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The evolution of the extinct megatooth shark, Otodus megalodon, and its close phyloge-
netic relatives remains enigmatic. A central question persists regarding the thermophysi-
ological origins of these large predatory sharks through geologic time, including whether 
O. megalodon was ectothermic or endothermic (including regional endothermy), and 
whether its thermophysiology could help to explain the iconic shark’s gigantism and 
eventual demise during the Pliocene. To address these uncertainties, we present unique 
geochemical evidence for thermoregulation in O. megalodon from both clumped isotope 
paleothermometry and phosphate oxygen isotopes. Our results show that O. megalodon 
had an overall warmer body temperature compared with its ambient environment and 
other coexisting shark species, providing quantitative and experimental support for 
recent biophysical modeling studies that suggest endothermy was one of the key drivers 
for gigantism in O. megalodon and other lamniform sharks. The gigantic body size with 
high metabolic costs of having high body temperatures may have contributed to the 
vulnerability of Otodus species to extinction when compared to other sympatric sharks 
that survived the Pliocene epoch.

regional endothermy | Otodus megalodon | clumped isotopes | fossil | extinction

Sharks (Elasmobranchii: Selachii) are a group of cartilaginous fishes with a nearly 200- My 
geologic history (1). The fossil record shows that numerous shark taxa appeared and 
disappeared through geologic time where many clades even survived through the K- Pg 
mass extinction event (2–4). Today, there are over 500 species of sharks found in nearly 
every marine habitat, including the coastal epipelagic zone to below 1,000 m of depth in 
the abyssopelagic zone (5, 6). They play crucial roles in marine ecosystems as meso-  and 
apex predators (7, 8) as well as potential food sources for older individuals or larger taxa 
(9).

As climate change warms oceans and estuaries worldwide, most certainly impacting 
the physiology of many fishes (10), one notable realization in recent decades has been the 
role of thermophysiological differences among marine vertebrates that plays on their 
geographic and bathymetric distributions (11, 12). For example, endothermic taxa can 
have higher cruising speeds that increase prey encounter rates as well as wider migration 
ranges compared to their ectothermic counterparts (13, 14). In fact, endothermy, the 
ability to metabolically elevate and retain body heat over a broad ambient temperature 
range (15), is regarded to have an evolutionary merit as demonstrated by the fact that it 
evolved multiple times in vertebrate history (16). In extant sharks, endothermy (more 
precisely, “regional endothermy”) is confined to certain clades within the order 
Lamniformes, including Alopias vulpinus (Alopiidae: common thresher) as well as species 
of Lamna, Isurus, and Carcharodon (Lamnidae: mackerel sharks), typically induced by 
vascular countercurrent heat exchange and slow- twitch aerobic red muscles (13, 17, 18). 
Among lamnids, the average body temperature ranges from 22.0 to 26.6 °C and maximum 
reported body temperatures are elevated up to 10, 14, and 21 °C higher than ambient 
ocean temperature for Isurus oxyrinchus (shortfin mako), Carcharodon carcharias (white 
shark), and Lamna ditropis (salmon shark), respectively (ref. 19 and references therein).

The ability to regulate body temperature is evolutionarily profound because it is thought 
to have also acted as a key driver for the evolution of gigantism in macropredatory lam-
niform sharks (20). In fact, the iconic “megatooth shark,”Otodus megalodon (Otodontidae) 
primarily known only from its gigantic teeth in the late Neogene fossil record suggesting 
it reached up to at least 15 m in length (21), is inferred to have been regionally endothermic 
based on multiple lines of evidence (22). As one of the largest carnivores to have ever 
existed on Earth, O. megalodon must have had a significant impact on the evolution of 
marine ecosystems (21). Thus, knowledge about the thermophysiology of O. megalodon 
and its effect on energetics, locomotion, foraging strategies, and distribution is critical to 
understand how its rise and demise influences the oceans' bioenergetics and trophic struc-
tures leading to today's marine conditions. Yet, the hypothesis that O. megalodon was 
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likely endothermic rests on nonempirical inferences (22) and 
remains unconstrained through quantitative body temperature 
determinations.

