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ABSTRACT

The extinct megatooth shark, Otodus megalodon (Lamniformes: Otodontidae), is known primarily from its
gigantic teeth in the late Neogene marine fossil record. It is known to reach at least 14.1-15.3 m in length,
but its reproductive biology and ontogenetic growth pattern have remained largely in the realm of
speculation. Here, we examined incremental growth bands in fossil vertebrae of a 9.2-m-long individual
O. megalodon, revealing that the shark was born large, 2 m in length, and died at age 46. This large size at
birth is characteristic of lamniform sharks and is indicative of live-bearing reproduction along with embryos’
intrauterine cannibalism behaviour in the form of oophagy. The trajectory of the generated growth curve
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beyond the age of death and the maximum length (about 15 m) calibrated from the largest known teeth of
O. megalodon suggest that the species had a lifespan of at least 88-100 years with an average growth rate of
about 16 cm/yr at least for the first 46 years. As one of the largest carnivores that ever existed on Earth,
deciphering such growth parameters of O. megalodon is critical to understand the role large carnivores play

in the context of the evolution of marine ecosystems.

Introduction

The megatooth shark, Otodus megalodon (Lamniformes:
Otodontidae), is an iconic extinct shark known mostly from
its gigantic teeth in the late Neogene marine fossil record (e.g.
Cappetta 2012; Boessenecker et al. 2019; Perez et al. 2019). The
species was previously placed in various genera such as
Carcharocles, Procarcharodon, and Megaselachus, as well as the
white shark genus Carcharodon (Lamnidae), but it is now gen-
erally regarded as a species of Otodus in order to avoid Otodus
nonmonophyly (Shimada et al. 2017) and direct phylogenetic
linkage to Carcharodon or Lamnidae (Ehret et al. 2012). Its
most commonly cited estimated maximum size is about 18-
20 m in total length (TL) (e.g. Pimiento and Balk 2015;
Nelson et al. 2016; Razak and Kocsis 2018; Pimiento et al.
2019; Cooper et al. 2020), but individuals exceeding 14.1-
15.3 m TL have not yet been convincingly substantiated in the
scientific literature (Shimada 2019; Shimada et al. 2020). The
conservative estimates are nonetheless still gigantic especially
given that nonplanktivorous sharks have a general size limit of
7 m TL (Pimiento et al. 2019; Shimada et al. 2020). The
gigantism of O. megalodon is attributed to the evolution of
regional endothermy (Ferrén 2017), possibly along with the
inferred live-bearing reproductive mode involving intrauterine
cannibalism in the form of oophagy (Shimada et al. 2020). Yet,
exactly how O. megalodon developed throughout its lifetime has
remained largely in the realm of speculations (Gottfried et al.
1996; Kent 2018).

Vertebrae, if well calcified, are often used to examine the growth
pattern in modern elasmobranchs (sharks and rays) (Goldman et al.
2012, and references therein). Although taxon-specific exceptions
do exist (e.g. Harry 2017; Natanson et al. 2018; Natanson and Deacy
2019), their circular vertebral centra deposit annual bands in many

elasmobranch taxa, including lamniform sharks (e.g. Cailliet and
Goldman 2004; Goldman et al. 2012; Harry 2017). Some studies
have suggested that growth bands may not necessarily record age or
time but rather simply growth or vertebral size leading to systemic
age underestimation (Passerotti et al. 2014; Harry 2017; Natanson
et al. 2018; Natanson and Deacy 2019). The situation may be
particularly problematic for older individuals because not all
growth bands may be deposited in vertebrae past a certain age
(Francis et al. 2007; Passerotti et al. 2014; Harry 2017).
Nevertheless, where well-demonstrated cases of annual band
deposition are known (Goldman et al. 2012, and references therein;
Ong et al. 2020), the relationship of growth bands to time or age can
still be broadly correlated (Natanson and Deacy 2019), and remains
a widely used life-history assessment technique for diverse modern
elasmobranchs (e.g. Ong et al. 2020; Rolim et al. 2020).
Furthermore, vertebral growth bands are especially important in
the fossil record because they are practically the only source that
offers insights into the life history of extinct elasmobranchs
(Shimada 2008; Newbrey et al. 2015; Amalfitano et al. 2017;
Sternes and Shimada 2018; Shimada and Everhart 2019; Jambura
and Kriwet 2020).

