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ABSTRACT

Otodus megalodon (Lamniformes: Otodontidae) is an iconic Neogene shark, but
the lack of well-preserved skeletons has hampered our understanding of various
aspects of its biology. Here, we reassess some of its biological properties using a new
approach, based on known vertebral specimens of O. megalodon and 165 species of
extinct and extant neoselachian sharks across ten orders. Using the median neurocra-
nial and caudal fin proportions relative to the trunk proportion among non-mitsukurinid/
non-alopiid lamniforms, we show that O. megalodon could have had a slender body
and possibly reached about 24.3 m in length. Allometric considerations indicate that a
stout body plan like the extant white shark (Carcharodon carcharias) for O. megalodon
could have incurred excessive hydrodynamic costs, further supporting the interpreta-
tion that O. megalodon likely had a slenderer body than C. carcharias. A 24.3-m-long
O. megalodon may have weighed around 94 t, with an estimated cruising speed of
2.1-3.5 km h-1. A reanalysis of vertebral growth bands suggests a size at birth of 3.6—
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3.9 m for O. megalodon, supporting the previous interpretations of its ovoviviparity and
embryos’ intrauterine oophagous behavior, but less likely the need for nursery areas.
Additional inferred growth patterns corroborated by the known fossil record support the
hypothesis that the emergence of C. carcharias during the Early Pliocene is at least
partly responsible for the demise of O. megalodon due to competition for resources.
These interpretations are working hypotheses expected to serve as reasonable refer-
ence points for future studies on the biology of O. megalodon.
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INTRODUCTION

Body size impacts various aspects of the life
and mortality risks of every animal, including the
outcome of ecological interactions with other
organisms (e.g., predation vulnerability and forag-
ing success), dispersal capabilities and speed,
energy reserve storage capacity, body heat reten-
tion capacity, and tolerance of environmental
change (e.g., Bergmann, 1847; Peters, 1986; Kram
and Taylor, 1990; Cohen et al., 1993; Hone and
Benton, 2005; Speakman, 2005; Brown and Sibly,
2006; Healy et al., 2013). Assessments of the body
size of large extinct carnivores typically include elu-
cidation of their life history traits such as growth
parameters and patterns, and the ecological niches
they may have filled (Cailliet and Goldman, 2004;
Goldman et al., 2012; Shimada et al., 2021b). Yet,
deciphering these key biological properties, some-
times as simple as body size itself, can be difficult,
particularly for species that are known from incom-
plete fossil specimens (e.g., Gayford et al., 2024b,
and references therein). The iconic prehistoric
shark  tOtodus  megalodon  (Lamniformes:
TOtodontidae) is an excellent example of such a
taxon, the biological properties of which have long
been the subject of debate in the scientific litera-
ture (Figure 1A; dagger [f] symbol indicates
extinct).

TOtodus megalodon is represented primarily
by its gigantic teeth measuring up to at least 16 cm
and possibly as much as about 20 cm in height

from Neogene (specifically mid-Miocene—Early
Pliocene) marine deposits nearly worldwide (Cap-
petta, 2012; Pimiento et al., 2016; Shimada, 2019;
Pollerspdck et al., 2023). Some vertebrae, placoid
scales, and fragments of tessellated cartilage of
TO. megalodon have also been reported up to now
(e.g., Bendix-Almgreen, 1982, 1983; Uyeno and
Sakamoto 1984; Gottfried et al., 1996; Kent, 2018;
Cooper et al.,, 2022; Shimada et al., 2024a,
2024b). However, the lack of complete fossil speci-
mens has resulted in uncertainty regarding the true
size of this prehistoric shark (Sternes et al., 2023,
2024). This paucity of fossil material has hampered
our understanding of the biology and ecology of
TO. megalodon, despite its presumed significant
role in shaping the modern-day marine ecosystem
as one of the largest carnivores that ever existed
(Shimada, 2019; Shimada et al., 2024a).
Previously, the total length (TL: see Ebert et
al.,, 2021, figure 68) of tOtodus megalodon was
estimated based on comparisons between the ver-
tebral or tooth sizes of 1O. megalodon with those
of the extant white shark, Carcharodon carcharias
(Randall, 1973; Gottfried et al., 1996; Shimada,
2003, 2019; Perez et al., 2021). These studies esti-
mated the maximum TL of 1O. megalodon to be at
least 15 m and as much as about 20 m (e.g., Shi-
mada, 2019; Perez et al., 2021), with a TL at birth
of about 2 m (Shimada et al., 2021b). Likewise,
estimates of body weight (BW) for 1O. megalodon
were conducted using the extant white shark as a
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FIGURE 1. Background information. A, Conceptualized current understanding of family-level phylogeny of Lamni-
formes along with nine other neoselachian shark orders discussed in this study (ten orders are in bold; the family
tTOtodontidae that includes 1Otodus megalodon is highlighted in gray box; category with an asterisk [*] includes sev-
eral genera of uncertain familial placements, such as tPriscusurus and tTrigonotodus: see Cappetta, 2012; sources
of information: Klug, 2010; Cappetta, 2012; Vullo et al., 2016, 2021, 2024; Landemaine et al., 2018; Shimada and
Everhart, 2019; Jambura et al., 2019, 2023; Stone and Shimada, 2019; Sternes et al., 2023, 2024; Silva et al., 2023;
note that, although neoselachians, the monophyly and composition of tSynechodontiformes are questionable: see
Maisey, 2012; the lamniform attribution of tPalaeocarcharias stromeri is tentative: see Villalobos-Segura et al., 2023;
Guinot et al., 2025). B, Silhouette of reconstructed vertebral column of +Otodus megalodon based on associated ver-
tebral set from the Miocene of Belgium (IRSNB P 9893) and its total measured length by Cooper et al. (2022), where
the total length (TL) of the shark is unknown because its neurocranial length (NL) and caudal fin length (CL) are
unknown (asterisk [*] indicates the vertebral column length used in this study: see text). C, Schematic illustration using
extant Pseudocarcharias kamoharai as an example showing that Step 1 of this study investigates the neurocranial
proportion (NP), trunk proportion (TP), and caudal fin proportion (CP) in relation to TL, whereas Step 2 shows that the
“adjusted neurocranial proportion” (aNP) and “adjusted caudal fin proportion” (aCP) are determined by considering TP
as 100% (or “adjusted trunk proportion” [aTP]) (line drawing based on Ebert et al., 2021, p. 307; neurocranial image
based on CT scan rendering of FMNH 117474). D, Example of silhouettes of a shark in lateral (top) and dorsoventral
(bottom) views for body weight (body mass) estimation (see E-G; this example depicts Negaprion brevirostris [lemon
shark] based largely on Ebert et al., 2021, p. 561: see text). E, Example silhouette in lateral (top) and dorsoventral
(bottom) views with non-caudal fins as well as non-muscular portions of the caudal fin removed (after D) for body
weight (body mass) estimation (see F). F, Serial superelliptical sections generated based on example silhouettes in E.
G, 3D mesh combining all superelliptical slices as in F. H, One of the largest vertebrae (“centrum #1”) of +Otodus meg-
alodon in IRSNB P 9893 (see B; scale bar equals 10 cm; photograph courtesy of IRSNB). I, Computed tomographic
image showing a sagittal cross-sectional view of vertebra depicted in H (scale bar equals 5 cm; after Shimada et al.,
2021b, figure 1b). J, Computed tomographic image of a sagittal cross-sectional view of the largest vertebrae (“cen-
trum #4”) in IRSNB P 9893 showing incremental growth bands presumably formed annually based on Shimada et al.
(2021b, figure 1b) (scale bar equals 1 cm; * = center of vertebra; bent line = “angle of change”: see Shimada et al.,
2021b).



proxy, with maximum estimates ranging up to
about 103 metric tons (t) for a hypothetical 20.3-m-
TL individual (Gottfried et al., 1996; Cooper et al.,
2022). The use of C. carcharias as a modern ana-
log for +O. megalodon was historically considered
logical, particularly in earlier studies (e.g., Randall,
1973; Gottfried et al., 1996). This is because the
species was assigned to the genus Carcharodon
(Lamnidae) with the interpretation that “Carcharo-
don” megalodon was the direct ancestor or a sister
taxon of the extant C. carcharias due to their large,
triangular serrated teeth (e.g., Applegate and Espi-
nosa-Arrubarrena, 1996; Purdy, 1996). Whilst 1O.
megalodon is now generally considered to belong
to tOtodus within the extinct lamniform family
tOtodontidae rather than Carcharodon or Lamni-
dae (Cappetta, 2012; Shimada et al., 2017; Figure
1A), the use of extant C. carcharias or other extant
lamnids as a proxy to infer the body size or other
aspects of the biology of 1O. megalodon has con-
tinued simply because of a perceived lack of any
suitable modern alternatives (e.g., Reolid and
Molina, 2015; Razak and Kocsis, 2018; Shimada,
2019; Perez et al.,, 2021; Cooper et al., 2020,
2022).

However, the practice of using extant
Carcharodon carcharias or other lamnids to infer
the biology of tOfodus megalodon, including its
body size and form, has recently been called into
question (Sternes et al., 2023, 2024). Sternes et al.
(2024) pointed out that the total combined length of
an incomplete vertebral column of 1O. megalodon
from the Miocene of Belgium (IRSNB P 9893
housed in the Royal Belgian Institute of Natural
Sciences in Brussels) mostly consisting of trunk
vertebrae was 11.1 m (Cooper et al., 2022; Figure
1B), but the same fossil individual was previously
estimated to be 9.2 m TL (Gottfried et al., 1996).
This apparently contradictory estimate included the
head and the caudal fin and was based on the
comparison of vertebral diameters in 16 individuals
of the extant C. carcharias (Gottfried et al., 1996).
This discrepancy indicates that the extant lamnids,
including C. carcharias, may not serve as appropri-
ate modern analogs for 1O. megalodon as they
most likely result in underestimated TL values for
10. megalodon. In point of fact, Sternes et al.
(2024) suggested that +O. megalodon likely had a
slenderer body than the extant white shark.

The corollary of Sternes et al.’s (2024) study is
that it is better not to make any a priori assumption
that any single extant shark taxon (e.g., Carcharo-
don carcharias or any other lamnid) would provide
adequate estimates of tOtodus megalodon’s bio-
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logical parameters. Therefore, with the assumption
that IRSNB P 9893 largely represents the entire
length of the trunk vertebrae, here we take a novel
approach to reassess the body length of +O. meg-
alodon. Specifically, we survey the proportional
relationship of the trunk length to the neurocranial
length (NL) as well as that of the trunk length to the
caudal fin length (CL) (Figure 1B) across a wide
range of Mesozoic—Cenozoic neoselachians to
infer the anteroposterior length of the neurocra-
nium (a proxy for the head length) and the caudal
fin in 1O. megalodon. Based on the newly esti-
mated TL, we reassess the body form of +O. meg-
alodon by addressing the question “Could it indeed
have had a slender body?”. Along with the body
form reassessment, we also re-evaluate its body
weight, cruising speed, and ontogenetic growth
parameters, which in turn offer new insights into its
gigantism, life history strategies, ecology, and
extinction.

MATERIALS AND METHODS
Examined Taxa and Samples

The key specimen for this study, an incom-
plete vertebral specimen of 1Otodus megalodon
from the Miocene of Belgium (IRSNB P 9893; pre-
viously referred to as “IRSNB 3121”: Gottfried et al.
1996), consists of 141 associated, but disarticu-
lated, centra up to 15.5 cm in diameter from one
individual shark (Cooper et al., 2022). This speci-
men was found near Antwerp, but specific strati-
graphic or locality information is not available (see
Gottfried et al., 1996, for additional historical
accounts and relevant references, including Ler-
iche, 1926). In addition, to further reassess various
biological aspects of 1O. megalodon, this study
refers to one of Bendix-Almgreen’s (1982, 1983)
approximately 20 associated gigantic (as large as
23 cm in diameter) vertebrae from the Upper Mio-
cene Gram Formation in Gram, Denmark, based
on photographic evidence. Both IRSNB P 9893
and the specimen from Denmark were not associ-
ated with any teeth, but they are assumed to have
come from 10O. megalodon based on 1) their
exceptionally gigantic sizes; 2) the fact that teeth of
10O. megalodon are known from Miocene deposits
at each respective area; and 3) the fact that the
vertebral morphology is consistent with that of the
order Lamniformes which 1O. megalodon belongs
but differs from that of another large lamniform
taxon, the basking shark Cetorhinus (Leriche,
1926; Bendix-Almgreen, 1982, 1983; Gottfried et
al., 1996; see also Shimada et al., 2021b, 2024a;
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Cooper et al., 2022). It should be noted that they
are likely not from another large, contemporane-
ous, enigmatic lamniform, fParotodus benedenii,
known only from rarer teeth because the tooth-
based maximum estimated TL for tP. benedenii
(i.e., ca. 7.6 m by Kent, 1999; Collareta et al.,
2023a) is substantially shorter than the vertebral
length of 11.1 m known for IRSNB P 9893 (Figure
1B; see also Shimada et al., 20213, table 3).

1Otodus megalodon belongs to 1Otodontidae,
but the exact systematic position of the family
within Lamniformes is uncertain (Shimada, 2022;
Sternes et al., 2023, 2024; Figure 1A). Therefore,
we chose not to make any a priori assumption as to
what lamniform taxon or taxa could have resem-
bled the extinct shark. Furthermore, to identify lam-
niform-specific trends in body size and proportions,
we examined taxa from a range of extant sharks in
other clades. In all, our dataset comprises 145
extant species in nine orders (including Lamni-
formes), 38 families, and 103 genera (Appendix 1;
taxonomy and classification follow Ebert et al.,
2021, except Dichichthys bigus [Dichichthyidae],
which is based on White et al., 2024). In addition,
our dataset includes 20 species of Jurassic and
Cretaceous (extinct) neoselachians known from
complete specimens (i.e., only those fully articu-
lated axial skeletons with preserved body outlines,
particularly their head and caudal fin), including
four lamniform genera, based on published illustra-
tions of specimens (Appendix 2). These extinct
taxa add one order, eight families, and 17 genera
to the aforementioned taxa, resulting in a com-
bined (extant and extinct) total dataset of ten neo-
selachian orders (Figure 1A) consisting of 46
families, 120 genera, and 165 species (Appendix
3).

We compiled the neurocranium length (NL;
i.e., anteroposterior distance of the skull between
the rostral tip and occipital centrum) data from illus-
trations in the literature in which scale bars and
specimen orientation allowed linear calculation of
NL as well as radiographic (X-ray or computed
tomography) images or neurocranial specimens
from non-embryonic shark individuals, each with a
known TL. Specifically, we gathered data from the
following papers: White (1895), Cappetta (1980),
Compagno (1988, 1990), Duffin (1988), Shirai
(1992), Goto (2001), Kriwet and Klug (2004), Thies
and Leidner (2011), Mollen et al. (2012, 2016),
Denton et al. (2018), Weigmann et al. (2020), Pfeil
(2021), Vullo et al. (2021, 2024), Jambura et al.
(2023), Staggl et al. (2023), Viana and Soares
(2023), and White et al. (2024) (Appendices 1-2;

note that incomplete fossil specimens or privately
owned specimens are not included: e.g., many
specimens in Pfeil, 2021). Extant individuals with-
out TL or NL data as well as fossil specimens with
missing body parts or unmeasurable TL or NL were
not included. These include cases of neurocranial
illustrations without scales such as those in many
or all illustrations by Compagno (1990), Crawford
(2014), and Villalobos-Segura et al. (2022), includ-
ing occasional inadvertent omissions of scales
(e.g., Shirai, 1992, plate 3A-B for Echinorhinus bru-
cus; Goto, 2001, figure 13B-C for Stegostoma tigri-
num).

The radiographically examined samples and
physical neurocranial specimens used in this study
are housed in the following 14 institutions: Acad-
emy of Natural Sciences of Drexel University
(ANSP), Philadelphia, Pennsylvania, USA; Bernice
P. Bishop Museum (BPBM), Honolulu, Hawaii,
USA; Commonwealth Scientific and Industrial
Research Organisation (CISRO), Hobart Tas, Aus-
tralia; Field Museum of Natural History (FMNH),
Chicago, lllinois, USA; Florida Museum of Natural
History, University of Florida (UF), Gainesville,
Florida, USA; Hokkaido University Museum
(HUMZ), Sapporo, Hokkaido, Japan; Museum of
Comparative Zoology (MCZ), Harvard University,
Cambridge, Massachusetts, USA; National
Museum of Natural History (USNM), Washington
D.C., USA; Natural History Museum of Los Ange-
les County (LACM), Los Angeles, California, USA;
Scripps Institution of Oceanography (S10), Univer-
sity of California, San Diego, La Jolla, California,
USA; University of Michigan Museum of Zoology
(UMMZ), Ann Arbor, Michigan, USA; Yale Peabody
Museum (YPM), New Haven Connecticut, USA;
Zoological Museum Hamburg (ZMH), Hamburg,
Germany; and Natural History Museum of Den-
mark (ZMUC), Copenhagen, Denmark. While there
are 107 extant shark genera known to date (Ebert
et al., 2021; White et al., 2024), the examined taxa
account for 96.3% of all known extant shark gen-
era. The remaining 3.7% of the genera not
included in this study are: Akheilos (Carcharhini-
formes: Scyliorhinidae), Euprotomicroides (Squali-
formes: Dalatiidae), Nebrius (Orectolobiformes:
Ginglymostomatidae), and Scymnodon (Squali-
formes: Somniosidae).

Examined Comparative Variables and Methods
for TL Estimations

The units of length measurements used in this
study are either centimeters (cm) or meters (m).
The first main objective of this study was to deter-



mine neurocranial length (NL) and caudal fin length
(CL) of tOfodus megalodon from the known pre-
caudal vertebral column length, which would repre-
sent the trunk length (Figure 1B). This process
includes two discrete steps. The first step (“Step 1”
in Figure 1C) was to determine the neurocranial
proportion (NP), trunk proportion (TP), and caudal
fin proportion (CP) relative to TL, where the combi-
nation of the three “body part proportions” was con-
sidered 1 (= 100%). Based on published
neurocranial illustrations or radiographic images of
neurocrania of extant shark specimens with known
TL, NP for each sample was calculated as NL/TL
ratio (Appendix 1). For lamniforms, multiple sam-
ples of each species, if available, were measured
to minimize the effects of intraspecific variation,
where the average NP value for each species was
calculated and used for the analysis. Ebert et al.’s
(2021) illustration for each extant species was
used to calculate CP by dividing CL by TL as mea-
sured on each page of the book (Appendix 3).
Each TP value was obtained by first adding NP
and CP and then subtracting the sum from 1
(Appendix 3). In the case of extinct taxa, NP, TP,
and CP of each sample were directly determined
based on “TL” as measured in each published illus-
tration, where the average NP, TP, and CP values
for each species were calculated and used for the
analysis when multiple conspecific samples were
available (Appendix 2). The determination of NP,
TP, and CP for each species allowed the second
step (“Step 2” in Figure 1C), which was to scale TP
to be 100% (or “adjusted trunk proportion” [aTP] in
Figure 1C) and then calculated the proportionately
“adjusted neurocranial proportion” (aNP) and
“adjusted caudal fin proportion” (aCP), accordingly
(Appendix 3). For this study, the median aNP and
aCP values were compared across taxa or opera-
tional categories as proxies to ultimately calculate
the inferred NL and CL of 1O. megalodon from the
known precaudal vertebral length (Figure 1B). It
should be noted that, for this specific purpose, iso-
metric scaling of body proportions with total length
is assumed by taking the median proportions (but
see also the importance of allometric consideration
and allometry-based analysis in the Discussion).

