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Abstract: Modern elasmobranchs have a long evolutionary history and an abundant fossil
record that consists mainly of teeth. Many fossil taxa have living representatives. However,
the representation of extant taxa in the fossil record is unknown. To begin to understand the
geological history of extant elasmobranchs, here we assess the quality of their fossil record.
We do so by assessing the Pull of the Recent (herein, POR). The POR can bias the fossil
record because the rather complete record of living taxa allows palaeontologists to identify
fossil members of the modern clades and to bridge time bins where fossils are absent. We
assessed the impact of the POR by quantifying the proportion of extant elasmobranchs that
have a fossil record, but do not occur in the last 5 million years (Pliocene and Pleistocene).
We found that the POR does not affect orders and families, but it does affect 24% of
elasmobranch genera. Within the different elasmobranch orders, the Lamniformes display the
most complete generic fossil record, with no impact of the POR. Although modest, the
impact of the POR in extant elasmobranch genera is higher than that found in other taxa.
Overall, the geological history of elasmobranchs contradicts the usual assumption that the

fossil record becomes worse backwards in time. This is the case across geographical regions
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and tooth size, further suggesting that sampling intensity and outcrop availability might

explain the POR effect on sharks and rays.
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THE Pull of the Recent (POR) is an apparent bias of the fossil record, in which the modern
biota is assumed to be better sampled and preserved than the extinct one (Jablonski et al.
2003; Sahney and Benton 2017). Hence, under the effect of the POR, the stratigraphic range
and diversity of extant taxa is artificially extended across preceding time spans where there is
no fossil record (Jablonski, et al. 2003). This problem has been invoked when interpreting the
exponential increase in biodiversity from the Cenozoic to present time (Raup 1972; Alroy et
al. 2001). However, to our knowledge, only two works have quantified the effect of the POR
on biodiversity: one for marine bivalves (Jablonski, et al. 2003) and one for terrestrial
tetrapods (Sahney and Benton 2017). In both cases it was found that the POR does not distort
the pattern of diversification, suggesting rapid diversity increase towards Recent time could
be a genuine biological pattern.

Sharks and their relatives (Elasmobranchi) offer an interesting case to assess the POR
because relative to most groups of marine vertebrates, they have an abundant fossil record
(Hubbell 1996; Cappetta 2012). The fossil record of elasmobranchs consists mainly of teeth,
which are composed of enameloid, whereas the cartilaginous skeleton is only rarely
preserved (Labs-Hochstein and MacFadden 2006; Wang and Cerling 1994). Further, because
sharks shed their teeth continuously throughout their lifetimes, they do not need to die in
order to leave a record of their teeth (Hubbell 1996; Cappetta 2012). Importantly, it has been
widely stated in the literature that modern elasmobranchs have a fossil record that extends
deep into geological time (Maisey 2012), and are hence thought to have survived major
environmental changes (Martin et al. 1992) and extinctions (Pimiento et al. 2017).

Here we assess the quality of the fossil record of extant elasmobranchs by assessing how it
is affected by the POR. Because we are particularly interested in extant species, we ignored
the record of extinct taxa. Nevertheless, our counting protocols match the two previous

studies. Today, sharks are the most threatened marine vertebrate group in the world (Dulvy et



al. 2014). The fossil record of modern sharks and their relatives has the potential to provide
valuable information to directly asses how they have responded to climate change and
extinctions in the past. Assessing the completeness of the fossil record of modern

elasmobranchs is a first step towards this goal.

MATERIALS AND METHODS
We gathered a list of all extant elasmobranchs (class: Elasmobranchii) from FishBase

(http://www.fishbase.org) using the R package “rfishbase” (Boettiger et al. 2012) and cross-

referenced it with Weigmann (Weigmann 2016). In total, we gathered a list of 1,163 species,
193 genera, 58 families and 12 orders. Then, we downloaded all available fossil occurrences

of these taxa from the Paleobiology Database (http://paleobiodb.org/) using the package

“paleobioDB” (Varela et al. 2015). Because our objective was to assess the completeness of
the fossil record of living taxa in the last 5 million years, we limited our search to the
Neogene and the Quaternary. Additional records were found in Shark-References

(http://shark-references.com). In total, we studied 310 publications not previously entered in

the Paleobiology Database, adding new fossil occurrences for 58 genera and 59 species. We
searched for records using valid names and their synonyms.

