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ABSTRACT
MORPHOLOGY AND SYSTEMATIC IMPLICATIONS OF FOSSIL AND RECENT
LAMNID SHARK VERTEBRAE USING COMPUTERIZED TOMOGRAPHY (CT-
SCANNING)
By

Sarah Elizabeth Kraig

The use of CT-scanning to better understand shark anatomy is a relatively new technique.
The amount of information gained from work on the internal morphology of the
braincase has shown to significantly increase when CT-scanning is employed, and more
importantly, having done so through non-invasive means. This project applies this
technique to Lamnid shark vertebral columns with the intention of determining
phylogenetically useful characters from vertebral centra without destroying the
specimens, and more specifically, to shed additional light on the phylogenetic position of
the fossil shark, Carcharodon megalodon. The use of fossil material in this project
strengthens the need for non-invasive means. After scans were made, both external and
internal measurements were used, as well as morphological features, to determine
characters and character states. Phylogenetic analyses were mixed. The Carcharhiniform
specimens (used as the outgroup) were grouped together, though they were not the most
basal of the specimens: Alopias vulpinus, the Thresher shark, was. The Carcharodon
megalodon specimens grouped together with other Lamnids, which in itself is promising,
though not significant enough to further clarify their position. The CT-scanning was
successful in identifying internal structures for study. This technique is highly influenced
by the technology available for scanning, as well as by the preservation quality of the

specimens.
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INTRODUCTION

The scientific study of fossil sharks has been ongoing since the mid-19® century
(e.g. Agassiz, 1833-1843). Given that shark skeletons are composed almost entirely of
cartilage, the parts of a shark most likely to fossilize are the teeth, which are produced in
large numbers and which have a high preservation potential due to their hard enamel
covering. As fossilized shark teeth are the most common vertebrate fossils in the record
(Maisey, 1984), much of what we know about fossil sharks has come from their study.
Otic capsules (Maisey, 1985, 2001; Jerve, 2007) and vertebrae are among the other
structures that have been preserved, and they each provide potentially significant
information. Studies comparing the tooth morphology of fossil and extant species have
proved informative, including with regards to Carcharodon megalodon, the hypothesized
relative of modern great white sharks (Carcharodon carcharias). Most of the evidence
supporting this relationship comes from the morphology - generally very similar- and
relative size of the teeth. This has led to the conclusion that not only is C. megalodon
closely related to Charcharodon carcharias, but morphologically very similar, with the
most obvious difference being relative size (C. megalodon was calculated as being three
times the length of C. carcharias) (Gottfried et al., 1996). Nevertheless, Gottfried and
Fordyce (2001), and Nieves-Rivera et al (2003), all concluded that isolated teeth in
themselves do not provide unambiguous support for clearly defined decisions on shark
phylogenetic relationships. With the discovery of fossilized C. megalodon vertebrae, we
now have a separate basis of morphological comparison between C. megalodon and C.

carcharias, and for lamnids in general.



Evolutionary convergence is rampant among shark teeth (Hubbell, 1996) and thus
highlights the challenge of utilizing only teeth for a phylogenetic analysis. The analysis
of fossilized cartilaginous vertebral centra allows for additional non-dental characters that
can be useful in phylogenetic studies. As these are relatively rare and sometimes delicate
structures in the fossil record, non-invasive means must be employed to analyze their
internal structure. CT-scanning (computerized tomography) as employed here provides
high-resolution images of internal structures and is an ideal technique for analyzing well-
calcified centra.

CT-scanning is still a relatively new means of studying fossil sharks, though this
is not the first study to employ it. Maisy (2004) CT-scanned the braincase of the extant
basal shark Notorynchus cepedianus, and fossil sharks dating back to the Devonian
Period. Again in 2005 Maisey used CT-scanning to navigate the braincase of
Cladodoides wildungensis, another Late Devonian shark. Jerve (2007) employed CT-
scanning on the skeletal labyrinth of the otic capsule of fossil carcharhinid specimens and
used a comparative approach with non-fossil lamnids and carcharhinids to investigate
membranous labyrinth morphology and function.

In this study, I will use CT-scanning to analyze the internal morphology of
fossilized lamnid centra and Recent comparative specimens. I will identify and describe
internal features preserved in both the fossil and non-fossil specimens, compare- via
phylogenetic analysis- the phylogenetic position of the fossil taxa with regards to non-
fossil and non-lamniform sharks (ie: specimens from their sister group, the Order
Carcharhiniformes), and determine whether the use of CT-scanning provides

phylogenetically informative characters from fossilized specimens.



The Vertebral Foramina
The vertebral foramina are structurally complex and potentially informative in
that they preserve well when centra are preserved. During life, the foramina are “filled’
with solid basidorsal or basiventral (depending upon location) cartilages (Figure 1). The

basidorsal cartilages extend dorsally and fuse medially to

iz

Figure 1: Generalized lamnid vertebra as appears in vivo. See Anatomical Abbreviations
for descriptions of labels. Modified from Ridewood, 1921.

produce the neural arch. With the vertebrae in articulation, the arches form a ‘tunnel’ for
passage of the spinal column. Encased in this column are the spinal cord and fluid. The
basiventral cartilages extend and fuse ventrally to form the haemal arch (in the trunk and
caudal region) mirroring that of the neural arch, though it is typically slightly narrower.

In the thoracic (mid-body) region, the ribs extend ventrally without fusing, forming the



haemal canal. The haemal canal and arch enclose the haemal artery. The calcified regions
of the intermediale extend to the edges of the centrum and are thus exposed to the naked
eye in a fossilized specimen. They are known as lamellae (Figure 3). In modern centra, a
thin external layer of cartilage may still be present, covering the lamellae, though not
necessarily preventing their identification.

The angles formed between the foramina are approximately equal within a given
vertebrae- this is due to the fact that the dorsal and ventral foramina (when viewed
axially) form an ‘X.” These angles, however, are not necessarily identical between the
Orders Lamniformes and Carcharhiniformes, or even among genera within an order, and
are thus systematically valuable (Hildebrand et al., 2001). Although non-genetic factors
such as sheer-stresses along the spine over time could potentially affect these angles, the
assumption here is that these are not significant enough factors to produce large
distortions.