Growth bands are also observed on the articular faces of verteb-
rae of Otodus megalodon (Gottfried et al. 1996; Kent 2018; Bendix-
Almgreen 1983; Uyeno and Sakamoto 1984; Figure 1(a)). In this
paper, we examine the only reasonably preserved vertebral column
of the species in the entire world in order to determine the growth
pattern and longevity of O. megalodon. As one of the largest carni-
vores that ever existed on Earth (Shimada 2019), the evolution and
extinction of O. megalodon must have contributed to shaping the
present-day marine ecosystem. Hence, deciphering such growth
parameters of O. megalodon is critical to understand the role large
carnivores play in the context of ecology and evolution.
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Figure 1. Examples of examined vertebrae of Otodus megalodon (IRSNB P 9893). (a)
One of the largest vertebrae (‘centrum #1') in IRSNB P 9893 (scale bar = 10 cm;
photograph courtesy of IRSNB). (b) Computed tomographic image showing sagittal
cross-sectional view of vertebra depicted in (a) (scale bar = 5 cm). (c) Computed
tomographic image of sagittal cross-sectional view the largest vertebrae (‘centrum
#4') in IRSNB P 9893 showing incremental grown bands presumably formed
annually (* = centre of vertebra; scale bar = 1 cm).

Materials and methods

Our study is based on IRSNB P 9893 housed in the Royal Belgian
Institute of Natural Sciences (IRSNB) in Brussels. This specimen
previously referred to as TRSNB 3121 (Gottfried et al. 1996),
consists of approximately 150 associated, but disarticulated, verteb-
rae from an individual collected from the Miocene of Belgium

(Figure 1(a)). Although it was not associated with any teeth, the
specimen is broadly accepted to have come from Otodus megalodon
due to their large sizes and structure consistent with lamniform
vertebrae (Gottfried et al. 1996, who also morphologically dismissed
the specimen to be from the only other gigantic lamniform alter-
native, the basking shark; Kent 2018). Based on the maximum
width of the largest vertebra in the specimen (‘vertebra #4' measur-
ing 155 mm in width), the individual is estimated to be 921 cm TL
in life based on a linear regression function describing the quanti-
tative relationship between the maximum vertebral width and TL
from 16 extant white sharks, Carcharodon carcharias (Gottfried
et al. 1996). It should be noted that all other known vertebral
specimens attributed to O. megalodon (Bendix-Almgreen 1983;
Uyeno and Sakamoto 1984; Gottfried et al. 1996; Kent 2018) are
too incomplete to determine their anatomical positions or TL.

We first examined archival photographs of 15 vertebrae made
available to us by IRSNB, each with a specific ‘centrum number’ that
has no bearing in terms of its anatomical position (#1, 4, 5, 6,7, 8, 9,
14, 14, 17, 18, 19, 20, 21 and 26). Where each vertebra largely
consists of a circular amphicoelous centrum like conventional
shark centra, these photographs allowed us to confirm the universal
presence of the same concentric pattern on their articular faces. We
then used micro-computed tomography (micro-CT: see below for
specific settings) to image the band pattern along the sagittal section
of three specific vertebrae, #1 (Figure 1(a), (b)), 4 (Figure 1(c)) and
18, that have a maximum width, or an estimated maximum width of
152, 155 and 148 mm, respectively. Vertebra #4 is incomplete, but it
was deliberately included because it represents the largest vertebra
in the specimen (Gottfried et al. 1996), whereas the other two are
selected because their preservation was excellent and their slight
width differences indicate that they must have come from slightly
different pre-caudal positions.

