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Pellarin R., Sena M. V. de A., Clarac F. & Cubo J. 2025. — Elucidating the thermometabolism of Thalattosuchus 
superciliosus (de Blainville) Young, Brignon, Sachs, Hornung, Foffa, Kitson, Johnson & Steel, 2021 (Archosauria: 
Metriorhynchidae): a paleohistological study. Comptes Rendus Palevol 24 (17): 333-344. https://doi.org/10.5852/
cr-palevol2025v24a17

ABSTRACT
Metriorhynchidae Fitzinger, 1843 is an emblematic group of crocodylomorphs whose marine and 
pelagic lifestyle has long aroused the interest of palaeontologists. Indeed, both their ecology and ther-
mometabolic strategy (i.e., endotherm or ectotherm) remained debated. In order to shed light on this 
matter, we inferred the thermometabolism of Thalattosuchus superciliosus de Blainville, 1852 focusing 
on the femoral histology and CT-scan anatomy. Using “phylogenetic logistic regression” methods, we 
calculated the probability of endothermy on the basis of minimum vascular cavity diameter. Using 
the “phylogenetic eigenvector maps” approach, we inferred resting (based on osteocyte density) and 
maximum (based on minimum diameter of femoral nutrient foramina) metabolic rates. We found 
that T. superciliosus had a low probability of being endotherm and possessed a low resting metabolic 
rate. The study of the maximal metabolic rate allows us to suggest that T. supercilious was not a pur-
suit hunter, but perhaps rather had a sit-and-wait/opportunistic and scavenging feeding strategy, as 
extant crocodylians. Our study allows us to discuss the ecology of this species, but further studies 
relying on a wider sample of metriorhynchids are needed in order to have a better understanding of 
both the thermometabolism and the foraging behavior of this group.

KEY WORDS
Palaeontology,

Metriorhynchidae,
paleohistology,
Thalattosuchus,

thermometabolism. 
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INTRODUCTION

Metriorhynchidae Fitzinger, 1843 is an extinct clade within 
Thalattosuchia Fraas, 1901 (Archosauria Cope, 1869; 
Crocodylomorpha Hay, 1930) whose representatives are 
known in the Mesozoic, from the middle Jurassic to the 
end of the lower Cretaceous. Mainly found in Europe (i.e., 
France, Germany, England, and Italy) but also in both 
South America (Chile and Argentina) and North America 
(Mexico), they are known to have returned to a pelagic marine 
lifestyle (Frey et al. 2002; Cau & Fanti 2011; Fernández 
et al. 2011; Young et al. 2011; Parrilla-Bel et al. 2013; Sachs 
et al. 2021; Le Mort et al. 2022). This lifestyle transition has 
been inferred on the basis of major morphological changes, 
such as the loss of osteoderms and scales, a transformation 
of the limbs into swimming paddles, a hypocercal caudal 
fin and the presence of a preorbital aperture related to a 
salt gland (Andrews 1913; Fernández & Gasparini 2000, 
2008; Spindler et al. 2021; Fernández & Herrera 2022). 
These anatomical traits and the fossil occurrences in both 
coastal and pelagic sediments suggest that this return to 
marine life came with an adaptation to either a piscivorous 
or hypercarnivorous diet, depending on taxa (Young et al. 
2010). This phenotype is convergent with those of other 
sauropsids such as ichthyosaurs, mosasaurs and plesiosaurs.

The ecology of an organism is especially determined by 
its diet, which is related to physiology (da Silva & Maia 
2013). For instance, thermophysiology (i.e., the physiological 
and behavioral mechanisms tied to the heat production 
of the organism; endothermy vs ectothermy) influences 
feeding habits (e.g. active hunters vs sit-and-wait ambush 
predators; da Silva & Maia 2013). In this study, we consider 
endothermy as a feature linked to a high whole body resting 