As vertebral centra are virtually symmetrical if sliced laterally (through the inner
zone, separating the two articulating halves), it is usually impossible to determine
posterior from anterior without reference to the rest of the column. Therefore, no attempt
to do so is made in this study. Additionally, it is impossible to determine the age of a
specimen (juvenile or adult) or the exact location along the spine from where a given

centrum originated.

Anatomical Abbreviations

bd basidorsal cartilage

bv basiventral cartilage

iz inner zone

cali calcified areas of the intermediale
cari cartilaginous parts of intermediale



MATERIALS AND METHODS
Specimens

A complete listing of specimens studied is given in Appendix A. Institutional
catalogue numbers are used when available. In the case of multiple individual centra
under one catalogue number, the catalogue number is expanded to include letters by
adding a period after the number, and then the letter. For example, the two associated
centra of Carcharodon carcharias from CAS with the catalogue number 25844 have been
expanded to CAS 25844.a and CAS 25844.b (Note: some catalogue numbers include
dashed letters, as with BMP 5821-a. These were pre-existing and should not be confused
with the letters added for this study.)

The orders Lamniformes and Carcharhiniformes are both represented (Appendix

A), with Carcharhiniformes serving as the outgroup.

Institutional Abbreviations
AMNH: American Museum of Natural History, New York, New York
BMNH: The Natural History Museum, London, England
CAS: California Academy of Sciences, San Fransisco, California
CMMYV: Calvert Marine Museum, Solomons, Maryland
FM: The Field Museum, Chicago, Illinois
PV: Charleston Museum, Charleston, South Carolina
CT Scans
Initial scans were made at Sparrow Hospital in Lansing, Michigan in May 2007.
Later CT scans were made at the Michigan State University Radiology Clinic in January
2008. Specimens scanned at Sparrow Hospital were scanned on a Toshiba Aquilion 64
medical scanner with slice thickness of 0.3mm and slice intervals of 0.5mm. All

specimens scanned at the MSU Radiology Center were examined using a GE Discovery



STE medical scanner with slice thickness of 0.625 mm, slice intervals of 0.625 mm, and
a helical rotation speed of 1.0 sec. All data were saved as DICOM files and opened and
analyzed using OSIRIX Medical Imaging software. All measurements were taken using

calipers (Mitutoyo) or the measurement option in the OSIRIX program.

Photographs
All photographs were taken with a Nikon Coolpix S200 digital camera and

manipulated using Macintosh iPhoto.

Centrum Measurements

Measurements were taken, when possible, on the specimen first (using Mitutoyo
digital calipers — measurements to 0.001 mm), and from the CT scans secondarily.
BMNH2316 (see Figure 13) was used initially. This is a sectioned vertebrae, and thus
two foramina are exposed, along with the inner zone. Internal measurements were taken
using both the calipers and then also using the measurement tool in OSIRIX to determine
fidelity between the two. The differences averaged 2um on foramina that are
approximately 4.8-4.9cm in length. Therefore, fidelity is assumed.

When more than one vertebra was available under a given catalogue number (and
thus, from the same individual), two practices were followed: 1) if there was no obvious
distinction to be made among the centra, then the best representative was measured, and
2) if there was a distinction to be made (such as size), then each was assigned its own
letter (see ‘Specimens’) and measured. In the case of the latter, the centra were treated as

individuals during the phylogenetic analysis.



Eleven external measurements (see Figure 2 and Figure 3) were taken on each

fossil and recent centrum (modified after Burris, 2005). The measurements are as

follows:

1

2)

3)

4)

5)

6)

7

8)

Diameter 1: Diameter of centrum measured across the face of the centrum.
Anterior and posterior are impossible to determine from isolated centra; therefore,
the larger of the two measurements taken is used as Diameter 1.

Diameter 2: The smaller of the two diameter measurements, as described in
Diameter 1.

Centrum length: Centrum length measured anterioposteriorly from rim to rim.
Centrum width at apices of the double cone: Width at apices of the double cone.
Lamniform centrum walls are convex at this location.

Centrum height: height of centrum measured at the apices of the double cone.
Measured at 90° from Diameters 1 and 2.

Dorsal foramen length: Length measured anterioposteriorly from margin to
margin of a single dorsal foramen. Because fossil centra are sometimes
imperfectly preserved, the length was measured on whichever of the two foramina
was best preserved. On recent centra preserved with the cartilaginous foraminal
arches still attached (thus obscuring the foramina), these measurements were
taken from the CT scans.

Dorsal foramen width: Maximum width of the same dorsal foramen that was
measured for length, measured laterally.

Dorsal interforaminal width: Width of the wall separating the two dorsal

foramina.



9) Ventral foramen length: Length measured anteriorposteriorly from margin to
margin of a single ventral foamen. Because fossil centra are sometime imperfectly
preserved, the length was measured on whichever of the two foramina that was
preserved best.

10) Ventral foramen width: Maximum width of the same ventral foramen that was
measured for length.

11) Ventral interforaminal width: Width of the wall separating the two ventral

foramina.

€ Diameter 1 —

Width at Apices of Double Cone
€ —>
A
t
Dorsal Foramen Length Length
N — ) "
<>
Dorsal
Foramen >
Width Dorsal Interforaminal Width
< >
Diameter 2

Figure 2: External measurements on a vertebral centrum (dorsal view).
Modified from Burris, 2004.



e—— Centrum Height 9

Figure 3: External measurements on a vertebral centrum (lateral view).
Modified from Burris, 2004.
Fourteen internal measurements (Figure 4) were taken from each centrum using
the CT-scanned images. They are listed here:
1) Inner zone height: length of inner space, measured from dorsal to ventral.
2) Inner zone width: length of inner space, measured from side to side.
3) Dorsal inner foramen width: Maximum width of the dorsal foramen, measured
laterally.
4) Ventral inner foramen width: Maximum width of the ventral foramen, measured
laterally.
5) Dorsal depth: Length of the dorsal foramen from mid-point of inner foramen

width to the mid-point of the outer foramen width.

9



6) Ventral depth: Length of the ventral foramen from mid-point of inner foramen
width to the mid-point of the outer foramen width.