Comparisons of Body Part Proportions

We addressed the question “Is it possible for
TOtodus megalodon to have had similar body part
proportions to sharks with a slender body?” to
examine if there would be any possible validity to
Sternes et al.’s (2024) proposition. To do so, the
aNP, aTP, and aCP values for estimating the

PALAEO-ELECTRONICA.ORG

respective body part sizes of 1O. megalodon for TL
estimation (see above) were readjusted to NP, TP,
and CP by considering that the combined total of
the three proportional variables would add up to 1
(= 100%). These three values for 1O. megalodon
were then combined with the dataset comprising
NP, TP, and CP of every examined species listed in
Appendix 3 to conduct a cluster analysis using the
computer software PAST (PAleontological STatis-
tics: Hammer et al., 2001) under the Unweighted
Pair Group Method with Arithmetic Means
(UPGMA). This was to generate a Euclidean dis-
tance dendrogram, namely a cluster tree, to deter-
mine the taxon with the most similar body part (NP,
TP, and CP) proportional relationship to our inter-
pretation of the body part proportional relationship
of 10. megalodon. Specifically, under similar body
proportional values, we examined if 1O. megal-
odon would cluster with the lamnid taxa typically
used as body form proxies (e.g., Gottfried et al.,
1996; Cooper et al., 2020, 2022) or another, more
slender species (e.g., Sternes et al., 2024).

Comparisons of Fineness Ratios

Once a taxon possessing a slender body with
similar body part proportions with 1Otodus megal-
odon was identified, the question of whether 10O.
megalodon could have had a slenderer body than
lamnids was further examined from a hydrody-
namic viewpoint. The body fineness ratio is a com-
parative index of the body slenderness sometimes
used for aquatic vertebrates calculated by dividing
the “body length” by the body depth, where the
larger the value, the slenderer the body is (e.g.,
Ahlborn et al., 2009; Porter et al., 2009, 2011). Ahl-
born et al. (2009) examined the fineness ratios of
many cetacean taxa, and although they did not
specify exactly what they meant by “body length”, it
is interpreted to be the fork length that is commonly
used for cetaceans. In this study, we also used the
fork length and compared the body fineness ratios
among sharks of interest, including previously
reconstructed body forms of tO. megalodon as
well as data from cetaceans presented by Ahlborn
et al. (2009). It should be noted that Ahlborn et al.’s
study (2009) did not cover some notable mysticete
taxa such as the humpback and right whales. The
humpback whale (Megaptera novaeangliae) and
North Atlantic right whale (Eubalaena glacialis)
were thus added to our dataset for comparisons
and discussion of their fineness ratios as pre-
sented by Woodward et al. (2006, table 3).

The body of sharks, including TOtodus megal-
odon, is covered with dermal denticles (= placoid
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scales; e.g., Shimada et al., 2024a, and references
therein) that are typically thrust-enhancers by
reducing drag (Oeffner and Lauder, 2012),
whereas whales mostly have tight smooth skin
although some cetaceans have cutaneous dermal
ridges or tubercles that may act to somewhat con-
trol flow (Fish and Rohr, 1999; Miklosovic et al.,
2004; Fish et al., 2008; but see also Wainwright et
al.,, 2019). However, in aquatic vertebrates (or at
least in whales), the major determinant of drag is
said to be body shape rather than body surface
texture (Fish and Rohr, 1999), where body depth,
along with large-amplitude body movements, is
regarded as a major factor determining maximum
acceleration (Webb, 1978). Although the magni-
tude of amplitude of body movements in 1O. mega-
lodon is uncertain, we thus consider the
comparison between large sharks and whales in
terms of body fineness ratios (which in turn reflects
body depth) to be reasonable with the assumption
that +O. megalodon as a gigantic marine verte-
brate was likely subject to similar hydrodynamic
constraints on morphology and locomotion as the
similar-sized largest living whales.

The specific shark taxa and relevant refer-
ences are given in the Discussion, but we note the
procedure here. First, we obtained orthogonal sil-
houettes of the body of selected shark species
from the literature. Second, using these silhou-
ettes, we volumetrically estimated their body
masses (= BW) at different total lengths for respec-
tive species, using the Paleomass R program
(Motani, 2023; for further detail, see Methods for
BW Estimations below). Third, we found the TL at
which the volumetric body mass estimate matched
the mean body mass expected for respective spe-
cies based on published regression equations
between body mass and fork length, and between
fork length and total length. Fourth, for the remain-
ing TL, we matched the volumetric and regression-
based BW estimates by making the silhouettes
more slender or stouter depending on the compu-
tation outcome by multiplying both lateral and dor-
soventral body diameters uniformly across the
body. Using such a factor, a likely body fineness
ratio was calculated at each length for each spe-
cies. The regression equations we used were
based on Natanson et al.’s (2022) species-specific
quantitative relationships between the fork length
(their “FLOTB”) and body mass, whereas our val-
ues are based on the total length spanning from
the rostral tip to the posterior tip of the caudal fin
(their “TLSL”). Nevertheless, the difference is con-

sidered to have negligible effects on the overall
results, because the total length and fork length are
tightly correlated with each other in these sharks
(Natanson et al., 2022).

Methods for BW Estimations

The units of BW (or body mass) used in this
paper are either kilograms (kg) or metric tons (t),
where U.S. tons for the BW of +Otodus megalodon
occasionally used in literature (e.g., Gottfried et al.,
1996) are converted to metric tons. Our method of
calculating the BW of any given shark entailed first
generating a 3D computer reconstruction of the
body from the outlines or silhouettes of its body in
lateral and dorsoventral views based on literature
(e.g., Ebert, 2014; Ebert et al., 2021; Figure 1D).
Body mass was estimated from the volume of the
3D body space, but to estimate the body mass
more accurately for better comparisons with
reported body masses of other marine vertebrates,
all non-caudal fins and non-muscular portions of
the caudal fin (laterally bulged or thickened portion
demarcated by a line on the lateral face of the cau-
dal fin in published drawings) were excluded from
body silhouettes (Figure 1E). Then, serial superel-
liptical sections were generated based on the two
body silhouettes (Motani, 2023; Figure 1F). Subse-
quently, a 3D mesh combining all superelliptical
slices was generated to allow body mass extrapo-
lations from the volume within the 3D mesh (Figure
1G), following Motani’s (2023) methods. The calcu-
lations were made using the Paleomass package
in R (R Core Team, 2024), along with the following
assumptions as recommended (Motani, 2023). The
mean body density was assumed to be that of the
surface seawater, which is 1.027 g/cm3 (Stewart,
2008), which would give 1O. megalodon near-neu-
tral buoyancy in seawater. Although liver volume is
known to exhibit positive allometry with a possible
implication that “larger sharks evolved bulkier body
compositions by adding lipid tissue to lean tissue
rather than substituting lean for lipid tissue, particu-
larly in the liver” (Gleiss et al., 2017, p. 1), we con-
sider any departure from this value (1.027 g/cms3)
to be negligibly small in free-swimming marine ver-
tebrates for this study (see Motani, 2023). A
superelliptical component range of 1.8 to 2.0 was
used, following an observation that sharks tend to
fit within this range (Motani, 2023). Body silhouette
images were given 3,000 pixels along the body
length to minimize systematic errors (Motani,
2023).



Assessment of Cruising Speed

Cruising speeds are species-specific in
sharks (Ryan et al., 2015). However, meaningful
comparisons of the swimming speeds of sharks
are difficult to perform due to the wide variation
range in reported speeds stemming from measure-
ments taken from individuals of different sizes or
ontogenetic stages, intraspecific behavioral differ-
ences, water currents, the use of different (e.g.,
two-dimensional vs. three-dimensional) tracking
approaches, and the duration of tracked time of
each measured individual (Kai and Fujinami,
2020). In addition, reported swimming speeds of
sharks also vary in distance, time unit, and/or types
of speed measurements used, such as “maximum
speed”, “burst speed”, and “body lengths per sec-
ond”. For this study, we used published “cruising
speeds” (i.e., distance per unit time: sensu Wata-
nabe et al. 2015, which were interpreted to be
equivalent to the “routine swimming speeds” of
Lauder and Di Santo, 2015) as a proxy for the ordi-
nary swimming state of each shark species. Fol-
lowing the approach of Shimada et al.’s (2024a)
study, unit conversions were made on published
cruising speeds where necessary in terms of “km
per hour” (km h-1) to standardize our comparative
speed data.

Ontogenetic Analysis

Shimada et al. (2021b) analyzed the growth
parameter of 1Ofodus megalodon using micro-
computed tomography to radiographically render
the incrementally deposited growth bands inter-
preted to have formed annually in the well-calcified
body (corpus calcareum) of the vertebrae in IRSNB
P 9893 (Figure 1H-J). In this present study, a new
ontogenetic analysis was also conducted after the
reassessment of the possible TL to emend Shi-
mada et al.’s (2021b) growth parameter estimates.
The band count of the vertebrae was 46, repre-
sented by the outermost growth band, where the
largest vertebral centrum (“vertebra #4”) in the
specimen measured 155 mm in diameter and was
assumed to have formed when the shark was 921
cm TL and 46 years old. The 921-cm-TL estimate
was based on a linear regression function describ-
ing the quantitative relationship between the maxi-
mum vertebral width and TL from 16 extant white
sharks, Carcharodon carcharias (Gottfried et al.,
1996). Each band was sequentially assigned a
band number (BN), where the band at age 0 was
identified by the “angle change” recognized along
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the inner and outer rims of the corpus calcareum
(Shimada et al.,, 2021b; Figure 1J). Each band
interval (BI) from one band to the successive band
between BN 0 to BN 46, and the percent centrum
radius (pCR) at each BN was calculated by treating
the last BN that marked the centrum radius (CR) of
77.5 mm as 100%. Then, each extrapolated TL
(eTL) from each pCR at each BN was computed by
considering the estimated TL of 921 cm for the
individual as 100%, and an estimated growth
length (eGL) gain from one band to the next was
also determined from the eTL data (Shimada et al.,
2021b). The BN and eTL then formed the primary
analysis using the von Bertalanffy growth function
(VBGF) (von Bertalanffy, 1938) as an exploratory
tool to fit the BN-TL data using the least squares
method under a hypothetical supposition that each
BN-TL pair (including BN 0) was obtained from a
randomly sampled individual of a population even
though the BN and eTL values represent depen-
dent measurements from a single individual—a
technique that has been applied to several extinct
and extant elasmobranchs to elucidate their growth
pattern and life history strategy (Shimada, 2008;
Jacobs and Shimada, 2018; Sternes and Shimada,
2018; Shimada and Everhart, 2019; Jambura and
Kriwet, 2020).

In this present study, the same BN, CR, BI,
and pCR values from Shimada et al.’s (2021b)
study was used to reassess the VBGF parameters
for 1Otodus megalodon using the newly extrapo-
lated TL for IRSNB P 9893 (see Discussion). The
parameters were calculated using the Desmos Inc.
graphing software (www.desmos.com, v1.9.0)
based on the following form of VBGF describing
the length (L) as a function of the age of the shark
(t):

L(t) = Lw (1 - e—k(t— to))

where L is the estimate of asymptotic (= maxi-
mum) length, k the rate constant with units of recip-
rocal time (i.e., the time it takes for a fish in a
population to reach near its mean maximum
length), and {, the theoretical time at zero length.

The obtained VBGF curve allowed us to determine
the body length at birth (Lg) represented by its y-
intercept. We also tentatively estimated the longev-
ity of the shark using a published equation (Natan-
son et al., 2006) for the estimated age at 95% of
L. i.e.:
Longevity = (1/k)In{(L., — Lo)/[L..(1 — x)I}
with x = Lp/L., = 0.95.
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RESULTS

Among the extant taxa (Appendix 3), the low-
est NP values are found in Chlamydoselachus
anguineus (4.0%; Hexanchiformes: Chlamydosela-
chidae) followed by two of the three alopiids (5.6—
5.9%; Lamniformes: Alopias pelagicus and A. vul-
pinus), whereas those with the highest NP values
are pristiophorids (23.6—-32.9%; Pristiophoriformes:
Pliotrema spp. and Pristiophorus spp.) followed by
Apristurus laurussonii (21.0%; Carcharhiniformes:
Pentanchidae) and Mitsukurina owstoni (20.5%;
Lamniformes: Mitsukurinidae). The smallest TP
was found in Alopias pelagicus (40%), followed by
Stegostoma tigrinum (41.4%; Orectolobiformes:
Stegostomatidae) as well as in most of the taxa
with the largest NP (e.g., A. vulpinus, Apristurus,
Mitsukurina, Pliotrema, and Pristiophorus) besides
Alopias superciliosus and Pentanchus profundi-
colus (Carcharhiniformes: Pentanchidae) ranging
41.6-55.0%. On the other hand, the largest TP val-
ues are found in Squatina japonica and S. africana
(Squatiniformes: Squatinidae) and Euprotomicrus
bispinatus (Squaliformes: Dalatiidae) ranging from
76.5 to 77.8%. The lowest CP values are found in
Squatina africana and S. japonica (12.3 and
13.5%), followed by Pliotrema kajae, Dichichthys
bigus (Carcharhiniformes: Dichichthyidae), and
Euprotomicrus bispinatus (14.6—14.7%), whereas
those with the highest CP values are Alopias spp.
and Stegostoma tigrinum (42.8-54.1%). The
median NP, TP, and CP among all the extant taxa
analyzed are 12.0, 65.3, and 22.2%, respectively,
and it is notable that these median values are prac-
tically identical even if all the examined extinct taxa
are included (12.0, 65.4, and 22.2%, respectively:
Appendix 3).

Considering only extinct and extant Lamni-
formes (Table 1), the lowest NP values are found in
Alopias spp. and tAquilolamna milarcae (1Aquilol-
amnidae) ranging 5.6—-7.1%, whereas those with
the highest NP values are represented by the two
mitsukurinids, Mitsukurina owstoni and {Scapano-
rhynchus lewisii, measuring 20.5% and 17.5%,
respectively. Alopias spp., M. owstoni, and 1S. lew-
isii represent lamniform taxa with the lowest TP
values ranging 40.0-50.7%. The TP values of the
remaining lamniforms range from 58.8% (Mega-
chasma pelagios) to 71.4% (Cetorhinus maximus).
Whereas Alopias spp. have the highest CP values
(42.8-54.1%) among all the examined extinct and
extant taxa (not only among lamniforms), lamni-
forms with the lowest CP values are represented
by Isurus oxyrinchus (17.6%) and tPtychodus sp.
(tPtychodontidae: 17.7%). The median NP, TP,
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and CP among all the extinct and extant lamni-
forms combined are 10.8, 63.1, and 26.2%,
respectively.

If the TP values of all the examined lamni-
forms are considered 1 (= 100%) for standardiza-
tion (“Step 2" of Figure 1C; Table 1), the lowest
aNP is found in tAquilolamna milarcae (10.7%),
followed by Cetorhinus maximus (12.9%) and Alo-
pias spp. (13.5-14.8%), whereas the highest aNP
values are found in mitsukurinids (34.5-42.9%:
Mitsukurina and tScapanorhynchus) and odon-
taspidids (20.1-21.6%: Odontaspis spp.). The low-
est aCP values among lamniforms are represented
by Isurus oxyrinchus (17.6%) and tPtychodus sp.
(tPtychodontidae: 17.7%), whereas alopiids (85.4—
135.3%: Alopias spp.) and mitsukurininds (62.7—
66.3%: Mitsukurina and tScapanorhynchus) have
the highest aCP values. The median aNP and aCP
in lamniforms are 16.6 and 41.8%, respectively.

Table 2 shows the comparative aNP and aCP
data by taxonomic order. The lowest and highest
aNP values among all examined neoselachians
are 5.8% in Hexanchiformes (specifically Chlam-
ydoselachus anguineus: Appendix 3) and 65.7% in
Pristiophoriformes (specifically Pliotrema warreni:
Appendix 3), whereas the lowest and highest aCP
values recorded are 16.3% in Squatiniformes (spe-
cifically Squatina africana: Appendix 3) and
135.3% in Lamniformes (specifically Alopias
pelagicus: Appendix 3). By taxonomic order, the
largest median aNP (53.3%) is found in pristio-
phoriforms with an elongated rostrum. Only one
taxon of tSynechodontiformes (as well as Echi-
norhiniformes and tProtospinacidae) was exam-
ined in this study (see Appendix 3), and there are
taxa in some other neoselachian orders with higher
aNP values; however, if the single aNP is regarded
as a typical (or “median”) value for the tsynecho-
dontiforms, its aNP of 26.8% represents the next
highest aNP value in the “Median aNP” column.
The smallest median aNP is represented by Squa-
tiniformes (12.6%). Likewise, although only one
taxon represents 1Synechodontiformes (as well as
Echinorhiniformes and tProtospinacidae) and
there are taxa with a caudal fin that even exceeds
the trunk length (e.g., Alopias spp.), the highest
and lowest aCP values in the “Median aCP” col-
umn are also represented by tSynechodon-
tiformes (72.0%) and Squatiniformes (17.0%),
respectively. The median aNP and aCP of all the
examined neoselachian species listed in Appendix
3 are 18.3% and 33.3%, respectively.

Figure 2 shows a cluster tree that graphically
depicts the degree of differences (or similarity) in
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TABLE 1. List of all extant and extinct lamniform species examined in this study with their family, maximum total length
for extant taxa (mTL; in cm; based on Ebert et al., 2021), neurocranial proportion (NP), trunk proportion (TP), and cau-
dal fin proportion (CP) as well as “adjusted neurocranial proportion” (aNP) and “adjusted caudal fin proportion” (aCP)
(see Figure 1C and text). This table also gives a median value for each variable.

Species Family mTL NP TP CP aNP aCP
tPalaeocarcharias stromeri tPalaeocarchariidae* - 0.108 0.670 0.222 0.161 0.331
tScapanorhynchus lewisii Mitsukurinidae - 0.175 0.507 0.318 0.345 0.627
Mitsukurina owstoni Mitsukurinidae 620 0.205 0.478 0.317 0.429 0.663
tAquilolamna milarcae tTAquilolamnidae - 0.067 0.624 0.309 0.107 0.495
TPtychodus sp. TPtychodontidae - 0.126 0.697 0.177 0.181 0.254
Carcharias taurus Carchariidae 325 0.105 0.631 0.264 0.166 0.418
Odontaspis ferox Odontaspididae 450 0.131 0.607 0.262 0.216 0.432
Odontaspis noronhai Odontaspididae 427 0.122 0.606 0.272 0.201 0.449
Pseudocarcharias kamoharai Pseudocarchariidae 122 0.126 0.662 0.212 0.190 0.320
Megachasma pelagios Megachasmidae 820 0.097 0.588 0.315 0.165 0.536
Cetorhinus maximus Cetorhinidae 1097 0.092 0.714 0.194 0.129 0.272
Alopias pelagicus Alopiidae 428 0.059 0.400 0.541 0.148 1.353
Alopias superciliosus Alopiidae 484 0.071 0.501 0.428 0.142 0.854
Alopias vulpinus Alopiidae 575 0.056 0.416 0.525 0.135 1.262
Carcharodon carcharias Lamnidae 640 0.119 0.690 0.191 0.166 0.275
Isurus oxyrinchus Lamnidae 445 0.129 0.695 0.176 0.186 0.253
Isurus paucus Lamnidae 430 0.108 0.681 0.21 0.159 0.310
Lamna ditropis Lamnidae 305 0.107 0.695 0.198 0.154 0.285
Lamna nasus Lamnidae 365 0.111 0.668 0.221 0.166 0.331
MEDIAN VALUES 0.108 0.631 0.262 0.166 0.418

* Ordinal and familial assignments of this species are questionable (see Villalobos-Segura et al., 2023).

