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Revisiting body size trends and nursery areas of the Neogene megatooth shark, Otodus
megalodon (Lamniformes: Otodontidae), reveals Bergmann's rule possibly enhanced
its gigantism in cooler waters
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ABSTRACT

The late Neogene megatooth shark, Otodus megalodon, is known mainly from its gigantic teeth and possibly
reached 18-20 m in total length (TL). We re-examine the previously proposed body size trends and nursery
areas of O. megalodon by confining the previously used samples to upper anterior teeth offering more
reliable TL estimates, and by taking paleolatitudes and sea-surface temperatures into consideration. We
demonstrate that individuals of O. megalodon are on average larger in cooler water than those in warmer
water — a pattern attributable to Bergmann’s rule showing a latitudinal body size gradient at least for the
eastern Pacific late Miocene and the western Atlantic early Pliocene assemblages. While it is still possible that
neonatal O. megalodon could have utilised nursery areas, the previously identified paleo-nursery areas based
on body size may reflect temperature-dependent trends rather than the inferred reproductive strategy. Thus,
the gigantism of O. megalodon in cooler waters was possibly further enhanced by its cooler environment. If
so, the corollary of this study is that not all populations of O. megalodon likely grew to gigantic sizes equally,
where the common notion that the species reached 18-20 m TL should be applied primarily to populations
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in cooler environments.

Introduction

The megatooth shark, Otodus megalodon (Lamniformes:
Otodontidae) is an iconic extinct shark in the late Neogene marine
fossil record (e.g. Cappetta 2012; Pimiento and Balk 2015; Pimiento
et al. 2016; Boessenecker et al. 2019; Perez et al. 2019, 2021). This
species is known primarily from teeth and was previously placed in
various genera such as the white shark genus Carcharodon
(Lamnidae) as well as Carcharocles, Procarcharodon, and
Megaselachus, but it is now often regarded as a species of Otodus
to avoid direct phylogenetic linkage to Carcharodon or Lamnidae
(Ehret et al. 2012) and Otodus non-monophyly (Shimada et al.
2017; but see also Kent 2018; Miller et al. 2021). It has been
estimated to reach 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; Herraiz et al. 2020;
Perez et al. 2021). The largest TL estimates for O. megalodon were
derived from isolated teeth found in South Carolina, USA (Shimada
2019; Perez et al. 2021).

Pimiento et al. (2010) examined a population of Otodus mega-
lodon from a Miocene deposit in Panama characterised by compar-
ably small teeth, and they suggested the site to represent a nursery
area for young individuals. Subsequently, Herraiz et al. (2020)
examined a large dataset of the fossil record (544 teeth) of
O. megalodon made available by Pimiento and Balk (2015,

supplemental material) and identified five of the nine specific
populations of O. megalodon examined to be nursery areas due to
the abundance of smaller (i.e. younger) individuals. However, the
dataset included 45 teeth yielding TL estimates >15 m, that were
considerably large for their methods used (i.e. ‘CH method’: see
below and Shimada 2019). This observation prompted us to re-
examine the studies of Herraiz et al. (2020) as well as Pimiento and
Balk (2015). Among their 544 examined teeth, the 45 specimens
that resulted in TL estimates >15 m were all represented by tooth
positions that are known to yield TL values with greater uncertainty
(i.e. ‘lateral teeth’ that are often assigned to a wide range of tooth
positions, such as L1-L5) or positions that overestimate TL (i.e.
‘lower teeth’). The most reliable individual tooth-based TL esti-
mates for O. megalodon are offered by upper anterior teeth
(Shimada 2019; Perez et al. 2021). All 120+ specimens decisively
identified as upper anterior teeth in the studies by Pimiento and
Balk (2015) and Herraiz et al. (2020) resulted in TL estimates of
<15 m. The purpose of this present paper is two-fold: 1) to re-
examine the propositions concerning populations of O. megalodon
put forward by Pimiento et al. (2010), Pimiento and Balk (2015),
and Herraiz et al. (2020) based on a renewed look at their original
data; and 2) to report and discuss a curious body size pattern across
different populations of O. megalodon that has never been reported
to date.
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Materials and methods

Besides 25 additional teeth collected from the ‘Langhian outcrops’
of northeastern Spain, Herraiz et al.’s (2020) data come directly
from Pimiento and Balk’s (2015) dataset. To estimate the TL of each
Otodus megalodon individual, they used Shimada’s (2003) linear
regression equations showing the relationships between the tooth
crown height and TL in the extant white shark (Carcharodon
carcharias), that was the only reasonable TL estimation method
available at that time. In this study, we excluded the following
samples in the dataset presented by Pimiento and Balk (2015) and
Herraiz et al. (2020) in order to generate a dataset that is compar-
able to Herraiz et al.’s (2020) study while minimising less reliable
data for our analysis: 1) all teeth that were not part of the nine
assemblages (= populations) of O. megalodon specifically examined
by Herraiz et al. (2020); 2) all samples that are not identified as the
upper first or second anterior teeth (‘A1-A2’; i.e. excluded all lateral
teeth as well as lower anterior teeth for reasons described in the
Introduction); 3) samples with uncertain chronostratigraphic-stage
data; and 4) samples with uncertain catalogue status (i.e. catalogue
numbers bearing acronyms ‘DJB’, ‘AT’, and ‘CTPA’, that are not
explained in Pimiento and Balk’s (2015) paper). These criteria left
a total of 80 decisively identified upper anterior teeth, where we
refined the ‘age’ data presented by Pimiento and Balk (2015) based
on Herraiz et al. (2020). The data used for this study are given in the
Supplementary Material of this paper.