Here, we quantitatively test the “O. megalodon endothermy 
hypothesis” (“endothermy” in the broad sense to include regional 
endothermy or mesothermy) by constraining the absolute body 
temperatures of this iconic species, as well as other common Late 
Neogene sharks (i.e., Carcharias taurus, C. carcharias/hastalis, and 
I. oxyrinchus), and drawing comparisons with extant marine ver-
tebrates. We do so through measuring the abundance of multiply 
substituted isotopologs (i.e., “clumped” isotopes) in 
bioapatite- bound carbonate of their teeth along with phosphate 
oxygen isotope (δ18Op) analyses. We interpreted the δ18Op values 
using a Bayesian approach that models body temperatures (and 
their uncertainties) based on the established relationship between 
seawater (SW) temperature and δ18O values as well as the oxygen 
isotope composition of phosphatic tissues (23). Carbonate- clumped 
isotope thermometry involving the analysis of mass- 47 CO2 and 
reported in Δ47 (per mil, ‰) notation is an emerging geochemical 
technique based on the thermodynamic preference of 13C and 18O 
to form bonds, or “clump,” in the carbonate mineral lattice. The 
basis for this heavier isotope clumping relies on the principles of 
quantum mechanical and statistical thermodynamics, which pre-
dict multiply substituted isotopologs of CO2 and the carbonate 
ion to have lower free energies, and hence are more stable than 
isotopologs with one or no heavy isotope (24). This thermody-
namic preference for clumped isotopologs in carbonate thus forms 
the basis for reconstructing mineralization temperatures independ-
ent of bulk oxygen isotope composition of the parent fluid (24–
26). The application of this method has been effective in 
reconstructing vertebrate body temperatures of reptiles and birds 
from eggshell carbonate, as well as sharks from carbonates in the 
bioapatite of teeth (25, 27–29). The advantage of utilizing shark 
teeth is that they mineralize by secretion of biological hydroxy-
fluoroapatite (i.e., bioapatite) during amelogenesis and dentino-
genesis (30), producing an enameloid structure that has a solubility 
several orders of magnitude lower than that of calcite and thus is 
less susceptible to diagenetic alteration during deposition and 
fossilization. It is worth noting though that this does not always 
extend to the carbonate ion substituting within the bioapatite 
lattice (31), calling for a need to assess the robust preservation of 
structural carbonate (SI Appendix, Text).

Studies utilizing carbonate- bound Δ47 to infer thermophysiol-
ogy in fossil vertebrates have shown this method to be particularly 
useful when the temperatures in species of “unknown” thermo-
physiological origins are compared with co- occurring fossils of 
“known” metabolisms; the premise being that any deviation in 
body temperature from their ambient environment (inferred from 
ectothermic species), or that predicted from an assumed body 
mass, should reflect the abilities of the species to change its core 
body temperature above or below its natural environment (27–
29). Other studies have used the difference in δ18Op between 
marine reptiles and sharks and coexisting ectothermic bony fish 
species as a proxy for endothermy (22, 32). Because the δ18Op 
values of marine vertebrates reflect both the body temperature and 
composition of body water that is in steady state with environ-
mental (sea)water (33, 34), any deviation in δ18Op values between 
co- occurring ectothermic [proxy for sea surface temperatures 
(SSTs)] and presumed endothermic species should indicate the 
degree to which a species could elevate its body temperature, 
assuming that they resided in seawater of similar isotopic compo-
sition. Here, we apply these methods involving paired measure-
ments of Δ47 and δ18Op values in coexisting marine fossil fish and 
mammal species to experimentally elucidate the thermophysiology 

of O. megalodon. By comparing O. megalodon body temperature 
estimates from both isotope proxies against those of contempora-
neous ectothermic species, we show that O. megalodon had an 
elevated body temperature of approximately 7 °C relative to its 
environment. Importantly, we also show that O. megalodon was 
warmer than co- occurring (i.e., from the same sedimentary strata) 
regional endotherms, C. carcharias and I. oxyrinchus.

Results

Geologic and Environmental Setting of Fossils. Elasmobranch 
tooth samples of Miocene/Pliocene age from multiple sedimentary 
rock formations at the periphery of the North Pacific and North 
Atlantic Oceans were analyzed here (SI Appendix, Text). These 
sites are unique in that most contain co- occurring ear (tympanic) 
bones of known marine endotherms (e.g., cetaceans), providing a 
useful comparative benchmark in assessing body temperatures of 
contemporaneous fossil carcharhiniform and lamniform sharks. 
Paired Δ47 and δ18Op analyses were conducted on specimens from 
the Burdigalian (~20 to 16 million years old [Ma]) Pungo River 
Formation and the Zanclean (~5 to 4 Ma) Yorktown Formation 
in North Carolina,  USA,   and Langhian (~16 to 14  Ma) 
Iwadono Formation and Zanclean Na- arai Formation in Japan. 
In addition, we conducted a suite of δ18Op analyses on teeth from 
Langhian units in California (Sharktooth Hill Bonebed), USA,  
and compared them with recent results from Burdigalian units 
from Germany (Kalkofen and Baltringer Formation) and Malta 
(Globigerina Limestone, Gozo) (35) (SI Appendix, Text). SSTs for 
these Miocene-  and Pliocene- aged shark teeth at each site were 
estimated from a recent 109- member ensemble of climate model 
simulations (HadCM3) (36), which show strong model–proxy 
agreement for the global ocean for the Phanerozoic (Dataset S1).

Fossil Elasmobranch and Mammal Body Temperatures from 
δ18Op. We analyzed teeth from a suite of extant and fossil sharks, 
along with a selection of Cetacean inner ear bones, for phosphate 
oxygen isotope composition to compare with temperature 
estimates from Δ47 measurements. Across all localities, the 
δ18Op values ranged from 20.7 to 23.7‰ for ectotherms (mean 
δ18Op ± 1σ = 22.5 ± 0.7‰, n = 28), 20.7 to 24.2‰ for regional 
endotherms (22.0 ± 0.9‰, n = 23), 20.3 to 21.8‰ for Otodus 
(21.3 ± 0.5‰, n = 16), and 18.5 to 21.0‰ for cetaceans (20.0 
± 0.8‰, n = 8) (Dataset S1). The δ18Op range for all taxa reflects 
the environmental variation (i.e., temperature, salinity, and 
δ18Osw changes) experienced by the individual during bioapatite 
mineralization. Shark teeth form relatively quickly and capture 
a geochemical snapshot with subsequent replacement teeth 
continuously forming (37). The variation within a locality could 
result from migratory behavior and movement of individuals 
between environments or seasonal oscillations as demonstrated 
by previous studies comparing isotope- enabled climate model 
outputs with fossil shark teeth (37, 38).