TABLE 2. List of all extant and extinct orders as well as an operational category examined in this study and their mini-
mum (Min.) and maximum (Max.) “adjusted neurocranial proportion” (aNP) and “adjusted caudal fin proportion” (aCP)
as well as median aNP and aCP (see Figure 1C and text; data based on Appendix 3).

Taxon or examined category Min.aNP  Max. aNP Median aNP Min.aCP  Max. aCP Median aCP
+Synechodontiformes na na 0.268b na na 0.720b
Hexanchiformes 0.058 0.233 0.173 0.391 0.559 0.464
Echinorhiniformes na na 0.214b na na 0.361b
Squaliformes 0.086 0.336 0.189 0.190 0.493 0.302
Pristiophoriformes 0.401 0.657 0.533 0.265 0.339 0.299
Squatiniformes 0.122 0.131 0.126 0.163 0.176 0.170
tProtospinax annectans@ na na 0.234¢ na na 0.226¢
Heterodontiformes 0.180 0.211 0.188 0.262 0.333 0.295
Orectolobiformes 0.106 0.305 0.166 0.186 1.130 0.327
Lamniformes 0.107 0.429 0.166 0.253 1.353 0.418
Lamniformes minus mitsukurinids and alopiids 0.107 0.216 0.166 0.253 0.536 0.326
Carcharhiniformes 0.107 0.396 0.189 0.203 0.615 0.354
ALL EXAMINED SPECIES COMBINED 0.058 0.657 0.183 0.163 1.353 0.333

a, Order incertae sedis; b, n=1; c, average of n =3
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FIGURE 2. Euclidean distance dendrogram (cluster analysis) depicting the degree of difference in the relationship
among the neurocranial, trunk, and caudal fin proportions across all examined taxa (NP, TP, and CP in Appendix 3),
where lamniform taxa are pointed by triangle arrows and tOtodus megalodon is further highlighted in gray box (the
cluster tree to the right is a subset of the larger tree to the left connected at the asterisk [*]). Some specific branches
discussed in the text: a, alopiid lamniforms and zebra shark (Orectolobiformes: Stegostomatidae) with an exception-
ally elongated caudal fin; b, pristiophoriforms with an exceptionally elongated spinous rostrum (sawsharks); c, mit-
sukurinid lamniforms with an exceptionally elongated non-spinous rostrum; d, selected clustering of taxa that includes
TO. megalodon.
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the relationship of NP, TP, and CP values across all
the examined taxa (in Appendix 3), and we here
note a couple of major observations. First, the most
distinctive body part proportions are exhibited by
Alopiidae (Lamniformes) and Stegostoma tigrinum
(Orectolobiformes) with an exceptionally elongated
caudal fin, by Pristiophoriformes with an exception-
ally elongated spinous rostrum, and to a lesser
extent by Mitsukurinidae (Lamniformes) with an

exceptionally elongated non-spinous rostrum (“a”,
“b”, and “c” in Figure 2). Second, there are no spe-
cific taxonomic, phylogenetic, ecological, or func-
tional trends in body part proportions as
exemplified by the fact that all lamniform species
are largely scattered throughout the rest of the
cluster tree (see distributions of arrows pointing
lamniforms in Figure 2). For example, even though
one branch of the tree containing TOtodus megal-
odon (“d” in Figure 2) includes two other lamniform
taxa (Lamna nasus and tPalaeocarcharias
stromeri: note that the lamniform attribution of tP.
stromeri in this study is tentative: see Underwood,
2006; Landemaine et al.,, 2018; Jambura et al.,
2019; Villalobos-Segura et al., 2023; Guinot et al.,
2025), they are not only interspersed with carchar-
hiniforms in different families (the carcharhinid
Negaprion brevirostris, triakid Triakis megalop-
terus, and hemigaleid Paragaleus tengi) but the
members of the branch are also represented by
diverse forms, such as the fast-cruising pelagic
Lamna nasus with regional endothermy, the
slower-cruising pelagic Negaprion brevirostris,
demersal Triakis megalopterus and Paragaleus
tengi, and even seemingly benthic tPalaeocarcha-
rias stromeri (see Compagno, 1988; Duffin, 1988;
Ebert et al., 2021; Shimada et al., 2024a, and ref-
erences therein). Among the aforementioned taxa,
L. nasus and N. brevirostris have the most similar
body part proportions to 1O. megalodon (Figure 2;
see Discussion below).

DISCUSSION
Total Length of +Otodus megalodon

Teeth and vertebrae of tOtodus megalodon
measure up to at least 16 cm in total vertical (api-
cobasal) height and 23 cm in diameter, respec-
tively (Bendix-Almgreen, 1982, 1983; Shimada,
2019), which are gigantic. Whereas TL extrapola-
tions based on tooth sizes or vertebral diameters
are now regarded to produce underestimated or
otherwise unreliable TL values, particularly by
comparing them with those of extant Carcharodon
carcharias (Sternes et al., 2024), one empirical
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piece of information about the length of +O. megal-
odon is that an incomplete vertebral column fossil
from the Miocene of Belgium putatively belonging
to 1O. megalodon (IRSNB P 9893) measures
about 11.1 m when all the vertebrae are put
together (Cooper et al., 2022). Although the verte-
bral column is considered to include a few caudal
vertebrae, most of them are interpreted to repre-
sent precaudal vertebrae (Sternes et al., 2024). By
assuming that the combined anteroposterior length
of a few caudal vertebrae is negligible, that the ver-
tebral column may be missing some precaudal ver-
tebrae, and that the vertebral column was most
likely slightly arched or curved in life (see various
published CT scan images despite variable speci-
men conditions: e.g., Kim et al., 2021, figure 16;
Sternes et al., 2024, figure 3), we consider 11 m to
be a simplistic, reasonable, and most likely conser-
vative precaudal vertebral column length for that
specific TO. megalodon individual. Therefore, the
lengths that are not accounted for estimating its TL
are the “head” and “tail” lengths (Figure 1B).

This study shows that NP, TP, and CP values
as well as aNP and aCP values vary across neose-
lachian sharks, where exceptionally high NP and
aNP values are observed in taxa with an elongated
rostrum (e.g., pristiophorids, mitsukurinids, and
pentanchids, particularly Apristurus), and excep-
tionally high CP or aCP values are marked by taxa
with an elongated caudal fin (e.g., alopiids).
Whereas the median aNP and aCP values of all
the neoselachian species examined are 18.3% and
33.3%, respectively, the median aNP and aCP val-
ues of lamniforms comprising four extinct genera
and all the 15 extant species in the dataset are
slightly lower (16.6%) and higher (41.8%) than
those respective median values (see above; Table
2). If mitsukurinids with a uniquely elongated neu-
rocranium and alopiids with a uniquely elongated
caudal fin are excluded from the dataset of Lamni-
formes to minimize the effects of such uniquely
extreme forms, the median aNP and aCP values
are 16.6% and 32.6%, respectively (Table 2),
which are comparable to, or slightly lower than, the
corresponding values for all the examined neosela-
chian species combined. Because there is no evi-
dence or reason presently to suggest that +Otodus
megalodon had an exceptionally elongated ros-
trum or caudal fin like in the mitsukurinids and
alopiids, respectively (Sternes et al., 2023), the
median aNP of 16.6% and the median aCP of
32.6% attained for non-mitsukurinid/non-alopiid
lamniforms are considered to serve as reasonable
conservative proxies for “head” and “tail” propor-
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tions to extrapolate the TL of tO. megalodon,
under the assumption that body proportions scale
isometrically with TL (but see further discussion
below).

By considering the vertebral column length of
11 m based on IRSNB P 9893 as 100%, 16.6%
and 32.6% of 11 m would, respectively, yield a neu-
rocranial length of 1.826 m and a caudal fin length
of 3.586 m for that specific individual of 1Otodus
megalodon. If all three body part measurements
(1.826 m + 11 m + 3.586 m) are added, the individ-
ual would have measured about 16.4 m TL. This
new TL estimate is drastically larger than the previ-
ous estimate of 9.2 m TL made for the individual
based on the maximum width of its largest centrum
(“vertebra #4” measuring 155 mm in width) applied
to a linear regression function characterizing the
quantitative relationship between the maximum
vertebral width and TL measurements from 16
extant white sharks (Gottfried et al., 1996).

Whereas the largest vertebra in IRSNB P
9893 measures 15.5 cm in width (or “diameter”),
the largest putative vertebra of tOfodus megal-
odon on record is a specimen reported from the
Miocene of Denmark (Bendix-Almgreen, 1982,
1983). According to Bendix-Almgreen (1983), the
vertebra measures about 23 cm in diameter. This
means that the vertebra is 1.484 times larger than
the largest vertebra in IRSNB P 9893, and if this
ratio is applied to the estimated TL of 16.4 m for
IRSNB P 9893, the 1O. megalodon individual from
the Miocene of Denmark would have measured
24.3 m TL.

It must be noted that our 16.4-m-TL estimate
for IRSNB P 9893 and the larger estimate of 24.3
m TL are hypothetical because our choice of
median aNP (0.166) and aCP (0.326) values
among non-mitsukurinid/non-alopiid lamniforms
along with the assumption of isometry of the NP
and CP with TL is arbitrary even though it is not
necessarily unreasonable. Similarly, the larger esti-
mate of 24.3 m assumes isometric scaling between
TL and vertebral width through 1Otodus megal-
odon ontogeny, a relationship which has not been
assessed empirically. The lowest and highest aNP
values in our dataset (Appendix 3) are 0.058 in
Chlamydoselachus anguineus (Hexanchiformes:
Chlamydoselachidae) and 0.657 in Pliotrema war-
reni (Pristiophoriformes: Pristiophoridae), respec-
tively, and the lowest and highest aCP values are
0.143 in tPseudorhina acanthoderma (Squatini-
formes: Squatinidae) and 1.353 Alopias pelagicus
(Lamnformes: Alopiidae). If these proportions are
applied to the trunk length of IRSNB P 9893 (11 m),
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the neurocranial lengths and caudal lengths of that
10. megalodon individual are calculated to range
0.638-7.227 m and 1.573—14.883 m, respectively,
which would yield the minimum and maximum pos-
sible estimates of 13.2 m TL (=0.638 m+ 11 m +
1573 m) and 331 m TL (= 7.227 m + 11 m +
14.883 m), respectively. If these extreme estimates
are applied to Bendix-Almgreen’s (1982, 1983) ver-
tebral specimen, that individual could have mea-
sured as little as 19.6 m TL (= 13.2 m x 1.484) and
as much as (unrealistically) 49.1 m TL (= 33.1 m x
1.484), again assuming isometry between verte-
bral width and TL. If we exclude taxa with an
exceptionally elongated rostrum (Mitsukurinidae
and Pristiophoriformes) or caudal fin (Alopiidae

and Stegostomatidae) (i.e., taxa in branches “a”,
“b”, and “c” in Figure 2), the largest aNP and aCP
in our dataset are 0.396 in Apristurus laurussonii
(Carcharhiniformes: Pentanchidae) and 0.720 in
tParaorthacodus sp. (tSynechodontiformes:
tParaorthacodontidae), respectively, which give
the neurocranial and caudal fin lengths of 4.356 m
and 7.920 m, respectively. If so, 1O. megalodon
represented by IRSNB P 9893 and Bendix-
Almgreen’s (1982, 1983) specimen could have
measured as much as 23.3 m TL (= 4.356 m + 11
m + 7.920 m) and 34.6 m TL (= 23.3 m x 1.484),
respectively.

The fact that the aNP and aCP values vary
significantly among neoselachians suggests that
they have exploited a wide range of body part pro-
portions through the Mesozoic—Cenozoic, including
the exceptional elongation of the neurocranium or
caudal fin due to unique adaptations (e.g., Alopii-
dae, Mitsukurinidae, and Pristiophoriformes; addi-
tional evidence for the independent evolution of
elongated neurocrania in multiple neoselachian lin-
eages is presented in Gayford et al.,, 2024a).
Hence, we strongly recommend that all the mini-
mum and maximum possible values given for the
two specimens here should not be referenced
unless their use can be justified based on empirical
evidence. Rather, we regard the median aNP and
aCP values to be reasonable reference points than
considering the extreme values, because we do
not wish to make any a priori assumptions about its
body form without any direct fossil evidence
beyond its unique gigantism specialization (see
Shimada et al., 2021a). The remaining discussions
in this paper therefore assume the 16.4-m-TL esti-
mate for IRSNB P 9893 and the 24.3-m-TL esti-
mate for Bendix-Almgreen’s (1982, 1983)
specimen.



Could 1Otodus megalodon Have Had a Slender
Body from a Standpoint of Body Part
Proportions?

Sternes et al. (2024) suggested that +Ofodus
megalodon must have had a slenderer body than
lamnids, but they did not specify exactly how slen-
der the body was. In this study, we examined
whether there are any examples of “slenderer
sharks” with similar body part proportions esti-
mated for 1O. megalodon. For this examination,
the aNP of 0.166, aTP of 1.000, and aCP of 0.326
for estimating the TL of 1tO. megalodon (see
above) were readjusted to NP, TP, and CP by con-
sidering the combined total of the three body part
proportions to be 1 or 100%, where the attained
NP, TP, and CP of tO. megalodon were 0.1113,
0.6702, and 0.2185, respectively. By including
these values of 1O. megalodon to the dataset
(Appendix 3), our cluster analysis indicated that
Lamna nasus and Negaprion brevirostris have the
most similar body part proportions to T+O. megal-
odon among the taxa examined (Figure 2). It must
be noted that the body part proportions of 1O.
megalodon are based on the median values of
non-mitsukurinid/non-alopiid lamniforms, and thus,
it is not necessarily unexpected that one of the
lamniforms, L. nasus in this case, would be clus-
tered close to 1O. megalodon. However, although
they belong to the same broad body form category
(“Group B” sharks of Sternes and Shimada, 2020),
the clustering of L. nasus (with a deeper body and
a tall, lunate caudal fin) and N. brevirostris (with a
rather elongate body and a highly asymmetrically
caudal fin) suggests that sharks with different body
plans and lifestyles may still have similar body part
proportions. This observation is even more cogent
when considering that Triakis megalopterus, Para-
galeus tengi, and tPalaeocarcharias stromeri also
closely cluster together with L. nasus, N. breviros-
tris, and 1O. megalodon (i.e., taxa in branch “d” in
Figure 2).

The clustering of long-tailed forms (Alopias
and Stegostoma), that of long-snouted extinct and
extant mitsukurinids, and that of pristiophoriforms
(branches “a”, “b”, and “c” in Figure 2) suggest that
the proportional data do have credibility. However,
the topology among the vast majority of remaining
neoselachian taxa in the cluster tree shows little
phylogenetic congruency (e.g., Figure 1A; Naylor
et al., 2012). This is interpreted to be due to the
fact that the “remaining taxa” are dominated by
those with a “conventional shark design”, where
the range of ways in which “100%” can be divided
up into three parts (NP, TP, and CP) under the
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“conventional” body plan is simply limited. Regard-
less, one major observation that can be gleaned
from Figure 2 is the scattering of lamniforms
throughout the dendrogram (Figure 2), likely indi-
cating that Lamniformes exploited wide-ranging
combinations of body part proportions, which in
turn seems to reflect their broad morphological and
ecological diversity (e.g., Compagno, 1990; Ebert
et al., 2021; Vullo et al., 2021, 2024). More impor-
tantly in the context of this present study, the close
clustering of 1Otodus megalodon with Negaprion
brevirostris indicates that the slender body plan for
10O. megalodon as suggested by Sternes et al.
(2024) is indeed plausible.

One may ask whether tOtodus megalodon
could have resembled Lamna nasus in body form,
which was clustered equally close to it with Negap-
rion brevirostris. However, as Sternes et al. (2024)
pointed out, a lamnid-like shark the size of 1O.
megalodon would make the vertebral column rep-
resented by IRSNB P 9893 disproportionately and
unrealistically narrow (e.g., Cooper et al., 2022).
Figure 3A demonstrates that TL estimates of
IRSNB P 9893 based on the relationship between
the TL and vertebral diameter in Carcharodon
carcharias (e.g., Gottfried et al., 1996) do indeed
yield underestimated TL compared to the actual
vertebral column length of IRSNB P 9893 reported
by Cooper et al. (2022) that does not even account
for the head nor for much of the caudal fin. Like-
wise, Figure 3B shows that the use of vertebral
diameters in L. nasus would also result in similar
TL underestimations for IRSNB P 9893, strongly
suggesting that L. nasus too is an inappropriate
comparative model for inferring the TL and body
form of +O. megalodon. Below, we further explore
the plausibility of +O. megalodon possessing a
slenderer body compared to previous body form
reconstructions (Gottfried et al., 1996; Cooper et
al., 2020, 2022).

Could tOtodus megalodon Have Had a Slender
Body from a Hydrodynamic Standpoint?

Body size and shape affect the hydrodynamic
efficiency of aquatic vertebrates, where swimming
in fish-shaped vertebrates has been studied exten-
sively (e.g., Pettigrew, 1874; Breder, 1926). Yet,
most of these studies have concerned the size
range of the animals typically corresponding to the
order of about 103 to 108 in Reynolds number (Re;
see Vogel, 1994). The larger size range is less well
understood, although it has been pointed out that
the typical body designs seen in the order of 103 to
106 in Re are not optimal for Re in the order of 107
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FIGURE 3. Comparisons of size estimates for each vertebra (green plots, each representing the predicted value of
each centrum along with 95% prediction intervals) of IRSNB P 9893 based on the relationship between the total length
(TL) and vertebral diameter in two extant lamnid sharks with the actual vertebral column length of IRSNB P 9893
reported by Cooper et al. (2022) (black horizontal line; see Figure 1B) and estimated TL of IRSNB P 9893 made by
Gottfried et al. (1996) (red horizontal line). A, estimates based on extant white shark (Carcharodon carcharias) using
vertebral data from Wintner and CIiff (1999; n = 111; y = 1.94 + 0.87x). B, estimates based on extant porbeagle shark
(Lamna nasus) using vertebral data from Natanson et al. (2002; n = 575; y = 1.96 + 0.88x). Note that the use of these
extant lamnids to extrapolate the TL of IRSNB P 9893 results in severe underestimations, including Gottfried et al.’s

(1996) study.

to 108, as in large whales (Vogel, 1994). The opti-
mum fineness ratio for minimum drag is about 4.5
(von Mises, 1945; Schlichting, 1979). Ahlborn et al.
(2009) showed that a typical body fineness ratio of
about 4.5 or lower was not utilized by these
whales, which instead have more elongated bodies
with higher fineness ratios reaching 8. They pre-
sented a numerical model suggesting that this shift
in the optimal body fineness ratio with size reflects
the scaling of friction and pressure drag character-
istics. With the estimated maximum length
between 16.4 and 24.3 m, large individuals of
TOtodus megalodon would have had a Re in the
order of 107 to 108 with similar constraints on opti-
mal body fineness ratio as in whales. If so, the
body design of extant lamnids with stouter bodies
than whales is probably not expected in these spe-
cies which in turn most likely had an elongated
body.

