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ABSTRACT
MORPHOMETRIC ANALYSIS OF EXTANT AND FOSSIL MAKO SHARKS
(ISURUS; LAMNIDAE)
By

Lisa Beth Whitenack

Studies of fossil neoselachian sharks have largely relied on qualitative data from
isolated teeth, which are abundant but problematic due to various forms of
heterodonty. This issue is addressed here by using geometric morphometrics to
analyze shape variation in teeth of the two extant Mako shark species, /surus
oxyrinchus and I. paucus. The teeth and their relative jaw were characterized
using Procrustes superposition and principle components analysis, which does
distinguish between teeth of the two species and also identified characteristics of
the genus. Only the third tooth (from the symphysis) displayed asymmetry
between the left and right sides. Teeth of the fossil Mako /. hastalis were then
subjected to similar analysis. The results do distinguish between the extant and
fossil species, indicating that these morphometric techniques are and more
objective than qualitative approaches. Geometric morphometric techniques can

be more broadly applied in future systematic studies on other groups of sharks.
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INTRODUCTION

The Mako sharks (/surus; Family Lamnidae) include two extant species: the
Shortfin mako (/surus oxyrinchus) and the Longfin mako (/. paucus). |.
oxyrinchus is typically found offshore in tropical waters worldwide (warmer than
16 degrees Celsius), from the surface to a depth of ca.152 meters. /. paucus is
less common than /. oxyrinchus, and therefore its distribution is not as well
known; it has been hypothesized that the two species occupy similar ranges
(Figure 1) (Compagno, 1984). Makos are active predators, feeding primarily on
teleost fishes, including bluefish and scombrids, and small elasmobranchs up to
1 meter in total length, along with occasional squid and cetaceans (Cliff, et al.,

1990; Compagno, 1984; Stillwell and Kohler, 1982).

The two extant Mako species are very similar in external appearance (Figure 2).
Both species display sexual dimorphism, with the female larger than the male.
Male Shortfins reach 284 cm in total length (TL), while females reach 394 cm TL.
Male Longfins reach 245 cm TL; females reach 245-417 cm TL (Compagno,
1984, Pratt and Casey, 1983). The two species can be distinguished externally
by the relative lengths of their pectoral fins. Shortfins have long and broad
pectoral fins that are shorter than their heads; Longfins have pectoral fins that
are shaped similarly to those of Shortfins, but the fins are longer than their heads
and more narrowly proportioned. The two species can also be distinguished

based on their teeth (Figure 3). Both species have unserrated, unicuspid teeth,



Figure 1 (a) Distribution of /surus oxyrinchus (b) Distribution of /surus paucus.
Shaded areas represent known distributions of the species. Areas bounded by
dashed lines represent areas the species is thought to inhabit (Holthe, 1998;
Stevens and Scott, 1995; Gillespie and Saunders, 1995; Killam and Parsons,
1986; Munoz, 1985; Compagno, 1984).
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Figure 2 (a) /surus oxyrinchus, x0.03 (b) Isurus paucus, x0.06.
Arrows indicate the pectoral fin, the external feature most commonly used to
identify extant Mako species. After Compagno, 1984.
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Figure 3 (a) Isurus oxyrinchus (b) Isurus paucus
Tooth series from the upper and lower jaws, left side,
labial view (x0.5). After Compagno, 1984.



but the teeth of I. oxyrinchus have narrow cusps with reversed and labially
recurved tips, whereas /. paucus teeth have broad cusps that are not recurved

(Compagno, 1984).