Following previous studies featuring δ18Op values, we calculated 
the δ18Op difference between coexisting Otodus species and ecto-
thermic taxa across all sites, and then plotted this difference as a 
function of δ18Op values of ectothermic taxa (SI Appendix, 
Fig. S1). In addition, we plotted this relationship alongside pre-
viously published δ18Op values from teeth of taxa in the 
Cretaceous–Miocene megatooth shark (otodontid) lineage (ref. 
22 and references therein). Following the methodology of Bernard 
et al. (32), calculated regression lines that have a more negative 
slope (i.e., those closer to −1) imply that body temperatures for 
the species in question are independent of ambient seawater tem-
peratures. Calculated regression lines with and without our data 
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show no significant difference in slopes (Pslope = 0.8197), and 
collectively, exhibit a significant deviation from a slope of 0 (Pslope 
= 0.0010) that would imply the taxa were ectothermic.

In addition, we go further than previous work to estimate the 
body temperature of shark species and the oxygen isotope com-
position of seawater from the enameloid δ18Op using a Bayesian 
model. Briefly, Bayesian statistics attempt to estimate the most 
probable values of parameters—in our case, δ18Osw and temper-
ature—based on data (δ18Op) and prior information about SST 
(36). Given the large uncertainties in Cenozoic δ18Osw, we used 
a plausible range of δ18Osw priors considering: 1) modern gridded 
seawater values (39); 2) where available, previous estimates from 
prior publications (e.g., ref. 40 for North Carolina specimens); 
and 3) reasonable body temperature ranges for endotherms and 
ectotherms for each locality. We used a similar procedure to model 
the body temperature of endothermic taxa. We used a vague uni-
form prior of between 10 to 45 °C (i.e., the full range of plausible 
body temperatures) (SI Appendix, Table S1). The advantage of this 
Bayesian modeling approach is the accurate and formal consider-
ation of error when estimating temperature with prior information 
included in each series of modeling. The full details of our mod-
eling, prior distributions, and posterior samples for each locality 
are available in supplemental information and at github.com/
robintrayler/bayesian_phosphate. The ectothermic elasmobranchs 

in this study resulted in mean temperatures in Miocene California 
of 17.1 ± 1.4 °C, Miocene Germany of 21.2 ± 1.6 °C, Miocene 
Malta of 22.9 ± 2.1 °C, Pliocene Japan of 19.7 ± 4.1 °C, and 
Pliocene North Carolina of 19.4 ± 2.3 °C (SI Appendix, Table S2). 
The mean δ18Osw estimated from the ectothermic elasmobranchs 
was 1.4 ± 0.3‰ for California and 1.5 ± 0.3‰ for all other 
localities. The larger temperature variation for Pliocene Japan from 
the Bayesian model is likely due to the relatively low sample size.

Across all localities through the Miocene and Pliocene, tempera-
ture estimates indicate differences with thermal physiology. The 
Bayesian δ18Op- based model estimated temperatures for Otodus of 
27.0 ± 2.0 °C compared to known regional endotherms at 24.7 ± 
1.5 °C and ectotherms at 21.3 ± 1.4 °C (Fig. 1 and SI Appendix, 
Table S2). One possibility that needs to be considered is that δ18Op 
differences among sympatric elasmobranchs, specifically the lower 
δ18Op values in Otodus taxa, could also reflect varying body water 
isotope values and/or ocean temperature habitats due to these elas-
mobranchs residing at different ocean depths and/or them having 
dissimilar seasonal migration patterns for hunting or reproduction. 
However, if Otodus species were capable of diving to great depths to 
forage, similar to modern C. carcharias (41), this behavior would 
lead to an increase in δ18Op values and therefore reduce the measured 
18O depletion relative to ectothermic species. Similarly, deeper waters 
would also result in higher bioapatite δ18Op values due to the much 