Based on the regression line for each species
presented by Natanson et al. (2022, tables 16A,
20A, 20B, 31A), we tested if any of the sharks of
interest—namely, the carcharhinid Negaprion bre-
virostris as well as two lamnids, Lamna nasus and
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Carcharodon carcharias—had a mean growth tra-
jectory that results in such an elongated body at
very large sizes. Orthogonal silhouettes (e.g., Fig-
ure 1D, 1E) of each species were generated to
estimate the volumetric mass (Figure 1F, 1G), and
the calculated volumetric mass was fitted to the
regression-based mass estimate at different
lengths for each species. If larger individuals had
volumetric estimates that were larger than regres-
sion-based estimates, it was determined that the
silhouettes would be too stout for these larger
sizes, and the opposite was true for smaller individ-
uals. The results are that the three species exhibit
strong allometric relationships between body mass
and length, suggesting that their body fineness
ratio changes with growth, either positively or neg-
atively depending on the species. In the case of N.
brevirostris, the theoretical individuals that were
experimentally fit to the regression line between
the total length and body weight (TL-BW) become
slender with the increase in fineness ratios
because BW exhibits negative allometry as TL
increases (Figure 4A). On the other hand, in L.
nasus and C. carcharias, the fineness ratio
decreases as TL increases because BW exhibits
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FIGURE 4. Effects of allometry (A), and comparisons of log-transformed relationship between body length and fine-
ness ratios of cetaceans (B) and sharks of interest (C). A, Conceptualized effects of negative allometry in Negaprion
brevirostris and positive allometry in Carcharodon carcharias (white shark) and Lamna nasus (porbeagle shark) if
each taxon hypothetically grew to 24.3 m TL based on their species-specific relationship between body length and
body weight (topmost body images based on Ebert, 2014, p. 47, 53; Ebert et al., 2021, p. 561). B, Body fineness ratio
plotted against body length for 39 individuals of whales (numbers) based on Ahlborn et al.’s (2009, table 1) data plus
two additional cetacean taxa (stars) and the region of hydrodynamic disadvantages (gray zone) (see below for species
codes; narrower bands represent 95% confidence interval of the regression of the samples and wider bands 95% pre-
diction interval for the same). C, Essentially same as B but with mean growth trajectories expected for the three exam-
ined extant sharks (A) (with extrapolations up to the expected body lengths of +Otodus megalodon: solid line, body
length range known for respective species; dashed lines, extrapolated parts) as well as plots of four large extant shark
taxa (solid triangles; based on Ebert et al., 2021) and three previously reconstructed 1O. megalodon (open triangles)
superimposed (see below for species and reference codes). Cetacean species codes in B: 1, Balaenoptera acuto-
rostrata (common minke whale); 2, B. borealis (sei whale); 3, B. musculus (blue whale); 4, B. physalus (fin whale); 5,
Berardius arnuxii (Arnoux’s beaked whale); 6, B. bairdii (Baird’s beaked whale); 7, Delphinapterus leucas (beluga
whale); 8, Eschrichtius robustus (gray whale); 9, Mesoplodon bidens (Sowerby’s beaked whale); 10, M. bowdoini
(Andrew’s beaked whale); 11, M. densirostris (Blainville’s beaked whale); 12, M. ginkgodens (ginkgo-toothed beaked
whale); 13, M. peruvianus (pygmy beaked whale); 14, M. stejnegeri (Stejneger’s beaked whale); 15, Orcinus orca
(orca); 16, Physeter macrocephalus (sperm whale); 17, Pseudorca crassidens (false killer whale); 18, Ziphius caviros-
tris (Cuvier's beaked whale); Eg, Eubalaena glacialis (North Atlantic right whale); Mn, Megaptera novaeangliae
(humpback whale). Extant shark species codes and 1O. megalodon reference codes in C: Cm, Cetorhinus maximus
(basking shark); Mp, Megachasma pelagios (megamouth shark); Rt, Rhincodon typus (whale shark); Sm, Somniosus
microcephalus (Greenland shark); C20, 1O. megalodon at 16 m TL by Cooper et al. (2020, figure 2d); C22, +O. meg-
alodon at 15.9 m TL by Cooper et al. (2022, figure 1N); G96, 1O. megalodon at 11 m TL by Gottfried et al. (1996, fig-
ure 7).
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positive allometry as TL increases (Figure 4A; see
also Hunt et al., 2024). We should note that, even if
the original silhouettes used are slightly inaccurate
compared to the outlines of the actual sharks, they
will not affect the overall observed allometric trend
of each species.

Figure 4B shows the fineness ratio plotted
against body length for 41 individuals of whales
consisting of 20 species in 11 genera based on
Ahlborn et al.’s (2009, table 1) study combined with
two additional taxa that were not included in their
work (see Materials and Methods). The plots show
that large migratory cetaceans tend to have a fine-
ness ratio as high as 8, where larger body mass is
compensated for to continue providing minimum
drag helping to reduce the energy cost of swim-
ming (Ahlborn et al. 2009). An 8-m-long individual
of Orcinus orca with an unusually slender body for
the species is a clear outlier (Ahlborn et al. 2009),
but it would not affect the overall trend seen in the
remaining taxa. The gray region in the graph rep-
resents the area mostly not utilized by the whales
due to hydrodynamic disadvantages, which was
implied by Ahlborn et al.’s (2009) study. Although
body fineness ratios can approach as low as about
4, such as for Eubalaena glacialis and Megaptera
novaeangliae, the graph illustrates that those ceta-
ceans with stout bodies would come with hydrody-
namic disadvantages. Based on this graph, we
then addressed the question of where in the graph
the following three sets of sharks of interest would
fall: 1) Negaprion brevirostris, Lamna nasus, and
Carcharodon carcharias that are artificially
enlarged to the size of 1Otodus megalodon under
their respective allometric growth (Figure 4A); 2)
previous reconstructions of 10O. megalodon
(Gottfried et al., 1996; Cooper et al., 2020, 2022);
and 3) the largest extant sharks (Cetorhinus maxi-
mus [basking shark: Lamniformes], Megachasma
pelagios [megamouth shark: Lamniformes], Rhin-
codon typus [whale shark: Orectolobiformes], and
Somniosus microcephalus [Greenland shark:
Squaliformes]). Figure 4C shows the same ceta-
cean plots as in Figure 4B, but these sets of sharks
of interest are added.

The relationships between the fineness ratios
and body lengths of the three extant shark taxa
(Negaprion  brevirostris, Lamna nasus, and
Carcharodon carcharias: Figure 4A) in Figure 4C
reveal two major contrasting trends. The trajectory
of N. brevirostris continues parallel to the general
plot distribution of whales, whereas the trajectories
of both L. nasus and C. carcharias extend to the
region of “hydrodynamic disadvantages”. Although
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the exact TL-BW relationship of 1Otodus megal-
odon is uncertain, Figure 4C highlights the impor-
tance of the consideration of possible allometry
when assessing the body form of large extinct
organisms like 1O. megalodon (see also Gayford
et al., 2024b). For instance, it clearly demonstrates
that positive allometry leads to an excessively stout
body (e.g., Figure 4A), which would increase drag
and reduce hydrodynamic efficiency. Whereas
there is a general size limit of 7 m TL for non-plank-
tivorous sharks with 1O. megalodon representing
an outlier (Pimiento et al, 2019; Shimada et al.,
2021a), more significantly, Figure 4C appears to
suggest that L. nasus and C. carcharias larger than
3.7 and 6.4 m TL, respectively (i.e., their maximum
known length: Ebert et al., 2021), would lead to a
body too stocky to account for energetically sus-
tainable swimming. It must be emphasized that
these allometric curves (represented by broken
lines in Figure 4C) are extrapolations, and the real-
ity is that there is no reason to assume the gradient
of these allometric curves will remain consistent
through ontogeny where data do not exist. Never-
theless, perhaps the most profound implication of
Figure 4C is that sharks showing negative allome-
try (e.g., N. brevirostris) can potentially achieve
gigantism while maintaining hydrodynamic effi-
ciency, whereas those with strong positive allome-
try (e.g., L. nasus) are doomed to become
inefficient swimmers if their size reaches the range
of the hydrodynamically disadvantageous zone
unless the allometric scaling coefficient changes
through ontogeny to avoid it.

Figure 4C also shows the plots representing
the relationships between the fineness ratio and
body length for the three previous reconstructions
of 1Otodus megalodon (Gottfried et al., 1996; Coo-
per et al., 2020, 2022). All three previous works
relied on or made an a priori assumption that the
biology of 1O. megalodon, including its body form,
must have been similar to that of extant Carcharo-
don carcharias. While Gottfried et al. (1996) simply
speculated 1O. megalodon to have had a slightly
more massive body than the extant C. carcharias,
Cooper et al. (2020, 2022) incorporated other
extant lamnid taxa to reconstruct +O. megalodon,
which resulted in their reconstructions being
slightly stockier than the extant C. carcharias (how-
ever, it should be noted that the exact procedure of
lamnid-based “model adjustments” is not described
adequately in either paper by Cooper et al.). The
artificial increase in stoutness in all three studies
may mimic the effects of positive allometry seen in
Lamna nasus and C. carcharias (e.g., Figure 4A);



thus, it is not surprising that the three 1O. megal-
odon plots occur on or between the trajectory lines
of the two extant lamnids (Figure 4C). The fact that
they are closely clustered with the plots of extant
Eubalaena glacialis and Megaptera novaeangliae,
which in turn comprise some of the stockiest-bod-
ied large cetaceans, implies that the body forms
represented by the three +O. megalodon recon-
structions are theoretically viable. However,
because the three 10O. megalodon plots occur
within the hydrodynamic disadvantageous region,
our findings based on Figure 4C do not support
Cooper et al.’s (2022) contention that +O. megal-
odon resembled C. carcharias or stocky lamnids in
body form and was a fast or hydrodynamically effi-
cient swimmer at the same time.

Figure 4C additionally shows the plots of the
following four largest non-alopiid extant shark taxa
at their maximum known lengths (Ceforhinus maxi-
mus, Megachasma pelagios, Rhincodon typus,
and Somniosus microcephalus: see Ebert et al.,
2021; Shimada et al., 2021a). Not only do the four
extant shark taxa have relatively high fineness
ratios (>5) and occur within the plot distribution of
the vast majority of cetaceans, but also their plots
are situated between the trajectory line of Negap-
rion brevirostris and the lines of the two extant lam-
nids (Lamna nasus and Carcharodon carcharias)
as well as outside of the hydrodynamically disad-
vantageous region. Effectively, this finding indi-
cates the interpretation that tOfodus megalodon
could have had a more elongated body compared
to the extant C. carcharias and other lamnids
(Sternes et al., 2024) is quite plausible. More sig-
nificantly, the four plots line up linearly almost per-
fectly, suggesting that pathways to gigantism are
conserved across phylogenetically disparate neo-
selachians at least based on the present data. If
this interpretation is taken at face value, 1O. mega-
lodon at 16.4 m and 24.3 m TL would have had a
fineness ratio of 6.01 and 6.15, respectively, based
on the linear relationship through the four plots in
Figure 4C.

Figure 5A shows the body form of Negaprion
brevirostris, Carcharodon carcharias, and Lamna
nasus (left half), and how they would appear if a
fineness ratio of 6.15 is hypothetically applied (right
half). It visually shows that the body form of N. bre-
virostris requires the least amount of morphometric
transformation among the three species as it
already has a fineness ratio of about 6. It coinci-
dently implies that the general body form of {Oto-
dus megalodon could have indeed somewhat
resembled that of N. brevirostris (e.g., Figure 2),
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even though the fineness ratio of approximately 6
for 1O. megalodon was derived completely inde-
pendently from the trendline running through the
four large extant taxa (Cetorhinus maximus, Mega-
chasma pelagios, Rhincodon typus, and Somnio-
sus microcephalus: Figure 4C). Based on this
result, Figure 5C illustrates a highly tentative, con-
ceptualized reconstruction of TO. megalodon with
a fineness ratio of about 6.08 (i.e., about halfway
between 6.01 and 6.15 calculated), respectively,
for 16.4-m-TL and 24.3-m-TL 1O. megalodon (see
above). It is superimposed with a silhouette of
IRSNB P 9893 (Figure 1B), with a slight curvature
added based on published CT images of extant
shark skeletons, including N. brevirostris (e.g.,
McQuiston et al., 2017, figure 1; Sternes et al.,
2024, figure 3). Although the position of fins in
sharks is known to be relatively consistent across
taxa (Thomson and Simanek, 1977), the exact
sizes and shapes of all the fins of +O. megalodon
remain uncertain. It must be emphasized that the
NP and CP relative to the trunk proportion remain
inferential based on this present study. In addition,
this reconstruction (and this entire study for this
matter) assumes that IRSNB P 9893 (Figure 1B)
consists of a complete set of precaudal vertebrae.
If more precaudal vertebrae were originally present
in the individual, it would mean that the body was
likely even more elongated than depicted in Figure
5C assuming that the neurocrania length and cau-
dal fin length used remain consistent.

It must also be emphasized that practically
every aspect of the reconstructed body form of
TOtodus megalodon in Figure 5C remains uncer-
tain, and the discovery of a well-preserved com-
plete skeleton of 1O. megalodon in the fossil
record is still needed to decipher its exact body
form. Although there is some evidence that intra-
specific variation in morphology, including in the
neurocranium, does not obscure interspecific dif-
ferences (de Oliveira Lana et al., 2021), it should
also be noted that most of the taxa listed in Appen-
dix 3 do not account for possible intraspecific varia-
tions (e.g., individual, sexual, and ontogenetic
differences) in body part proportions even if they
are present, where the three proportional values
(NP, TP, and CP) with a sum of 1 or 100% are inter-
dependent from one another as a change in one
value affects the other two values. Nevertheless,
also from the hydrodynamic standpoint, our study
strongly indicates Sternes et al.’s (2024) interpreta-
tion that “tO. megalodon was more elongated than
C. carcharias” is more parsimonious than the previ-
ous view that 1O. megalodon resembled closely C.
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Negaprion
brevirostris

Carcharodon
carcharias

Lamna
nasus

< ~—>€ Minimally 11 m >i< ~ >

FIGURE 5. Silhouettes (not to scale) of Negaprion brevirostris (lemon shark), Carcharodon carcharias (white shark)
and Lamna nasus (porbeagle shark) in lateral (gray) and dorsoventral (black) views (A), their hypothetically manipu-
lated shapes (B), and highly tentative, conceptualized reconstruction of +Otodus megalodon (C). A, original morphol-
ogy based on Ebert (2014, p. 47, 53) and Ebert et al. (2021, p. 561; see also text). B, hypothetical morphology of each
shark in A after forcefully applying fineness ratio of 6.15, which is the mean fineness ratio obtained from the regression
line for the four large extant sharks (solid triangles) in Figure 5G. C, Highly tentative reconstruction of +O. megalodon
with a fineness ratio of approximately 6.08 onto which a silhouette of the reconstructed vertebral column of +O. mega-
lodon by Cooper et al. (2022) (IRSNB P 9893: Figure 1B) has been superimposed with slight curvatures added. Two
silhouettes of Homo sapiens (swimmers; from Jambura and Kriwet, 2020, figure 4) of different sizes illustrate the rela-
tive length of the reconstructed 1O. megalodon at 16.4 m TL (top swimmer) and 24.3 m TL (bottom swimmer) for com-
parisons, but it must be emphasized that H. sapiens and 1O. megalodon never coexisted. Tildes (~) denote inferred
proportions that remain to be tested through the discovery of a well-preserved complete skeleton; also note that the
size and shape of all the fins, including the caudal fin, remain highly hypothetical (see text for detail).
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carcharias (Gottfried et al., 1996; Cooper et al.,
2020, 2022). In fact, our findings confirm that TL
extrapolations based on dental or vertebral mea-
surements from extant C. carcharias (e.g., Randall,
1973; Shimada, 2003, 2019; Pimiento et al., 2010;
Pimiento and Balk, 2015; Reolid and Molina, 2015;
Razak and Kocsis, 2018; Herraiz et al., 2020;
Perez et al., 2021) yield underestimated values
(Sternes et al., 2024).

Whereas the origin of the genus tOtfodus can
be traced back to the Danian (lower Paleocene), it
is worth noting that the tendency towards gigan-
tism in the TOtfodus clade began with the evolution
of the geologically oldest chronospecies, tO.
obliquus, as exemplified by the fact that its anterior
teeth attained as tall as 9 cm in total tooth height by
the Ypresian (Early Eocene: Cappetta, 2012). Even
though this is too likely underestimated as the TL
extrapolation relied on the relationship between the
tooth size and TL of extant macrophagous lamni-
forms, including Carcharodon carcharias, 1O.
obliquus is thought to have reached at least 8 m TL
(Shimada et al., 2021a). The subsequent chrono-
species further increased their overall tooth size,
developed serrations, and reduced the size of lat-
eral cusplets, and they are generally understood to
consist of: TO. auriculatus in the Late Eocene; 1O.
angustidens in the Oligocene; 10O. chubutensis in
the Early to mid-Miocene; and ultimately 1+O. meg-
alodon in the mid-Miocene through Early Pliocene
(e.g., Pimiento and Balk, 2015; Trif et al., 2016;
Perez et al., 2019; Ballell and Ferrén, 2021; Shi-
mada et al., 2021a). If Shimada et al.’'s (2024a)
inferences about the range of the maximum TL of
the chronospecies in-between t0O. obliquus and
10. megalodon are applied, they (i.e., 1O. auricu-
latus, 10O. angustidens, and 10O. chubutensis) must
have minimally attained the body size of {O.
obliquus (at least 8 m TL: Shimada et al., 2024a)
without reaching that of 1O. megalodon (24.3 m
TL: this study). Regardless of their exact maximum
attainable body sizes, it seems clear that all mem-
bers of the tOtodus clade consistently overcame
the general size limit of 7 m TL recognized for non-
planktivorous sharks (Pimiento et al., 2019; Shi-
mada et al., 2021a) by the Early Eocene. The trend
of gigantism in 1 Otodus also corresponds well with
the elevated tropic position through the clade that
began with 1+O. obliquus (Kast et al., 2022).

Body Weight of +Otodus megalodon

Most prominent previous BW estimates of
tOtodus megalodon are those presented by
Gottfried et al. (1996, table 1) and Cooper et al.
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(2022, table 1). Gottfried et al.’s (1996, table 1) BW
estimates included those of the “largest fetus”,
“smallest neonate”, largest immature male and
female, smallest mature male and female, “largest
mature female”, and “large male”, where the small-
est and largest estimated BW values were 430 kg
(0.4 t) for the “smallest neonate” (3.6 m TL) and
103,197 kg (103 t) for the “largest mature female?”
(20.3 m TL). On the other hand, Cooper et al.
(2022) gave the BW of 61,560 kg (62 t) at 15.9 m
TL. However, the validity of these previous esti-
mates (Gottfried et al., 1996; Cooper et al., 2022)
is questionable, because they were based on the a
priori assumption that 1O. megalodon resembled
the extant Carcharodon carcharias or lamnids (see
above).

Although we tentatively infer TOtodus megal-
odon to have had a fineness ratio of about 6.01—
6.15 (Figure 5C), the exact BW remains difficult to
decipher because of many uncertainties and
assumptions (see above). Nevertheless, the hypo-
thetical Negaprion brevirostris, Carcharodon carch-
arias, and Lamna nasus with a fineness ratio of
6.01 and a TL of 16.4 m would have weighed about
30.3t, 33.7 t, and 26.9 t, respectively (average of
roughly 30 t), while those with a fineness ratio of
6.15 (Figure 5B, left half) and a TL of 24.3 m would
have weighed about 94.2 t, 104.7 t, and 83.6 t,
respectively (average of roughly 94 t). Therefore,
the individual with an estimated TL of 16.4 m repre-
sented by IRSNB P 9893 could have weighed
about 30 t and the currently largest estimated 10.
megalodon (24.3 m TL) about 94 t. These esti-
mates are roughly comparable with those of extant
blue whales (Balaenoptera musculus) measuring
17 m (37 t) and 25 m (119 t) in fork length, respec-
tively (Motani and Pyenson, 2024, table 1; see also
Paul and Larramendi, 2025) as well as the largest
extant whale shark (Rhincodon typus) measuring
up to about 18.8 m TL and weighing close to 34 t
(McClain et al., 2015, and references therein).