The nine assemblages of Otodus megalodon examined are: 1)
Temblor Formation assemblage in southern California, USA
(n = 11); 2) Calvert Formation assemblage in Maryland, USA
(n = 8); 3) the ‘Langhian outcrop’ assemblage in northeastern
Spain (n = 4); 4) Pisco Formation assemblage in Peru (n = 11); 5)
Gatun Formation assemblage in Panama (n = 6); 6) Chucunaque
Formation assemblage in Panama (n = 11); 7) Bahia Inglesa
Formation assemblage in Chile (formerly the Huarra Formation;
n = 16); 8) Yorktown Formation assemblage in North Carolina,
USA (n = 4); and 9) Bone Valley ‘Formation’ assemblage in Florida,
USA (technically the Bone Valley Member of the Peace River
Formation; n = 9). Each assemblage consists of samples with excel-
lent (stage-level) stratigraphic control (Table 1), although samples
in the Pisco Formation (Peru) assemblage represent an aggregate of
three sub-assemblages: the Serravallian sub-assemblage, Tortonian
sub-assemblage, and latest Tortonian-earliest Messinian sub-
assemblage. It should be noted that the Bone Valley assemblage
may be locally late Miocene in age (Scott 1988, 1990), but we

consider the specimens used in this study to be early Pliocene in
age as originally reported by Pimiento and Balk (2015) and Herraiz
et al. (2020). For the purpose of this study, the nine assemblages are
classified into three ‘climatic time bins: 1) the ‘mid-Miocene’ bin
for the Langhian representing the peak period of the Middle
Miocene Climatic Optimum (MMCO; i.e. hottest period relative
to the other two bins); 2) ‘late Miocene’ bin for the Serravallian-
Messinian representing the period of declining temperature (i.e.
‘warm’ period relative to the other two bins); and 3) ‘early Pliocene’
bin for the Zanclean representing a period of further decline in
temperature (i.e. coolest period relative to the other two bins) (see
Zachos et al. 2001; Westerhold et al. 2020; Table 1). Based on the
new dataset (Supplementary Material), two analyses are conducted.

Our first analysis is to examine whether or not the pattern of
differences in TL distributions across the nine assemblages of Otodus
megalodon demonstrated by Herraiz et al. (2020) would still hold true
even though the sample size for each assemblage is significantly
reduced in our dataset due to the removal of samples other than
upper anterior teeth. Body size trends are evaluated using Shimada’s
(2019) crown height (CH) based method (‘CH method’ herein; speci-
fically the equation for upper anterior teeth, TL = 11.788-CH + 2.143)
as well as the Perez et al. (2021) summed crown width (SCW) based
method (‘SCW method’ herein). The SCW method results in two TL
estimates for each individual tooth: one using the most complete
‘large’” individual (UF-VP-311000) and another using the most com-
plete ‘small’ individual (CH-31-46P) (see Perez et al. 2021). However,
much of our discussion below will be based on the TL estimations
using the CH method, because that is nearly identical to Shimada’s
(2003) method used by Pimiento and Balk (2015) and Herraiz et al.
(2020) for their TL estimations, where the same overall conclusions of
this study can be drawn also on the basis of the SCW method.

Our second analysis is to examine whether or not there are any
patterns in body size trends based on our new dataset, given that
less ‘noise’ in the data is expected due to the use of TL estimates
exclusively based on upper anterior teeth from the nine assemblages.
We specifically revisit the Pimiento and Balk (2015) study that
examined possible body size trends in Otodus megalodon across
hemispheres, ocean basins, and latitudes, as well as through time,
using the nine assemblages. One major aspect of our study that
differs from Pimiento and Balk’s (2015) study is that we translate
latitudinal data into sea-surface temperature data. This is because
the examined nine assemblages of O. megalodon chronologically
span from the ‘hot” MMCO to the ‘cool’ early Pliocene time,

Table 1. Data table showing nine assemblages of Otodus megalodon (see Figure 1) sorted by operational ‘climatic time bin’ (abbreviation ‘Ser.—-eMes’ refers to the
Serravallian—early Messinian). Statistical abbreviations: n, sample size; xTL, mean estimated total length; SD, standard deviation. Asterisk (*) indicates assumption of

connection with Caribbean Sea—Atlantic Ocean (see text).