We assessed the number of extant taxa (at the order, family, genera and species level) that
have a fossil record in the in the Neogene and Quaternary (the last 23 myr), recording fossil
occurrences in seven geological time bins as follows: early Miocene (Aquitanian and
Burdigalian), middle Miocene (Langhian and Serravallian), late Miocene (Tortonian and
Messinian), early Pliocene (Zanclean), late Pliocene (Piacenzian), early Pleistocene (Gelasian
and Calabrian), and late Pleistocene (Middle and Upper). Whenever an age covered multiple
time bins (e.g. Pliocene), we counted it in all bins covered (e.g. both the early and late

Pliocene). Based on this number, we calculated the proportion of taxa that do, and do not


http://www.fishbase.org)/
http://paleobiodb.org/)
http://shark-references.com/

have a record in the Pliocene or Pleistocene (Sahney and Benton 2017; Jablonski, et al.
2003). We also recorded the geographical distribution of the fossil occurrences [based mainly
on the Paleobiology Database and Cappetta (2012)], categorized tooth size [macro-teeth:
>1cm of crown height; micro-teeth: <l1cm; based on Cappetta (2012)], and assessed the effect
or POR across regions and tooth size. All analyses were done in the R environment (R

Development Core Team 2017).

RESULTS AND DISCUSSION

We found that 100% of the 12 extant elasmobranch orders have a fossil record in the last 23
myr, with no effect of the POR. From the 58 extant families, 44 (76%) have a fossil record,
none of which are affected by the POR. From the 193 extant genera of elasmobranchs, 89
(46%) have a record in the last 23 myr, 24% of which are affected by the POR (Fig. 1A). The
fossil record of extant species is poor, with only 89 (8%) of the 1,163 species having a fossil
occurrence during the last 23 myr, 27% of which are affected by the POR (Table 1). As found
in the two previous studies on the POR, extant orders and families are robustly represented in
the Neogene and Quaternary fossil record and are unaffected by POR (Table 1). The generic
and specific level have a substantially different representation in the fossil record, but in both
cases, roughly one quarter of the taxa are affected by POR (Table 1). This is substantially
higher than what was found in molluscs (Jablonski, et al. 2003) and terrestrial tetrapods
(Sahney and Benton 2017).

Even though the value of the fossil record of modern elasmobranchs in informing current
extinctions would be higher at the species level, the generic level is more complete and
reliable (Table 1). Indeed, heterodonty obscures the identification of elasmobranch teeth to
the species level (Cappetta 2012). Reports of fossil occurrences for elasmobranch genera

through the past 23 myr show sporadic occurrences, with 22 genera recorded in all seven



time bins (Fig. 1A). Others, though, show gaps in one, or more time bins: seven genera have
fossil records in six time bins, 19 genera in five time bins, nine in four time bins, 10 in three
time bins and 13 genera have a record only in one time bin. Three genera, the ray
Pteroplatytrygon and the sharks Chiloscyllium and Oxynotus have a record in the early
Miocene, and then the present day, leaving a gap of six time bins, and providing extreme
examples of the POR (Fig. 1A).

There are differences in representation between major clades. For example, the family
Lamnidae has the most complete generic fossil record, and no POR effect (Fig. 1A). This
family includes the largest teeth of all elasmobranchs, measuring from 2 to 7 cm of crown
height (Cappetta 2012; Purdy 1996; Gottfried et al. 1996). Across diverse taxonomic orders
(> 5 extant genera), Lamniformes display the most complete generic fossil record and no
POR effect. Rhinopristiformes has a fairly complete record, and no POR effect. Rajiformes
has a proportionally high influence of POR, and generally, a poor fossil record compared
with other orders (Fig. 1B). Overall, genera of extant sharks are better represented in the
fossil record than rays and skates (57% vs. 33%) with a moderate POR effect (17% vs. 38%;
Fig. 1C).

Throughout the last 23 myr, the fossil record of modern genera is richer in the early
Miocene (87% of the occurrences), followed by the middle and late Miocene (83% of the
fossil occurrences). The Pleistocene is the poorest represented period in the fossil record of
modern elasmobranchs, with 40% of the fossil occurrences in the early Pleistocene and 48%
in the late Pleistocene. The fact that the fossil record becomes less complete towards the
present day [also see Maisey (2012)] is opposite to the usual assumption that the record
becomes worse backwards in time (Raup 1972).

The general decrease of fossil records through geological time is also evidenced across the

different geographical regions and tooth sizes (Fig. 2). Europe has the richest elasmobranch



fossil record, but the number of genera decreases from the late Pliocene onwards. The
Americas, Asia and Africa have a comparable fossil record, also following the general pattern
of a richest record in the early Miocene and a poorest in the early Pleistocene. Australia and
New Zealand, and the Antarctica present the poorest fossil record. Interestingly, such a
record is rather uniform throughout the Neogene (from the early Miocene to the late Pliocene,
Fig. 2A). Although Lamnidae, the family with the largest fossil teeth, has the most complete
generic record (Fig. 1), size does not seem to determine the richness of the fossil record of
elasmobranch fossils. In general, microscopic teeth are better represented than macroscopic
teeth (Fig. 2B). Indeed, 65% of the fossil examples of extant genera are known in the fossil
record by their small teeth, which can often be recovered only using screenwashing
techniques. The record of micro-teeth is fairly uniform up to the early Pliocene and decreases
thereafter. The record of macro-teeth is uniform throughout the Neogene and poor in the
Pleistocene. In sum, the fossil record of extant elasmobranch genera becomes less complete
towards the present day across regions and tooth-size, suggesting that outcrop availability and

sampling intensity, and not tooth-size, determine the effect of the POR.