Each vertebra was scanned at 150 kV and 490 pA at a spatial
resolution of 0.184 mm with an RX EasyTom pCT scanner (RX
Solutions, Chavanod, France; http://www.rxsolutions.fr), recon-
structed with X-Act software (RX Solutions) and segmented using
Dragonfly software for Windows (Object Research Systems (ORS)
Inc., Montreal, Canada). The resulting TIFF slices consisting of
anteroposterior transverse sections were imported into FIJI
(https://fiji.sc/; http://imagej.nih.gov/ij) and were oriented such
that the regions of the neural and haemal plates were vertical
using the transform rotate command. Auto brightness and contrast
adjustments in FIJI were used to enhance the images. Next, sagittal
sections of each vertebra were obtained using the orthogonal view
command in FIJI. For each vertebra, the mid-sagittal section was
determined by dividing the total number of sagittal sections by two.
Additionally, one sagittal section medial and lateral to the mid-
sagittal plane was also captured to check for variation in growth
bands around the mid-sagittal section. The selected sagittal sections
were then exported as TIFF files which were cropped and rotated in
Adobe Photoshop before being analysed.

In the well-calcified body (corpus calcareum) of elasmobranch
vertebrae, the concentric patterns generally comprise annually
formed ‘band pairs’, each pair consisting of a narrow ‘opaque’
band and a wide ‘translucent’ band in cross-sectional view repre-
senting two contrasting seasons (e.g. Cailliet and Goldman 2004).
A band that forms at birth (or age 0) is often identified based on an
‘angle change’ typically recognised along the inner rim (and possi-
bly outer rim) of the corpus calcareum (e.g. Goldman et al. 2012).
Our cross-sectional micro-CT images of the three vertebrae in
IRSNB P 9893 also showed the same band pattern that appeared
as alternating bright and dark bands (two examples in Figure 1(b),
(c)). The band at birth was determined from the position of the
angle change seen in both the inner and outer rims of the angle
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change (e.g. the inner one marked by a bent line and the outer one
pointed by the arrow ‘0’ in Figure 1(c)). Subsequent narrow, bright
(in micro-CT images) bands towards the periphery of each vertebra
were counted with the assumption that they formed annually as do
commonly in living sharks with calcified vertebrae (Cailliet and
Goldman 2004; Goldman et al. 2012). Each band was sequentially
assigned a band number (BN) with the assumption that it repre-
sents an annual ‘ontogenetic age’.

For the purpose of our analysis, we have focussed on the largest
vertebra (centrum #4) in IRSNB P 9893 that has the centrum radius
(CR) of 77.5 mm. We then measured each band interval (BI) from
one band to its successive band starting from BN of 0, calculated the
percent centrum radius (pCR) at each BN by treating the last BN as
100% and computed each extrapolated TL (eTL) from each pCR at
each BN by considering the estimated TL of 921 cm for the indivi-
dual (Gottfried et al. 1996) as 100% (Table 1). In addition, an

Table 1. Raw measurements (BN, CR, and BI) and derived measurements (pCR, eTL,
and eGL) based on the sectioned vertebra of Otodus megalodon (IRSNB P 9893,
‘centrum #4'; Figure 1(c)). Abbreviations: BN, band number; CR, centrum radius; B,
band interval from the previous band; pCR, percent centrum radius from centre of
the vertebra; eTL, extrapolated total length of entire shark; eGL, estimated growth
length gain from the previous year.

BN CR (mm) Bl (mm) pCR (%) eTL (cm) eGL (cm)
0 16.8 - 21.7 200 -
1 18.7 1.9 241 222 22
2 20.5 1.8 26.4 243 21
3 224 19 289 266 23
4 24.2 1.8 31.2 288 22
5 25.8 17 333 307 19
6 27.6 1.8 35.6 328 21
7 29.2 1.6 37.7 347 19
8 30.7 1.5 39.6 365 18
9 32.0 13 413 380 15
10 333 1.3 43.0 396 16
1 34.6 13 44.6 411 15
12 35.7 1.1 46.0 424 13
13 36.8 1.1 474 437 13
14 379 1.1 489 450 13
15 39.1 1.2 50.4 464 14
16 40.0 1.0 51.7 476 12
17 41.2 1.2 53.2 490 14
18 42.6 1.4 55.0 507 17
19 439 13 56.7 522 16
20 45.2 1.3 58.3 537 15
21 46.5 13 60.0 553 16
22 47.8 1.2 61.7 568 15
23 49.1 13 63.3 583 15
24 50.0 1.4 65.2 600 17
25 519 1.4 67.0 617 17
26 534 1.5 68.9 635 18
27 54.8 1.4 70.7 651 16
28 56.1 1.3 724 667 16
29 57.5 1.4 74.2 683 16
30 58.9 1.4 76.0 700 17
31 59.9 1.0 773 712 12
32 61.0 1.1 78.7 725 13
33 62.0 1.0 80.0 737 12
34 63.1 1.0 81.4 750 13
35 64.3 1.2 83.0 764 14
36 65.7 1.4 84.8 781 17
37 66.8 1.0 86.2 794 13
38 67.8 1.0 87.4 805 11
39 69.1 13 89.2 821 16
40 70.4 1.3 90.8 837 16
41 71.6 1.2 924 851 14
42 72.8 1.2 94.0 865 14
43 74.0 1.2 95.5 880 15
44 751 1.1 96.9 893 13
45 76.3 1.1 98.4 906 13
46 77.5 1.2 100.0 921 15
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estimated growth length (eGL) gains from one band to the next
was determined from the eTL data and tabulated (Table 1).