Climatic time bin

Assemblage Stage Age n XTL (SD) Ocean/Sea Latitude Temperature
‘Mid-Miocene’ (Langhian: hot period’)

mM-1 Langhian 15.9-15.2 Ma 1 10.0 m (3.0) Pacific 35°N 24°C
mM-2 Langhian 15.7-15.5 Ma 53 m(2.1) Atlantic 39°N 23°C
mM-3 Langhian 14.2-14.0 Ma 4 43 m (1.4) Mediterranean 41°N 22°C
‘Late Miocene’ (Serravallian-Messinian: ‘warm period’)

IM-1 Ser.—eMes. 14.0-6.7 Ma 1 10.7 m (1.4) Pacific 14-15°S 28.5°C
IM-2 Tortonian 10.9-10.7 Ma 6 5.4 m (1.9) Pacific* 8°N 29°C
IM-3 Tortonian 10.0-9.5 Ma 11 74 m (2.4) Pacific* 8°N 29°C
IM-4 Messinian 7.6-6.8 Ma 16 11.7 m (1.2) Pacific 27°S 25°C
Early Pliocene (Zanclean: ‘cool period’)

eP-1 Zanclean 5.0-4.7 Ma 9 59m (2.4) Atlantic 27°N 24°C
eP-2 Zanclean 4.8-3.1 Ma 4 10.1 m (1.4) Atlantic 35°N 21°C
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Figure 1. Relationship between paleolatitude and mean annual sea-surface tem-
perature by different time bins (modified after Zhang et al. 2019, figure 4A; ‘mid-
Miocene’ and ‘late Miocene’ refer to Langhian and Serravallian-Messinian, respec-
tively, for the purpose of this study). Black lines = lines presented by Zhang et al.
(2019); grey lines = lines developed for the purpose of this study (see text for
detail).

making climatic differences due to latitudinal differences important
factors to take into consideration for more meaningful comparisons.
To adjust the latitude-based temperature differences through the
geologic interval, we use Zhang et al’s (2019, figure 4A) study
that showed the relationship between paleolatitudes and mean
annual sea-surface temperatures (Figure 1). Zhang et al. (2019)
did not include data from the Miocene, but presented a line for
‘late Paleocene-early Eocene’ corresponding to the time frame of
the Early Eocene Climatic Optimum (EECO) and a line for the
‘Pliocene.” Because the sea-surface temperature during MMCO is
about half-way between the EECO and Pliocene time (Zachos et al.
2001), we plotted a line half-way between the two lines to represent
the relationship between paleolatitudes and mean annual sea-surface
temperatures for our ‘mid-Miocene’ time bin. An additional line
was plotted half-way between that ‘mid-Miocene’ line and Zhang
et al’s (2019) Pliocene line to represent a proxy line for our ‘late
Miocene’ time bin. It should be noted that there are many other
papers that provide the relationship between paleolatitudes and
mean annual sea-surface temperatures (e.g. von der Heydt and
Dijkstra 2006; Chan et al. 2011; Roberts et al. 2011; Contoux
et al. 2012; Jones et al. 2013; Burls et al. 2021); however, the
scope of those studies is generally confined to a specific age or
a narrow time interval unlike Zhang et al’s (2019) study that
included both the ‘late Paleocene-early Eocene’ and Pliocene lines
useful for our purpose. Although the exact position of each of our
two extrapolated lines is hypothetical where it could have been
slightly higher or lower in reality than depicted in the diagram,
they are assumed to be sufficiently robust for the aim of this study.
In fact, even if Zhang et al’s (2019) lines are also only considered as
proxies, they do not affect our overall analysis because it should be
emphasised that the overall relative positional relationships among
the four lines (Figure 1) are more important than specific paleola-
titudinal or mean annual sea-surface temperature values offered by
each of these lines.
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Results
‘Mid-Miocene’ assemblages

Assemblages from the Temblor Formation of California, Calvert
Formation of Maryland, and ‘Langhian outcrop’ of Spain repre-
sent the ‘mid-Miocene’ time bin, where all of them occur along
or in different ocean basins (i.e. Pacific, Atlantic, and
Mediterranean, respectively; Figure 2; Table 1). All three assem-
blages are found to be situated in the mid-latitudinal zone in the
Northern Hemisphere (35°-41°N) with mean annual tempera-
tures ranging from 22°C to 24°C after the paleolatitudinal adjust-
ments (Figure 1; Table 1). The mean estimated total lengths of
Otodus megalodon, using the CH method, from the Temblor
Formation, Calvert Formation, and the Spanish ‘Langhian out-
crop’ are 10.0, 5.3, and 4.3 m, respectively (Figure 2; Table 1).
The mean TL estimates, based on the SCW method with the
‘large’ individual as the analogue, for the same localities are 16.1,
9.3, and 5.3 m, respectively. Mean TL estimates, based on the
SCW method with the ‘small’ individual as the analogue, for the
same localities are 14.8, 8.5, and 5.1 m, respectively.