RÉSUMÉ
L’élucidation du thermométabolisme de Thalattosuchus superciliosus (de Blainville) Young, Brignon, 
Sachs, Hornung, Foffa, Kitson, Johnson & Steel, 2021 (Archosauria : Metriorhynchidae) : une étude 
paléohistologique.
Metriorhynchidae Fitzinger, 1843 constitue un groupe emblématique de crocodylomorphes dont le 
mode de vie marin et pélagique a longtemps suscité l’intérêt des paléontologues. En effet, tant leur 
écologie que leur thermométabolisme (i.e., endotherme ou ectotherme) sont restés débattus. Afin de 
faire la lumière sur cette question, nous avons inféré le thermométabolisme de Thalattosuchus superci-
liosus de Blainville, 1852 en nous concentrant sur l’histologie fémorale et l’anatomie par tomographie 
à rayon X. En utilisant les méthodes de “régressions logistiques phylogénétiques” nous avons calculé 
la probabilité d’endothermie sur la base du diamètre minimal des cavités vasculaires. En utilisant 
l’approche des “cartes de vecteurs propres phylogénétiques” nous avons inféré les taux métaboliques 
au repos (sur la base de la densité ostéocytaire) et maximaux (sur la base du diamètre minimal du 
foramen nourricier fémoral). Nous avons constaté que T. superciliosus avait une faible probabilité 
d’être endotherme et possédait un faible taux métabolique au repos. L’étude du taux métabolique 
maximal nous permet de suggérer que T. superciliosus n’était pas un chasseur de poursuite, mais qu’il 
avait peut-être plutôt une stratégie de capture de proies en embuscade, opportuniste et charognarde, 
comme les crocodiliens actuels. Notre étude nous permet de discuter de l’écologie de cette espèce, 
mais d’autres études reposant sur un échantillon plus grand de métriorhynchidés sont nécessaires pour 
mieux comprendre le thermométabolisme et le comportement alimentaire de ce groupe.

metabolic rate (RMR), called “tachymetabolism” leading to 
“tachymetabolic endothermy”. On the opposite, we consider 
ectothermy as linked to a low RMR (“bradymetabolism”) 
(Grigg et al. 2022). Sometimes, a “regional endothermy” 
occurs within ectotherms. It is defined by a strictly local 
production of heat to sustain specific function or behavior 
(e.g. regional endothermy the skull allows to some teleosteans 
to keep their sensory tissue efficient in cold water; Carey 
1982; Graham & Dickson 2000, 2001; Dickson & Graham 
2004; Grigg et al. 2022). The RMR defines the energy 
expended by an animal at rest, measured at a specified 
temperature (Arnold et al. 2021). RMR is linked to the 
volume of dioxygen consumed by time unit and body-mass: 
mL O2 h-1 for raw RMR, mL O2 h-1 g-1 for mass-specific 
RMR and mL O2 h-1 g-b for mass-independent approach, 
being b the allometric scaling exponent of mass (Glazier 
2005; Montes et al. 2007). From a general point of view, 
endotherms will tend to have a more active lifestyle, and a 
higher RMR than ectotherms. On the other hand, ectotherms 
tend to have lower RMRs but can exhibit a high diversity 
of habits (including active hunting behavior observed in 
monitor lizards) despite the need of external heat sources to 
regulate their body temperature (Clarke & Pörtner 2010). 

Previous work on both the extant crocodylian heart 
anatomy (Seymour et al. 2004) and long bone paleohistology 
(Legendre et al. 2016; Cubo & Jalil 2019), supported ancestral 
endothermy in archosauromorphs. This assumption implies a 
later switch to ectothermy in Pseudosuchia von Zittel, 1890 
(Faure-Brac et al. 2022). The morphological peculiarity 
of the metriorhynchids within Crocodylomorpha raises a 
question about whether they possessed an endothermic 
metabolism as it has been inferred in ichthyosaurs and 
plesiosaurs (with which they shared several morphological 

MOTS CLÉS
Paléontologie,

Metriorhynchidae,
paléohistologie,
Thalattosuchus,

thermométabolisme. 
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adaptations to the pelagic lifestyle; Massare 1988) or if they 
instead possessed an ectothermic thermometabolism as for 
the extant crocodylian (Bernard et al. 2010; Harrell et al. 
2016; Fleischle et al. 2018; Brice & Grigg 2023). 