The original and derived measurements, specifically BN and eTL
(Table 1) formed the basis of our primary analysis using the von
Bertalanffy growth function (VBGF) (von Bertalanfty 1938). The
VBGF is a common quantitative method used to describe the
growth of modern fishes, especially sharks and rays, based on
growth bands on calcified structures such as vertebral centra
(Cailliet and Goldman 2004; Goldman et al. 2012). Conventional
VBGF studies on modern elasmobranchs use independent mea-
surements taken from a large number of random samples from
a population. However, because our study is constrained by the
fossil record to a single but best-preserved specimen, the VBGF was
used simply as an exploratory tool to fit the BN-TL data using the
least-squares method, because measurements taken from one speci-
men are considered dependent measurements. In other words, the
statistical operation was conducted under a hypothetical supposi-
tion that each BN-TL pair (including BN 0) was obtained from
a randomly sampled individual of a population. Where nondental
skeletal remains of cartilaginous fishes are exceptionally rare in the
fossil record, this method has proven to be a viable approach to
elucidate the growth pattern and life-history strategy of extinct
sharks and rays (Shimada 2008; Sternes and Shimada 2018;
Shimada and Everhart 2019).

The VBGF parameters for Otodus megalodon (or specifically
IRSNB P 9893; Table 1) were calculated using the Desmos Inc.
graphing software (www.desmos.com) based on the following
form of VBGF that describes the length (L) as a function of the
age of the animal (): L) = L.. (1 - ¢ ¥~ ), where L., is the estimate
of asymptotic (= maximum) length, k the rate constant with units of
reciprocal 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. Based on the obtained VBGF curve, we also determined
the length at birth (Ly) represented by its y-intercept. This also
enabled us to estimate the longevity of the shark using
a published equation (Natanson et al. 2006) for the estimated age
at 95% of the L..: i.e. Longevity = (1/k)In{(L.. — Ly)/[L..(1 - x)]} with
X = L(t)/L'>o = 0.95.

Results

All three vertebrae in IRSNB P 9893 showed 46 bands (47 if the
band at birth is included: Figure 1(c)) where the outer-most band
(band number [BN] 46) marked their periphery, representing when
the shark died. In the absence of compelling evidence to the con-
trary, and given that all three vertebrae we sampled had the same
number of regularly spaced bands, we assumed that these bands
represent annual growth markers in Otodus megalodon. It should be
noted that, while many of these bands are also expressed as con-
centric ridges and grooves on the articular surfaces of the vertebral
centra, not all of the 47 radiographically identified bands are phy-
sically expressed externally. Based on the 47 pairs of BN-TL values,
Figure 2(a) shows the VBGF fitted to correlate BN values with TL
values. The nonlinear regression line (r* = 99.9%; p< 0.001) has the
following VBGF parameters: L, = 199.817 cm TL, L.
= 3,172.740 cm TL, and k = 0.00588 yr'. The longevity of the
shark is calculated to be about 498.415 years based on these
VBGF parameters (see Materials and Methods).

