neogene Miocene Western USA
Oxynotus centrina Neogene Miocene Belgium
Somniosus sp. Neogene Miocene Japan
Somniosus   Neogene Miocene Japan
Sqauliolus sp. Neogene Miocene Jamaica
Squaliolus sp. Neogene Miocene France
Squalus almeidae Neogene Miocene France
Squalus almeidae Neogene Miocene Portugal
Squalus sp. Neogene Miocene India
Squalus sp. Neogene Miocene Japan
Centrophorus  sp. Neogene Mio-Pliocene Venezuela
Dalatias sp. Neogene Mio-Pliocene Venezuela
Etmopterus sp. Neogene Mio-Pliocene Venezuela
Isistius aff. triangulus Neogene Mio-Pliocene Venezuela
Squalus sp. Neogene Mio-Pliocene Venezuela
Centrophorus aff. granulosus Neogene early Pliocene France
Centrophorus cf. granulosus Neogene early Pliocene Italy
Centrophorus squamosus Neogene early Pliocene Italy
Centroscymnus cf. crepidater Neogene early Pliocene Italy
Dalatias licha Neogene early Pliocene France
Dalatias licha Neogene early Pliocene Italy
Dalatias licha Neogene early Pliocene Italy
Dalatias licha Neogene early Pliocene Japan
Deania cf. calcea Neogene early Pliocene Italy
Deania sp. Neogene early Pliocene France
Deania sp. Neogene early Pliocene Venezuela
Etmopterus sp. Neogene early Pliocene Italy
sistius cf. triangulus Neogene early Pliocene Eastern USA
Isistius triangulus Neogene early Pliocene Belgium
Isistius triangulus Neogene early Pliocene Eastern USA
Oxynotus centrina Neogene early Pliocene Italy
Oxynotus centrina Neogene early Pliocene Belgium
Scymnodalatias aff. garricki Neogene early Pliocene Italy
Scymnodon squamulosus Neogene early Pliocene Italy
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IScymnodon  cf. squamulosus Neogene early Pliocene Italy
Scymnodon  ringens Neogene early Pliocene Italy
Somniosus rostratus Neogene early Pliocene Italy
Somniosus rostratus Neogene early Pliocene Italy
Somniosus microcephalus Neogene early Pliocene Belgium
Somniosus microcephalus Neogene early Pliocene Belgium
Squalus aff. blainvillei Neogene early Pliocene France
Squalus cf. acanthias Neogene early Pliocene Eastern USA
Squalus sp. Neogene early Pliocene Holland
Squalus acanthias Neogene early Pliocene Holland
Squalus acanthias Neogene early Pliocene Holland
Trigonognathus aff. kabeyai Neogene early Pliocene Venezuela
Squalus sp. Neogene middle Pliocene S. France
Centrophorus granulosus Neogene late Pliocene Spain
Centrophorus granulosus Neogene late Pliocene Spain
Dalatias licha Neogene late Pliocene Japan
Squalus sp. Neogene late Pliocene Italy
Squalus acanthias Neogene late Pliocene Belgium
Squalus minor Neogene late Pliocene Japan
Squalus sp. Neogene late Pliocene Japan
Squalus sp. Neogene late Pliocene Spain
Squalus sp. Neogene late Pliocene Spain
Centrophorus squamosus Neogene Pliocene New Zealand
Dalatias licha Neogene Pliocene New Zealand   
Scymnodon sp. Neogene late Pleistocene Western USA
Squalus acanthias Neogene Pleistocene Western USA
Squalus sp. Neogene Pleistocene Japan
Squalus sp. Neogene Pleistocene Western USA
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