‘Late Miocene’ assemblages

Assemblages from the Pisco Formation in Peru, Gatiin Formation
in Panama, Chucunaque Formation in Panama, and Bahia Inglesa
Formation in Chile belong to the ‘late Miocene’ time bin in this
study, all of which are distributed longitudinally along the western
margin of Central and South America (note: although the Gatin
Formation assemblage may technically represent a Caribbean
assemblage (Pimiento et al. 2013), it is referred to as one of the
‘Pacific’ assemblages in our discussion below for simplicity, includ-
ing the fact that the connection existed between the Atlantic-
Caribbean and Pacific (Coates and Stallard 2013; Bacon et al.
2015; Jaramillo 2018) and that it does not affect the main conclu-
sions of this study; Figure 2; Table 1). After the paleolatitudinal
adjustments (Figure 1), the Gatin Formation and Chucunaque
Formation assemblages are found to be both located at 8°N (i.e.
close to 9.1°N estimated by Anderson et al. 2017) with an estimated
mean annual temperature of 29°C, whereas the latitude and esti-
mated mean annual temperature for the Pisco Formation and Bahia
Inglesa Formation are found to be 14-15°S with 28.5°C and 27°S
with 25°C, respectively (Figure 1; Table 1). The mean estimated
total lengths of O. megalodon, based on the CH method, from the
Pisco, Gattn, Chucunaque, and Bahia Inglesa formations are 10.7,
5.4, 7.4, and 11.7 m, respectively (Figure 2(a); Table 1). The mean
TL estimates, based on the SCW method with the ‘large’ individual
as the analogue, for the same localities are 15.3, 7.6, 10.2, and
17.8 m, respectively. Mean TL estimates, based on the SCW method
with the ‘small’ individual as the analogue, for the same localities
are 14.1, 7.0, 9.4, and 16.6 m, respectively.

Early Pliocene assemblages

Assemblages from the Yorktown Formation in North Carolina
and Bone Valley ‘Formation’ in Florida represent the ‘early
Pliocene’ time bin. Both occur along the western Atlantic in
the Northern Hemisphere (Figure 2; Table 1), where the
Yorktown and Bone Valley assemblages are found to be situated
at 35°N and 27°N with mean annual temperatures of 21°C and
24°C, respectively, after the paleolatitudinal adjustments
(Figure 1; Table 1). The mean estimated total lengths of
Otodus megalodon, using the CH method, from the Yorktown
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Figure 2. Nine assemblages of Otodus megalodon re-examined in this study (see text and Table 1 for detail). (a) Distribution of estimated total lengths (TL) of Otodus
megalodon based on crown heights of teeth at each assemblage; violin plots represent Herraiz et al.’s (2020, figure 2) data, where ‘darker violins’ represent assemblages
identified as nursery areas by Herraiz et al. (2020); black plots connected with a line represent data in this present study (see Supplementary Material for data), where each
plot represents each tooth sample and each X-mark indicates average TL for that respective assemblage (for IM-1, circles represent samples from the Serravallian, triangles
from the Tortonian, and squares from the latest Tortonian—earliest Messinian). (b) ‘Late Neogene’ palaeogeographic map showing location of each assemblage (circles
represent ‘mid-Miocene ['mM’": Langhian] assemblages, triangles ‘late Miocene’ ['IM": Serravallian-Messinian] assemblages, and squares early Pliocene [‘eP”: Zanclean]
assemblages; palaeogeographic map based on Map 5 [Serravallian-Tortonian] of Scotese 2014).

Formation is 10.1 m, whereas from the Bone Valley ‘Formation’
is 5.9 m (Figure 2; Table 1). The mean TL estimates, based on
the SCW method with the ‘large’ individual as the analogue, for
the Yorktown and Bone Valley ‘formations’ are 15.5 m and
8.5 m, respectively. Mean TL estimates, based on the SCW
method with the ‘small’ individual as the analogue, for the
same formations are 14.3 m and 7.8 m, respectively.

Discussion

Like most other extinct sharks, Otodus megalodon is largely known
only from its well-mineralised teeth in the fossil record (e.g.
Cappetta 2012; Shimada et al. 2020). Thus, examination of its

tooth proportions has been the primary means to infer its body
size (e.g. Randall 1973; Gottfried et al. 1996; Razak and Kocsis 2018;
Shimada 2019; Perez et al. 2021). Pimiento and Balk (2015) used
a large sample (n = 544 teeth) to examine possible body size trends
in O. megalodon across hemispheres, ocean basins, and latitudes, as
well as through time. They noted: ‘Collectively, these specimens
suggest that [O.] megalodon body size differs significantly between
hemispheres and among ocean basins, but not across a latitudinal
gradient’ (p. 485) and ‘that the differences in [O.] megalodon body
size across space are maintained throughout time’ (p. 486).
Pimiento and Balk’s (2015) data included those from the Miocene
Gatun Formation of Panama, which was previously recognised as
a paleo-nursery area of O. megalodon based on the small tooth sizes
of the species representing the assemblage (Pimiento et al. 2010).



Subsequently, Herraiz et al. (2020) reported four additional prob-
able paleo-nursery areas of O. megalodon. They were the Calvert
Formation assemblage in Maryland, ‘Langhian outcrop’ assemblage
in Spain, Chucunaque Formation assemblage in Panama, and Bone
Valley ‘Formation’ assemblage in Florida, which quantitatively had
smaller mean tooth sizes than the other four assemblages they
examined: the Temblor Formation assemblage in California, Pisco
Formation assemblage in Peru, Bahia Inglesa Formation assem-
blage in Chile, and Yorktown Formation assemblage in North
Carolina.