Discussion

Our calculated VBGF parameters offer many new insights into the
biology of Otodus megalodon. For example, the L, value of
approximately 2 m TL (see also Figure 2(a)) marks the largest
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Figure 2. Growth models of Otodus megalodon based on IRSNB P 9893 (Figure 1). (a) von Bertalanffy growth function (VBGF) fitted to data points (Table 1) that show
relationship of number of vertebral growth bands (BN, or ‘age’ of individual in years) with total length (TL; see left inset using hypothetical body silhouette) and some key

information discussed in text along with photograph of tallest known upper anterior
inset) housed in Field Museum of Natural History (FMNH PF 11306), Chicago, lllinois,

tooth of 0. megalodon in scientific literature (Shimada 2019) in lingual view (right
USA, depicting total tooth height (TH). (b) Linear function showing relationship of

crown height (CH) of upper anterior teeth with TL (TL = 11.788-CH + 2.143) (Shimada 2019) and some key reference points discussed in text along with photograph of
upper anterior tooth of O. megalodon with tallest CH in scientific literature (Shimada 2019) in lingual view (right inset) housed in National Museum of Nature and Science

(NSM PV-19896), Tsukuba, Ibaraki Prefecture, Japan, depicting CH.

neonate size for sharks on record (e.g. Ebert et al. 2013), exceed-
ing the putative size at birth of approximately 1.7 m TL for the
extant megamouth (Megachasma pelagios) and basking
(Cetorhinus maximus) sharks (Shimada et al. 2020, table 4).
Furthermore, the large neonate size strongly indicates that
O. megalodon gave live birth like all other lamniforms (e.g.
Ebert et al. 2013). Moreover, the development of such a large
neonate strongly suggests that these species had an ovoviviparous
(or aplacental viviparity) reproductive mode with an intrauterine
cannibalism behaviour in the form of oophagy by ‘early hatched’
embryos (Shimada et al. 2020). This reproductive strategy, that
must have evolved by the Late Cretaceous (Shimada and Everhart
2019), is universally present in all extant lamniforms that produce
relatively large, well-developed newborns offset by low fecundity
(Carrier et al. 2004; Gilmore et al. 2005; Conrath and Musick
2012).

Our L., value indicates that Otodus megalodon could have the-
oretically reached up to nearly 32 m TL. However, such a large
individual would have had anterior teeth with an unrealistic crown
height (CH) of 27 c¢m, where the maximum CH reported for
O. megalodon in scientific literature to date is 12 cm (Figure 2(b)).
One likely explanation for our unrealistic L., value is that the
specimen we examined, IRSNB P 9893, is a mid-sized individual,
which also implies it to represent a ‘middle-age’ individual for
O. megalodon. The curvature of our VBGF (Figure 2(a)) is dictated
by only the first 46 years of the individual’s life history (Figure 1(c)).
Therefore, it is quite possible that the curvature beyond the BN of
46 could have shown steeper slopes (e.g. see the large arrow with
a question mark in Figure 2(a)) if this shark individual lived to the
maximum possible life expectancy for the species (see below). If so,
the actual position of L., would have been much lower than
3,172.740 cm TL calculated here. The L., would have likely been



at least slightly larger than the range of 14.1-15.3 m TL (Shimada
2019; Shimada et al. 2020) and well below 32 m TL, but the likely
actual L., value remains unknown at present.

Our k value is exceptionally low, indicating that it takes a very
long time for Otodus megalodon to attain the mean maximum
theoretical length. As a point of reference, lamnid sharks, that
include the white shark, shortfin mako (Isurus oxyrinchus) and
porbeagle shark (Lamna nasus), tend to show the lowest k values
(as low as 0.05-0.06) among modern lamniforms (Shimada 2008),
but they are still 10-fold greater than the value obtained for
O. megalodon. However, because the VBGF curve beyond the BN
of 46 could have had steeper slopes (see above), the k value could
have been somewhat greater than 0.00588 yr' calculated here.