7) Dorsal foramen angle: Angle of the dorsal foramen, as taken from the external
foraminal ‘corners,’ to the mid-point of the inner foramen.

8) Ventral foramen angle: Angle of the ventral foramen, as taken from the external
foraminal ‘corners,’ to the mid-point of the inner foramen.

9) Dorsal interforaminal inner distance: Width of the inner wall separating the two
dorsal foramina. Located closest to the inner zone.

10) Ventral interforaminal inner distance: Width of the inner wall separating the two
ventral foramina. Located closest to the inner zone.

11) Dorsal interforaminal angle: Angle of the space between the dorsal foramina.
Taken from the external foraminal ‘corners’ bordering the interforaminal area, to
the mid-point of the inner foramen.

12) Ventral interforaminal angle: Angle of the space between the ventral foramina.
Taken from the external foraminal ‘corners’ bordering the interforaminal area, to
the mid-point of the inner foramen.

13) Dorsal foramen area: Area of the dorsal foramen, calculated as !2ab, where
a=dorsal length and b=dorsal outer foramen width.

14) Ventral foramen area: Area of ventral foramen, calculated as !2ab, where

a=ventral length and b=ventral outer foramen width.
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Figure 4-a: Internal measurements 1, 3, 4, 5, 6, 9, and 10 on a vertebral centrum (Axial,
or anterioposterior, view) as explained in text. *Please note that while measurements 3
and 5 and then 4 and 6 are measured on different foramina, the dorsal and ventral
measurements are each taken from the same foramen. They are shown on different sides
for ease of viewing.
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Figure 4-b: Internal measurements 2, 7, 8, 11, and 12 on a vertebral centrum (Axial, or
anterioposterior, view).

12



Technique for Taking Internal Measurements

The technique that has been developed for taking internal measurements is based
upon the identification of the inner zone of a centrum, which marks the zone through
which the notochord passes. The centrum is viewed axially (if scans were not taken in
this position, then they are manipulated). While moving axially though the centrum, the
inner zone can typically be identified as a dark circular structure in the middle of the
centrum, and is located approximately midway as you move axially. The CT-scan slice
used for taking measurements is the one that has the smallest diameter inner zone for the
purposes of this study, the inner zone height was measured to make this determination.
This slice is designated the central slice and is where the foramina are largest because the
foramina are conical and come to a point at the center of the inner zone. Once this slice is
identified, measurements can be taken using the measurement tool of the viewing

software (OSIRIX).
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MORPHOLOGICAL DESCRIPTIONS
Specimens in this section are organized systematically to better facilitate
comparisons. Both fossil and recent specimens are included; specimens are Recent unless
noted as ‘fossil.” Refer to the Materials and Methods section for definitions and
descriptions of morphological terms. Also, please refer to Appendices B and C for

complete tables of internal (B) and external (C) measurements.

Class CHONDRICTHYES Huxley, 1880
Subclass ELASMOBRANCHII Bonaparte, 1838
Order LAMNIFORMES Compagno, 1973
Family ALOPIIDAE Bonaparte, 1838
Alopias Rafinesque, 1810

CAS 65976 -- Alopias vulpinus
This specimen of Alopias vulpinus (the Thresher shark) was caught off of Pt. San

Pedro, California in 1952 in 200 feet of clear water. It is a dry preserved specimen with
the both the dorsal and ventral arches still attached, the ventral arch being complete. This
makes visual inspection of the foramina difficult, though a distinction between dorsal and
ventral is still possible based upon the outer interforaminal distances. There is little
taphonomic distortion of the vertebrae. The outer edges of the centra are stippled, not
striated. When viewed dorso-ventrally and laterally the centra have a slight hourglass
shape. The specimen was scanned while sitting on an angle (not at an exact 900 to the CT
machine), and thus the dorsal and ventral ends are not clearly visible in the same image.
Therefore there are two images for this specimen (necessary for retrieving all of the

measurements).
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(e —— |
Figure 5: CAS 65976. Alopias vulpinus. A shows the ventral arch, and B shows the dorsal

end of the vertebra. Scale bar is 5 cm.
Family ODONTASPIDIDAE Miiller and Henle, 1839
Odontaspis Agassiz, 1838

BMNH 5821-a — Odontaspis sp. (fossil)
Specimen BMNH 5821-a is a fossilized series of associated disarticulated

vertebrae. Still preserved in situ, the vertebrae have a mudstone matrix within many of
the foramina. All of the vertebrae fall within 23.50-26.00 mm in diameter range. Since

there is some taph ic distortion, have been taken from those vertebrae

exhibiting the least evidence of weathering. The edges are striated axially. When viewed

both laterally and dorso-ventrally, there is no hourglass shape to the vertebrae; axially,

there is some dorso-ventral ion (lateral el ion), though this is slight.

PRy

Internal were not p

as they were unclear and not well resolved.



Family LAMNIDAE Miiller and Henle, 1838
Carcharodon Smith, 1838

BMNH P.8983 — Carcharodon ? auriculatus (fossil)
BMNH P.8983 (figure 6) is the largest centrum in this study. It was collected

from the London Clay deposit (Lower Eocene) and is remarkably well preserved. There
is little taphonomic distortion along the outer edge of the centrum. The dorsal foramina
are nearly perfect with only a little wear on one of the foramen. Thus, the other, more
well preserved foramen was measured. The ventral foramina have more wear, with one
having its wear extend into the rim above and below. The other foramen is worn at the
corners, so the areas where measurements were taken (along the sides and the top and
bottom) are intact enough for accurate measurements.

There is a slight lateral elongation when viewed axially, as well as the slightest
hint of a waist when viewed dorso-ventrally. There is no waist when viewed laterally.
There is some sediment covering the innermost part of one of the articulating facets
(where one centrum articulates with the next), though they do not inhibit taking
measurements. There are a few cracks running though the outer layers of the centra,
though after inspecting the CT scans, they do not extend into the interior of the specimen,

and thus do not affect the internal measurements.
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Figure 6: BMNH P.8983. Carcharodon ? auriculatus. Scale bar is 5 cm.
CAS 25844.a, 25844.b -- Carcharodon carcharias

These two centra are from the same specimen, catalogue numbers CAS 25844.a
and CAS 25844.b (figures 7-a and 7-b). Collected off of Malibu, CA in 1936. Dry
preserved vertebrae, CAS 25844.a is larger (and longer) than CAS 25844.b. The dorsal
and ventral foramina of both centra are well preserved with no taphonomic deterioration.