Within crocodylomorphs, inferring the thermometabo-
lism of Metriorhynchidae had a lot of twists and turns. Hua 
& de Buffrénil (1996) inferred an ectothermic regime for both 
Teleosauridae Geoffroy Saint-Hilaire, 1831 and Metriorhynchi-
dae based on a qualitative description of their bone histology. 
Recently, Séon et al. (2025), using isotope geochemistry, found 
that metriorhynchids and plesiosaurids had a body tempera-
ture (Tb) close to their environment. This suggests inability 
to produce a large amount of body heat, as in bradymetabolic 
ectothermic organisms, contrary to ichthyosaurs for which the 
Tb was higher. In their study they performed a reassessment 
of Tb published by Séon et al. (2020). Recently, Cubo et al. 
(2025) performed an integrative analysis of the paleophysiol-
ogy of the non-metriorhynchid metriorhynchoid Pelagosaurus 
typus Bronn, 1841. These authors concluded that P. typus was 
a semi-aquatic, ectothermic, sit-and-wait ambush predator on 
the basis of phylogenetic comparative methods, using femoral 
bone histology and CT-scan anatomy as proxies. 

In order to acquire new data with a paleohistological 
quantitative approach, here we made an integrative study 
based on phylogenetic comparative methods, as it has already 
been done for other crocodylomorph groups (Legendre et al. 
2016; Cubo et al. 2020, 2023; Faure-Brac et al. 2022) but 
not yet on metriorhynchids.

To do so, we focus on Thalattosuchus superciliosus de Blainville, 
1852 as a case study. In a first step, here we infer the prob-
ability of endothermy using the harmonic mean diameter of 
vascular cavities with phylogenetic logistic regression (PLR). 
Huttenlocker & Farmer (2017) discovered

the correlation between the size of red blood cells and 
the size of vascular canals among vertebrates. Endothermic 
organisms tend to have smaller red blood cell diameters and 
so, vascular canals, than ectotherms. This adaptation led to 
a better oxygen diffusion to adjacent tissues because smaller 
cells do have higher surface to volume ratios.

We further infer the resting metabolic rate (RMR) using the 
osteocyte lacunar density and phylogenetic eigenvector maps 
(PEM) in order to compare results. Cubo et al. (2012) and 
Legendre et al. (2016) showed that this variable has a good 
explanatory power for inferring RMR in their PEM analyses. 

Finally, we quantify the peak levels of activity during 
strenuous activity using the blood flow through the femo-
ral nutrient foramina and PEM. The peak level of activity 
of an organism defines the moment when it is most active, 
particularly during foraging or predation phase. During 
these periods, its oxygen consumption must increase, and it 
may reach its maximum aerobic metabolic rate (MMR). An 
organism's MMR is therefore a good indicator of whether 
it can sustain intense activity, and a number of studies have 
already looked at inferring this parameter in fossil organisms, 
using blood flow index (Qi) through the femoral nutrient 
foramen relative to the femur’s length as a proxy (Seymour 
et al. 2012; Knaus et al. 2021; Sena et al. 2023). Qi has been 
proposed by Seymour et al. (2012) because intense activity 
will produce bone microfractures repaired by bone remodeling 
(Ponton et al. 2007). As a result, an organism with a high 
MMR will have a higher blood flow than an organism with 
a lower MMR, to supply oxygen to the remodeling process.

The three above-mentioned approaches will allow a new 
perspective through the spectrum of phylogenetic comparative 
methods. It will enable an integrative approach to the metabo-
lism of metriorhynchids thanks to the findings of the previous 
studies and will contribute to acquire new data concerning 
the metabolic rates within Crocodylomorpha, with the aim to 
elucidate their thermometabolism evolution and paleobiology. 

MATERIAL AND METHODS

Fossil material

The sampled material is shown in Figure 1. The femur ana-
lyzed histologically comes from the Callovian of France 
and was previously studied by Hua & de Buffrénil (1996). 
This specimen was originally identified as Metriorhynchus 

Fig. 1. — Photography of the studied fossil material: A, thin section of Thalattosuchus superciliosus (de Blainville) Young, Brignon, Sachs, Hornung, Foffa, 
Kitson, Johnson & Steel, 2021 femur, mid-diaphysis (MHBR 207); B, C, photography of MPV.2010.3.611a (B, right femur) and MPV.2010.3.611b (C, left femur). 
Scale bars: A, 5 mm; B, C, 5 cm. Credits: B, C, photographs by Philippe Loubry (MNHN).

A B

C
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superciliosus de Blainville, 1852 (MHBR 207) newly renamed 
Thalattosuchus superciliosus (Young et al. 2021). A new thin 
section was prepared from the mid-diaphysis of the femur to 
further estimate both the resting metabolic rate (RMR) and 
the probability of endothermy.