Fig. 1. Shark teeth from various Miocene (triangle) and Pliocene (circle) localities provide phosphate oxygen isotope compositions (δ18Op) that reveal thermal 
physiology with temperature differences among sampled taxa. (A) The five localities provide context for Otodus (red) with comparisons to ectothermic (blue) 
sharks, predicted or known (yellow and orange based on extant Isurus oxyrinchus and Carcharodon carcharias, respectively) regionally endothermic (r. endothermic) 
sharks, and endothermic marine mammals (dark red). (B) Based on these δ18Op values, a Bayesian model correctly predicts body temperatures of endothermic 
marine mammals (dark red), distinguishes thermal differences among ectothermic (blue) and regionally endothermic (yellow and orange) sharks, and indicates 
elevated body temperatures in Otodus (red) similar to or beyond the extant C. carcharias. The Bayesian δ18Op–based temperature model is described in the 
Materials and Methods section briefly with greater detail in SI Appendix, Text.
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lower water temperatures with depth, which is again opposite to 
what we observe for Otodus relative to more surface- dwelling ecto-
therms. Another potential limitation relates to the differences in 
ocean temperatures between the Miocene and Pliocene for select 
locations, specifically the warmer Miocene SSTs that could be 
reflected in the ectothermic body temperature reconstructions. 
However, for those sites with both Miocene-  and Pliocene- aged fos-
sils (i.e., North Carolina and Japan), the derived body temperatures 
of species with similar thermophysiologies are almost identical across 
the two time periods (Fig. 1B). This is likely due to: 1) the small 
changes in mean SSTs (1–3 °C) between the Miocene and Pliocene 
at all sites (SI Appendix, Table S2); and/or 2) each species maintained 
consistent ocean habitats across geologic time. Adding weight to the 
latter, it was recently demonstrated from Zn and N isotopes that 
ectothermic piscivorous elasmobranchs from these same geologic 
units had a relatively constant trophic level across the Cenozoic (35, 
42). Thus, the homogeneous population of δ18Op values (21.3 ± 
1.4‰, n = 22) and consistent Bayesian- derived temperature offsets 
between Otodus and sympatric ectotherms (∆T = 6.9 ± 1.6 °C; 
SI Appendix, Table S2) across the five distinct locations suggest that 
the elevated body temperature signal is robust.

The Δ47–Temperature Relationships in Measurements on Modern 
Shark Tooth Bioapatite are Indistinguishable from Relationship 
in Carbonates. The prior knowledge of seawater temperature 
and δ18O values remain key uncertainties in the application of 
oxygen isotope composition to discern body temperature of 
fossil organisms. Therefore, to alleviate these uncertainties, we 
also applied carbonate- clumped isotope thermometry to this 
question of megatooth shark body temperatures. Since the first 
measurements reported on vertebrate bioapatite (25), there have 
been relatively few clumped isotope measurements of marine 
vertebrates and none on the latest reference frame (43–46) based 
on a common carbonate standardization approach. Thus, to place 
our interpretations from fossil sharks on a strong footing and to 
provide up- to- date analyses of the relationships between Δ47 and 
bioapatite formation temperatures, we carried out analyses on teeth 
from 11 taxa including ectothermic sharks and bony fish as well 
as endothermic shark and mammal species (Fig. 2) (see Materials 
and Methods for further details on species measured). Formation 

temperatures span a temperature range of 7 to 36.7 °C and represent 
52 Δ47 measurements conducted on 16 samples in total for an 
average of three replicate analyses per sample (Dataset S2).

A regression line following the method of York et al. (48) through 
our bioapatite data is described by the following equation:

 [1]
where the uncertainty in slope and intercept is represented as the 
95% confidence levels of the regression parameters. This regression 
overlaps with the 95% CI of the composite regression of Anderson 
et al. (47) described in Eq. 2:

 [2]
A hypothesis test performed to identify differences in slope and 
intercept of regressions where uncertainty in both x and y variables 
is present (see Materials and Methods for a description of regression 
comparisons) yields P- values of 0.537 and 0.775 for slope and 
intercept, respectively, indicating no significant differences 
between the lines.

This analysis supports the findings of Eagle et al. (25), which 
showed that the temperature relationships of carbonate- clumped 
isotopes in bioapatite and the inorganic calcite are indistinguish-
able, but now with an up- to- date data handling using current 
community and laboratory practices [the Intercarb- Carbon 
Dioxide Equilibrium Scale (I- CDES) reference frame] (43–46). 
Additional comparison of our calibrations to other published work 
can be found in SI Appendix. As the apatite calibration was statis-
tically indistinguishable from the Anderson et al. (47) calibration, 
the Anderson et al. (47) calibration was used to calculate forma-
tion temperatures of fossil specimens given it has a lower uncer-
tainty due to being underpinned by more analyses.

Elevated Body Temperature of O. megalodon Relative to 
Environment. We constrained the environmental conditions 
of coastal North Carolina, which has the richest fossil tooth 
assemblages used in this study. We measured the clumped isotope 
compositions on three scallop shells from the Pliocene Yorktown 
Formation, and one scallop shell from the Miocene Pungo River 

Δ47 = (0. 0325 ± 0. 0093) × 106 × T−2 − (0. 224 ± 0. 116),

Δ47 = (0. 0391 ± 0. 0004) × 106 × T−2 − (0. 157 ± 0. 004).