Both have striated edges, though they do look stippled. There is an hourglass appearance

when viewed both laterally and dorso-ventrally.



Figure 7: CAS 25844.a. Carcharodon carcharias. A is the larger specimen (dorsal end is
to the right), and B is the smaller specimen (dorsal end is towards top). Scale bar is 5 cm.

CAS 26678 — Carcharodon carcharias
CAS 26678 (figure 8) is an articulated column of eight adult great white shark

vertebae. Collected in 1959 off of La Selva Beach near Santa Cruz, CA. As described in

Materials and Methods, no obvious morphological distinctions are apparent among the
vertebra; therefore one representative centrum was selected to be measured. The

specimen is wet-preserved with considerable soft tissue still attached to the cartilage,

making external a near i ibility. All were taken using

the CT-scans of the specimen. The centra are striated, as this is visible through the layers

of soft tissue.



Figure 8: CAS 26678. Carcharodon carcharias. The vertebra measured is the second
from the top (with a few of the measurements still shown). This is a lateral view. Scale
bar is 5 cm.

PV4808, PV4809, BM PV4810 -- Carcharodon megalodon (fossil)

Two of the fossil Carcharodon megalodon vertebrae from the Charleston
Museum (PV4808, PV4809; Figures 9-a and 9-b) are mid-Pliocene in age and were
collected from the Goose Creek formation while dredging the bottom of the Wando River
near Charleston, South Carolina. PV4810 (Figure 9-c) is thought to be late-Miocene in
age, and was collected whilst dredging in either the Cooper or Wando Rivers in
Charleston, South Carolina.

PV4808 (Figure 9-a) is a near-perfectly preserved Carcharodon megalodon
centrum. The dorsal and ventral foramina are clearly visible, with little taphonomic
distress, except along the external edges of the foramina. One side (an articulating face)

of the vertebrae is infilled with sediment, though this does not affect the foramina.



PV4809 (figure 9-b) is a second C. megalodon centrum. Slightly larger in size
than PV4808, it too has some infilling on one of its articulating faces. There is also more

taphonomic wear on the ventral rim of one facet (it is unclear whether it is the anterior or

£ P

posterior facet). This is a i for as only one f is
affected.

PV4810 (figure 9-) is the third and best-preserved C. megalodon centrum. One
entire facet is infilled to the point where the sediment protrudes beyond the level of the
rim on that side. There is no significant taphonomic distress.

All of the specimens are striated along the outer edges of their intermediale. There

is no hourglass shape for any of the specimens when viewed either laterally or dorso-

ventrally.

Figure 9-a: PV 4808. Carcharodon megalodon. Note the slight taphonomic wear on the
external edges of the foramina.
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Figure 9-b: PV 4809. Carcharodon megalodon.

Figure 9-c: PV 4810. Carcharodon megalodon. The largest of the three C. megalodon
vertebrae.
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BMNH 35860 — Carcharodon sp. (fossil)
BMNH 35860 (figure 10) is one of two fossil Carcharodon sp. vertebrae. They

were collected at the Red Crag Formation in Suffolk, England. Only one of the two is
usable; the unusable one is so highly eroded that the internal parts of the intermediale are
now exposed (the edges are worn away).

The remaining centrum is missing some of one of the rims, though not the areas
near the foramina. However, this does allow only one diameter measurement to be taken,
and thus it is identified as diameter 1. There are some large cracks running through the
centrum.

The edges of the intermediale have striated lamellae; however, there are also
pores present. They are medium in size and are scattered on the lamellae themselves.

There is a dorso-ventral elongation when viewed axially. There are no waists
(either when viewed dorso-ventrally or laterally).

This centrum is so poorly preserved that the internal structures are not
distinguishable from the CT scans. It is therefore not included in some of the

phylogenetic analyses (ie: those using the internal characters).

22



Figure 10: BMNH 35860-1. Carcharodon sp. Note how much darker and pooer in quality
this image is than the others. This is due to poor preservation.
Isurus Rafinesque, 1810

CAS SU40902.a, SU40902.b — Isurus glaucus
CAS SU40902.a (figure 11-a) and CAS SU4090.b (figure 11-b) are two centra

from a Mako shark. CAS SU40902.a is smaller overall, while CAS SU40902.b is larger
and has a distinct ‘ridge’ on one of its articulating faces (this does not interfere with any
of the measurements for this study). Collected between Pt. Dune and San Pedro near Los
Angeles, CA in 1943. Because they were collected from commercial fisherman, there is
no way to tell if they are from the same specimen, and thus they will be treated as though
they originated from different individuals.

CAS SU40902.a is a perfectly preserved dry specimen. It is nearly circular in
shape, with a slight lateral elongation.

CAS SU 40902.b is also a perfectly preserved dry specimen with a slight lateral

elongation.



Both have striated edges and some stippling is present on the striations. When
viewed both dorso-ventrally and laterally, there is no ‘waist’ — that is to say, there is no

hourglass shape to the centra.

Figure 11: CAS SU40902.a. Isurus glaucus. A is the smaller of the two vertebrae (top in
the photo), and B is the larger of the two vertebrae (bottom in photo). Scale bar is 5 cm.
Lamna Cuvier, 1816

CAS 26710.a, CAS 26710.b — Lamna ditropis
Collected 6-7 miles offshore from Monterey Bay, CA in 1957. CAS 26710.a

(figure 12-a) and CAS 26710.b (figure 12-b) are both specimens of Salmon shark. CAS
26710.a is the larger of the two and has a slight ‘egg-shaped’ distortion towards the
ventral (haemal) end. It is also distinguishable by having a small pink spot on it, most
likely made soon after it was dry-prepared. CAS 26710.b is the smaller and slightly ‘egg-
shaped’ towards the dorsal (neural) side. There is no taphonomic distortion and both are
striated.