Cruising Speed of 1Otodus megalodon

1Otodus megalodon was traditionally charac-
terized as a fast-swimming shark, with previously
estimated cruising speeds ranging from 4.8 to 5.1
km h-1 (Jacoby et al., 2016; Ferrén, 2017; Cooper
et al., 2022). However, it was reinterpreted to be a
slower-cruising shark (1-3 km h-1) compared to
extant lamnids overall (from the slowest Carcharo-
don carcharias of 3.2 km h-! to the fastest shortfin
mako [Isurus oxyrinchus] of 6.7 km h-1) (Shimada
et al.,, 2024a) on the basis of the morphological
property of its placoid scales, specifically interkeel
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distances maintained through ontogeny in sharks
with keeled scales (see Raschi and Elsom, 1986).
Subsequently, Sayama et al. (2024) examined the
keel properties of placoid scales sampled from var-
ious body positions of a 3.2-m-TL C. carcharias
and mathematically arrived at relatively similar
“migration speeds” (which is interpreted to be
equivalent to cruising speed) for C. carcharias (8.3
km h-1) and tO. megalodon (9.7 km h-1), which
were drastically slower than that of I. oxyrinchus
(17.7 km h-1). It should be pointed out that Sayama
et al.’'s (2024) calculations assumed the estimate
of 11.7 m TL for the tO. megalodon individual
based on C. carcharias, and if their method is
used, a 24.3-m-TL 1O. megalodon would have had
a migration speed of 10.8 km h-1. However, speed
estimates based on Sayama et al.’s (2024) theoret-
ical method appear to generate overestimations,
considering that the mean of the mean observed
cruising speeds of C. carcharias and I. oxyrinchus
are only 3.5 km h-1 (range of 1.7-8.1 km h-1; n =
38) and 3.3 km h-! (range of 1.0-6.7 km h-1; n =
26), respectively, based on data from numerous
studies compiled by Cooper et al. (2022, data S1;
but also note potential problems with Cooper et
al.’s dataset as discussed by Shimada et al.,,
2024a). Because the reported cruising speeds of
Lamna spp. (3.6—-3.9 km h-1: Cooper et al., 2022,
data S1) are also faster than reported for C. carch-
arias, therefore, even if the estimated cruising
speed of 1O. megalodon could have reached a
level comparable with C. carcharias (Sayama et
al., 2024), it would still have been an overall slower
swimmer than lamnids as a whole based on the
presently available cruising speed data (Cooper et
al., 2022, data S1; Shimada et al., 20243, table 1).

Rhincodon and Cetorhinus are the two largest
extant sharks or fishes (Ebert et al., 2021; Figure
4C) and have cruising speeds that are much faster
(3.1-3.9 km h-1) than the other two sharks, Mega-
chasma and Somniosus (1.3-1.5 km h-1) (Table 3).
The ability of Rhincodon and Cetorhinus to achieve
relatively high cruising speeds is interpreted to be
due to their planktivory near the sea surface where
larger spatial coverages are needed for filter-feed-
ing (Shimada et al., 2024a). The lack of any mod-
ern examples of macrophagous (= non-
planktivorous) sharks that reach or exceed the
sizes of the two aforementioned planktivores com-
plicates the inferences about the cruising speed of
TOtodus megalodon. Unlike Rhincodon, which is
ectothermic and Cetorhinus which is inferentially
endothermic (e.g., see Dolton et al., 2023), 1O.
megalodon was endothermic based on geochemi-
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cal evidence (Griffiths et al., 2023). However, its
warm-bloodedness is interpreted to have been
possibly used largely for facilitating digestion com-
pared to promoting fast-swimming like lamnids
because its placoid scales suggested its cruising to
be overall slower than the extant lamnids collec-
tively (Shimada et al., 2024a; see above). Whereas
the cosmopolitan occurrences of +O. megalodon
fossils even to include deep oceans far from conti-
nental shorelines indicate that 1O. megalodon was
capable of long-distance swimming, whether the
wide geographic distribution was due to a migra-
tory behavior (e.g., Pollerspock et al., 2023, and
references therein) cannot be ascertained deci-
sively from the fossil record. However, if 1O. mega-
lodon was capable of at least cruising as fast as
the slowest lamnid, Carcharodon carcharias
(Sayama et al., 2024; see above), it is possible that
10O. megalodon could have exhibited a migrating
behavior like the extant C. carcharias (e.g., Skomal
et al., 2017, and references therein), which has an
average cruising speed (3.5 km h-1; see above)
comparable to Rhincodon and Cetorhinus.

The three largest cetacean taxa in Figure 4C are
Balaenoptera borealis (sei whale), B. musculus
(blue whale), and B. physalus (fin whale) (“2"-“4” in
Figure 4B). These are all migratory baleen whales
that filter feed near the sea surface (Mizroch et al.,
1984a, 1984b, 1984c) with mean cruising speeds
ranging between 7.9 and 10.4 km h-1 (Table 3). The
next largest cetacean in Figure 4C is Physeter mac-
rocephalus (sperm whale), a toothed whale that
actively hunts for prey in deep waters (e.g., Aoki et
al., 2012) with a mean cruising speed of 6.4 km h-1
(Table 3). On the other hand, the other two cetaceans
in Figure 4C, Eubalaena glacialis (North Atlantic
right whale) and Megaptera novaeangliae (hump-
back whale), have stocky bodies and are in the region
of hydrodynamic disadvantages, and they indeed
record slower mean cruising speeds than at least the
three Balaenoptera taxa (Table 3). Whereas E. gla-
cialis is particularly slow (1.9 km h-1), however, M.
novaeangliae is considerably fast (7.5 km h-1) (Table
3). This could be explained by the fact that, while M.
novaeangliae is quite migratory, its pectoral fins are
highly enlarged for its unique maneuvering behavior
during feeding (Hain et al., 1982), which would
require a stocky build to reinforce the rigidity of the
body trunk. Nevertheless, it is important to note that
the cruising speeds of the gigantic whales outside of
the hydrodynamically disadvantageous region are
much faster than those of the two large planktivorous
sharks (Rhincodon and Cetorhinus) and even lam-
nids (see above). This fact could be simply due to the
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TABLE 3. Reported cruising speeds (CS; in km h-1; mean value is given if n>1) of select sharks and whales discussed

in the text.

Group Species (common name) n CS Source

Sharks
Cetorhinus maximus (basking shark) 21* 3.9 Sims (2000)
Megachasma pelagios (megamouth shark) 1 1.5 Nelson et al. (1997)
Rhincodon typus (whale shark) 12 3.1 Gleiss et al. (2011)
Somniosus microcephalus (Greenland shark) 6 1.3 Watanabe et al. (2012)

Whales
Balaenoptera borealis (sei whale) 1 8.0 Gough et al. (2021)
Balaenoptera musculus (blue whale) 17 7.9 Gough et al. (2021)
Balaenoptera physalus (fin whale) 2 104  Gough et al. (2021)
Eubalaena glacialis (North Atlantic right whale) 29 1.9**  Hain et al. (2013)
Megaptera novaeangliae (humpback whale) 29 7.5 Gough et al. (2021)
Physeter macrocephalus (sperm whale) 137 6.4 Aoki et al. (2007)

* A total of 21 ‘speed determinations’ from six individuals.

** Data of ‘singles and non-mother calf’ that consisted of a group with the fastest CS in their dataset.

difference in swimming modes between sharks (lat-
eral strokes) and aquatic mammals (vertical strokes)
as well as to the fact that the skeleton of sharks is car-
tilaginous whereas that of whales is osseous. There-
fore, the use of cruising speeds observed in whales is
interpreted to be inappropriate for inferring the cruis-
ing speed of 1O. megalodon.

Our allometric analysis suggests that it is
unlikely that +Otodus megalodon could have been
stout and gigantic at the same time because such
a body form would have imposed excessive ener-
getic costs for swimming (Figure 4C; see above).
The fact that the known size ranges of both
Carcharodon carcharias and Lamna nasus do not
extend to the region of hydrodynamic disadvan-
tages in Figure 4C suggests that the graph
appears credible. Whereas Megaptera novaean-
gliae could achieve relatively high cruising speeds
despite its stocky body (see above), sharks are
less likely to be able to defy such hydrodynamic
constraints because of their cartilaginous skeleton.
It is noteworthy that the range of interkeel dis-
tances of placoid scales in 1O. megalodon com-
pletely overlaps with the common interkeel
distance in Negaprion brevirostris that has a typical
cruising speed of 2.1 km h-1 (based on the middle
number of “0.44-0.71 m s~1” reported by Sund-
strom and Gruber, 1998; see Shimada et al.,
2024a) or a mean of the mean cruising speeds of
2.4 km h-1 (range of 2.1-2.7 km h-1: Cooper et al.,
2022, data S1). Even if 1O. megalodon was able to
cruise as fast as the slowest lamnid, C. carcharias
(Sayama et al., 2024; see above), there is currently

no empirical evidence to support that 1O. megal-
odon had a typical cruising speed as high as 4.8—
5.1 km h-1 (e.g., Jacoby et al., 2016; Ferrén, 2017;
Cooper et al., 2022). Rather, it seems reasonable
to assert from the presently available data that the
typical cruising speed of tO. megalodon ranged
around 2.1-3.5 km h-1. If so, 1O. megalodon would
have typically needed to resort to burst swimming
for prey capture (Shimada et al., 2024a). Sayama
et al’s (2024) placoid scale-based theoretical
model suggested the “hunting speed” of 1O. mega-
lodon to be about 21 km h-1; however, because of
the discrepancies between the estimated and
observed cruising speeds of C. carcharias in their
study (see above), the validity of their various
speed estimates remains questionable. In our view,
estimating the maximum burst or hunting speed of
10O. megalodon would be too speculative at least at
the present time. However, regardless of its exact
cruising speed, we contend that the cruising speed
of 1O. megalodon possibly stayed relatively con-
stant throughout ontogeny, considering that inter-
keel distances of placoid scales indicative of
relative swimming speeds in sharks remain rela-
tively constant throughout their life (Raschi and
Elsom, 1986). If so, as for cetaceans (Ahlborn et
al., 2009), larger body mass could have been com-
pensated for by increasing the fineness ratio as
1O. megalodon grew larger, which concomitantly
helped maintain minimum drag to continuously
reduce the energy cost of swimming. If this is
indeed the case, it also implies that the body form
of 1O. megalodon underwent at least some degree
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of allometric changes through ontogeny, and it is in
the realm of possibility that the body growth pattern
could have followed the allometric trend seen
across the four large extant shark taxa (Mega-
chasma, Somniosus, Cetorhinus, and Rhincodon)
in Figure 4C.

Growth Model and Life History Strategies of
tOtodus megalodon

Shimada et al. (2021b) assessed the life his-
tory traits of tOfodus megalodon based on a
growth parameter analysis using IRSNB P 9893
(Figure 1B, H-J) and assuming that it came from a
9.2-m-TL individual. In this study, we reassessed
the ontogenetic parameters based on the new esti-
mated TL of 16.4 m for IRSNB P 9893, where the
outermost growth band (BN 46) was assumed to
have formed when the shark was 16.4 m TL and
died (Figure 6A). The estimated TL at the time of
each grown band formation was then back-calcu-
lated based on the percentage distance from the
center of the vertebral centrum (eTL in Table 4,
Figure 6A). Forty-seven pairs of BN-TL values
(including TL at BN 0) were obtained, and Figure
6B shows the VBGEF fitted to correlate BN values
with TL values. The VBGF parameters of the non-
linear regression line (r2 = 99.9%; p < 0.001) are L,

=385.794 cm TL, L., = 5,920.160 cm TL, and k =
0.00556 yr-1, and the longevity of the shark is cal-

culated to be about 526.681 years (note that at
least some of these values should not be taken at

face value: see below). If each BN formed annu-
ally, other noticeable observations are that the esti-
mated growth length gains (eGL in Table 4) in the
first seven years (BN 0 through BN 7) range from
34 to 41 cm/yr with an average of 37.4 cml/yr,
whereas the estimated growth length gains in the
remaining 39 years (BN 8 through BN 46) range
from 20 to 31 cm/yr with an average of 26.5 cm/yr.

The re-interpretation that IRSNB P 9893 mea-
sured about 16.4 m TL in life in this present study
concomitantly alters some aspects of the proposed
growth model of +Ofodus megalodon significantly.
Most notably, Shimada et al.’s (2021b) work sug-
gested that the size at birth for 1O. megalodon (or
at least the individual represented by IRSNB P
9893) was about 2 m TL, but our back-calculation
suggests that its size at birth was about 3.6 m TL
(356 cm at BN 0 in Table 2) and possibly as much
as about 3.9 m TL based on our new VBGF analy-
sis (specifically Ly = 385.794 cm TL). The inferred
large size at birth suggests that, like modern lamni-
forms (e.g., Gilmore et al., 2005), +O. megalodon
practiced ovoviviparity with oophagous intrauter-
ine cannibalism for embryonic nourishment (possi-
bly besides lipid-rich uterine secretions or lipid
histotrophy: see Sato et al., 2016; Shimada et al.,
2021a), and neonates born with a competitive
advantage and reduced predation risk, where one
of the consequences of ovoviviparity with embryos’
oophagous behavior is low fecundity (generally
one or two fetuses per each of the paired uteri: Shi-
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FIGURE 6. Ontogenetic growth analysis of TOfodus megalodon based on IRSNB P 9893 (see text for detail). A, Com-
puted tomographic image of a sagittal cross-sectional view of the largest vertebrae (“centrum #4”) in IRSNB P 9893
showing incremental growth bands presumably formed annually along with estimated total length (TL) shown at every
10 growth band (cf. Figure 1J; scale bar equals 1 cm; * = center of vertebra; bent line = “angle of change”: see Shi-
mada et al., 2021b). B, von Bertalanffy growth function (VBGF) fitted to data points (Table 4) that shows the relation-
ship between growth band numbers (BN, or “age” of the individual in years) and TL (circles indicate plots based on
IRSNB P 9893; arrow points the position on the VBGF curve at 24.3 m TL, which is the maximum size inferred for 10O.
megalodon in this study).

24



PALAEO-ELECTRONICA.ORG

TABLE 4. Raw measurements (BN, CR, and BI: from Shimada et al., 2021b, table 1) and derived measurements
(PCR, eTL, and eGL) based on the sectioned vertebra of +Otodus megalodon (IRSNB P 9893, “centrum #4”; Figure
1J), where all data come from Shimada et al. (2021b, table 1) except eTL and eGL that are based on the new interpre-
tation that IRSNB P 9893 measured 16.4 m TL when it died. Abbreviations: BN, band number; CR, centrum radius; BI,
band interval from the previous band; pCR, percent centrum radius from the center of the vertebra; eTL, extrapolated
total length of entire shark; eGL, estimated GL, estimated growth length gain from the previous year.

BN CR (mm) Bl (mm) pPCR (%) eTL (cm) eGL (cm)
0 16.8 - 21.7 356 -
1 18.7 1.9 241 395 39
2 20.5 1.8 26.4 433 38
3 22.4 1.9 28.9 474 41
4 242 1.8 31.2 512 38
5 25.8 1.7 33.3 546 34
6 27.6 1.8 35.6 584 38
7 29.2 1.6 37.7 618 34
8 30.7 1.5 39.6 649 31
9 32.0 1.3 41.3 677 28
10 33.3 1.3 43.0 705 28
11 34.6 1.3 44.6 731 26
12 35.7 1.1 46.0 754 23
13 36.8 1.1 47.4 777 23
14 37.9 1.1 48.9 802 25
15 39.1 1.2 50.4 827 25
16 40.0 1.0 51.7 848 21
17 41.2 1.2 53.2 872 25
18 42.6 14 55.0 902 30
19 43.9 1.3 56.7 930 28
20 45.2 1.3 58.3 956 26
21 46.5 1.3 60.0 984 28
22 47.8 1.2 61.7 1012 28
23 49.1 1.3 63.3 1038 26
24 50.0 14 65.2 1069 31
25 51.9 1.4 67.0 1099 30
26 53.4 1.5 68.9 1130 31
27 54.8 14 70.7 1159 30
28 56.1 1.3 724 1187 28
29 57.5 1.4 74.2 1217 30
30 58.9 14 76.0 1246 30
31 59.9 1.0 77.3 1268 21
32 61.0 1.1 78.7 1291 23
33 62.0 1.0 80.0 1312 26
34 63.1 1.0 81.4 1335 30
35 64.3 1.2 83.0 1361 23
36 65.7 14 84.8 1391 30
37 66.8 1.0 86.2 1414 23
38 67.8 1.0 87.4 1433 20
39 69.1 1.3 89.2 1463 30

40 70.4 1.3 90.8 1489 26
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TABLE 4 (continued).

4 71.6 1.2
42 72.8 1.2
43 74.0 1.2
44 75.1 1.1
45 76.3 1.1
46 77.5 1.2

92.4 1515 26
94.0 1542 26
95.5 1566 25
96.9 1589 23
98.4 1614 25
100.0 1640 26

mada et al.,, 2021b). Although the exact size at
sexual maturity can only be speculated for 1O.
megalodon at present, the fact that neonates of
extant lamniforms are about 20-45% of the size of
their mother depending on the species (Shimada et
al., 2021a) suggests that the sexual maturity of
female 1O. megalodon may have been somewhere
between 8 and 19.5 m TL to produce neonates
measuring 3.6-3.9 m TL. Regardless, although
neonates of whales can also be quite large with
those of the extant blue whale (Balaenoptera mus-
culus) measuring 7 m TL (Mizroch et al., 1984a),
10. megalodon may well represent the largest
neonatal size at birth in the evolutionary history of
non-tetrapod fishes, if its estimated size at birth of
3.6-3.9 m TL is indeed true.

Like this present study, Shimada et al.
(2021b) suggested that the then-inferred size at
birth of 2 m TL was large enough for neonates to
have a highly competitive advantage and a low
predation risk. This contention is even more true
given our revised 3.6-3.9 m TL estimate for neona-
tal +Otodus megalodon. Curiously, the 3.6-3.9-m-
TL neonatal size range corresponds to the size
range of when extant Carcharodon carcharias
undergoes a dietary shift from a predominantly fish
diet to a largely marine mammal diet (see Tricas
and McCosker, 1984; Klimley, 1985, 1994;
McCosker, 1985; Long and Jones, 1996; Long et
al.,, 1996; Estrada et al.,, 2006; Hussey et al.,
2012). Therefore, it is conceivable that +O. megal-
odon was capable of taking large prey such as
marine mammals upon birth. Furthermore, such a
large neonatal size range, which would have
already provided a competitive advantage and
reduced predation risk relative to most other con-
temporaneous animals, seems to refute the
hypothesis that TO. megalodon neonates utilized
nursery areas (Purdy, 1996; Pimiento et al., 2010;
Herraiz et al., 2020; for further discussion, see also
Shimada et al., 2022).