Fig. 2. Modern Δ47–temperature calibration from wild- caught and aquarium- reared elasmobranch teeth, along with wild- caught bony fish and mammals. 
Lines indicate linear regressions calculated from our data (orange line and colored symbols) along with that of Anderson et al. (47) (blue line). Shaded regions 
surrounding regression lines indicate 95% CI. Error bars in the x and y directions on symbols indicate uncertainty in temperature and one external SE of the 
average Δ47, respectively. Uncertainty in regression parameters indicates one SE.
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Formation. Previous studies demonstrate that bivalves agree with the 
Δ47–temperature relationships obtained for other recently published 
calibrations, allowing for robust reconstructions of seawater 
paleotemperatures (49–51). The Yorktown Formation scallops 
consist of material from single valves of Chesapecten jeffersonius, 
Placopecten clintonius, and Carolinapecten eboreus, whereas the 
Pungo River Formation is represented by an indeterminate species 
of Chesapecten. The Yorktown Formation scallops, C. jeffersonius, 
P. clintonius, and C. eboreus, yielded temperatures of 25, 21, and 
18 °C, respectively, resulting in an average temperature of 21.3 ± 
4 °C. This estimate is in general agreement (within uncertainty) with 
Pliocene temperature estimates from the region based on: 1) our 
Bayesian δ18Op body temperature estimates (19.4 ± 2.3 °C) from 
enameloid of ectothermic shark taxa collected from the Yorktown 
Formation (SI  Appendix, Tables  S1 and S2 and Dataset S1); 2) 
previously reported oxygen isotope compositions of molluscs from 
the same formation (40); and 3) climate model simulations (36). It is 
worth noting, however, that the derived δ18Osw values of the scallop 
species, Chesapecten jeffersonius and Placopecten clintonius, are ~2 ‰ 
higher than those previously reported for this location (40), while 
those of Carolinapecten eboreus are within the range of the previously 
estimated 1 to 2 ‰ seawater value. Thus, it is possible that the  
C. jeffersonius and P. clintonius shells had some degree of diagenetic 
alteration, producing slightly higher values than those reported 
from C. eboreus (SI Appendix, Fig.  S3  and Dataset S2). On the 
contrary, the Δ47 temperatures for the dentine phase of C. carcharias 
and O. megalodon teeth from the Yorktown Formation, assumed 
to represent a diagenetic end- member, average 31 ± 7 °C (n = 9), 
significantly higher than those reported for the scallop shells. These 
observed tooth dentine and carbonate shell Δ47 temperature offsets 
suggest little or no geochemical alteration of the scallop species.

The enameloid of the Pliocene O. megalodon teeth from North 
Carolina yielded an average ∆47- derived temperature of 26 ± 
1 °C (n = 15). This is warmer than sympatric regional endo-
therms, C. carcharias (∆47: 20 ± 4 °C, n = 5) from North Carolina 
and C. hastalis (20 ± 3 °C, n = 5) from South Carolina (SI Appendix, 
Text), along with extant C. carcharias (18 ± 0 °C; Fig. 3 and Dataset 
S2). These temperatures also agree well with the Bayesian 
δ18Op- based posterior mean temperature for North Carolina  
O. megalodon for the Pliocene (26.1 ± 3.1 °C), again exhibiting 
higher temperatures than those of C. carcharias (19.1 ± 2.6 °C) 
and all other non- C. carcharias regional endotherms (24.2 ± 
3.3 °C) (Fig. 3 and SI Appendix, Table S2). The derived  

O. megalodon temperatures exceed the modeled annual SST 
estimate for the coastal Carolinas (~18 °C) (36) and are signifi-
cantly warmer than those of the ∆47- derived temperatures from 
the scallop shells (Welch’s t test: t = 2.16, P = 0.0398). However, 
it is worth pointing out that the fossil shells likely have a warm 
season bias given the highly seasonal growth temperatures of 
these mid- latitude scallops (40). As such, our results may be 
underestimating the magnitude of O. megalodon tooth- derived 
temperature estimates. Moreover, comparison of ∆47 tempera-
tures between shark tooth dentine and enameloid in Pliocene 
taxa reveals that isotopic resetting due to diagenesis in the 
Yorktown Formation is likely to result in higher ∆47- derived 
temperatures. Therefore, considering any potential recrystalli-
zation of the carbonate shells, the 4–6 °C elevated body temper-
ature of O. megalodon is likely at the lower end of estimation.

The ∆47- derived body temperatures for O. megalodon teeth from 
Japan also yield temperatures (28 ± 4 °C, n = 14) that are warmer 
than those reported for sympatric C. carcharias (26 ± 0 °C, n = 5). 
The Bayesian δ18Op- based model resulted in similar body tempera-
tures in the Pliocene from Japan with O. megalodon mean tempera-
tures of 27 ± 3 °C and 25 ± 3 °C for C. carcharias. The average derived 
temperature of O. megalodon is consistent with that of the North 
Carolina samples and maintains the relationship of elevated temper-
ature with respect to the regionally endothermic C. carcharias. The 
derived temperatures of O. megalodon and C. carcharias from Japan 
are also both warmer than modeled annual SST estimates (~18 °C) 
(36). Without the additional constraint of Δ47- derived seawater tem-
peratures from invertebrates analogous to those sampled at the North 
Carolina site, it is challenging to confidently determine the offset in 
temperature from ambient water conditions exhibited by the speci-
mens collected from Japan. However, consistently warmer tempera-
tures observed in O. megalodon relative to C. carcharias, combined 
with consistent average body temperatures across all sites which exceed 
ectothermic species (proxy for SSTs) (Table 1) and modeled SST 
estimates, support the argument that O. megalodon had an elevated 
body temperature above the surrounding seawater temperature.