CONCLUSIONS

Our study shows that the fossil record of extant elasmobranchs is complete at the order and
family levels during the last 23 myr. However, it is more affected by the POR than other
groups previously studied at the generic and specific level (Sahney and Benton 2017,
Jablonski, et al. 2003), with 24% and 27% POR effect, respectively. Even so, the generic
level is more complete and reliable than the specific level. At the generic level, the family
Lamnidae is the most complete, with records of all extant genera across all time periods
studied. Overall, and different to the assumption that the fossil record improves through time

(Raup 1972), the fossil record of extant elasmobranchs is worse towards the present day. This



is true across geographical regions and tooth size, suggesting that sampling intensity and

outcrop availability may be a mechanism driving the POR effect.

Acknowledgments. We thank J. Pollerspock from Shark-References for facilitating
references, to K. Shimada for facilitating PDFs, and S. Pimiento for helping with the graph
design. This project has received funding from the European Union's Horizon 2020 research

and innovation programme under the Marie Sktodowska-Curie grant agreement No 663830.

DATA ARCHIVING STATEMENT
Datasets of species and genus of extant sharks, their fossil presence or absence across time
bins and geographic regions and tooth type are available in the Dryad Digital Repository

https://datadryad.org/stash/share/5eU1s7QX5fxxhbGDD 4HA1OnPhwEjV3PFP60hAbNJ70.

REFERENCES

ALROY, J.,, MARSHALL, C. R., BAMBACH, R. K., BEZUSKO, K., FOOTE, M.,
FURSICH, F. T., HANSEN, T. A., HOLLAND, S. M., IVANY, L. C., JABLONSKI,
D., JACOBS, D. K., JONES, D. C., KOSNIK, M. A., LIDGARD, S., LOW, S,
MILLER, A. I., NOVACK-GOTTSHALL, P. M., OLSZEWSKI, T. D.,
PATZKOWSKY, M. E., RAUP, D. M., ROY, K., SEPKOSKI, J. J., SOMMERS, M.
G., WAGNER, P. J. and WEBBER, A. 2001. Effects of sampling standardization on
estimates of Phanerozoic marine diversification. Proceedings of the National
Academy of Sciences of the United States of America, 98, 6261-6266.

BOETTIGER, C., LANG, D. T. and WAINWRIGHT, P. C. 2012. rfishbase: exploring,
manipulating and visualizing FishBase data from R. Journal of Fish Biology, 81,

2030-20309.


https://urldefense.proofpoint.com/v2/url?u=https-3A__datadryad.org_stash_share_5eU1s7QX5fxxhbGDD-5F4HA1OnPhwEjV3PFP60hAbNJ70&d=DwMCaQ&c=sJ6xIWYx-zLMB3EPkvcnVg&r=j5rzw3I5ZrkvSOJgw1ecGCbp7BqlxpCZmRjd0zKgQ3c&m=hAgUgbYf1gtBvi8UmzKn2_xWfULOSfby1I8sZbVqvAA&s=MMhsDTD1m9jtowzlGGt9VAyJVBTzNJ3snaLFwvubVPc&e=

CAPPETTA, H. 2012. Handbook of paleoichthyology. Volume 3B. Chondrichthyes
(Mesozoic and Cenozoic Elasmobranchii: teeth) Handbook of paleoichthyology, 1-
512.

DULVY, N. K., FOWLER, S. L., MUSICK, J. A., CAVANAGH, R. D., KYNE, P. M,
HARRISON, L. R., CARLSON, J. K., DAVIDSON, L. N. K., FORDHAM, S. V.,
FRANCIS, M. P., POLLOCK, C. M., SIMPFENDORFER, C. A., BURGESS, G. H,,
CARPENTER, K. E., COMPAGNGO, L. J. V., EBERT, D. A., GIBSON, C,,
HEUPEL, M. R., LIVINGSTONE, S. R., SANCIANGCO, J. C., STEVENS, J. D.,
VALENTI, S. and WHITE, W. T. 2014. Extinction risk and conservation of the
world's sharks and rays. Elife, 3, e€00590.