The quantification of the maximum metabolic rate 
(MMR) has been done using two femora of T. superciliosus 
(MPV.2010.3.611a, left femur; MPV.2010.3.611b, right 
femur), which were provided by the Paléospace collection 
(Normandy, France) for CT-Scan analysis. We assume 
that these two femora belong to the same specimen since 
they are strictly symmetrical (as we checked in Geomagic 
Wrap), and about the same size.

The exact age of these femora is unknown, but T. superciliosus 
occurrence ranges between the base of the late/upper Callovian 
and the top of the Kimmeridgian or 164.7 to 152.1 Ma (The 
Paleobiology Database; Sauvage 1914; Grange & Benton 1996).

Statistical methods

As mentioned above, two phylogenetic comparative methods 
were used to infer the thermal physiology of Thalattosuchus 
superciliosus. Statistical analyses have been performed on R Studio 
software (R Development Core Team 2008). First, phylogenetic 
logistic regressions (PLR; Ives & Garland 2010) implemented 
in the package “phylolm” (Tung Ho & Ané 2014), were used to 
estimate the probability of endothermy (e.g. Cubo et al. 2023). 
Then, phylogenetic eigenvector maps (PEM; Guénard et al. 
2013) implemented in the package “MPSEM”, were used to 
infer both, resting and maximum metabolic rates (Legendre 
et al. 2016; Knaus et al. 2021) of the studied taxon. 

Data sampling

Osteocyte density (Fig. 2A)
The protocol for measuring this variable comes from Cubo 
et al. (2012). The measurement of this variable consists of 
counting the number of osteocyte lacunae that are present 
in the bone matrix of the primary bone, in between primary 
osteons. A priori these measurements have to be performed 
in the deepest layers of the primary bone cortex, formed 
when the organism was juvenile, because the specimens that 
were sampled by Cubo et al. (2012) to construct the original 
dataset were juveniles. The number of lacunae is then divided 
by the bone area analyzed (Celldensity; number of osteocyte 
lacunae per μm²). Due to the extensive bone remodeling in 
this internal bone layer of Thalattosuchus superciliosus thin 
section, the measurements were made in outer areas of primary 
woven bone (approximately 2.5 mm²)

We quantified both variables on the thin section images of 
femur MHBR 207. Thin sections were observed using an optical 
microscope (Nikon Eclipse E600 POL) and photographs were 
taken for interpretation using a Nikon Digital Sight DS-L1 
camera at Sorbonne University. The histological variables were 
quantified using ImageJ software (version 1.53s; Abràmoff 
et al. 2004). Thin sections of the extant specimens used to 
construct the dataset, and the fossil specimen MHBR 207, 
are curated at the Vertebrate Hard Tissue Collection of the 
Muséum national d’Histoire naturelle, Paris, France (MNHN).

Harmonic mean of vascular cavities (Fig. 2B)
The protocol for measuring this variable comes from 
Huttenlocker & Farmer (2017) and the comparative data-
set has been taken from Cubo et al. (2023). These authors 
measured the minimum diameter (in μm) of approximately 
50 vascular cavities in femoral mid diaphyseal transverse thin 
sections of 46 extant species and computed the harmonic 
means (Canharmean).

Estimation of the blood flow index (Fig. 2C)
The blood flow index (Qi) calculation protocol came from 
Seymour et al. (2012). It can be computed as Qi = r4/L 
(in mm3), where r is the radius (in mm) of the minimal 
diameter of the nutrient foramen (NF) and L is the length 
of the femur (also in mm).

The fossil specimens have been scanned at the X-Ray 
Tomography (AST-RX) platform at the MNHN 
(MPV.2010.3.611a voxel size: 0.067 mm; MPV.2010.3.611b 
voxel size: 0.061 mm). The data were processed at the 3D 
imaging facilities of the UMR 7207 CR2P. The segmentation 
and measurement of nutrient foramina were made in Mimics® 
Innovation Suite v.24 (Materialise). Foramina were located 
manually using the scan slices in the axial view. The images 
were rendered in 3D using the "Multiple slice edit" tool. The 
segmentation as well as the estimation of the diameter of the 
NF have been computed on Mimics (version v.24) software. 
The protocol consists of measuring the diameter of the NF 
as close as possible to the opening in order to limit a bias of 
sampling between the fossil and the extant dry bones whose 
foramina have been measured at the surface.