Discussion

Across all sites, the body temperatures of Otodus species average ~7 °C 
higher (∆T) relative to ambient seawater temperatures as inferred 
from δ18Op- offsets with sympatric ectothermic species (Figs. 1 and 
3, Table 1, Dataset S1, and SI Appendix, Table S2). These elevated 

Fig. 3. Body temperature reconstructions of O. megalodon, Mysticeti, and the Carcharodon lineage (C. hastalis and C. carcharias) from the eastern United States 
(North Carolina) and Japan from Δ47 (n = 53) and δ18Op (n = 39) for the Pliocene. Shark illustrations by Christina Spence Morgan, copyright 2021.
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temperatures are also observed for sympatric regional endotherms, 
including Isurus (∆T = 4 °C) and Carcharodon (∆T = 3–8 °C), but 
are lower than those for endothermic whales, Odontoceti (∆T = 
10–14 °C) and Mysticeti (∆T = 9–12 °C). These interpretations are 
also reproduced through an independent determination of ∆T values 
derived from the ∆47 temperatures (Fig. 3 and Table 1).

Notwithstanding these results, there are some notable limitations 
to interpreting our data as a diagnostic for endothermy in Otodus 
taxa. Indeed, one obvious shortcoming relates to the isotope- inferred 
body temperature reconstructions from the fossil teeth, which may 
underestimate the shark internal core temperatures due to conduc-
tive heat loss gradients from the innermost body temperatures (19). 
For example, estimates of extant C. carcharodon body temperatures 
from our clumped isotope measurements average 18 ± 0 °C (Fig. 3), 
while stomach temperatures are shown to be upward of 23 to 27 °C 
(52); this difference is due to the conductive heat loss gradient with 
cooler environmental water temperatures. Given that teeth are the 
only well- preserved substrate for geochemical analysis of sharks, 
extracting shark internal core temperatures from fossil remains will 
always be a challenge, but ∆47- derived body temperature neverthe-
less provides at least a minimum estimate. In addition, there is some 
research which suggests cranial endothermy in salmon sharks, rais-
ing the possibility of heat generation in the jaws as well as direct 
transport of interior body heat to the cranium (53).

Another challenge relates to the exact body form of O. megal-
odon, which remains uncertain based on the present fossil record 
(54). An attempt to reconstruct body form using a 3D computer 
model rendering was made recently (55); however, its accuracy 
remains questionable given that the model requires many assump-
tions such as the cranial skeleton of O. megalodon, which is cur-
rently not known from the fossil record and no published record 
of teeth–vertebrae- associated specimens exist. Nevertheless, one 
of the rationales for using extant C. carcharias as a model organism 
in that study (55) was the assumption that O. megalodon was likely 
regionally endothermic (22). Although our isotope- based  inference 
does not allow a decisive determination of whether O. megalodon 
was “wholly” or only “regionally” endothermic, it is reasonable to 
assert that it was indeed a regional endotherm given that its 
inferred body temperature range in our study is warmer than that 
of ectotherms and colder than that of true endotherms (marine 
mammals) that lived contemporaneously. Therefore, our study has 
offered empirical support for the “O. megalodon endothermy 
hypothesis”.

If the results of the recent 3D body form reconstruction are con-
sidered at face value, O. megalodon measuring lengths of up to 20 m 
would have weighed about 61.5 t (55). If so, the elevated and stable 
body temperatures of Otodus across all locations could, at least in part, 
be attributed to “gigantothermy”—i.e., the link between low surface 
area- to- volume ratios scaled to heat retention in animals. Indeed, field 

experiments on the modern shark equivalent to O. megalodon [in 
terms of its estimated maximum body length of 15 to 20 m: (21, 56)], 
the whale shark (Rhincodon typus), have recorded a stable internal 
body temperature of around 27 °C despite being an ectotherm (57). 
Interestingly, temperature- tracking data also show that whale sharks 
maintain a relatively high body temperature even when diving to great 
depths (>1,300m) for extended periods (12+ hours). This “inertial 
homeothermy” associated with massive size may have also operated 
in the size- equivalent O. megalodon, implying that its relative thermal 
stability across different ocean basins and environments could be 
linked to this phenomenon. On the contrary, O. megalodon and its 
immediate chronospecies predecessor, O. chubutensis, were apex pred-
ators feeding at a high trophic level in contrast to filter- feeding whale 
sharks (35, 42). Hence, a regionally endothermic physiology of Otodus 
deciphered from temperature estimates based on our ∆47 and δ18Op 
values is compatible with their trophic level and inferred predatory 
lifestyle, which would have required a high metabolic rate.

Our evidence for O. megalodon regional endothermy has signif-
icant implications to the ecology and evolution of this prehistoric 
shark as well as its possible extinction mechanism(s). Although 
elucidation of its exact body mass and morphology requires 
improvement in the available fossil record of O. megalodon skeletal 
remains (54), the confirmation of its endothermic physiology in 
the fossil species is one step forward in understanding its paleo-
biology. For instance, endothermic fishes are said to have evolved 
to increase their swimming speed (14), allowing them to move 
greater distances and thereby increasing their prey encounter rates 
(13). Furthermore, regional endothermy formed a critical evolu-
tionary pathway to gigantism in Otodus (20), which likely pro-
moted its true competitive superiority, coupled with an increased 
tolerance to cooler waters (58).