CAS 26710.a has no waist either dorso-ventrally or laterally; however, CAS

26710.b does have a slight waist in both views.
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Figure 12: CAS 26710.a. A is the larger Lamna ditropis vertebra, and B is the smaller
Lamna ditropis vertebra. Scale bar is 5 cm.
Family CETORHINIDAE Gill, 1862
Cetorhinus Blainville, 1816

BM2316 -- Cetorhinus maximus (fossil)
BMNH 2316 (Figure 13) is a fossil Cetorhinus maximus (Basking shark) vertebra

from the Pliocene of Antwerp, Belgium. Only one half of the vertebra (either the dorsal
or ventral — it is impossible to determine without the other present) is preserved. It has
also subsequently been sectioned dorso-ventrally at the inner zone. This allows for direct
observation of the mineralization patterns, as well as access to the internal morphology of

the vertebrae. As the ina are d, direct are

ible of the

P

internal morphology. There is little taphonomic distortion on the external surfaces, and it
is quite possible to see the striated lamellae along the external edges of the intermediale.
There is a slight waist when viewed axially.

Since this is only a half specimen, the foramina that are present are taken as

dorsal.
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Figure 13: BMNH 2316. Cetorhinus maximus centrum. Notice the clarity of the scan in
comparison with other vertebrae. This is because it has been thin-sectioned.

CAS 224630 — “Tetroras” (=Cetorhinus) maximus

CAS 224630 (Figure 14) is a dry-preserved specimen of a Basking shark. It was
collected near Sharp Park in San Mateo Co., CA. There is severe lateral compression on
one end of the vertebra (either dorsal or ventral) due to the conditions under which it was
preserved. This has created distortions for a few of the measurements, such as: centrum
width at the apices of the double cones, diameter 1, diameter 2, and centrum height. The
dorsal and ventral (neural and haemal) arches are still attached and preserved, making
visual identification of the foramina difficult. Thus, they were identified and measured
from the CT scans that were taken. Though the edges of the centrum are covered with

dried cartilage, the striations are still visible.
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Figure 14: CAS 224630. CT-scan of “Tetroras” (=Cetorhinus) maximus. Note the severe
lateral compression of the vertebra in the upper left-hand corner.
Order CARCARHINIFORMES Compagno, 1973 (Carcharhinida White, 1936)
All of the specimens scanned in the Order Carcharhiniformes were scanned with a
lower resolution. This was because the images were unclear when scanned at the same
resolution as the other specimens. Therefore, they are less ‘sharp’ and detailed. The
foramina are however, still clearly visible thus the internal measurements are still
possible.
SDSNH 63154
This specimen (Figure 15) has been identified only as a member of the Order
Carcharhiniformes. Collected in the Rancho del Rey Condo Hill in the San Diego
Formation in San Diego Co., CA in May 1995. Its neural foramina are ovoid, while the
haemal are more rectangular. There is a slight hourglass shape to the centrum when
viewed dorso-ventrally, and when viewed laterally, this shape is greatly reduced, almost
to the point of being non-existent. When viewed axially, there is a lateral elongation (it is

dorso-ventrally compressed). This should not be mis-construed as a taphonomic
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deformation, but rather as the natural state of the centrum. Striated lamellae are absent;
indeed, the only markings along the edges of the intermediale are some scattered pores

along the lateral edges, as well as some in the interforaminal space.

Family CARCHARHINIDAE, Jordan and Evermann, 1896

SDSNH 65993
This specimen (Figure 16) has been identified to the Family Carcharhinidae

within Carcharhiniformes. Collected in 1984 in the Mission Hills Quarry, part of the San
Diego Formation, in San Diego Co., CA. The neural foramina are ovoid and the hemal
are rectangular. There is an hourglass shape with viewed dorso-ventrally; this is less
pronounced when viewed laterally. There is a lateral elongation when viewed axially
(dorso-ventrally compressed). This is the natural state of the centrum and is not a
taphonomic deformation. There are no striated lamellae along the outer edges of the

intermediale, but small pores are present, scattered along the intermediale edge.

Family TRIAKIDAE, Gray, 1851

SDSNH 75551
SDSNH 75551 (figure 17) has been identified to the Family Triakidae within the

order Carcharhiniformes. The specimen was collected near Rancho del Rey, a part of the
San Diego Formation, in San Diego Co., CA in 1990. The neural foramina are ovoid and
curve in slightly at the waist, while the hemal are rectangular and do not curve in at the
waist. There is an hourglass shape when viewed dorso-ventrally; this is less pronounced
when viewed laterally. When viewed axially there is a lateral elongation (dorso-ventral
compression). A significant point is that one lateral side is much longer than the other. As

one cannot tell posterior from anterior, it is impossible to say if this is the left or right
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side of the animal; however, it is possible that this is due to a preference on the part of the
animal for movement on one side more than the other. Additionally, it could be due to the
fact that since this is a very small centrum (the smallest in the study, of either order), the
individual was a juvenile with this defect and died as a result.

There are very small pores (barely visible to the naked eye) on both the dorsal and
ventral interforaminal areas, as well as on the lateral edges of the intermediale.
SDSNH 71143

SDSNH 71143 (figure 18) has been identified as belonging to the Family
Triakidae in the Order Carcharhiniformes. It was collected in Shell Hill in Rancho del
Rey, a part of the San Diego Formation in San Diego Co., CA in 1989. The dorsal
foramina are ovoid and curve in at the waist, like a kidney bean. The ventral foramina are
rectangular and do not curve in at the waist. Viewed dorso-ventrally, there is a distinct
hourglass shape; this disappears when viewed laterally. When viewed axially, the
centrum is laterally compressed (dorso-ventrally elongated), the only Carcharhiniform to
have this shape. There are randomly scattered very small pores all over the intermediale

edges.
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Figure 15: Plate of Charcharhiniformes. A: SDSNH 63154, a Carcharhiniform (dorsal
end to left); B: SDSNH 65993 from the Family Carcharhinidae (dorsal end to lower
right); C: SDSNH 75551 from the Family Triakidae (dorsal end on bottom); D: SDSNH
71143 from the Family Triakidae (dorsal end to right side).
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QUANTITATIVE ANAYLYSIS

Characters

Characters were developed based upon both the internal and external morphology.
The eleven external measurements, the thirty-two internal measurements, and the below-
mentioned additional characters, were used and recorded into Microsoft Excel, coded,
and then transferred into PAST (Hammer and Harper, 2006) for analysis. See Appendix
D for a list of characters and the coded states. See Appendix E for a list of the specimens
with their coded states.