Phylogeny calibration

Both statistical approaches take into account the evolution-
ary history of the taxa that make up the dataset in order to 
circumvent the statistical problem of the non-independence 
of observations (Felsenstein 1985; Revell & Harmon 2022). 

PLR on vascular harmonic-mean diameter
The phylogenetic relationships include only extant taxa that 
we used to construct the inference model. The latter consists 
of 46 species, taken from Cubo et al. (2023). This model 
will be used to infer the probability of endothermy for the 
studied taxa. The dataset and the topology can be found in 
the Supplementary data folder.

PEM on osteocyte density
The phylogenetic tree includes present-day taxa as well as 
the fossil taxon of interest (T. superciliosus; MHBR 207). 
This approach will allow us to infer the RMR (mL O2 
h-1 g-0.67). There is no consensual value according to the 
mass exponent to use in metabolic rates inferences (White 
et al. 2006). Here we choose to use the scaling exponent 
0.67 for the RMR, in order to fit with the original used 
dataset and previous studies about inferred metabolism 
of extinct taxa (Montes et al. 2007; Legendre et al. 2016; 
Cubo & Jalil 2019; Faure-Brac & Cubo 2020; Cubo et al. 
2020, 2025). The dataset for extant taxa and the topology 
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were obtained from Cubo et al. (2025) and modified 
to include Thalattosuchus superciliosus using Mesquite 
software (version 3.61; Maddison & Maddison 2019) 
(Supplementary data). The species was placed as the closest 
relative of the clade Crocodilia Owen, 1842. The age of this 
node corresponds to the dichotomy between Thalattosuchia 
and the other crocodylomorphs (201.4 Ma; Westphal 
1962), while the tip of the branch corresponds to the last 
occurrence of T. superciliosus (152.1 Ma; Sauvage 1914).

PEM on minimal diameter of nutrient foramina
The phylogenetic tree includes extant taxa as well as fos-
sil taxa. This approach will allow to infer the mass-specific 
MMR (mL O2 h-1 g-1). It is important to note that some 
authors have shown that the MMR is corrected with differ-
ent mass exponents depending on the clade. Mammals have 
a mass exponent of 0.870, higher than that of sauropsids at 
0.829 (mass-independent maximum metabolic rate; White 
& Seymour 2005; Seymour et al. 2013). By using a mass 
exponent of 1 (mass-specific metabolic rate), we ensure that 
we can use a larger dataset including both Synapsida Osborn, 
1903 and Sauropsida Huxley, 1864, to infer the MMR of 
T. superciliosus. The dataset for extant taxa and the topology 

were taken from Cubo et al. (2025) (Supplementary data). 
Thalattosuchus superciliosus has been added manually thanks 
to Mesquite software (version 3.61; Maddison & Maddison 
2019), branched as the closest relative of the clade Croco-
dilia Owen, 1842. The age of this node corresponds to the 
dichotomy between Thalattosuchia and the other crocody-
lomorphs (201.4 Ma; Westphal 1962), while the tip of the 
branch corresponds to the last occurrence of T. superciliosus 
(152.1 Ma; Sauvage 1914).

Abreviations

Insitutions 
CR2P	 Centre de recherche en Paléontologie – Paris;
MHBR	 Muséum d’histoire naturelle du Havre;
MNHN	 Muséum national d’Histoire Naturelle, Paris;
MPV	 Paléospace, Villers-sur-Mer.

Facilities
AST-RX	 Accès Scientifique à la Tomographie à Rayons X.

Methodology
PEM	 phylogenetics eigenvector maps;
PLR	 phylogenetic logistic regressions.

Fig. 2. — Osteological proxy used for the statistical inferences: A, osteocyte lacunae in primary bone (red dots) in a sampled area (red line) (MHBR 207); B, vascular 
cavities (blue lines) (MHBR 207); C, nutrient foramen (yellow bold) into the femur (translucent green), with the focus on the opening of the nutrient foramina 
(MPV.2010.3.611a). Arrow, periosteal opening; arrow head, medullary opening. Scale bars: A, 0.25 mm; B, 0.20 mm; C, 20 mm.
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Biological traits
MMR	 maximum metabolic rate;
RMR	 resting metabolic rate.