Seven extinct species of /surus are présently recognized (Figure 4) (Cappetta,
1987). Additional fossil species of /surus have been named, but, as is the case
with a number of other fossil shark taxa based on isolated teeth, many of these
assignments are dubious or represent junior synonyms. The fossil sharks that
can confidently be assigned to /surus are widely distributed and range back to
the Paleocene. The earliest record of Isurus is I. winkleri, from Paleocene strata
of Belgium (Cappetta, 1987; Casier, 1943). [. praecursor has been recorded
from Eocene sediments of Africa, Europe, Antarctica, Syria, and the southeast
United States (Cione and Reguero, 1995; Kent, 1994; Cappetta, 1987). /. desori
appears in the Oligocene and continues into the Pliocene. This species occurs in
Europe, Africa, Japan, and the United States (Kent, 1994; Karasawa, 1989;
Cappetta, 1987). Additional species join /. desori in the Miocene: /. escheri, |.
hastalis, I. planus, and I. retroflexus. . escheri occurs in Europe (Cappetta,
1987; Leriche, 1905). . retroflexus has been recorded in Europe, Australia, and
the United States (Kent, 1994; Cappetta, 1987). [. planus occurs in Antarctica,
Japan, and the United States (Karasawa, 1989; Cappetta, 1987). /. hastalis is
the most widespread of the Miocene species, occurring in Europe, Africa,
Antarctica, South America, Australia, the United States, and Japan (Kent, 1994,

Uyeno et al, 1990; Karasawa, 1989; Cappetta, 1987).



Recent

Pleistocene -

Pliocene

Miocene

Oligocene

Eocene

Paleocene

1. winkleri

I. praecursor
1. desori

1. escheri

1. planus

1. retroflexus
I. hastalis
1. oxyrinchus
I. paucus

Figure 4 Distribution of /surus species through the Cenozoic and representative
lower anterior tooth of each species depicted. Compiled from: Cione and
Reguero, 1995; Kent, 1994; Uyeno et al, 1990; Karasawa,1989; Cappetta, 1987;
Case, 1980; Casier, 1943; Leriche, 1905.



The Miocene also marks the first appearance of the extant species /. oxyrinchus,

which is found in the United States and Japan (Case, 1980; Uyeno et al., 1980).

Like the extant Makos, fossil forms of /surus are also identified on the basis of
qualitative descriptions of tooth morphology. As with many neoselachians, teeth
are often the only parts of Mako sharks preserved in the fossil record. The
crowns of chondrichthyan teeth are composed of apatite, Ca(PO4)3F, which is
insoluble and very durable. Additionally, a single shark can produce thousands
of teeth in its lifetime (Correia, 1998). For these reasons, shark teeth are the

most common vertebrate fossils.

Despite the abundance of fossil shark teeth, studies that rely solely on isolated
teeth have inherent problems. Sharks exhibit various and sometimes
complicated forms of heterodonty within a given jaw (monognathic heterodonty)
or between the upper and lower jaws of the same species (dignathic
heterodonty) (Figure 3) (Compagno, 1988). For example, not only may the third
tooth from the symphysis in the upper jaw be different in shape from the adjacent
teeth in the same jaw, but it may also differ in shape from the corresponding
tooth in the lower jaw. Complete shark dentitions are extremely rare in the fossil
record, which means that the degree of heterodonty within fossil specie;e, is
typically not well known. Tooth morphology is also affected by ontogeny. A free-
swimming juvenile may have teeth that exhibit a far different morphology from

those of an adult of the same species (Compagno, 1988). Some neoselachians,



e.g. Carcharhinus dussumieri, exhibit sexual heterodonty, which involves
differences between the males and females in the arrangement of the teeth
within the jaw and/or tooth morphology (Compagno, 1988; Peyer, 1968). Tooth

shape can also be convergent between closely or distantly related species.

Taxonomic practice has begun to better reflect some of the challenges involved
in working with isolated fossil shark teeth. In the case of /surus, a number of
species (Cretoxyrhina mantelli, Anomotodon sheppeyensis, Paranomotodon
angustidens, Sphenodus lundgreni, and Parotodus benedeni ) that were initially
placed in /surus based on tooth morphology are now considered to belong to
different genera (Cappetta, 1987). Currently, two fossil species of /surus, I.
desori and /. retroflexus, are considered questionable and are being investigated.
I. desori has a very similar tooth morphology to /. oxyrinchus, and /. retroflexus is
similar to /. paucus. Itis possible that the two fossil species are synonymous

with the two extant Mako species (Purdy, in press).