Phylogenetic Analysis Background

Phylogenetic analysis, though not fool-proof in providing true evolutionary
histories, is the most sound approach to the question of determining which of a multitude
of phylogenetic reconstructions is the best. Parsimony operates on the theory of Occam’s
razor: the simplest theory is often the best.
Heuristic (TBR) Search: A heuristic search searches a ‘subset of all possible trees’
(Hammer and Harper, 2006). This is done to minimize the length of time needed to do an
analysis with an exhaustive or branch-and-bound parameters. Because it is not guaranteed
to find the absolute most parsimonious tree (due to the subset being tested), this is often
used with more than 15 specimens, and was thus used for this analysis.

TBR (tree bisection and reconnection), one of three available algorithms for
heuristic searching, is used here due to its advanced ‘branch-swapping’ abilities. Though
it takes longer than the other two algorithms, NNI (nearest neighbor) and SPR (subtree

pruning and regrafting), it often finds shorter trees.
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Branch-and-Bound Search: A variant of an exhaustive search, branch-and-bound
continuously calculates the tree length and automatically disregards trees whose branch
length exceeds the shortest completed tree found so far. Thus there is the guarantee of
finding the shortest trees().

Wagner optimization: Characters analyzed using the Wagner optimization are reversible
and ordered so that a change from 0 to 2 costs more than a change from O to 1 or 1 to 2,
yet is the same as a change from 2 to 0 (Hammer and Harper, 2006). There is also
polarity in the character states, with the primitive state coded as 0.

Outgroup: The Order Carcharhiniformes is used as the outgroup in this study, and thus
has its character states coded as 0. The Carcharhinid with the fewest non-zero character
states was listed first in PAST (the program will automatically code the first specimen

listed as the outgroup).

Specimen Identifications in Phylogenetic Results

Carcharhiniformes
Carcharhinidae
Triakidae

Triakidae

Alopias vulpinus
Odontaspis sp.
Carcharodon ? auriculatus
Carcharodon carcharias
Carcharodon carcharias
Carcharodon carcharias
Carcharodon megalodon
Carcharodon megalodon
Carcharodon megalodon
Carcharodon sp.

Isurus glaucus

Isurus glaucus

Lamna ditropis

Lamna ditropis

WRXNANBE LN =

bd et ek et b fmd ket ok
NN BN —=O
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19.  Cetorhinus maximus
20. “Tetroras” (=Cetorhinus) maximus

Phylogenetic Results
An analysis with all specimens and all characters using a Heuristic (TBR) search
and Wagner optimization produced one MPT with a tree length of 115 and an ensemble

CI of 0.4286.

1 3 410 9 8 14 15161812 13 11 1719 7 § 6 20 2

Figure 16: One MPT in analysis of all specimens and all characters.

This analysis most notably shows a distinction between the Carcharhinids and the
Lamnids, with the exception of the Carcharhinidae specimen. In addition, all three

Carcharodon megalodon specimens group together.
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Removal of Specimens 6,10,14,19,20

Specimens 6, 10, 14, 19, and 20 (BMNH P.5821-a, Odontaspis sp.; CAs 26678,
Carcharodon carcharias, BMNH 35860-1, Carcharodon sp.; BMNH 2316, Cetorhinus
maximus; and CAS 224630, Tetroras [Cetorhinus] maximus) were removed due to poor
preservation quality, which led to either the inability to take measurements (and thus
resulting in ?’s for some characters) or, in the case of specimen 10 (CAS 26678,
Carcharodon carcharias), the inability to take measurements on the specimen and
observe certain morphological characteristics (i.e.: the presence or absence of pores) due
to the presence of flesh that obscures these from view. Tetroras (Cetorhinus) maximus
and Cetorhinus maximus were removed from further testing, due to their severe distortion
(as described in the qualitative analysis section). While this further reduces the number of
taxa represented, neither are good representatives of their species as they provide
unreliable data. Additionally, Odontaspis sp. and Carcharodon sp. were removed from
the study. Again, as they are the only representatives of their taxa, their removal reduces
the taxonomic diversity; however, as internal measurements were not possible for both,
there are many characters that are coded at ‘?’ and are therefore phylogenetically not
useful.

After the removal of these specimens, a new phylogenetic analysis produced ten

MPT’s with tree lengths of 99.
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B.
Figure 17: Ten MPT’s of analysis without specimens 6, 10, 14, 19, and 20. A, B, C, D, E,

F, G, H, 1, and J are the ten MPT’s; K is the Strict consensus tree; L is the Majority
consensus tree.
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Figure 17 Continued
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Removal of Characters 1, 11, 12, 13, 15, 19, 24
Characters were removed due to their low CI values (as determined during the initial
analysis with all specimens and characters. See Table 1). Removal was based upon a CI
of <0.3.
With this combination of the removal of specimens 6, 10, 14, 19 and 20 and

characters 1, 11, 12, 13, 15, 19, and 24 there are five MPT’s with a length of 67.

1 2 4 35 7 11 12 13 17 18 8 9 15 16

Figure 18: Five MPT’s produced with the removal of specimens 6, 10, 14, 19, and 20 and
the removal of characters 1, 11, 12, 13, 15, 19, and 24. A, B, C, D, and E are the five
MPT’s; F is the Strict Consensus tree; G is the Majority Consensus tree.
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Figure 18 Continued
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Table 1: List of characters and their consistency indices. Based upon phylogenetic

analysis using all specimens and all characters.
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DISCUSSION
Initial Analysis with all Specimens and Characters
Interestingly, the species that groups next closest to C. megalodon is Lamna
ditropis, the salmon shark, a relationship not previously suggested. There is a not much
finer resolution, thus leading to further analysis. This includes removing specimens that
have poor preservation quality and analyzing the characters for convergence using their
CI values. A CI value of 1 is indicative of there being no convergence and a CI of 0

indicates convergence is likely. The results of the characters are given in Table 1.