Even though our present study is based on a significantly
reduced sample size for each assemblage (see Materials and
Methods), remarkably, the overall total length distribution pattern
across the nine assemblages between Herraiz et al’s (2020) study
and ours is found to be nearly identical, where the mean estimated
total length of Otodus megalodon for the Calvert Formation,
‘Langhian outcrop’, Gatin Formation, Chucunaque Formation,
and Bone Valley ‘Formation’ assemblages are found to be consis-
tently smaller than Temblor Formation, Pisco Formation, Bahia
Inglesa Formation, and Yorktown Formation assemblages
(Figure 2(a)). Although the SCW method yields larger TL estimates
than the CH method, the same trend is also observed even if body
length estimates based on the SCW method are used (see
Supplementary Material). However, one factor that was not con-
sidered by Pimiento and Balk (2015) and Herraiz et al. (2020) was
the time-corrected, latitude-based mean annual sea-surface tem-
perature for each examined O. megalodon assemblage.

Although our extrapolated paleolatitude-to-temperature lines
for the ‘mid-Miocene’ and late Miocene are tentative (Figure 1),
we recognise some noteworthy patterns, where we collectively refer
all four ‘late Miocene’ assemblages as ‘Pacific assemblages’ for
simplicity even through the Gatin Formation assemblage may
technically represent a Caribbean assemblage (see above). For
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example, the mean estimated TL increases from the low latitude
assemblages (Gatun and Chucunaque formations: 8°N - i.e. near
the equator) to the high latitude assemblages (Bahia Inglesa
Formation being the southernmost assemblage: 27°S) with decreas-
ing mean sea-surface temperatures from 29°C to 25°C (y =-1.222x -
40.070, where x represents mean sea-surface temperature and
y represents mean TL, with 7* = 0.551 and p = 0.258, where n = 4;
note the negative slope of the linear equation) (Figure 3). It is worth
noting that, although the four assemblages span more than
seven million years, the average of the three sub-assemblages con-
stituting the Pisco Formation assemblage are similar; thus, influ-
ences associated with the diachronous nature of the four
assemblages within the ‘late Miocene’ time bin are likely to be
negligible. Likewise, the two ‘early Pliocene’ assemblages that
occur along the western Atlantic Ocean, the Yorktown and Bone
Valley assemblages, also show the same pattern where the lower-
latitude (27°N) Bone Valley assemblage with a warmer mean annual
sea-surface temperature (24°C) consists of teeth from overall smal-
ler individuals (5.9 m TL on average) than the Yorktown assem-
blage at a higher latitude (35°N) with a cooler environment (21°C)
(y = -1.400x + 39.500, where x represents mean sea-surface tem-
perature and y represents mean TL, with 7* = 1 and p = 0 because of
n = 2; note the negative slope of the linear equation) (Figure 3).
Furthermore, the Calvert Formation assemblage (‘mid-Miocene’)
and Yorktown Formation assemblage (early Pliocene) are geogra-
phically close on the global scale, yet the Yorktown Formation
representing a cool-period assemblage with a mean sea-surface
annual temperature of 21°C produces larger teeth on average than
teeth from the Calvert Formation representing a hot-period assem-
blage with a mean sea-surface annual temperature of 23°C. In short,
individuals of O. megalodon are on average larger in cooler water
than those in warmer or hotter water, where this pattern is con-
sistent with the concept referred to as Bergmann’s rule - i.e.

Figure 3. ‘Late Neogene’ palaeogeographic map showing the distribution of the eight examined assemblages with mean estimated total length of Otodus megalodon and
sea-surface temperature at each site (see Figure 1(b); Table 1) and arrows indicating select prevailing oceanic currents relevant to this study (palaeogeographic map based
on Map 5 [Serravallian-Tortonian] of Scotese (2014); arrow mark on the Atlantic Ocean is of early Pliocene current based on Karas et al. (2017, figure 4a); all other arrows are

of middle Miocene currents based on Herold et al. (2012, figure 2b).
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latitudinal gradient of increasing body size in animals with increas-
ing latitude (Bergmann 1847; for review, see Meiri and Dayan
(2003); Huston and Wolverton (2011)).