The problems caused by heterodonty and convergence have cast doubt on
qualitative studies of isolated fossil shark teeth. A more quantitative approach,
using modern morphometric techniques, is employed here to establish objective
criteria for distinguishing between the two extant species, /. oxyrinchus and /.
paucus, and the common fossil form /. hastalis. Morphometric techniques have
been applied to a wide variety of organisms, from studying birds by analyzing

ratios of linear parameters of humeri (Warheit, 1992), to applying triangulation



techniques to brachiopod cardinal processes (Leighton and Maples, 2000). For
chondrichthyans, discriminant function analysis and quadratic discriminant
analysis of linear measurements were used by Naylor and Marcus (1994) to
characterize modern Carcharhinus teeth for the purpose of identifying isolated
fossil teeth of the same genus; however fossil carcharhinid teeth have never
been analyzed using morphometric techniques. Quantitatively studying extant
and fossil Mako shark teeth by applying the morphometric techniques of
triangulation (baseline coordinates) and Procrustes superposition, as well as
statistical techniques, such as principle components analysis, provide a more
objective basis for taxonomic assignment than do traditional qualitative
morphological descriptions. This approach may also prove appropriate for other

lamnids and other groups of sharks with both extant and extinct members.



MATERIALS AND METHODS

Teeth of the two extant Mako species, Isurus oxyrinchus and Isurus paucus,
were characterized morphometrically in order to identify criteria that differentiated
between the two species. For this portion of the study, tooth sets and jaws of
adult /. oxyrinchus and /. paucus were obtained from the collections of the
National Museum of Natural History (NMNH), the Field Museum of Natural
History (FMNH), the Kwa Zulu — Natal Sharks Board, and the private collection of
Gordon Hubbell (Table 1). Each jaw and each of the first seven teeth posterior to
the symphysis within each jaw were photographed individually using an Olympus
C3000 digital camera, then digitized using Adobe Photoshop 5.0 and Adobe
llustrator 9.0. Tooth position was recorded in order to account for heterodonty
(Figure 5). If the tooth was taken from either the upper left or lower right jaw, the
image of the tooth was reflected about a vertical axis so that all teeth curved to
the viewer’s right for ease of comparison. Seven landmarks were chosen from
the labial side of each tooth to reflect the shape of the crown and of the entire
tooth (Figure 6). Those teeth that were missing landmarks (e.g. the apex of the
crown was broken off) were discarded. The raw coordinate data taken from the
digitization process was then run through CoordGen6 (morphometric software by
David Sheets, 2001) to calculate the Bookstein shape coordinates, using the
baseline coordinates (triangulation) method (Bookstein, 1991). One landmark is
designated (0,0), and a second is designated (1,0), creating the baseline. The
positions of the remaining landmarks are plotted relative to the baseline. This

method corrects for size differences (Leighton and Maples, 2000) that may be
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Table 1

List of Materials Examined

Institution Specimen Species Specimen
Number Description
Field Museum of Natural | FMNH 83731 I. oxyrinchus | Upper and
History lower jaws
Kwa Zulu — Natal Sharks | SUL 92014 I. oxyrinchus | Upper and
Board lower jaws
UMH 9202 I. oxyrinchus | Upper and
lower jaws
UMH l. oxyrinchus | Upper and
STRANDING lower jaws
WIN 93001 I. oxyrinchus | Upper and
lower jaws
National Museum of USNM 110881 I. oxyrinchus | Upper and
Natural History lower jaws
(test specimen)
USNM 110948 I. oxyrinchus | Lower jaw
USNM 263282 I. oxyrinchus | Upper and
lower jaws
USNM Teaching | /. paucus Associated
Collection teeth (n=28)
Gordon Hubbell (private | CASTRO l. paucus Upper and
collection) lower jaws
ISUR-2-13 l. paucus Upper and
lower jaws
LONG 1786 l. paucus Associated
teeth (n=28)
LONG 5599 l. paucus Associated
teeth (n=28)
(test specimen)
OXY CASTS I. oxyrinchus | Casts of
associated
teeth (n=28)
PAUC COMP l. paucus Associated
teeth (n=28)
SHTFIN 11191 I. oxyrinchus | Associated

teeth (n=28)

Michigan State
University Museum

VPTC

I. hastalis

Individual teeth
(n=27)

1
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Figure 5 /surus oxyrinchus tooth series from the upper and
lower jaws, left side, labial view. Numbers indicate tooth
positions assigned for data acquisition. After Compagno, 1984.