Analysis with Removal of Specimens 6, 10, 14, 19, and 20
With this combination of specimens and characters, there is resolution, but not
any that makes sense. There are specimens of the same species that are separated and
those from multiple species lumped together. This is indicative of redundancy and of the
existence of non-phylogenetically useful characters, as well as a possible indication of

convergence among characters.

Analysis with Removal of Specimens 6, 10, 14, 19, and 20 and Characters 1, 11, 12, 13,
15, 19, and 24

In the final analysis (with the removal of both the poorly preserved specimens and
the convergent characters), both the strict and majority consensus trees show nearly
identical results. The Carcharhinids are basal to the Lamnids, as is to be expected with
their assignation as the outgroup. Recovery of phylogenetically useful information is
indicative that shark vertebral centra retain some degree of phylogenetic signal. This is

shown through the recovery of the Carcharodon megalodon speciemens (11, 12, and 13)



together. Additionally, the Lamna ditropis specimens group together, as do the
Carcharodon carcharias (8 and 9) and Isurus glaucus (15 and 16) specimens.

It is interesting to note that the species that grouped closest to Carcharodon
megalodon are Carcharodon auriculatus (?) and Lamna ditropis. As C. auriculatus is
another member of the genus Carcharodon (and another large, fossil shark), their close
association is not surprising. Lamna ditropis’ close association is, however, a relationship
not previously suggested in the literature and provides a new possibility for C. megalodon
placement within the Lamnids

Also of note is the close association between the Carcharodon carcharias
specimens and the Isurus glaucus specimens, as these are often touted as close cousins of
one another. Therefore, these results are significant regarding the usefulness of shark
vertebral centra in phylogenetics.

The placement of Alopias vulpinus as the most basal Lamnid is also not surprising
as they are the most physically distinct species in the analysis, possessing the elongate
caudal fin which gives the species its common name of Thresher Shark.

Limitations

Specimen preservation was a large limitation during the analysis, as specimens
which were poorly preserved (either taphonomically, or during museum preparation)
resulted in removal from the study due to lack of reliable data. Additionally, there is a
relatively poor availability of skeletonizes shark specimens, both of fossil and recent
specimens. Due to their scarcity in the fossil record and the existence of protective laws
for the capture of living animals, specimens available for study are often reliant upon

those that are already present in museum collections. This leads to the limitation of
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having mostly only individual vertebrae as opposed to fully vertebral columns. Not
knowing where along the spinal column an individual vertebrae comes from could be
significant. This is because vertebral vary both in size and shape along the column due to
the function each section has (i.e.: neck, thoracic, lumbar, or caudal). Additionally, the
age of the specimen could be significant. Varying ontogenetic stages may alter the
measurements of the vertebrae. As an individual ages, stresses along the column may
change and may thus manifest themselves in varied ways. Without a standardized set of
acceptable variation for specimens ate different developmental stages, results will only be

as good as the identifications on the collections labels.
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CONCLUSION
CT Scanning

The use of CT scanning on fossil vertebrates, though not a new technique has
shown in this case to be useful for the identification and subsequent study of new
phylogenetic characters.

Carcharodon megalodon affinities with C. carcharias

The hypothesis that Carcharodon carcharias is a sister taxa to Carcharodon
megalodon is not supported in this analysis. Placement of C. megalodon specimens
nearer to C. carcharias specimens does not occur, though they are separated from the
Carcharhinifomes. Specimens 11, 12, and 13, (BMNH 4808, BMNH 4809, and BMNH
4810, all Carcharodon megalodon) do group together, though specimens 17 and 18 (CAS
26710.a and CAS 26710.b, both Lamna ditropis) are closest to them. The two Lamna
ditropis specimens should theoretically group together, as they are from the same
individual. In addition, all of the various members of the genus Carcharodon should also
group, and they do not. We do see specimens 8 and 9 (both modern Great White
Carcharodon carcharias specimens) together as well as a closer association of the C.
megalodon specimens with the C. auriculatus specimen, though the presence of the
Lamna ditropis specimens is unsettling.

The Mako specimens (15 and 16, CAS SU40902.a and CAS SU40902.b) group
together and share a node with the modern Carcharodon carcharias specimes. This is

significant as they closely related specimens.
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Directions for Future Research

Though the images produced with computerized tomography were satisfactory
enough to allow for internal examination, more precise and more detailed images will
only serve to increase confidence with respect to the internal measurements taken. In
addition, more powerful imaging software will allow for great manipulation of the
images.

Development of a database of various species’ ontogenetic (including stress
factors due to use/aging) differences will allow for a greater understanding of the
variances in specimens due to accountable factors. This will also allow us to focus on the
differences due to species, not because of growth or stresses along the skeletal frame.
Additionally, including information on the location of a single vertebrae along the spinal
column will also account for the observed variation among specimens.

The use of a more powerful phylogenetic analysis program will also produce
results with more impact. A program such as PAUP would be able to handle larger test
runs (such as with branch-and-bound testing) and would therefore take into account all
possible phylogenetic trees. Convergence among characters, though taken into
consideration in this study, can still be addressed in future work. As always, the inclusion
of more characters and more specimens will greatly increase the impact of the results.

Combining vertebral data with preexisting data sets (most notably those of teeth)
will form a larger, more inclusive data set. This will help to fortify the conclusions this
study has drawn (i.e.: the presence of Lamna ditropis as the sister taxa to Carcharodon

megalodon).
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APPENDIX A: SPECIMEN LIST

Specimen # Identification

CAS 65976 Alopias vulpinus

BM P.5821-a Odontaspis sp.

BM P.8983 Carcharodon auriculatus (?)
CAS 25844.a Carcharodon carcharias
CAS 25844.b Carcharodon carcharias
CAS 26678 Carcharodon carcharias
BM PV4808 Carcharodon megalodon
BM PV4809 Carcharodon megalodon
BM PV4810 Carcharodon megalodon
BM 35860-1 Carcharodon sp.