The growth parameters based on a VBGF
correlating BN values with TL values (Figure 6B)
must be viewed as highly tentative or even improb-
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able at least in part, not only because it is based on
a single specimen but also because the VBGF
curve beyond BN 46 is purely theoretical. This is
particularly true considering that, where taxon-spe-
cific exceptions do exist, there is evidence to sug-
gest that growth bands may simply record growth
or vertebral size—i.e., not necessarily age or
time—that may have led to systemic age underes-
timation in past growth studies of elasmobranchs
(Passerotti et al., 2014; Harry, 2018; Natanson et
al., 2018; Natanson and Deacy, 2019). The ques-
tionable nature of our VBGF parameters includes
our L, value (5,920.160 cm), implying that {Oto-
dus megalodon could have reached up to nearly
60 m TL with a longevity of about 527 years.
Although the BN of 46 in this study may be under-
estimated and may not reflect the true age of
IRSNB P 9893 at death, and although the oldest
extant shark (Greenland shark: Somniosus micro-
cephalus) ever recorded is estimated to be nearly
400 years old (Nielsen et al., 2016), our calculated
longevity of over 500 years is most certainly an
overestimation given that the maximum TL cali-
brated in this present study does not even exceed
25 m (see above). However, at least our estimated
largest TL of 24.3 m TL would place the 10O. mega-
lodon individual to be about 83 years old (Figure
6B).

Like in Shimada et al.’s (2021b) study, our k
value (0.00556 yr-1) is exceptionally low. The value
must be interpreted with caution as with other
VBGF parameters (see above), but if taken at face
value, it suggests that it took a very long time for
TOtodus megalodon to attain the mean maximum
theoretical length. Shimada et al. (2021b) used
lamnid sharks (e.g., Isurus oxyrinchus and Lamna
nasus) that have the lowest k values (as low as
0.05-0.06) among extant lamniforms (Shimada,
2008) as a point of reference, which are still ten-
fold greater than the k value obtained for 1O. meg-
alodon even in the present study. Even if 1O. meg-
alodon never achieved the maximum theoretical
length (e.g., L. = 5,920.160 cm), our nearly linear

VBGF curve (Figure 6B) suggests that +O. megal-



odon showed relatively steady, indeterminate
growth throughout its life, particularly after when
BN 7 formed, with an average of 26.5 cm/yr (see
above).

Ecological and Evolutionary Implications

It must be emphasized that the findings and
interpretations of the paleobiology of tOfodus
megalodon presented here must be regarded as
working hypotheses. This is 1) because they pri-
marily rest on a single partial skeletal specimen
from the Miocene of Belgium (IRSNB P 9893); and
2) because the general body size and morphology
of 1O. megalodon may have varied through time
and space, where larger individuals appeared to
have been more common in cooler waters com-
pared to warmer waters (Shimada et al., 2022 vs.
Pimiento and Balk, 2015). Additionally, the analyti-
cal approaches used in this study required us to
make several assumptions about ontogenetic and
evolutionary scaling of body and vertebral propor-
tions with TL, which are at present untested. Fur-
thermore, the present fossil record of tO.
megalodon reveals practically nothing about its
intraspecific, ontogenetic, and sexual variations of
body properties, except the wide range of dental
size and morphology. Nevertheless, it represents
the only specimen suggesting that the species min-
imally attained 11.1 m, which does not even
account for its head with a most likely massive jaw
apparatus (e.g., Goto, 1989), nor for much of the
caudal fin (Sternes et al., 2024). The fact that
IRSNB P 9893 physically measures 11.1 m in
length (Cooper et al., 2022), compared to the
extrapolation based on the extant Carcharodon
carcharias (Gottfried et al., 1996), led Sternes et al.
(2024) to conclude that 1O. megalodon must have
had an elongated body relative to C. carcharias.
This interpretation, in turn, implies that its pleuro-
peritoneal cavity was also elongated (Sternes et
al., 2024), and as large ingested food items passed
through its elongated digestive tract, its endother-
mic metabolism (Ferron, 2017; Griffiths et al,,
2023) likely facilitated their digestion, absorption,
and further nutrient processing (Shimada et al.,
2024a).

Along with its chronospecific predecessors
(e.g., TOtodus chubutensis: Perez et al., 2019),
10. megalodon occupied a trophic position similar
to (McCormack et al.,, 2022), or possibly even
higher than (Kast et al., 2022), extant Carcharodon
carcharias based on geochemical evidence, where
the trace fossil record (e.g., tooth marks; sensu
Zonneveld et al.,, 2022) suggests that its diet
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included marine mammals such as pinnipeds and
cetaceans (e.g., Aguilera et al., 2008; Collareta et
al., 2017a; Godfrey et al., 2018, 2021; Godfrey and
Beatty, 2022; see also Paredes-Aliaga and Herraiz,
2024). If each growth band (Figure 6A) formed
annually, our results show that the growth rate
during the first seven years was relatively consis-
tent with an average estimated rate of 37.4 cm/yr,
and subsequently the relatively constant growth
decreased to an average of 26.5 cm/yr. Although
the rather constant gradual increase of TL in the
first seven years is difficult to characterize as a
“growth spurt”, the timing of the slightly reduced
growth rate (around BN 7-8) marks shortly after
the 1O. megalodon individual had reached 6 m TL
(Table 4; Figure 6B). Conclusions based only on a
single specimen should be taken carefully; how-
ever, if IRSNB P 9893 is assumed to typify the
growth rate of 1O. megalodon, this TL-wise timing
is intriguing ecologically and evolutionarily because
it coincides well with the general size limit of 7 m
TL throughout the history of macrophagous lamni-
forms (Shimada et al., 2021a). Macrophagous lam-
niforms over 6 m TL are considered “gigantic”
where the only other possible genera contempora-
neous with tO. megalodon (mid-Miocene—Early
Pliocene) that could have included one or more
members attaining such gigantic sizes are limited
to Alopias, Carcharodon, Isurus, and tParotodus
(Kent, 1999; Shimada et al., 2021a, table 3, figure
4). Whereas 1t0O. megalodon, which attained well
beyond 6 m TL, is regarded as an extreme outlier
not only for macrophagous lamniforms (Shimada et
al., 2021a) but also for elasmobranchs in general
(Pimiento et al., 2019), the fact that the aforemen-
tioned stock includes Carcharodon is of particular
interest given that the rise of C. carcharias at the
dawn of the Pliocene has been proposed to be at
least in part responsible for the demise of 1O. meg-
alodon through competition (Boessenecker et al.,
2019; McCormack et al., 2022). Based on IRSNB P
9893, the observed growth pattern of +O. megal-
odon appears as if it developed faster during the
first seven years or so to “outgrow” the typical max-
imum size range of Carcharodon (e.g., while Plio-
cene C. carcharias possibly attained slightly larger
sizes, the maximum size of extant C. carcharias is
about 6.1 m TL: Randall, 1987; Castro, 2012; Col-
lareta et al., 2023b) and then the growth rate
decreased.

The timing of the slightly reduced growth rate
at about 6.2-6.5 m TL in 1Otfodus megalodon (i.e.,
at BN 7 and 8 in Table 4) is even more intriguing
from the standpoint of the evolution within the

27



SHIMADA ET AL.: BIOLOGY OF OTODUS MEGALODON

genus Carcharodon. During the Middle Miocene
through the earliest Pliocene, Carcharodon was
represented by 1C. hastalis, which did not possess
serrations on its tooth crowns, where a similar
maximum TL to extant C. carcharias was likely
already attained by tC. hastalis based on their
comparable tooth sizes (e.g., de Muizon and
DeVries, 1985; Cappetta, 2012). However, serra-
tions began to develop in Carcharodon via tC.
hubbelli in at least the Pacific Ocean around the
Miocene—Pliocene transition (e.g., de Muizon and
DeVries, 1985; Goto et al.,, 1993; Ehret et al,,
2009a, 2009b, 2012, 2024). In addition, C. carcha-
rias evolved a uniquely derived, mesial inclination
of the cusp on the teeth of the upper third tooth row
(i.e., the so-called “intermediate tooth row”: e.g.,
see Shimada, 2002, but also Siverson, 1999). The
serrated teeth and upper intermediate teeth in C.
carcharias have been regarded as derived traits
promoting its feeding on large marine mammals
(e.g., Martin et al., 2005; Ehret et al., 2012).
Whereas piscivory in tC. hastalis has been
demonstrated by a partial skeleton of a ca. 2.4-m-
TL juvenile with bony fish remains as stomach con-
tents (Collareta et al., 2017b), multiple cases of
fossil cetacean bones with tooth marks putatively
made by 1C. hastalis are also known (Bianucci et
al.,, 2010, 2018; Takakuwa, 2014; Bosio et al.,
2021; Godfrey and Lowry, 2021). This indicates
that the competition between the Carcharodon
clade and 1O. megalodon was likely already pres-
ent in the Middle-Late Miocene marine ecosys-
tems. Nitrogen and zinc isotopes analyzed in
Carcharodon and tOtodus teeth offer additional
possible support for the shifting trophic dynamics
between these two lineages from the Miocene to
the Pliocene—Recent (Kast et al., 2022; McCor-
mack et al., 2022). Thus, the slightly faster growth
rate during the first seven or eight years observed
in IRSNB P 9893 (Table 4; Figure 6) could be inter-
preted as TO. megalodon rapidly “outgrowing” the
typical maximum size range of 1C. hastalis to be
able to better compete for feeding on marine mam-
mals. The level of interspecific competition
between the two clades could have increased as
serrations evolved and the shape and inclination of
the crown in intermediate teeth changed markedly
in the Carcharodon clade (i.e., in 1C. hubbelli—C.
carcharias), potentially allowing it to feed upon
marine mammals more effectively than its prede-
cessor. Whereas extant C. carcharias are known to
feed on marine mammals, particularly larger indi-
viduals (e.g., Hussey et al., 2012, and references
therein), multiple examples of Pliocene marine
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mammal bones showing serrated tooth marks and
embedded serrated teeth of Carcharodon spp.
have also been documented (Cigala-Fulgosi, 1990;
Ehret et al., 2009b; Freschi and Cau, 2024; God-
frey et al., 2024, and references therein). In addi-
tion, although the study results are rather tenuous,
a dental microwear analysis does not contradict
the idea of competition between tO. megalodon
and C. carcharias for marine mammals (Paredes-
Aliaga and Herraiz, 2024).

Body temperature of tO. megalodon was
comparable to, or possibly even slightly higher
than, that of contemporaneous and extant
Carcharodon spp. due to their regional endothermy
(Griffiths et al., 2023, and references therein), but
10. megalodon is interpreted to have been no
faster than C. carcharias in terms of cruising speed
(see above). While climatic cooling and restruc-
tured ocean circulation during the Pliocene may
also have had a role in 1O. megalodon’s eventual
demise (Condamine et al., 2019), the rise of
smaller (thus likely more maneuverable) C. carcha-
rias could have increased competition for prey con-
sumed also by the presumably less agile 1O.
megalodon. Because the geographic range of 10.
megalodon may have been decreasing across the
Miocene—Pliocene transition (Pimiento et al,
2016), it is possible that +O. megalodon could have
been already in decline before the first dispersal of
C. carcharias. It should also be noted that the dis-
persal of C. carcharias from its Pacific stock was
likely diachronous worldwide (see Boessenecker et
al., 2019; Collareta et al., 2023b), suggesting that
competitive exclusion may have been at play at dif-
ferent times in different regions of the global ocean.
Furthermore, possible interactions of 1O. megal-
odon with other contemporaneous large marine
vertebrates, such as odontocetes as well as other
sharks (including tParotodus benedenii, another
otodontid lamniform that likely reached at least 5 m
TL [Shimada et al., 20214, table 3] and possibly as
much as 7.6 m TL [Kent, 1999; Collareta et al.,
2023a]), should be explored. Nevertheless,
besides the fact that the fossil record of +O. megal-
odon ends shortly after the emergence of C. carch-
arias (Boessenecker et al., 2019), it is noteworthy
that this competitive exclusion scenario does have
geochemical support (McCormack et al., 2022).

CONCLUSIONS

This study indicates that the individual of
1Otodus megalodon from the Miocene of Belgium
represented by IRSNB P 9893 (with a maximum
vertebral diameter of 15.5 cm) possibly measured



about 164 m TL and weighed around 30 t.
Although highly inferential, this study also shows
that +O. megalodon could have attained at least
about 24.3 m TL and weighed about 94 t based on
the gigantic vertebral specimen from the Miocene
of Denmark reported by Bendix-Almgreen (1983).
It must be emphasized that these TL estimates are
based on a new method that is completely inde-
pendent of the traditional tooth-based approach
and does not assume Carcharodon carcharias as a
modern analog like the previous studies (e.g., Ran-
dall, 1973; Gottfried et al., 1996; Shimada, 2003,
2019; Reolid and Molina, 2015; Razak and Kocsis,
2018; Cooper et al., 2020, 2022; Perez et al.,
2021).

Our cluster analysis conducted on three body
part proportions (NP, TP, and CP: Figure 2) sug-
gests that the body form of tOfodus megalodon
could have indeed been slenderer than the previ-
ous reconstructions of the fossil shark (e.g.,
Gottfried et al., 1996; Cooper et al., 2020, 2022).
Our allometric analysis (Figure 4) further shows
that sharks with positive allometric growth, such as
Lamna nasus and Carcharodon carcharias, likely
cannot achieve gigantism, whereas sharks that
achieve large or gigantic sizes (Cetorhinus, Mega-
chasma, Rhincodon, and Somniosus) have body
forms that conform to those of most large ceta-
ceans with high fineness ratios. Although body
forms of previous 1O. megalodon reconstructions
are still theoretically possible, our study suggests
that they would have been hydrodynamically chal-
lenged and could not have resulted in an efficient
swimmer at the body size values typical of adult
10. megalodon. On the other hand, the trend seen
across Cetorhinus, Megachasma, Rhincodon, and
Somniosus (Figure 4C) indicates that 1O. megal-
odon could have grown gigantic (e.g., 24.3 m TL)
while still maintaining hydrodynamic efficiency as
in gigantic cetaceans such as Balaenoptera spp.
Our study suggests that giant +O. megalodon pos-
sibly had a fineness ratio of about 6 (Figure 5C),
supporting the general conclusion made by
Sternes et al. (2024) that 1O. megalodon must
have had a slenderer body compared to C. carcha-
rias and other lamnids. As a matter of fact, there is
currently no evidence whatsoever that +O. megal-
odon resembled C. carcharias on which the previ-
ous reconstructions were mostly based (e.g.,
Gottfried et al., 1996; Cooper et al., 2020, 2022).

Our study based on IRSNB P 9893 suggests
that the size at birth of t+Otodus megalodon was
about 3.6-3.9 m TL, quite possibly marking the
largest neonate size in the evolutionary history of
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fishes. The large neonate size strongly supports
the interpretation that +O. megalodon was ovovi-
viparous where embryos likely exhibited oopha-
gous intrauterine cannibalism for nourishment
before their birth. Although purely inferential based
on extant lamniforms, the estimated size at sexual
maturity of female 1O. megalodon was possibly
somewhere between 8 and 19.5 m TL. If taken at
face value, our VBGF analysis based on the
growth bands observed in IRSNB P 9893 implies
that the ontogenetic growth of +O. megalodon was
overall slow and relatively steady to attain the
mean maximum theoretical length, where our esti-
mated maximum TL of 24.3 m TL would place the
shark to be about 83 years old. However, a slight
decrease in growth rate was noted at about age 7
from 37.4 cm/yr to 26.5 cm/yr on average. Where
its large size at birth offers not only a low predation
risk, which seems to further refute the idea that
neonate 1t0O. megalodon utilized nursery areas
(Shimada et al., 2022; vs. Pimiento et al., 2010;
Herraiz et al., 2020), but also a high competitive
advantage already capable of feeding on marine
mammals, this decrease in growth rate marks the
time when the shark had reached slightly over 6 m
TL (Table 4; Figure 6B). This size coincides well
with the general size limit of 7 m TL in macropha-
gous lamniforms (Shimada et al., 2021a), including
the precursor of Carcharodon carcharias via 1C.
hubbelli, 1C. hastalis, which lived contemporane-
ously alongside 1O. megalodon during the Middle—
Late Miocene. Whereas the teeth of tC. hastalis
are unserrated, TC. hubbelli and C. carcharias
acquired serrations and eventually also modified
the shape of the upper third tooth (“‘intermediate
tooth row”), resulting in a uniquely-derived mesially
directed cusp—traits that appear to be associated
with feeding upon large marine mammals (e.g.,
Martin et al., 2005; Ehret et al., 2012). Therefore,
the observed growth pattern of tO. megalodon
based on IRSNB P 9893 is that it seems to have
developed faster during the first seven years or so
to “outgrow” the typical maximum size range of
Carcharodon to reduce competition during the Mid-
dle-Late Miocene. However, supporting an idea
previously proposed based on biostratigraphic
(Boessenecker et al., 2019) and geochemical
(McCormack et al., 2022) evidence, the evolution
of serrated Carcharodon around the Miocene-Plio-
cene transition could have led to increased compe-
tition for marine mammals between 1O. megalodon
and Carcharodon, where agile C. carcharias could
have contributed to the decline of the less maneu-
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verable 1O. megalodon through competitive exclu-
sion.

The paleobiological interpretations of +Ofodus
megalodon presented in this study must be viewed
as working hypotheses. The fact is that the present
fossil record still does not reveal exactly how large
10. megalodon was beyond the 11.1 m partial ver-
tebral column (IRSNB P 9893; Figure 1B) or what
exactly 1O. megalodon looked like. It should be
added that, in reality, even the taxonomic identity of
IRSNB P 9893 as 1O. megalodon remains inferen-
tial because it was not associated with any teeth
(see Gottfied et al., 1996). Arguably, the next best
specimen of +O. megalodon is that from the Mio-
cene of Japan consisting of associated teeth, frag-
ments of tessellated calcified cartilage, and placoid
scales (Uyeno et al., 1989; Shimada et al. 20243,
2024b); however, it does not come with any verte-
brae. Therefore, the discovery of more and better-
preserved skeletal remains of 10O. megalodon,
preferably with associated teeth and other anatom-
ical elements, is needed to empirically address
issues concerning its body size and body form.

In the context of estimating the maximum
body size of 1 Tyrannosaurus rex, Mallon and Hone
(2024, p. 8) stated that “There is, inevitably, great
popular and scientific interest in the extremes of
large body size” (see also Gayford et al., 2024b).
This present study is no exception where we pre-
sented the estimated maximum possible TL of
1Otodus megalodon by noting the importance of
deciphering the body size of large extinct animals
in the context of ecology and evolution. However,
the primary purpose of this study was to reassess
the basic biology of 1O. megalodon in hopes of
clarifying some existing misunderstandings or mis-
conceptions about the fossil shark. Similar to Mal-
lon and Hone’s (2024, p. 8) sentiment, we note that
the rigid pursuit to determine popular questions
among the general public as to exactly how large
10. megalodon could have grown or how exactly it
compared to (or if it was “stronger” than), for exam-
ple, tLivyatan melvillei (a gigantic contemporane-
ous toothed whale) is not necessarily productive,
particularly given the limited number of meaningful
10. megalodon fossils. Such a quest can obscure
more interesting or important scientific questions
stemming from the great diversity and evolutionary
history of sharks and all other coexisting organ-
isms. This is particularly true because, if inter-
preted correctly, understanding the mechanisms
and consequences of evolution and extinction of
prehistoric organisms, including tO. megalodon,
will allow us to make predictions about how pres-
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ent-day organisms may respond to major shifts in
climate, environment, and biodiversity that are criti-
cal for conservation biology of living species,
including ecologically critical sharks (e.g., Pimiento
and Antonelli, 2022, and references therein; Ded-
man et al., 2024; Dulvy et al., 2024).
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APPENDICES

APPENDIX 1.