12



(0,0) (1,0

Figure 6 Location of landmarks shown on an /Isurus oxyrinchus tooth, upper
jaw, left side, second tooth from the symphysis, labial view.
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present due to jaw position or age differences between free-swimming sharks.
This was necessary because the ages of the sharks that the fossil teeth came
from are not known. The teeth were analyzed in PCAGen6 (Sheets, 2000) to

determine if any errors were made during the digitizing process.

The Bookstein shape coordinates were then transformed using Procrustes
superposition, which minimizes the variance between two specimens through
rotation and resizing. The Procrustes coordinate data were evaluated using
TwoGroup6 (Sheets, 2001) to determine if teeth from the right and left sides of
the jaw display fluctuating asymmetry or antisymmetry (Palmer, 1986). If any
asymmetry is present, it is necessary to keep the data from each side separate.
The Procrustes shape coordinate data were then run through PCAGen 6 to
perform principle components analyses in order to characterize differences in
tooth morphology, both within the same species and between /. oxyrinchus and .
paucus. F-tests were also used to determine if the two species were statistically

different from each other.

The next step involved blind-testing of the morphometric criteria found in the first
part of the study. One set of jaws for each extant species was utilized for this
purpose. The designated test specimens were not used in the initial analysis.
From each test specimen, a random set of teeth was chosen. The test
specimens were digitized and Procrustes shape coordinates were obtained. This

data was then tested against the Procrustes shape coordinates of the initial set of

14



specimens using clustering analysis to determine if they fall within the

parameters established in the initial analysis.

The Miocene Mako /surus hastalis was then added to the study to determine if its
teeth could be distinguished morphometrically from the extant species, and
whether the jaw position of individual teeth could be assigned. Twenty-seven
individual teeth of /. hastalis were obtained from the Michigan State University
Museum Vertebrate Paleontology Teaching Collection. The fossil teeth were
subjected to analysis similar to the first set of specimens. Promising resulits in
this part of the study would support the use of similar morphometric techniques in

studies of other groups of fossil sharks.

15



RESULTS AND DISCUSSION

Testing for asymmetry

Procrustes shape coordinate data were tested for statistical significance using an
F-test, a resampling test which calculates the likelihood that similar data could be
obtained randomly. The Procrustes shape coordinates were also graphed and
visually analyzed (Figures 7 and 8). In both extant species, only jaw position 3,
in both the upper and lower jaws, displayed asymmetry (antisymmetry); the other
positions were generally symmetrical. Thus for each jaw position except 3, shape
coordinates of the teeth from the right and left sides of the jaw were combined

into one data set.

The cause of this asymmetry is not known. One possibility is “handedness” in
feeding. Just as humans tend to favor their right or left hand, perhaps some
sharks favor feeding from the right or left side. No studies have been performed
on shark handedness, so it cannot be said whether this occurs or not. A second
possibility is that it is not functional. In humans, there are small differences
between the right and left sides of the face that are not correlated with function.

The slight asymmetry in Makos may be similar.
Characterizing the extant species

For each species, the Procrustes shape coordinates for positions 1 through 7

were plotted, keeping data from the upper jaw and lower jaw separate (Figures 9

16
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through 16). These data were also analyzed using principle components
analysis (Figures 17 through 24). On both the principle components plot and the
graphs of the Procrustes shape coordinates, tooth positions 1, 2, and 3 fall into
distinct clusters, while positions 4, 5, 6, and 7 fall into one cluster. This holds
true for the upper and lower jaws, and for both species. Thus, for each jaw
(upper and lower) and species, the jaw positions can be sorted into five groups:
jaw position 1, jaw position 2, jaw position 3 (left side), jaw position 3 (right side),
and jaw positions 4 through 7. This part of the analysis strongly supports the
presence of monognathic heterodonty in Mako sharks. The Procrustes shape
coordinate data for the teeth in the upper jaw were then tested against the data
for the lower jaw using an F-test. For both extant species, the differences were
statistically significant (p=0.01), indicating that Mako sharks also have strong

dignathic heterodonty.