Our calculation based on IRSNB P 9893 suggests that Otodus
megalodon had a theoretical lifespan of about 498.415 years or
roughly 500 years. Although at least the living Greenland shark
(Somniosus microcephalus) is known to potentially live up to about
500 years old (Nielsen et al. 2016), our calculated longevity of nearly
500 years is likely an overestimation. This is because our L., and
k values used to calculate the longevity are likely inaccurate due to
the uncertainty in the exact curvature of the VBGF beyond the BN
of 46 (see above). However, if we use our attained VBGF curve
(Figure 2(a)) at face value, the scientifically justifiable longevity for
O. megalodon is minimally 88 years old if the most conservatively
estimated maximum TL of 14.1 m from a tooth with the tallest
known CH in scientific literature is used (i.e. a tooth with CH of
120 mm illustrated in Figure 2(b); Shimada 2019). If the tallest
known tooth in scientific literature calculated to have come from
a 15.3-m-TL individual is used (i.e. 162-mm-tall tooth illustrated in
Figure 2(a); Shimada 2019), O. megalodon could have lived up to at
least 100 years old. However, it is quite possible that the maximum
longevity for O. megalodon was greater than 88-100 years old if
indeed the VBGF curved more steeply beyond the BN of 46 with the
depressed L., (see above; e.g. the large arrow with a question mark
in Figure 2(a)). Nevertheless, just as individuals exceeding 15 m TL
must have been exceptionally rare (Shimada 2019), individuals of
O. megalodon exceeding 100 years old were likely also quite rare.

IRSNB P 9893 does not preserve any teeth, but the 921-cm-TL
individual is calculated to have possessed anterior teeth (tallest teeth
in the mouth) with a CH of 16.9 mm at birth and 77.9 mm at death
(Shimada 2019) (Figure 2(b)). Another noteworthy observation is
its rather slow growth rate, at least for the 46 years it lived. Although
Otodus megalodon represented by IRSNB P 9893 had a slightly
higher growth rate during the first 7 years (19-23 cm/yr) compared
to the remaining life (11-18 cm/yr), it can hardly be characterised as
a ‘growth spurt’ because the range of total annual growth rates
throughout its lifetime is quite small (11-23 cm/yr) with an average
of 15.7 cm/yr (Table 1). The lack of a substantial ‘growth spurt’ may
indicate that the size at birth of 2 m TL was sufficiently large enough
that neonates already had a high competitive advantage and a low
predation risk.

We contend that the likelihood of age underestimation from the
counting of BN (see above; Passerotti et al. 2014; Harry 2017;
Natanson et al. 2018) in our study is low. This is because:1) the
band intervals are relatively uniform in vertebrae of IRSNB P 9893
especially past age 7 (1.0-1.5 mm: Table 1); and 2) IRSNB P 9893
was not an exceptionally old individual based on its estimated TL of
about 9 m. Furthermore, our interpretations about the growth of
Otodus megalodon are robust, considering that the estimated long-
evity for both the modern white shark that grows to about 6 m TL
and the whale shark (Rhincodon typus, the largest living fish) that
exceeds 15 m TL (Ebert et al. 2013), is at least 50 years old and
potentially up to 70-80 years old (Hsu et al. 2014; Harry 2017; Ong
et al. 2020).
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Understanding the life-history traits of large marine carnivores,
including growth patterns, is important to elucidate the effect of
these predators on their ecosystems and population dynamics of
organisms (Cailliet and Goldman 2004; Goldman et al. 2012). Yet,
deciphering the life-history strategy of prehistoric sharks is often
challenging because the vast majority of species are represented by
teeth as their poorly mineralised cartilaginous skeleton usually does
not fossilise (Cappetta 2012). In this regard, our vertebra-based
study is a rare exception, where the life-history traits for Otodus
megalodon proposed here have a significant bearing on various
hypotheses and biological issues, such as its potential use of nursery
grounds (Pimiento et al. 2010; Herraiz et al. 2020), its proposed
competition with Carcharodon carcharias during the early Pliocene
(Boessenecker et al. 2019), and ontogenetic effects on its thermo-
physiology (Ferrén 2017). However, addressing these issues is
beyond the scope of this paper primarily because our study rests
on multiple assumptions, such as growth bands in IRSNB P 9893
representing annual cycles and the unconventional application of
VBGEF to a single individual (see Materials and Methods). In addi-
tion, the 9.21-m-TL estimate for IRSNB P 9893 (Gottfried et al.
1996) and tooth-based TL estimates (Gottfried et al. 1996; Shimada
2019) used in this study assume that the modern white shark is the
most reasonable analogue of O. megalodon among modern sharks
(Randall 1973; Gottfried et al. 1996; Reolid and Molina 2015; Razak
and Kocsis 2018; Shimada 2019). Nonetheless, our study is the first
of its kind for the iconic species, taking the science of O. megalodon
one step further.
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