Our study also contributes to the much- debated possible causa-
tion of O. megalodon extinction. Some studies have invoked changes 
in the diversity, size, and abundance of baleen whales (mysticetes) 
due to a reduction in productive coastal habitats during the Pliocene 
as a cause for the demise of O. megalodon (59, 60). Recent investi-
gations utilizing N and Zn isotopes to infer trophic- level changes 
in megatooth sharks suggest that O. megalodon was a significant 
apex predator, residing at the top of the marine food chain (35, 42). 
In addition, these chemical proxies for trophic level indicate varia-
tion in O. megalodon diet, perhaps a response to the emergence of 
likely competitors (e.g., C. carcharias) and/or new prey species (e.g., 
smaller baleen whales) (35). As a gigantic apex predator, O. megal-
odon would have incurred high metabolic costs imposed by its 
regionally endothermic physiology and coupled with its top 
trophic- level diet, as suggested by previous studies, there were likely 
high bioenergetic demands (61). This precarious energetic balance 
was perhaps put in peril when productive coastal shelf habitats 
diminished and there were accompanying shifts in prey landscapes 

Table 1. Δ47 and δ18Op measurements of specimens averaged across all locations and time periods
Thermoregulation 
or specific taxa

Δ47 ‰,
I- CDES # n analyses* Δ47 Temp. (°C)† δ18Op ‰, V- SMOW‡ # n analyses δ18Op Temp. (°C)‡

Ectotherms§ 22.1 ± 0.7 28 21.3 ± 1.4

Carcharodon 0.604 ± 0.008 15 22 ± 3 22.3 ± 0.8 13 22.7 ± 4.0

Otodus 0.588 ± 0.008 29 27 ± 3 21.2 ± 0.5 22 26.9 ± 4.2

Endotherms¶ 0.569 ± 0.009 9 34 ± 3 20.3 ± 0.3 9 32.1 ± 5.0
The raw Δ47 data can be found in Dataset S2, while the raw data used to calculate the Bayesian- derived δ18Op temperatures can be found in Dataset S1.
*Represents the number of distinct CO2 extractions from each sample that was separately purified and analyzed. Data for individual extractions are shown in Dataset S2.
†Calculated using the inorganic calibration of Anderson et al. (47) (Eq. 2).
‡Estimated using a Bayesian modeling approach. See SI Appendix, Text for further details of the method. Model priors and posteriors are shown in Dataset S1 and SI Appendix, Tables S1 
and S2.
§Represents the following species: Mitsukurina lineata, Pseudocarcharias rigida, Araloselachus cuspidatus, Carcharias acutissimus, C. taurus, Carcharias sp., Parotodus benedini, Physogaleus 
sp., Hemipristis serra, Galeocerdo aduncus, and Carcharinus sp.
¶Represents the following genera: Mysticeti and Odontoceti.
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due to Pliocene sea- level changes. Indeed, prior work has shown 
regional endothermy to be associated with high extinction risk 
among large- bodied species, especially when large prey become 
scarce (60). Therefore, our results contribute to the growing body 
of work demonstrating that despite having traits that allowed them 
to be a commanding presence in the ocean, marine apex predators 
such as O. megalodon were not immune to the effects of climate 
change, highlighting the need for conservation efforts to protect 
modern shark species, including the great white shark.

Materials and Methods

Modern Samples and Body Temperature Estimates. All shark tooth samples 
used in this study were collected legally and ethically. All fossil samples and major-
ity of extant samples were housed in the following four repository institutions 
(Datasets S1 and S2): Calvert Marine Museum (CMM), Solomons, MD, USA; San 
Diego Natural History Museum (SDNHM), San Diego, California, USA; Bernice P. 
Bishop Museum (BPBM), Honolulu, USA; and Los Angeles County Museum, Los 
Angeles, California, USA. The following individuals aided in securing or loaning 
the reposited samples for destructive analysis: D. Ward, M. A. Becker, I. Samson, 
J. Wheeley, G. Cliff, T. Deméré, S. Godfrey, H. M. Maisch IV, J. Nance, K. Shimada, 
A. Suzumoto, B. Welton, P. Sternes, Koji Fujii, Yukito Kurihara, Akihiko Sekita, Sho 
Tanaka, and Tomoyasu Yamamoto. A detailed description of the geological setting 
associated with each of the fossil samples is provided in SI Appendix.