CAS SU40902.a

Isurus glaucus

CAS SU40902.b

Isurus glaucus

CAS 26710.a Lamna ditropis

CAS 26710.b Lamna ditropis

BM 2316 Cetorhinus maximus

CAS 224630 “Tetroras” (=Cetorhinus) maximus
SDSNH 63154 Carcharhiniformes (Order-level)
SDSNH 65993 Carcharhinidae (Family-level)
SDSNH 75551 Triakidae (Family-level)

SDSNH 71143 Triakidae (Family-level)
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EXTERNAL MEASUREMENTS

APPENDIX B
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APPENDIX C: INTERNAL MEASUREMENTS
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APPENDIX D: LIST OF CHARACTERS
Those with a double asterisk (**) are after Burris, 2004. They are as follows:

1) Internal foraminal shape is conical (0); internal foraminal shape is cuboid (1)

2) External dorsal and ventral foraminal shapes are same (1); are different (0)

3) External appearance of centrum (as seen from a birds-eye or side view) is striated
(2); external appearance of centrum is striated with pores (1); external appearance
has pores (0).

4) Pores absent (2); pores small (0); pores large (1). **

5) Pores absent (2); pores on lamellae and around foramina (1); pores scattered (0)**

6) Centrum is non-hourglass shaped when viewed axially (2); centrum has a slight
hourglass shape when viewed axially (1); centrum has an obvious hourglass shape
when viewed axially (0).

7) Lamellae do not extend into interior of inner part of foramina (1); lamellae extend
into inerior part of foramina (0).

8) Space exists between inner zone and inner edge of foramina (0); inner zone
extends to inner edge of foramina (1).

9) Centrum length/diameter ratio < 0.50 (1); centrum length/diameter ratio > 0.50 (0).

10) Centrum length/height ratio < 0.5 (1); centrum length/height ratio > 0.50 (0).

11) Centrum diameter 1/ height ratio < 1.0 (1); centrum diameter 1/height ratio >1.0
(0).

12) Inner zone height/inner zone width ratio < 1.0 (0); inner zone height/inner zone

width ratio > 1.0 (1).
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13) Dorsal foramen length/dorsal foramen width ratio < 1.3 (2); dorsal foramen
length/dorsal foramen width ratio 1.3-1.95 (1); dorsal foramen length/dorsal
foramen width ratio >1.95 (0).

14) Ventral foramen length/ventral foramen width ratio < 1.50 (1); ventral foramen
length/ventral foramen width ratio >1.50 (0).

15) Dorsal foramen length/ventral foramen length ratio < 1.0 (1); dorsal foramen
length/ventral foramen length ratio > 1.0 (0).

16) Width at apices of double cone/diameter ratio > 1.0 (2); width at apices of double
cone/diameter ratio 0.90 — 1.0 (1); width at apices of double cone/diameter ratio <
0.9 (0). **

17) Dorsal external interforaminal width/ventral external interforaminal width < 0.60
(2); dorsal external interforaminal width/ventral external interforaminal width
0.60 - 0.80 (1); dorsal external interforaminal width/ventral external
interforaminal width > 0.80 (0).

18) Dorsal interforaminal wall width/width at apices of the double cone ratio < 0.30
(0); dorsal interforaminal wall width/width at apices of the double cone ratio >
0.30 (1). **

19) Ventral interforaminal wall width/width at apices of the double cone ratio > 0.30
(1); ventral interforaminal wall width/width at apices of the double cone ratio <
0.30 (0).

20) Dorsal interforaminal angle < 25 (2); dorsal interforaminal angle 25 — 35 (1);
dorsal interforaminal angle > 35 (0).

21) Striated between foramina (1); solid between foramina (0).
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22) Dorsal foramen length/dorsal foramen depth ratio < 0.50 (2); dorsal foramen
length/dorsal foramen depth ratio 0.50 — 0.75 (1); dorsal foramen length/dorsal
foramen depth ratio > 0.75 (0).

23) Ventral foramen length/ventral foramen depth ratio < 0.60 (2); ventral foramen
length/ventral foramen depth ratio 0.60 — 1 (1); ventral foramen length/ventral
foramen depth ratio > 1.0 (0).

24) Dorsal foramen angle/ventral foramen angle ratio > 1.10 (2); dorsal foramen
angle/ventral foramen angle ratio 1.0 — 1.10 (1); dorsal foramen angle/ventral
foramen angle ratio <1.0 (0).

25) Dorsal interforaminal angle/ventral interforaminal angle ratio < 0.95 (0); dorsal
interforamina angle/ventral interforaminal angle ratio > 0.95 (1).

26) Dorsal foraminal angle/ventral interforaminal angle ratio < 0.60 (2); dorsal
foraminal angle/ventral interforaminal angle ratio 0.60 — 0.90 (1); dorsal
foraminal angle/ventral interforaminal angle ratio > 1.0 (0).

27) Ventral foraminal angle/dorsal interforaminal angle ratio < 0.70 (2); ventral
foraminal angle/dorsal interforaminal angle ratio 0.70 — 1.10 (1); ventral
foraminal angle/dorsal interforaminal angle ratio > 1.10 (0).

28) Dorsal inner foraminal width/dorsal external foraminal width ratio < 0.30 (0);
dorsal inner foraminal width/dorsal external foraminal width ratio > 0.30 (1).

29) Ventral inner foraminal width/ventral external foraminal width ratio < 0.30 (0);
ventral inner foraminal width/ventral external foraminal width ratio > 0.30 (1).

30) Inner zone height/dorsal foramen length ratio > 0.10 (1); inner zone height/dorsal

foramen length ratio < 0.10 (0).
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31) Inner zone height/ventral foramen length > 0.10 (1); inner zone height/ventral
foramen length ratio > 0.10 (0).

32) Inner zone area/dorsal foramen area ratio > 0.10 (1); inner zone area/dorsal
foramen area ratio < 0.10 (0).

33) Inner zone area/ventral foramen area ratio > 0.10 (1); inner zone area ventral
foramen area ratio < 0.10 (0).

34) Dorsal foramen length/centrum length ratio < 0.50 (2); dorsal foramen
length/centrum length ratio 0.50 — 0.70 (1); dorsal foramen length/centrum length
ratio > 0.70 (0).

35) Ventral foramen length/centrum length ratio < 0.50 (1); ventral foramen

length/centrum length ratio > 0.5 (0).
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APPENDIX E: CODED CHARACTERS
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