The plots of the Procrustes shape coordinates can be used to describe the
change in shabe between tooth positions (Figure 25 through 28). In the lower
jaws of both /. oxyrinchus and /. paucus, tooth position 1 has a long, narrow cusp
and base. As the teeth are tracked to tooth position 4, the cusp becomes
shorter, ‘and the base becomes wider. The upper jaw of /. oxyrinchus and /.
paucus display a similar pattern, with the exception of tooth position 3, which has
a base that is as wide or wider than as the base in position 4, and a shorter cusp
than position 4. These observations are supported in the principle components

analysis (29 through 32). Principle component 1, which accounts for
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Figure 29 - Deformations shown as vectors on landmarks that represent
principle components 1 (a) and 2 (b) for /. oxyrinchus, lower jaw. See Figure 3
for landmark identities.
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Figure 30 - Deformations shown as vectors on landmarks that represent
principle components 1 (a) and 2 (b) for /. oxyrinchus, upper jaw.
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Figure 31 - Deformations shown as vectors on landmarks that represent
principle components 1 (a) and 2 (b) for /. paucus, lower jaw.
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Figure 32 - Deformations shown as vectors on landmarks that represent
principle components 1 (a) and 2 (b) for /. paucus, upper jaw.

43



the majority of variation between specimens, is the length of the cusp. Principle

component 2 is the size of the tooth base.

Comparing extant species

Procrustes shape coordinates for corresponding tooth positions (e.g. tooth
position 1, upper jaw) of the two extant species were plotted and tested using an
F-test. The graph of the shape coordinates showed considerable overlap of the
two species (Figure 33). This was confirmed with the F-test; p-values ranged
from 0.0575 to 0.49. In order to be statistically significant, p-values must be
equal to or lower than 0.05. Thus, teeth of /. oxyrinchus and . paucus are not
significantly different. However, it should be noted that the sample size for this
study is fairly small (10 /. oxyrinchus jaws, 5 I. paucus jaws), which may account
for the high p-values. If the teeth of the two species are visually compared, there
are obvious differences in morphology (Figure 3). The teeth of /. oxyrinchus are
more curved than those of /. paucus, and also have longer, thinner cusps.

Additional specimens would add data that may lead to better resolution in this

portion of the study.

Testing the methods

The Procrustes shape coordinate data for the 14 test teeth were clustered with
the Procrustes shape coordinate data for the teeth analyzed. The unknown tooth
was given the designation of the tooth that it was paired with (species, tooth

position, upper/lower jaw) (Table 2). If the unknown tooth was added to a cluster
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Table 2
Results of the Clustering Analysis
The identification of the test specimens is based on which specimens (with

known assignments) were clustered with the test specimens. The test specimen

number is based on the order of specimens in the data matrix used in the
clustering analysis.
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Table 2

Results of the Clustering Analysis

Test Clt ed Assigned Identity Actual Identity
Specimen With
222 76 and 154 1. oxyrinchus, upper jaw, | |. oxyrinchus, upper jaw,
position 1 position 2
or
1. paucus, lower jaw, left
side, position 3
223 99 1. oxyrinchus, upper jaw, | . oxyrinchus, upper jaw,
right side, position 3 position 4
224 48 and 178 1. oxyrinchus, lower jaw, 1. oxyrinchus, upper jaw,
position 4 through 7 position 6
or
I. paucus, lower jaw,
position 4 through 7
225 146 and 1. paucus, lower jaw, 1. oxyrinchus, lower jaw,
150 position 1 or 2 position 1
226 81 1. oxyrinchus, upper jaw, | I. oxyrinchus, lower jaw,
position 2 right side, position 3
227 164 and I. paucus, lower jaw, 1. oxyrinchus, lower jaw,
174 position 4 through 7 position 5
228 78 1. oxyrinchus, upper jaw, | I. oxyrinchus, upper jaw,
position 1 position 1
229 199 I. paucus, upper jaw, right | /. oxyrinchus, upper jaw,
side, position 3 right side, position 3
230 144 I. paucus, upper jaw, 1. paucus, lower jaw,
position 1 position 5
231 45 and 217 1. oxyrinchus, lower jaw, 1. paucus, lower jaw,
position 4 through 7 position 6
or
1. paucus, upper jaw,
position 4 through 7
232 11 I. oxyrinchus, lower jaw, I. paucus, upper jaw,
position 2 position 2
233 107 and 1. oxyrinchus, upper jaw, 1. paucus, upper jaw,
209 position 4 through 7 position 4
or
|. paucus, upper jaw,
position 4 through 7
234 106 1. oxyrinchus, upper jaw, |. paucus, upper jaw,
positions 4 through 7 position 6
235 72 1. oxyrinchus, upper jaw, I. paucus, upper jaw,
position 1 position 1
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composed of a pair of known teeth, it was assigned the identity of both known
specimens. If the known specimens belonged to different species, tooth position,
or jaw, the unknown tooth was still given the identity “A or B” (e.g. “/. paucus,
upper jaw, position 1 or 2"). Species was correctly assigned 39.2% of the time,
tooth position was assigned correctly 68% of the time, and assignment to the
upper or lower jaw was correct 64.3% of the time. Overall, positions 4 through 7
were assigned correctly to all categories more often than 1 through 3. This may
be due to the fact that there were more data for this group than for the others. /.
oxyrinchus was correctly assigned to species and upper or lower jaw more often
than /. paucus. Again, this may be due to the fact that there are more /.
oxyrinchus specimens than /. paucus. However, |. paucus was more often
assigned to the correct tooth position than /. oxyrinchus. If the graphs of the
Procrustes shape coordinates are compared, the data points of /. oxyrinchus are
clustered more tightly than those of /. paucus (Figures 25 through 28). This
implies that the differences in morphology for /. paucus are more pronounced
than /. oxyrinchus, increasing the chance that a tooth of known species and tooth
position will have a shape similar to another tooth of the same species and