Formation temperature estimates of wild- caught sharks and bony fish were 
derived from in situ measurements of water temperature at the time of capture 
or estimated from observations (using HadISST) based on the date of capture. 
In the case of the smalltooth sand tiger shark (Odontaspis ferox) samples from 
Hawaii, caught on April 1969 in a gill net from a depth of ~275 m (62), tem-
perature estimates were averaged from measurements taken from a submarine 
(September 1968) and a bathythermograph (April 1969). For samples where 
no reliable water temperature measurements  were readily available, temper-
ature estimates were derived from δ18Op values performed on subsets of the 
same specimens used here (63), employing the empirical equation of Kolodny 
et al. (23) and assuming a local seawater δ18O (δ18Osw) value of 0.5‰ measured 
at the time of capture (63). Aquarium- reared samples were collected from the 
London Aquarium, Birmingham Aquarium, and Tokyo Sumida Aquarium where 
water temperatures were held stable at 25, 23.6, and 26 °C, respectively. The 
endothermic taxa included in the calibration consisted of tooth enamel from an 
Indian elephant (Elephas maximus indicus) and highly mineralized (64) ear bone 
material from a bowhead whale (Balaena mysticetus). Indian elephants have been 
shown to have body temperatures ranging from 35.9 to 36.7 °C (65), while the 
bowhead whale maintains a body temperature of approximately 33.8 °C (66).

Clumped Isotope (Δ47) Analysis. All teeth were cleaned by ultrasonication in 
ultrapure water (Milli- Q water) for 15 min prior to destructive sampling. Modern 
and fossil shark tooth enameloid and dentine powders (~300 to 500 mg) were 
abraded using a Dremel drill equipped with a 300- µm diamond–tipped bit and 
operated at slow speed at William Paterson University (Wayne, NJ). Following the 
protocol of Eagle et al. (27), bioapatite samples were soaked in hydrogen peroxide 
for 4 h, soaked in 0.1M acetic acid, buffered to pH 4.6 in 1M sodium acetate for 
14 h, and then rinsed three times with Milli- Q water prior to isotopic analysis.

Clumped isotope analyses were conducted in the Eagle- Tripati lab at the 
University of California, Los Angeles, between 2015 and 2022. Samples were ana-
lyzed on two Nu Perspective IS mass spectrometers which have been demonstrated 
to produce statistically indistinguishable results for Δ47 (46). Both instruments pre-
pared samples for analysis through digestion in a common acid bath containing 105 
wt% phosphoric acid reacted at 90 °C followed by multiple steps of cryogenic puri-
fication and passage through a GC column packed with Porapak Type- QTM 50/80. 
Following purification, sample CO2 gas was then introduced into the IRMS system via 
an automated changeover block, allowing for continuous alternating measurements 
of sample and reference CO2 gas on detectors configured to measure isotopologs of 
masses 44, 45, 46, 47, 48, and 49. Measurements taken in bellows mode (~100 to 
300 mg of sample material) consisted of four blocks of 20 cycles totaling in 1,600 
s of integration with balancing to maintain 80 nA on mass 44 at every acquisition, 
while samples conducted in microvolume mode (30 to 100 mg of sample material) 

consisted of three blocks of 20 cycles for a total of 1,200 s of integration and a range 
of 80 nA to 30 nA over the course of each acquisition.

Carbonate standards ETH- 1 and ETH- 2 were used to perform a nonlinearity 
correction on sample unknowns. These nonlinearity- corrected values were then 
projected into the I- CDES reference frame of Bernasconi et al. (43) using ETH- 1,2, 
and 3 along with three in- house standards. ETH- 4 was not included in the correc-
tions and was instead used as a check for data quality. Corrections were applied to 
sample and standard data over a moving average of 10 standards on either side 
of a given sample and were calculated using the Easotope software package (67).

Phosphate Oxygen Isotope (δ18Op) Analysis. Enameloid samples were pow-
dered with a slow- speed Dremel dental drill equipped with a 300- µm diamond–
tipped bit, then silver phosphate was precipitated following Mine et  al. (68). 
Further details on the protocol can be found in SI Appendix, Text.

Statistical Analyses of Clumped Isotope and Phosphate δ18O Data. We used 
the equation of Kolodny et al. (23) recast into a Bayesian framework to estimate 
the temperature and oxygen isotope composition of seawater from our enameloid 
δ18Op values. This relies on the established relationship among temperature, 
δ18Osw, and the oxygen isotope composition (δ18Op) of phosphatic tissues in a 
variety of organisms including several species of fish (62) and sharks (63, 69). 
In particular, the Bayesian approach allows us to estimate the uncertainties in 
body temperature associated with changes in seawater temperature and oxygen 
isotope composition. Briefly, we assume that δ18Op is proportional to a normal 
distribution [δ18Op ~ N(μ, σ)] where μ is the phosphate- temperature equation 
of Kolodny et al. (23) and σ is a dispersion term estimated from the data. This 
formulation allows for robust estimations of uncertainty for both temperature and 
δ18Osw and allows the incorporation of prior information of the credible range for 
these parameters. The full details of our model and implementation are available 
in SI Appendix, Text 2.3.

Linear regressions were performed using the york function of the IsoplotR 
package for RStudio. Hypothesis testing to compare regression slopes and inter-
cepts was conducted using the sma function of the SMATR package for RStudio 
in order to compare regressions through separate datasets with errors in both 
the x and y directions.

Data, Materials, and Software Availability. Clumped isotope data have 
been deposited in EarthChem (https://doi.org/10.26022/IEDA/112933) (70). 
Previously published data were used for this work [A portion of the phosphate 
oxygen isotope data (i.e., the Germany and Malta data in Fig. 1) was recently 
reported in supplementary figure 8 in ref. 35 (https://www.nature.com/articles/
s41467- 022- 30528- 9)].
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