List of all extant shark species for which their neurocranial length (NL; in cm) was measured in this study
along with their source, sex, total length (TL; in cm), and neurocranial proportion (NP = NL/TL) (see Figure
1C and text) (see Materials and Methods for list of repository institutions for listed voucher specimens).
Asterisk (*) indicates the average value.
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Species name Source Sex TL NL NP
Chlamydoselachus anguineus Shirai, 1992, pl. 1A, B M 139 5.5 0.040
Heptranchias perlo Goto, 2001, fig. 3A M 84 8.4 0.100
Hexanchus griseus Shirai, 1992, pl. 2A, B M 70 7.8 0.1
Notorynchus cepedianus SIO 82-62 F 89 11.7 0.130
Echinorhinus cookei LACM 33827.031 M 66 9.0 0.136
Cirrhigaleus barbifer Shirai, 1992, pl. 12A-B F 58 7.0 0.121
Squalus mitsukurii Viana and Soares, 2023, fig. 2E M 77 11.9 0.155
Centrophorus granulosus Shirai, 1992, pl. 11D M 66 111 0.168
Deania calcea Shirai, 1992, pl. 11A, B F 59 1.1 0.188
Aculeola nigra SIO 72-167 M 54 3.7 0.070
Centroscyllium excelsum Shirai, 1992, pl. 4A, B M 59 8.8 0.149
Etmopterus lucifer Staggl et al., 2023, fig. 3C, D M 35 5.3 0.151
Trigonognathus kabeyai Shirai, 1992, pl. 5A, B F 26 2.7 0.104
Centroscymnus owstonii SIO 72-156 M 73 8.6 0.118
Centroselachus crepidater USNM 94522 ? 130 7.9 0.061
Scymnodalatias sherwoodi USNM RAD100101 ? 80 4.9 0.061
Somniosus microcephalus White, 1895, pl. 1, fig. 1, 2 ? 198 16.9 0.085
Zameus squamulosus Shirai, 1992, pl. 6A, B M 53 7.3 0.138
Oxynotus bruniensis Shirai, 1992, pl. 7A, B M 55 6.8 0.124
Dalatias licha Shirai, 1992, pl. 8A, B M 39 49 0.126
Euprotomicrus bispinatus USNM 190031 ? 31 2.5 0.081
Heteroscymnoides marleyi ANSP 53046 ? 29 5.8 0.200
Isistius brasiliensis Shirai, 1992, pl. 9A, B F 52 6.0 0.115
Mollisquama sp. Denton et al., 2018, fig. 1A, B M 14 1.0 0.071
Squaliolus laticaudus Shirai, 1992, pl. 10A, B F 25 4.9 0.196
Pliotrema annae Weigmann et al., 2020, fig. 12B F 98 25 0.255
Pliotrema kajae Weigmann et al., 2020, fig. 12A F 56 17 0.304
Pliotrema warreni Weigmann et al., 2020, fig. 31 F 70 23 0.329
Pristiophorus japonicus SI0 92-164 F 113 32.6 0.288
Pristiophorus nudipinnis Mollen et al., 2016, fig. 3B, C F 83 19.6 0.236
Squatina africana Mollen et al., 2016, fig. 4A, E M 82 7.8 0.095
Squatina japonica Shirai, 1992, pl. 13A, B M 51 5.1 0.100
Heterodontus francisci SIO 64-33 F 77 9.2 0.119
Heterodontus zebra Shirai, 1992, pl. 16A, B M 44 6.3 0.143
Cirrhoscyllium japonicum Goto, 2001, 12B, C F 44 3.8 0.086
Parascyllium ferrugineum Goto, 2001, fig. 1B, C M 70 5.7 0.081
Brachaelurus waddi Goto, 2001, fig, 8B, C F 28 3.2 0.114
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Species name Source Sex TL NL NP
Eucrossorhinus dasypogon BMNH 1867 M 15 2.8 0.187
Orectolobus ornatus Goto, 2001, 9B, C F 26 3.0 0.115
Orectolobus wardi Goto, 2001, fig. 10B, C F 34 3.9 0.115
Sutorectus tentaculatus YPM 006167 M 24 3.1 0.129
Chiloscyllium plagiosum Goto, 2001, fig. 6B, C F 74 8.0 0.108
Hemiscyllium freycineti Goto, 2001, fig. 7B, C M 19 1.8 0.095
Stegostoma tigrinum UMMZ 219891 F 46 54 0.117
Pseudoginglymostoma ZMUC 2396735 F 53 4.9 0.092
brevicaudatum
Ginglymostoma cirratum Goto, 2001, fig. 14B, C F 35 4.3 0.123
Rhincodon typus Goto, 2001, fig. 15B, C M 481 38.5 0.080
Mitsukurina owstoni 1 FMNH 117742 F 127 26.5 0.209
Mitsukurina owstoni 2 SIO 07-46 M 115 23.0 0.200
Mitsukurina owstoni - - - - 0.205*
Carcharias taurus 1 FMNH 16136 M 106 11.0 0.104
Carcharias taurus 2 MCZ 436 F 100 10.5 0.105
Carcharias taurus* - - - - 0.105*
Odontaspis ferox 1 BPBM 9334 190 25.0 0.132
Odontaspis ferox 2 BPBM 9335 ? 297 385 0.130
Odontaspis ferox* - - - - 0.131*
Odontaspis noronhai 1 HUMZ 110959 M 217 26.0 0.120
Odontaspis noronhai 2 TCWC 3922 F 321 39.5 0.123
Odontaspis noronhai* - - - - 0.122*
Pseudocarcharias kamoharai 1 FMNH 117474 M 101 12.5 0.124
Pseudocarcharias kamoharai 2 LACM 45857 F 92 11.5 0.125
Pseudocarcharias kamoharai 3 USNM 303206 M 93 12.0 0.129
Pseudocarcharias kamoharai* - - - - 0.126*
Megachasma pelagios 1 SI0 07-53 F 215 16.0 0.074
Megachasma pelagios 2 Compagno, 1990, figs. 5E, 6E M 446 53.4 0.120
Megachasma pelagios* - - - - 0.097*
Cetorhinus maximus 1 MCZ 54413 F 385 35.0 0.091
Cetorhinus maximus 2 Compagno, 1990, figs. 5F, 6F M 701 65.1 0.093
Cetorhinus maximus* - - - - 0.092*
Alopias pelagicus 1 FMNH 117473 F 169  10.0 0.059
Alopias superciliosus 1 UF 160188 M 187 13.0 0.070
Alopias superciliosus 2 UF 178509 M 201 14.5 0.072
Alopias superciliosus* - - - - 0.071*
Alopias vulpinus 1 SI0 64-804 M 145 8.5 0.059
Alopias vulpinus 2 SI0 78-138 M 131 7.0 0.053
Alopias vulpinus* - - - - 0.056*
Carcharodon carcharias 1 LACM 43805-1 M 126 16.5 0.131
Carcharodon carcharias 2 LACM 56960-1 F 209 215 0.103
Carcharodon carcharias 3 MCZ 164195 ? 260 34.0 0.131
Carcharodon carcharias 4 Mollen et al., 2012, table 1, fig. 2B F 212 20.3 0.096
Carcharodon carcharias* - - - - 0.115*
Isurus oxyrinchus 1 UMMZ 179082 ? 185 25.5 0.138
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Species name Source Sex TL NL NP
Isurus oxyrinchus 2 UMMZ 94726 M 85 11.0 0.129
Isurus oxyrinchus 3 Mollen et al., 2012, table 1, fig. 3B F 194 23.4 0.121
Isurus oxyrinchus* - - - - 0.129*
Isurus paucus 1 UF 160174 M 125 13.5 0.108
Isurus paucus 2 Mollen et al., 2012, table 1, fig. 4B F 254 27.2 0.107
Isurus paucus* - - - - 0.108*
Lamna ditropis 1 FMNH 117475 M 151 18.0 0.119
Lamna ditropis 2 Mollen et al., 2012, table 1, fig. 6B F 234 18.9 0.081
Lamna ditropis 3 Mollen et al., 2012, table 1 F 90 10.8 0.120
Lamna ditropis* - - - - 0.107*
Lamna nasus 1 MCZ 37028 M 115 14.0 0.122
Lamna nasus 2 Mollen et al., 2012, table 1, fig. 5B M 174 18.9 0.109
Lamna nasus 3 Mollen et al., 2012, table 1 M 166 16.7 0.101
Lamna nasus* - - - - 0.111*
Apristurus laurussonii Compagno, 1988, fig. 13.36 M 30 6.3 0.210
Asymbolus vincenti Compagno, 1988, fig. 13.16 M 50 5.0 0.100
Bythaelurus canescens Compagno, 1988, fig. 13.25 F 60 7.6 0.127
Cephalurus sp. Compagno, 1988, fig. 13.18 F 30 3.6 0.120
Figaro boardmani CSIRO H 3684-02 M 53 6.8 0.128
Galeus arae Compagno, 1988, fig. 13.21 F 32 4.3 0.134
Halaelurus buergeri Compagno, 1988, fig. 13.24 M 36 41 0.114
Haploblepharus fuscus Compagno, 1988, fig. 13.27 F 61 59 0.097
Holohalaelurus regani Compagno, 1988, fig. 13.29 M 56 5.7 0.102
Parmaturus pilosus Compagno, 1988, fig. 13.31 F 47 4.7 0.100
Parmaturus xaniurus Compagno, 1988, fig. 13.32 M 43 54 0.126
Pentanchus profundicolus USNM 70260 ? 51 7.2 0.141
Dichichthys bigus White et al., 2024, figs. 2c, 9 F 71 9.7 0.137
Atelomycterus marmoratus Compagno, 1988, fig. 13.2 F 44 4.3 0.098
Aulohalaelurus labiosus Compagno, 1988, fig. 13.4 M 62 6.0 0.097
Cephaloscyllium ventriosum Compagno, 1988, fig. 13.10 F 76 9.1 0.120
Poroderma africanum Compagno, 1988, fig. 13.12 M 87 9.2 0.106
Schroederichthys chilensis Compagno, 1988, fig. 13.6 F 34 3.8 0.112
Schroederichthys maculatus Compagno, 1988, fig. 13.7 M 31 3.3 0.106
Scyliorhinus retifer Compagno, 1988, fig. 13.13 F 30 4.3 0.143
Ctenacis fehlmanni Compagno, 1988, fig. 14.1 F 46 5.7 0.124
Eridacnis barbouri Compagno, 1988, fig. 14.3 F 28 3.8 0.136
Proscyllium habereri Shirai, 1992, pl. 17A, B F 54 5.5 0.102
Gollum attenuatus Compagno, 1988, fig. 14.5 M 96 15.3 0.159
Planonasus parini ZMH 25895 F 52 5.1 0.098
Pseudotriakis microdon Compagno, 1988, fig. 15.3 M 197 21.4 0.109
Leptocharias smithii Compagno, 1988, fig. 16.1 F 52 6.0 0.115
Furgaleus macki Compagno, 1988, fig. 17.14 F 19 2.9 0.153
Gogolia filewoodi Compagno, 1988, fig. 6.2A, B ? 22 41 0.186
Galeorhinus galeus Compagno, 1988, fig. 17.18 M 73 12.4 0.170
Hemitriakis japanica Compagno, 1988, fig. 17.12 M 65 8.2 0.126
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Species name Source Sex TL NL NP
Hypogaleus hypugaensis Compagno, 1988, fig. 17.17 F 115 11.3 0.098
lago omanesis Compagno, 1988, fig. 17.15 F 58 6.7 0.116
Mustelus californicus Compagno, 1988, fig. 17.7B F 121 9.5 0.091
Mustelus fasciatus Compagno, 1988, fig. 17.7E M 58 8.7 0.150
Mustelus higmani Compagno, 1988, fig. 17.7D M 45 5.8 0.129
Mustelus lenticulatus Compagno, 1988, fig. 17.7F M 93 11.7 0.126
Mustelus lunulatus Compagno, 1988, fig. 17.6 F 97 11.2 0.115
Mustelus mosis Compagno, 1988, fig. 17.7C F 82 10.0 0.122
Mustelus whitneyi Compagno, 1988, fig. 17.7A F 79 9.7 0.123
Scylliogaleus quecketti Compagno, 1988, fig. 17.10 F 86 9.1 0.106
Triakis acutipinna Compagno, 1988, fig. 17.4B M 90 9.2 0.102
Triakis maculata Compagno, 1988, fig. 17.4C F 43 5.9 0.137
Triakis megalopterus Compagno, 1988, fig. 17.4D M 76 8.4 0.1
Triakis scyllium Compagno, 1988, fig. 17.4A M 109 10.0 0.092
Triakis semifasciata Compagno, 1988, fig. 17.3 F 94 9.3 0.099
Chaenogaleus macrostoma Compagno, 1988, fig. 18.6 M 65 6.8 0.105
Hemigaleus microstoma Compagno, 1988, fig. 18.3 F 43 5.7 0.133
Hemipristis elongata Compagno, 1988, fig. 18.7 F 170 16 0.094
Paragaleus tengi Compagno, 1988, fig. 18.1 M 85 9.3 0.109
Carcharhinus amblyrhynchoides Compagno, 1988, fig. 19.10A M 140 17 0.121
Carcharhinus amboinensis Compagno, 1988, fig. 19.10L M 72 10.3 0.143
Carcharhinus borneensis Compagno, 1988, fig. 19.10H F 47 7.2 0.153
Carcharhinus falciformis Compagno, 1988, fig. 19.10B F 124 17.3 0.140
Carcharhinus galapagensis Compagno, 1988, fig. 19.10D F 100 11.7 0.117
Carcharhinus hemiodon Compagno, 1988, fig. 19.10I M 55 8.4 0.153
Carcharhinus isodon Compagno, 1988, fig. 19.10E M 52 7.8 0.150
Carcharhinus limbatus Compagno, 1988, fig. 19.10N ? 120 14.4 0.120
Carcharhinus longimanus Compagno, 1988, fig. 19.10P F 124 15.7 0.127
Carcharhinus macloti Compagno, 1988, fig. 19.9 F 52 8.5 0.163
Carcharhinus melanopterus Compagno, 1988, fig. 19.10M F 123 17.8 0.145
Carcharhinus obscurus Compagno, 1988, fig. 19.8 ? 140 14.8 0.106
Carcharhinus porosus Compagno, 1988, fig. 19.10G ? 120 16.8 0.140
Carcharhinus sealei Compagno, 1988, fig. 19.10F M 74 8.8 0.119
Carcharhinus sorrah Compagno, 1988, fig. 19.10J M 110 13.2 0.120
Glyphis sp. Compagno, 1988, fig. 19.13 M 72 9.6 0.133
Isogomphodon oxyrhynchus Compagno, 1988, fig. 19.6 F 62 11.5 0.185
Lamiopsis temmincki Compagno, 1988, fig. 19.14 F 40 5.6 0.140
Loxodon macrorhinus Compagno, 1988, fig. 19.3 F 89 9.1 0.102
Negaprion brevirostris Compagno, 1988, fig. 19.17 ? 140 15.6 0.1
Nasolamia velox Compagno, 1988, fig. 19.16 M 53 9.5 0.179
Prionace glauca Compagno, 1988, fig. 19.18 M 151 19.5 0.129
Rhizoprionodon acutus Compagno, 1988, fig. 19.5B F 72 9.4 0.131
Rhizoprionodon lalandii Compagno, 1988, fig. 19.5A M 45 6.6 0.147
Rhizoprionodon longurio Compagno, 1988, fig. 19.4 F 50 8.7 0.174
Rhizoprionodon oligolinx Compagno, 1988, fig. 19.5C F 57 7.4 0.130
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Species name Source Sex TL NL NP
Rhizoprionodon terraenovae Compagno, 1988, fig. 19.5D ? 80 10.8 0.125
Scoliodon laticaudus Compagno, 1988, fig. 19.2 F 66 10.5 0.159
Triaenodon obesus Compagno, 1988, fig. 19.20 ? 140 13.7 0.098
Galeocerdo cuvier Compagno, 1988, fig. 19.1 F 138 13.9 0.101
Eusphyra blochii Compagno, 1988, fig. 20.5 M 132 9.5 0.072
Sphyrna lewini SIO 87-120 M 75 4.99 0.066
Sphyrna tiburo Compagno, 1988, fig. 20.1 F 80 9.0 0.113

APPENDIX 2.

List of extinct neoselachian shark taxa examined in this study along with their age (J, Jurassic; C, Creta-
ceous), source, neurocranial proportion (NP), trunk proportion (TP), and caudal proportion (CP). Asterisk (*)

indicates the average value.

Species name (Age) Age Source NP TP CP
TParaorthacodus sp. J Kriwet and Klug, 2004, fig. 7a 0.135 0.503 0.362
tCentrosqualus primaevus C Cappetta, 1980, pl. 5, fig. 1 0.118 0.684 0.198
1Cretascymnus adonis C Cappetta, 1980, pl. 4, fig. 1 0.140 0.723 0.137
1Synechodus sp. J Thies and Leidner, 2011, pl. 62, fig. A 0.126 0.604 0.270
tPseudorhina acanthoderma J Thies and Leidner, 2011 pl. 15, fig. A 0.096 0.791 0.113
tPseudorhina alifera J Kriwet and Klug, 2004, fig. 12a 0.091 0.735 0.174
tProtospinax annectans 1 J Jambura et al., 2023, fig. 1A 0.157 0.685 0.158
tProtospinax annectans 2 J Jambura et al., 2023, fig. 1C 0.164 0.684 0.152
tProtospinax annectans™ J - 0.160* 0.685* 0.155*
tHeterodontus zitteli J Thies and Leidner, 2011, pl. 28, fig. A 0.124 0.671 0.205
tParacestracion falcifer 1 J Kriwet and Klug, 2004, fig. 12a 0.144 0.667 0.189
tParacestracion falcifer 2 J Thies and Leidner, 2011, pl. 27, fig. A 0.114 0.691 0.195
tParacestracion falcifer* J Thies and Leidner, 2011, pl. 27, fig. A 0.129* 0.679* 0.192
tMesiteia emiliae 1 C Pfeil, 2021, pl.1, fig.4 0.082 0.774 0.144
tMesiteia emiliae 2 C Pfeil, 2021, pl.1, fig.5 0.083 0.774 0.143
tMesiteia emiliae* C - 0.082* 0.774* 0.144*
tPhorcynis catulina J Thies and Leidner, 2011, pl. 33, fig. A 0.118 0.664 0.218
tPalaeocarcharias stromeri 1 J Kriwet and Klug, 2004, fig. 15b 0.100 0.691 0.209
tPalaeocarcharias stromeri 2 J Duffin, 1988, fig. 1A 0.106 0.632 0.262
tPalaeocarcharias stromeri 3 J Duffin, 1988, fig. 1B 0.117 0.688 0.195
tPalaeocarcharias stromeri* J - 0.108* 0.670* 0.222*
tScapanorhynchus lewisii C Cappetta, 1980, pl. 9, fig. 1 0.175 0.507 0.318
tAquilolamna milarcae C Vullo et al., 2021, fig. 1B 0.067 0.624 0.309
tPtychodus sp. 1 C Vullo et al., 2024, fig. 1a, b; table S1 0.127 0.686 0.187
TPtychodus sp. 2 C Vullo et al., 2024, fig. 1c, d; table S1 0.124 0.708 0.168
tPtychodus sp.* c - 0.126* 0.697* 0.177*
tBavariscyllium tischlingeri J Thies and Leidner, 2011, pl. 44, fig. A 0.096 0.580 0.324
tPalaeoscyllium formosum 1 J Kriwet and Klug, 2004, fig. 15a 0.123 0.658 0.219
tPalaeoscyllium formosum 2 J Kriwet and Klug, 2004, fig. 15b 0.121 0.625 0.254
tPalaeoscyllium formosum 3 J Kriwet and Klug, 2004, fig. 20a 0.132 0.644 0.224
tPalaeoscyllium formosum* J - 0.125* 0.643* 0.232*
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tPalaeoscyllium minus J Thies and Leidner, 2011, pl. 35, fig. A 0.121 0.626 0.253

tPalaeoscyllium? sp. J Thies and Leidner, 2011, pl. 52, fig. A 0.148 0.610 0.242

tParatriakis curtirostris C Cappetta, 1980, pl. 24, fig. 1 0.130 0.711 0.159
APPENDIX 3.