Bergmann’s rule is regarded as a valid generalisation, which was
originally proposed to explain a broad trend that larger animals are
advantageous in cooler climates because of their ability to retain
heat more efficiently due to their small surface-to-volume ratio
compared to smaller animals (e.g. see Huston and Wolverton
(2011) and Meiri (2011) and references therein). Although the
most representative examples of Bergmann’s rule come from extant
and extinct terrestrial mammals (e.g. Ashton et al. 2000; Huston
and Wolverton 2011; Lomolino et al. 2012; Secord et al. 2012; Smith
2012; Saarinen et al. 2014), the rule has also been recognised in
a wide range of non-mammalian vertebrates including fishes,
amphibians, reptiles, and birds (see Millien et al. (2006) and refer-
ences therein). However, it should be noted that Bergmann’s rule is
technically not about latitude, but rather about some ecological
attributes correlated with latitudinal gradients, where multiple fac-
tors besides temperature could have been the ultimate causes that
are correlative between body size and latitude (Huston and
Wolverton 2011). One major proposed cause is the role of net
primary production (NPP) of terrestrial plants (McNab 2010) that
may also have cascading effects to the ecological productivity in
marine environments through soil or nutrient runoff, although
other factors, such as population density and species richness, affect
body sizes of marine organisms as well (Huston and Wolverton
2011). Nevertheless, large megatooth sharks (e.g. Otodus megalodon
and O. chubutensis) are known to have fed on marine mammals,
such as cetaceans and pinnipeds (e.g. Aguilera et al. 2008; Collareta
et al. 2017; Godfrey et al. 2018, 2021), where at least in the present-
day oceans, latitudinal body size gradients following Bergmann’s
rule are well documented in these marine mammals (Torres-
Romero et al. 2016) and among many other marine vertebrates
including fishes (e.g. Millien et al. 2006; Ferndndez-Torres et al.
2018; Saunders and Tarling 2018; Izzo and Gillanders 2020). To our
knowledge, Bergmann’s rule has not been explicitly reported for
any living elasmobranchs, but latitudinal body size gradient data
consistent with the rule do exist for the starspotted smooth-hound
shark, Mustelus manazo (Yamaguchi et al. 1998). It should be noted
that the current lack of any decisive example of comparable modern
elasmobranch analogues should not be taken as evidence for our
contention to be false, especially given the fact that there is no
comparable extant shark to O. megalodon (e.g. see Shimada et al.
2020, 2021). Whereas water temperature is known to at least affect
the onset of sexual maturity in the cloudy catshark (Scyliorhinus
torazame: Horie and Tanaka 2002) and the growth rate in the Port
Jackson shark (Heterodontus portusjacksoni: 1zzo and Gillanders
2020) that have a significant bearing to changing climate through
time, our study may well represent the first possible case of
Bergmann’s rule demonstrated for elasmobranchs if our data inter-
pretation is correct.

The gigantism of Otodus megalodon is thought to have been
attained through the evolution of its regional endothermy,
a thermophysiological trait to be able to maintain certain areas of
the body at higher temperatures than the ambient water (Ferrén
2017), where the evolution of regional endothermy in certain fishes,
including some modern lamniform sharks such as lamnids (Lamna,
Isurus, and Carcharodon), is closely linked to their fast cruising
speed (Harding et al. 2021). Therefore, it is possible that the
observed latitude-based body size pattern of O. megalodon in each
time bin may be correlated with a poleward body size increase.
Some contemporaneous clades of marine mammals (e.g.
Eubalaena) may have also achieved gigantism through
a combination of factors related to Bergmann’s rule (Bisconti

et al. 2021), so perhaps O. megalodon enhanced its predatory
success through endothermically powered fast swimming along
with poleward gigantism. Regardless of the exact cause(s) or
mechanism(s) for the body size pattern conforming to
Bergmann’s rule (e.g. Meiri 2011), the latitude-based body size
pattern elucidated in this study is new for O. megalodon. In fact, it
constitutes a newly recognised potential ecological driver for the
gigantism in O. megalodon, if not an evolutionary one.

In this study, the mid-Miocene Calvert Formation assemblage is
compared to the early Pliocene Yorktown Formation assemblage
above, but it should be noted that the three ‘mid-Miocene’ assem-
blages representing assemblages at a similar mid-latitudinal zone
(35-41°N) collectively do not show the pattern suggesting
Bergmann’s rule (y = 2.850x - 59.017, where x represents mean sea-
surface temperature and y represents mean TL, with * = 0.877 and
p = 0.228, where n = 3; e.g. note the positive slope of the linear
equation) (Figure 3). However, it is important to emphasise that
direct comparisons among the three ‘mid-Miocene’ assemblages are
difficult because they come from three completely different ocean
basins with different oceanic conditions. For instance, where the
Temblor Formation assemblage of California exhibits the widest TL
range among the nine examined assemblages (Figure 2(a)), it is the
only location among the nine assemblages where the prevailing
oceanic current perpendicularly strikes the coastline, rather than
sweeps parallel to the coastline (Figure 3). The exact reason is
uncertain, but it is possible that this location could have had higher
NPP relative to the other two examined mid-Miocene sites as
a result of coastal upwelling (e.g. White et al. 1992; Xiu et al.
2018), along with soil or nutrient runoftf from land to sea, that
could have resulted in large body sizes of animals including
Otodus megalodon (see above; Huston and Wolverton 2011).
Teeth of O. megalodon from the ‘Langhian outcrop’ assemblage of
Spain come from the overall smallest individuals (4.3 m TL on
average) compared to any other examined assemblages, despite
the extrapolated sea-surface temperature being relatively cool
(22°C: Table 1) (note: Rosen (1999) examined Mediterranean
coral associations and determined the minimum sea-surface tem-
peratures during the Langhian-Serravallian to be 18-20°C, which is
not significantly different from our interpretation of 22°C for the
Langhian outcrop assemblage). The extremely small average TL
may be due to a rather small sample size of teeth (n = 4), but it
could also be due to a quite different paleoenvironment in the
Mediterranean compared to the Atlantic and Pacific oceans.
While the connection between the Mediterranean and Atlantic
Ocean was established during the Langhian (Krijgsman et al.
1999; Herold et al. 2012; Gibert et al. 2013; Hamon et al. 2013), it
is in the realm of possibility to hypothesise that the Mediterranean,
along with the Paratethys, could have represented a relatively
enclosed environment, possibly leading to insular dwarfism of
O. megalodon. Regardless, the Langhian outcrop (with anomalously
small mean TL) and Temblor Formation (with the widest TL range)
assemblages have unique TL distributions, possibly suggesting the
presence of overall TL differences across different local populations
of O. megalodon, besides the latitude-based sea-surface temperature
differences. It should be added that it is for this reason that the nine
geographically (and chronologically) mixed assemblages examined
in this study (Table 1; Figure 3) should not be collectively compared
together, and that it likely explains why there is practically no
relationship between the mean sea-surface temperature and mean
TL if the nine assemblages are analysed altogether (i.e. y = 0.065x +
6.229, where x represents mean sea-surface temperature and
y represents mean TL, with 7* = 0.005 and p = 0.854, where n = 9;
note the considerably small r*-value and large p-value). Although
no significant differences in sea-surface temperatures between the