position.

Analysis of |. hastalis
Procrustes shape coordinates of 27 /. hastalis teeth were compared to the means
of the Procrustes shape coordinates of the extant species and analyzed using

principle components analysis (Figure 34). The principle components graph
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shows that the data points for /. hastalis cluster separately from the two extant
species, indicating that it is a separate species. When comparing the Procrustes
shape coordinate graph of /. hastalis to that of the extant species, the shapes of
the clusters are different (Figures 25 through 28, 35). For example, when looking
at the cluster for landmark A (the apex of the cusp), the clusters for the extant
species are elongate and curved, whereas the cluster for /. hastalis is not. The
tooth positions for the extant species form a distinct pattern, while /. hastalis does
not show the same pattern. Therefore, the pattern of the data points cannot be

used to assign tooth position to /. hastalis.
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CONCLUSIONS

The use of geometric morphometrics was successful for analyzing some aspects
of tooth morphology of the extant Mako species. While tooth positions one
through three have the most distinct morphology, positions 4 through 7 were
correctly identified more often. As mentioned previously, this is likely due to the
number of specimens in each group of jaw positions. [f every tooth
photographed was used, the group composed of positions 4, 5, 6, and 7 ideally
would have four times as many specimens as the group that is only composed of
position 1. The addition of more specimens may even the gap out and result in
more correct assignments. A greater number of unbroken teeth could be added

to the analysis.

The methods used were also fairly successful in differentiating between the
extant species and /. hastalis. This has implications for future studies of fossil
Makos and other fossil sharks. As mentioned in the Introduction, some current
fossil species of Isurus are questionable (/. retroflexus and /. deson). It is not
clear if these species are junior synonyms of the extant taxa, or are separate
species. This method may be appropriate for comparing the fossil species to the
two extant species to determine if there is enough morphological difference to

warrant separate designations.
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The morphometric analyses used in this study did have one shortcoming: they
were not able to distinguish /. paucus and /. oxyrinchus. The addition of more
specimens, especially to the /. paucus data set, may remedy this. It is possible
that some specimens sampled may actually display abnormal morphologies,
which would appear as outliers in a graph that included more specimens.
However, it is also possible that none of the specimens represent outliers, and
that the extant Makos cannot be distinguished based on tooth morphology alone.

The addition of more specimens would likely resolve this issue.

In addition to answering some questions, this study has prompted new ones.
Examining the tooth morphology of these sharks begs the question “why?” What
about the function of these teeth causes asymmetry in the third tooth position,
the similarity of teeth in jaw positions 4 through 7, and the distinct morphologies
of positions 1, 2, and 3? Work has not been done on the feeding mechanics of
Makos. A detailed analysis of feeding mechanics may not only answer the
questions stated above, but may also give insight to tooth function of fossil

Makos.
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