GOTTFRIED, M. D., COMPAGNO, L. J. V. and BOWMAN., S. C. 1996. Size and skeletal
anatomy of the giant "megatooth™ shark Carcharodon megalodon. 55-89. In
KLIMLEY, A. P., AINLEY, D. G. (eds.) Great White Sharks: the Biology of
Carcharodon carcharias. Academic Press, San Diego, 515 pp.

HUBBELL, G. 1996. Using tooth structure to determine the evolutionary history of the white
shark. In KLIMLEY, A. P., AINLEY, D. G. (eds.) Great White Sharks: the Biology
of Carcharodon carcharias. Academic Press, San Diego, 515 pp.

JABLONSKI, D., ROY, K., VALENTINE, J. W., PRICE, R. M. and ANDERSON, P. S.
2003. The impact of the pull of the recent on the history of marine diversity. Science,
300, 1133-1135.

LABS-HOCHSTEIN, J. and MACFADDEN, B. J. 2006. Quantification of diagenesis in
Cenozoic sharks: Elemental and mineralogical changes. Geochimica Et

Cosmochimica Acta, 70, 4921-4932.



10

MAISEY, J. G. 2012. What is an elasmobranch? The impact of palaeontology in
understanding elasmobranch phylogeny and evolution. Journal of Fish Biology, 80,
918-951.

MARTIN, A. P.,, NAYLOR, G. J. P. and PALUMBI, S. R. 1992. RATES OF
MITOCHONDRIAL-DNA EVOLUTION IN SHARKS ARE SLOW COMPARED
WITH MAMMALS. Nature, 357, 153-155.

PIMIENTO, C., GRIFFIN, J. N., CLEMENTS, C. F.,, SILVESTRO, D., VARELA, S.,
UHEN, M. D. and JARAMILLO, C. 2017. The Pliocene marine megafauna extinction
and its impact on functional diversity. Nature Ecology & Evolution, 1, 1100.

PURDY, R. 1996. Paleoecology of fossil white sharks. 67-78. In KLIMLEY, A. P.,
AINLEY, D. G. (eds.) Great White Sharks: the Biology of Carcharodon carcharias.
Academic Press, San Diego, 515 pp.

R DEVELOPMENT CORE TEAM., R. 2017. R: A language and environment for statistical
computing, 3.4.2 Edition. R Foundation for Statistical Computing, Vienna.

RAUP, D. M. 1972. Taxonomic Diversity during the Phanerozoic. Science, 177, 1065-1071.

SAHNEY, S. and BENTON, M. J. 2017. The impact of the Pull of the Recent on the fossil
record of tetrapods. Evolutionary Ecology Research, 18, 7-23.

VARELA, S., GONZALEZ-HERNANDEZ, J., SGARBI, L. F., MARSHALL, C., UHEN,
M. D., PETERS, S. and MCCLENNEN, M. 2015. paleobioDB: an R package for
downloading, visualizing and processing data from the Paleobiology Database.
Ecography, 38, 419-425.

WANG, Y. and CERLING, T. E. 1994. A MODEL OF FOSSIL TOOTH AND BONE
DIAGENESIS - IMPLICATIONS FOR PALEODIET RECONSTRUCTION FROM
STABLE ISOTOPES. Palaeogeography Palaeoclimatology Palaeoecology, 107,

281-289.



11

WEIGMANN, S. 2016. Annotated checklist of the living sharks, batoids and chimaeras
(Chondrichthyes) of the world, with a focus on biogeographical diversity. Journal of

Fish Biology, 88, 837-1037.

FIGURE CAPTIONS

FiG. 1 The fossil record of extant elasmobranch genera. A, Stratigraphic ranges of extant
genera (left) and families (right). Colour represents taxonomic orders (see B). B, Number of
fossil genera by order. C, Proportions for the two major clades, Selachii (sharks) and
Batoidea (skates and rays). In B, C, darker colour denotes the fossil genera not affected by
POR; lighter colour the fossil record affected by POR; grey colour the extant genera without
a fossil record.

FiG. 2. Elasmobranch fossil record per region and tooth size across the different geological
time bins studied. A, Number of fossil genera in the main geographic regions as provided,
mainly by Cappetta (2012). B, Number of fossil genera with micro-teeth (< 1 cm) and macro

teeth (>1 cm). Circles denote the number of genera present in each time bin.

TaABLE 1. Pull of the Recent (POR) bias the fossil record of extant of sharks and rays.

Number of extant taxa represented in the fossil record and affected by POR.

Extant Extant taxa Extant taxa in Plio- POR % POR

taxa w/fossil record  Pleistocene taxa taxa
Order 12 12 12 0 0
Family 58 44 39 0 0
Genus 193 89 68 21 23.59

Species 1,163 89 65 24 26.97