Northern and Southern hemispheres exist (Belkin 2009; Fisher et al.
2010), direct comparisons among the nine assemblages would be
particularly problematic because there is a large difference in the
amount of land between the Northern and Southern hemispheres
that is also thought to contribute to asymmetry in fish size, among
other biological factors such as NPP and species richness (Huston
and Wolverton 2011).

The fact that the ‘small-bodied assemblages™ as well as ‘large-
bodied assemblages’” are found in all three time bins suggests that
the body size distribution of Otodus megalodon was largely main-
tained throughout time. The temperature-dependent TL distribu-
tion pattern we recognise, at least for the four ‘Pacific assemblages’
during the ‘late Miocene’ and the two ‘Atlantic assemblages’ during
the ‘early Pliocene’, suggests that the body size of O. megalodon is
smaller in areas with warmer sea-surface temperatures than cooler
areas, and that Bergmann’s rule holds true for two significantly
diachronous assemblages (i.e. the mid-Miocene Calvert Formation
and the early Pliocene Yorktown Formation). This implies that not
only did O. megalodon simply maintain its body size throughout
time, but it also maintained the temperature-dependent body size
pattern throughout time.

Our study may seem to refute the existence of paleo-nursery
areas of Otodus megalodon put forward by Pimiento et al. (2010)
and Herraiz et al. (2020). Yet, the temperature-dependent body size
pattern does not necessarily preclude the possibility of the existence
of nursery areas based on the fossil record. For example, it is still
plausible that assemblages near the equator like those of the Gatun
and Chucunaque formations could have been nursery areas where
individuals began to migrate out to higher latitude regions repre-
sented by the Pisco Formation and Bahia Inglesa Formation assem-
blages as they grew larger. However, this ‘migration hypothesis’ is
difficult to support for the Calvert Formation assemblage domi-
nated by smaller individuals given that it represents an assemblage
located at the highest latitude (41°N; Table 1) among the nine
assemblages. This fact in turn also reduces the support for the
nursery area hypothesis for O. megalodon, unless one or more
undocumented assemblages dominated by larger individuals
existed northward with the assumption that nursery areas could
have been widespread during the MMCO including the Calvert
Formation assemblage. While nursery areas benefit taxa with
small neonates (Castro 1993; Beck et al. 2001; Heupel et al. 2018),
whether or not such nursery areas were necessary for neonatal
Otodus megalodon, already about 2 m at birth likely due to its
reproductive strategy as a lamniform shark (oophagous embryos:
Shimada et al. 2020, 2021) needs further investigation.

Our present study is based on a significantly reduced sample size
for each assemblage compared to Herraiz et al.’s (2020) study, and
one may question whether such a small sample size for each locality
would accurately characterise its TL distribution. In particular, it is
likely that the differences in depositional environment among dif-
ferent localities would have led to different taphonomic effects and
processes that would have affected the fossilisation potential of
teeth at each locality. Furthermore, it is also possible that different
museum collections used for sampling is likely manifested with
different levels of collecting bias, where smaller sample sizes may
be especially prone to inaccurate characterisation of each assem-
blage. However, it should be emphasised that the nature of the
overall TL distribution pattern across the nine assemblages in
Herraiz et al.’s (2020) work is almost identical to ours; that is, the
mean estimated total lengths of Otodus megalodon at the five
localities considered to represent as nursery areas by Herraiz et al.
(2020) are found to be smaller than the other four localities
(Figure 2(a)). The exclusive use of upper anterior teeth in our
study constrained body length estimates to a smaller range;
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however, the range of estimates maintained the same pattern across
localities as was found by Herraiz et al. (2020). Likewise, the
smallest teeth from the five paleo-nursery areas are all consistently
smaller than the smallest teeth from the other four localities.
Furthermore, the same body size distribution pattern is present
even if the SCW method is used (Supplementary Materials). All
these factors indicate that the same conclusions drawn from our
study can be derived from Herraiz et al.’s (2020) data if the same set
of time-corrected, latitude-based mean annual sea-surface tempera-
tures used in this study (Figure 1; Table 1) is applied to their data.