List of all extant and extinct shark species examined in this study along with their higher taxonomy, maxi-

mum total length for extant taxa (mTL; in cm; based on Ebert et al., 2021, except Dichichthys bigus, which is

based on White et al., 2024), neurocranial proportion (NP), trunk proportion (TP), caudal fin proportion
(CP), and ‘adjusted neurocranial proportion’ (aNP) and ‘adjusted caudal fin proportion’ (aCP) (parts of data

based on Appendices 1 and 2; see Figure 1C and text). Order codes: CAR: Carcharhiniformes; ECH, Echi-

norhiniformes; HET, Heterodontiformes; HEX, Hexanchiformes; LAM, Lamniformes; ORE, Orectolobi-
formes; PRI, Pristiophoriformes; ‘SQ’, Squalomorphii (Order incertae sedis); SQL, Squaliformes; SQT,
Squatiniformes; SYN, tSynechodontiformes.

Species name Order: Family mTL NP TP CP aNP aCP
EXTANT
Chlamydoselachus anguineus HEX: Chlamydoselachidae 196 0.040 0.690 0.270 0.058 0.391
Heptranchias perlo HEX: Hexanchidae 139 0.100 0.638 0.262 0.157 0.411
Hexanchus griseus HEX: Hexanchidae 550 0.111 0586 0.303 0.189 0.517
Notorynchus cepedianus HEX: Hexanchidae 296 0.130 0.558 0.312 0.233 0.559
Echinorhinus cookei ECH: Echinorinidae 450 0.136 0.635 0.229 0.214 0.361
Cirrhigaleus barbifer SQL: Squalidae 126 0.121 0.720 0.159 0.168 0.221
Squalus mitsukurii SQL: Squalidae 125 0.155 0.643 0.202 0.241 0.314
Centrophorus granulosus SQL: Centrophoridae 176 0.168 0.659 0.173 0.255 0.263
Deania calcea SQL: Centrophoridae 162 0.188 0.599 0.213 0.314 0.356
Aculeola nigra SQL: Etmopteridae 67 0.070 0.725 0.205 0.097 0.283
Centroscyllium excelsum SQL: Etmopteridae 64 0.149 0.570 0.281 0.261 0.493
Etmopterus lucifer SQL: Etmopteridae 47 0.151 0.614 0.235 0.246 0.383
Trigonognathus kabeyai SQL: Etmopteridae 54 0.104 0.732 0.164 0.104 0.224
Centroscymnus owstonii SQL: Somniosidae 120 0.118 0.618 0.194 0.191 0.314
Centroselachus crepidater SQL: Somniosidae 105 0.061 0.709 0.230 0.086 0.324
Scymnodalatias sherwoodi SQL: Somniosidae 85 0.061 0.703 0.236 0.087 0.336
Somniosus microcephalus SQL: Somniosidae 756 0.085 0.711 0.204 0.120 0.287
Zameus squamulosus SQL: Somniosidae 84 0.138 0.680 0.182 0.203 0.268
Oxynotus bruniensis SQL: Oxynotidae 91 0.124 0662 0.214 0.187 0.323
Dalatias licha SQL: Dalatiidae 182 0.126 0.659 0.215 0.191 0.326
Euprotomicrus bispinatus SQL: Dalatiidae 27 0.081 0.772 0.147 0.105 0.190
Heteroscymnoides marleyi SQL: Dalatiidae 37 0.200 0.596 0.204 0.336 0.342
Isistius brasiliensis SQL: Dalatiidae 56 0.115 0.729 0.156 0.158 0.214
Mollisquama sp.* SQL: Dalatiidae 40 0.071 0.688  0.241 0.103 0.350
Squaliolus laticaudus SQL: Dalatiidae 28 0.196 0.656 0.148 0.299 0.226
Pliotrema annae PRI: Pristiophoridae 98 0.255 0.587 0.158 0434 0.269
Pliotrema kajae PRI: Pristiophoridae 143 0.304 0.550 0.146 0.553 0.265
Pliotrema warreni PRI: Pristiophoridae 136 0.329 0.501 0.170 0.657 0.339
Pristiophorus japonicus PRI: Pristiophoridae 153 0.288 0540 0.172 0.533 0.319
Pristiophorus nudipinnis PRI: Pristiophoridae 124 0.236 0.588 0.176  0.401 0.299
Squatina africana SQT: Squatinidae 122 0.095 0.778 0.127 0.122 0.163
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Squatina japonica SQT: Squatinidae 200 0.100 0.765 0.135 0.131 0.176
Heterodontus francisci HET: Heterodontidae 122 0.119  0.661 0.220 0.180 0.333
Heterodontus zebra HET: Heterodontidae 122 0.143 0679 0.178 0.211 0.262
Cirrhoscyllium japonicum ORE: Parascylliidae 49 0.086 0.689 0.225 0.125 0.327
Parascyllium ferrugineum ORE: Parascylliidae 82 0.081 0.743 0.176 0.109 0.237
Brachaelurus waddi ORE: Brachaeluridae 120 0.114 0.656 0.230 0.174 0.351
Eucrossorhinus dasypogon ORE: Orectolobidae 125 0.187 0.614 0.199 0.305 0.324
Orectolobus ornatus ORE: Orectolobidae 120 0.115 0.674 0.211 0.171 0.313
Orectolobus wardi ORE: Orectolobidae 63 0.115 0.694 0.191 0.166 0.275
Sutorectus tentaculatus ORE: Orectolobidae 92 0.129 0.650 0.221 0.198 0.340
Chiloscyllium plagiosum ORE: Hemiscyllidae 95 0.108 0.695 0.197 0.155 0.283
Hemiscyllium freycineti ORE: Hemiscylliidae 69 0.095 0.729 0.176 0.130 0.241
Stegostoma tigrinum ORE: Stegostomatidae 354 0.117 0414 0468 0.283 1.130
Pseudoginglymostoma ORE: Ginglymostomatidae 75 0.092 0.655 0.253 0.140 0.386
brevicaudatum
Ginglymostoma cirratum ORE: Ginglymostomatidae 308 0.123 0.593 0.284 0.207 0.479
Rhincodon typus ORE: Rhincodontidae 2100 0.080 0.692 0.228 0.116  0.329
Mitsukurina owstoni LAM: Mitsukurinidae 620 0.205 0478 0317 0.429 0.663
Carcharias taurus LAM: Carchariidae 325 0.105 0.631 0.264 0.166 0.418
Odontaspis ferox LAM: Odontaspididae 450 0.131 0.607 0.262 0.216 0.432
Odontaspis noronhai LAM: Odontaspididae 427 0.122 0.606 0.272 0.201 0.449
Pseudocarcharias kamoharai LAM: Pseudocarchariidae 122 0.126 0662 0.212 0.190 0.320
Megachasma pelagios LAM: Megachasmidae 820 0.097 0588 0.315 0.165 0.536
Cetorhinus maximus LAM: Cetorhinidae 1097 0.092 0.714 0194 0.129 0.272
Alopias pelagicus LAM: Alopiidae 428 0.059 0.400 0.541 0.148 1.353
Alopias superciliosus LAM: Alopiidae 484 0.071 0.501 0428 0.142 0.854
Alopias vulpinus LAM: Alopiidae 575 0.056 0416 0.525 0.135 1.262
Carcharodon carcharias LAM: Lamnidae 640 0.115 0.694 0.191 0.166  0.275
Isurus oxyrinchus LAM: Lamnidae 445 0.129 0695 0.176 0.186 0.253
Isurus paucus LAM: Lamnidae 430 0.108 0.681 0.21 0.159  0.310
Lamna ditropis LAM: Lamnidae 305 0.107 0.695 0.198 0.154 0.285
Lamna nasus LAM: Lamnidae 365 0.111 0.668 0.221 0.166  0.331
Apristurus laurussonii CAR: Pentanchidae 76 0.210 0.530 0.260 0.396 0.491
Asymbolus vincenti CAR: Pentanchidae 61 0.100 0.662 0.238 0.151 0.360
Bythaelurus canescens CAR: Pentanchidae 73 0.127 0.640 0.233 0.198 0.364
Cephalurus cephalus/sp.’ CAR: Pentanchidae 37 0.120 0.617 0.263 0.194 0.426
Figaro boardmani CAR: Pentanchidae 61 0.128 0.656 0.216 0.195 0.329
Galeus arae CAR: Pentanchidae 33 0.134 0591 0.275 0.227 0.465
Halaelurus buergeri CAR: Pentanchidae 49 0.114 0673 0.213 0.169 0.316
Haploblepharus fuscus CAR: Pentanchidae 69 0.097 0.698 0.205 0.139 0.294
Holohalaelurus regani CAR: Pentanchidae 69 0.102 0672 0.226 0.152 0.336
Parmaturus pilosus CAR: Pentanchidae 64 0.100 0.678 0.222 0.147 0.327
Parmaturus xaniurus CAR: Pentanchidae 61 0.126 0.652 0.222 0.193 0.340
Pentanchus profundicolus CAR: Pentanchidae 51 0.141 0532 0327 0.265 0.615
Dichichthys bigus CAR: Dichichthyidae 105 0.137 0717 0.146 0.191 0.204
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Atelomycterus marmoratus CAR: Scyliorhinidae 70 0.098 0.697 0.205 0.141 0.294
Aulohalaelurus labiosus CAR: Scyliorhinidae 67 0.097 0.679 0.224 0.143 0.330
Cephaloscyllium ventriosum CAR: Scyliorhinidae 100 0.120 0.666 0.214 0.180 0.321
Poroderma africanum CAR: Scyliorhinidae 109 0.106 0.680 0.214 0.156 0.315
Schroederichthys chilensis CAR: Scyliorhinidae 70 0.112 0.700 0.188 0.160 0.269
Schroederichthys maculatus CAR: Scyliorhinidae 35 0.106 0.704 0.190 0.151 0.270
Scyliorhinus retifer CAR: Scyliorhinidae 59 0.143 0.646 0.211 0.221 0.327
Ctenacis fehlmanni CAR: Proscyllidae 46 0.124 0.648 0.228 0.191 0.352
Eridacnis barbouri CAR: Proscylliidae 34 0.136  0.573  0.291 0.237  0.508
Proscyllium habereri CAR: Proscyllidae 65 0.102 0.679 0.219 0.150 0.323
Gollum attenuatus CAR: Pseudotriakidae 110 0.159 0.653 0.188 0.243 0.288
Planonasus parini CAR: Pseudotriakidae 53 0.098 0.688 0.214 0.142 0.311
Pseudotriakis microdon CAR: Pseudotriakidae 296 0.109 0.689 0.202 0.158 0.293
Leptocharias smithii CAR: Leptochariidae 82 0.115 0.649 0.236 0.177 0.364
Furgaleus macki CAR: Triakidae 160 0.153 0.658 0.189 0.233 0.287
Gogolia filewoodi CAR: Triakidae 74 0.186 0591 0.223 0.315 0.377
Galeorhinus galeus CAR: Triakidae 195 0.170 0599 0.231 0.284 0.386
Hemitriakis japanica CAR: Triakidae 120 0.126 0.694 0.180 0.182 0.259
Hypogaleus hypugaensis CAR: Triakidae 150 0.098 0.675 0.227 0.145 0.336
lago omanesis CAR: Triakidae 89 0.116 0.654 0.230 0.177 0.352
Mustelus californicus CAR: Triakidae 125 0.091 0.709 0.200 0.128 0.282
Mustelus fasciatus CAR: Triakidae 177 0.150 0.624 0.226 0.240 0.362
Mustelus higmani CAR: Triakidae 88 0.129 0.681 0.190 0.189 0.279
Mustelus lenticulatus CAR: Triakidae 151 0.126 0669 0.205 0.188 0.306
Mustelus lunulatus CAR: Triakidae 175 0.115 0.668 0.217 0.172 0.325
Mustelus mosis CAR: Triakidae 150 0.122 0.689 0.189 0.177 0.274
Mustelus whitneyi CAR: Triakidae 87 0.123 0.683 0.194 0.180 0.284
Scylliogaleus quecketti CAR: Triakidae 102 0.106 0.743  0.151 0.143 0.203
Triakis acutipinna CAR: Triakidae 102 0.102 0.688 0.210 0.148 0.305
Triakis maculata CAR: Triakidae 240 0.137 0.651 0.212 0.210 0.326
Triakis megalopterus CAR: Triakidae 208 0.1 0.673 0.216 0.165 0.321
Triakis scyllium CAR: Triakidae 150 0.092 0.716 0.192 0.128 0.268
Triakis semifasciata CAR: Triakidae 210 0.099 0.669 0.232 0.148 0.347
Chaenogaleus macrostoma CAR: Hemigaleidae 125 0.105 0.674 0.221 0.156  0.328
Hemigaleus microstoma CAR: Hemigaleidae 114 0.133 0.673 0.194 0.198 0.288
Hemipristis elongata CAR: Hemigaleidae 240 0.094 0.671 0.235 0.140 0.350
Paragaleus tengi CAR: Hemigaleidae 93 0.109 0.672 0.219 0.162 0.326
Carcharhinus amblyrhynchoides CAR: Carcharhinidae 182 0.121 0.630 0.249 0.192 0.395
Carcharhinus amboinensis CAR: Carcharhinidae 280 0.143 0.651 0.206 0.220 0.316
Carcharhinus borneensis CAR: Carcharhinidae 65 0.153 0.571 0.276  0.268  0.483
Carcharhinus falciformis CAR: Carcharhinidae 350 0.140 0.617 0.243 0.227 0.394
Carcharhinus galapagensis CAR: Carcharhinidae 300 0.117 0.646 0.237 0.181 0.367
Carcharhinus hemiodon CAR: Carcharhinidae 102 0.153 0.595 0.252 0.257 0.424
Carcharhinus isodon CAR: Carcharhinidae 200 0.150 0.624 0.226 0.240 0.362
Carcharhinus limbatus CAR: Carcharhinidae 286 0.120 0.653 0.227 0.184 0.348
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Carcharhinus longimanus CAR: Carcharhinidae 395 0.127 0579 0.294 0.219 0.508
Carcharhinus macloti CAR: Carcharhinidae 110 0.163 0.597 0.240 0.273 0.402
Carcharhinus melanopterus CAR: Carcharhinidae 180 0.145 0.624 0.231 0.232 0.370
Carcharhinus obscurus CAR: Carcharhinidae 420 0.106 0.654 0.240 0.162 0.367
Carcharhinus porosus CAR: Carcharhinidae 134 0.140 0.633 0.227 0.221 0.359
Carcharhinus sealei CAR: Carcharhinidae 86 0.119 0.650 0.231 0.183 0.355
Carcharhinus sorrah CAR: Carcharhinidae 166 0.120 0.628 0.252 0.182 0.401
Glyphis sp.** CAR: Carcharhinidae 260 0.133 0.622 0.245 0.214 0.3%4
Isogomphodon oxyrhynchus CAR: Carcharhinidae 244 0.185 0.564 0.251 0.328 0.445
Lamiopsis temmincki CAR: Carcharhinidae 178 0.140 0.642 0.218 0.218 0.340
Loxodon macrorhinus CAR: Carcharhinidae 99 0.102 0.633 0.265 0.161 0.419
Negaprion brevirostris CAR: Carcharhinidae 368 0.111 0.669 0220 0.166 0.329
Nasolamia velox CAR: Carcharhinidae 165 0.179 0.565 0.256 0.317 0.453
Prionace glauca CAR: Carcharhinidae 384 0.129 0.625 0.246 0.206 0.394
Rhizoprionodon acutus CAR: Carcharhinidae 178 0.131 0597 0.272 0.219 0.456
Rhizoprionodon lalandii CAR: Carcharhinidae 102 0.147 0597 0.256 0.246 0.429
Rhizoprionodon longurio CAR: Carcharhinidae 154 0.174 0.595 0.231 0.292 0.388
Rhizoprionodon oligolinx CAR: Carcharhinidae 88 0.130 0.624 0.246 0.208 0.394
Rhizoprionodon terraenovae CAR: Carcharhinidae 113 0.125 0.635 0.240 0.197 0.378
Scoliodon laticaudus CAR: Carcharhinidae 74 0.159 0619 0.222 0.257 0.359
Triaenodon obesus CAR: Carcharhinidae 213 0.098 0.651 0.251 0.151 0.386
Galeocerdo cuvier CAR: Galeocerdidae 550 0.101 0.612 0.287 0.165 0.489
Eusphyra blochii CAR: Sphyrnidae 186 0.072 0.601 0.327 0.120 0.544
Sphyrna lewini CAR: Sphyrnidae 430 0.067 0.629 0.304 0.107 0.483
Sphyrna tiburo CAR: Sphyrnidae 150 0.113 0584 0.303 0.193 0.519
EXTINCT
tParaorthacodus sp. SYN: tParaorthacodontidae - 0.135 0.503 0.362 0.268 0.720
tCentrosqualus primaevus SQL: Squalidae - 0.118 0.684 0.198 0.173  0.290
tCretascymnus adonis SQL: Somniosidae - 0.140 0.723 0.137 0.194 0.190
1Synechodus sp. SQT: tPalaeospinacidae - 0.126 0.604 0.270 0.209 0447
tPseudorhina acanthoderma SQT: Squatinidae - 0.096 0.791 0.113  0.121 0.143
tPseudorhina alifera SQT: Squatinidae - 0.091 0.735 0.174 0.124 0.237
tProtospinax annectans ‘SQ’: tProtospinacidae - 0.160 0.685 0.155 0.234 0.226
tTHeterodontus zitteli HET: Heterodontidae - 0.124  0.671 0.205 0.185 0.306
tParacestracion falcifer HET: tParacestracionidae - 0.129 0.679 0.192 0.190 0.283
tMesiteia emiliae ORE: tMesiteiidae - 0.082 0.774 0.144 0.106 0.186
tPhorcynis catulina ORE: Family incertae sedis - 0.118 0.664 0.218 0.178 0.328
tPalaeocarcharias stromeri LAM: tPalaeocarchariidae*** - 0.108 0.670 0.222 0.161 0.331
Scapanorhynchus lewisii LAM: Mitsukurinidae - 0.175 0507 0.318 0.345 0.627
tAquilolamna milarcae LAM: tAquilolamnidae - 0.067 0.624 0.309 0.107 0.495
tPtychodus sp. LAM: tPtychodontidae - 0.126 0.697 0.177 0.181 0.254
1Otodus megalodon**** LAM: tOtodontidae - 0.111 0670 0.218 0.166 0.326
tBavariscyllium tischlingeri CAR: Scyliorhinidae - 0.096 0.580 0.324 0.166 0.559
tPalaeoscyllium formosum CAR: Scyliorhinidae - 0.125 0.643 0.232 0.194 0.361
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TPalaeoscyllium minus CAR: Scyliorhinidae - 0.121 0.626 0.253 0.193 0.404
tPalaeoscyllium? sp. CAR: Scyliorhinidae - 0.148 0.610 0.242 0.243 0.397
tParatriakis curtirostris CAR: Triakidae - 0.130 0.711  0.159 0.183 0.224

*Average PC value between Mollisquama mississippiensis (0.230) and M. parini (0.251).
**Average CP value among Glyphis gangeticus (0.242), G. garricki (0.238), and G. glyphis (0.255).
*** This familial assighment is questionable (see Villalobos-Segura et al., 2023).

**** Inferred values used for the cluster analysis (see text for explanation).
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