The findings of this study are significant because they show that
body size in animals is known to affect a wide range of their fitness-
related traits. Such traits include the range of travelling distances,
tolerance level to extreme environmental conditions, forage (e.g.
predatory) successes, mortality (e.g. predation) risks, oxygen
demands, and energy storage capacity, besides the extent of heat
retention (e.g. Peters 1986; Kram and Taylor 1990; Cohen et al.
1993; Hone and Benton 2005; Speakman 2005; Brown and Sibly
2006; Huston and Wolverton 2011; Healy et al. 2013; Ahti et al.
2020). Nevertheless, the observations and propositions made in this
paper should be tested with a larger sample size for each assemblage
as well as including more assemblages of O. megalodon worldwide
in the future, particularly from the Eastern Hemisphere. Besides
further evaluation of potential taphonomic differences and collect-
ing biases for each assemblage (see above), some other possible
issues across different assemblages to consider include potential
biotic (e.g. predators and competitors) and abiotic (e.g. salinity
and dissolved oxygen) ecological pressures as well as the latitude-
and temperature-based differences in the size and types of potential
food sources for O. megalodon. Nevertheless, revisiting the pre-
viously proposed body size trends and nursery areas (Pimiento
et al. 2010; Pimiento and Balk 2015; Herraiz et al. 2020) has revealed
the possibility that O. megalodon exhibited the body size trends
consistent with Bergmann’s rule through time and space during its
existence in the Neogene. If indeed the rule applied to
O. megalodon, the notion that the fossil species reached at least
15 m TL (Shimada 2019), and possibly as much as 18-20 m TL
(Perez et al. 2021), would be expected to primarily occur in popula-
tions that inhabited cooler waters that were typically at higher
latitudes. This proposition holds true as the largest previously
estimated individuals of O. megalodon are from relatively high
latitudes (i.e. North Carolina, South Carolina, and Chile: Shimada
2019; Perez et al. 2021).

Conclusions

In this present study, we re-examined the body size trends and
possible nursery areas proposed by Pimiento and Balk (2015) and
Herraiz et al. (2020) by removing specimens with tenuous data.
Although our study is based on significantly reduced sample sizes,
the overall TL distribution pattern across the nine assemblages
examined by Herraiz et al. (2020) was found to be nearly identical
to that of our study. However, neither Pimiento and Balk’s (2015)
nor Herraiz et al.’s (2020) studies took mean annual sea-surface
temperatures across different paleolatitudes into consideration. By
taking the time-corrected and latitude-based mean annual sea-
surface temperatures into consideration, we found that individuals
of Otodus megalodon were on average larger in cooler waters
relative to those in warmer waters — a pattern attributable to
Bergmann’s rule. Almost all previously identified possible paleo-
nurseries of O. megalodon characterised by smaller individuals
inferred from smaller teeth were found to be at warmer regions or
time frames. One exception was the ‘Langhian outcrop’ assemblage
in Spain that represented the sole example of a Mediterranean
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population in our dataset, that is inferred to have had a unique
environment compared to the other examined assemblages all
located along either the Atlantic or Pacific Oceans.

Pimiento and Balk (2015) found the differences in the body size
of Otodus megalodon across space are maintained throughout time
but found no significant latitudinal gradient. The fact that both the
‘small-bodied assemblages’ and ‘large-bodied assemblages’ are
found in all three time bins we examined (i.e. mid-Miocene, late
Miocene, and early Pliocene) suggest that the overall body size
distribution in O. megalodon was indeed largely maintained
throughout time. However, we found an observable latitudinal
gradient of body size at least for the late Miocene assemblages
along the eastern Pacific Ocean and the early Pliocene assemblages
along the western Atlantic Ocean. Therefore, our data suggest that
not only did O. megalodon simply maintain its body size through-
out time, but it also maintained the temperature-dependent body
size pattern throughout time. In addition, although it is still possible
that neonatal O. megalodon could have utilised nursery areas, our
study suggests that the previously identified paleo-nursery areas of
the fossil species may not necessarily represent actual paleo-nursery
areas.

Previously, regional endothermy was proposed to be the evolu-
tionary driver for the gigantism of Otodus megalodon (Ferron et al.
2017). Harding et al. (2021) revealed that endothermy in fishes
evolved to increase their swimming speed, rather than to expand
their thermal niche. If Bergmann’s rule indeed applies to the body
size trend in O. megalodon, we contend that the gigantism of
O. megalodon in cooler waters was further enhanced by its cooler
environment — a newly identified possible ecological driver for the
gigantism in O. megalodon. In addition, our study suggests that the
notion that O. megalodon reached at least 15 m TL (Shimada 2019),
and possibly as much as 18-20 m TL (Perez et al. 2021), should be
applied primarily to individuals that lived in cooler waters.
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