R packages
MPSEM	� modelling phylogenetic signals using eigenvector 

maps;
phylolm	 phylogenetic linear regression.

RESULTS

Estimation of the probability of endothermy

PLR using Canharmean as an explanatory variable allowed to estimate 
the probability of endothermy for T. superciliosus. The harmonic 
mean of the diameter of T. superciliosus vascular cavities is 20.1 

(Sd = 7.5) µm. We used this value to infer the probability of 
endothermy of T. superciliosus using the predictive model published 
by Cubo et al. (2023): p(endothermy) = exp(– 0. 45 Canharmean 
+ 6. 04)/ [1 + exp(− 0. 45 Canharmean + 6. 04)]. Replacing 
Canharmean by the value measured in T. superciliosus (20.1 µm) we 
obtained a p(endothermy) = 0.04. This probability is far lower 
than the cut-off probability of 0.59 separating endotherms from 
ectotherms (Cubo et al. 2023), suggesting that T. superciliosus 
was most likely an ectotherm (Fig. 3).

Inference of metabolic rates

Resting metabolic rate
The data were log-transformed before the analysis. Figure 4 
shows the results of PEM for RMR. The values of RMR 
that were inferred for T. superciliosus can be found in Table 1 
(p-value <0.01), as for the measurements of osteocyte lacunar 
density. As for the variable Celldensity, the RMR that we 
inferred for T. superciliosus was not significantly different 
from those measured in extant ectotherms including other 
crocodylians (Fig. 4). 

Maximum metabolic rate
The minimal radius for the nutrient foramen of 
MPV.2010.3.611a is 0.76 mm and it is 0.625 mm for 
MPV.2010.3.611b. These measurements, and the length 

Fig. 3. — Distribution of probability of being endothermic inferred for Thalattosuchus superciliosus (de Blainville) Young, Brignon, Sachs, Hornung, Foffa, 
Kitson, Johnson & Steel, 2021 within the sample of extant tetrapods, using a phylogenetic logistic regression model that includes femoral vascular canal 
diameter (computed as Canharmean) as the explanatory variable. The blue dot indicates the position of Thalattosuchus superciliosus (MHBR 207) among 
the sampled extant taxa (white dots).
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Table 1. — Quantified variable for estimating the RMR with PEM, and results 
for analysis computed with the better option (Thalattosuchus superciliosus 
(de Blainville) Young, Brignon, Sachs, Hornung, Foffa, Kitson, Johnson & Steel, 
2021). Unit: mL O2/h/g0.67. Abbreviations: PEM, phylogenetics eigenvectors 
maps; RMR, resting metabolic rate.

Quantified response variable PEM (MHBR 207)

Celldensity (cell per µm²) Lower limit RMR Upper limit

0.0005 (sd = 0.0001) 0.07 0.13 0.23
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size of the whole femurs (MPV.2010.3.611a: 28.1 cm long; 
MPV.2010.3.611b: 27.8 cm long) allowed us to compute 
the Qi estimation (Table 2). Data were log transformed 
before the analysis. Figure 5 shows the results of PEM for 
MMR only for MPV.2010.3.611a because of the similarity 
of the results for the two femurs. The values of MMR that 
we inferred on both femora of T. superciliosus can be found in 
Table 2 (p-value <0.01). The MMR inferred for T. superciliosus 
is clearly in the range of ectotherms (Fig. 5).

DISCUSSION 

The lifestyle of Thalattosuchus superciliosus

Hua & de Buffrénil (1996) hypothesized that T. superciliosus 
was ectothermic on the basis of a qualitative osteohistological 
description: both the presence of lines of arrest growth (LAGs) 
and the type of bone microstructure, are similar to those of 
extant crocodylians’. They especially noticed the presence of 
conspicuous growth marks in the whole skeleton, which were 

recognized as typical of an ecto-poikilothermic organism, 
because the growth of ectothermic organisms is affected by 
the seasonality of the environment (Hua & de Buffrénil 1996; 
Angilletta et al. 2002; Hjernquist et al. 2012). However, some 
studies reported LAGs in endothermic both extinct and extant 
taxa, such as dinosaurs and mammals (Farlow et al. 1995; 
Köhler et al. 2012). These LAGs are the evidence of torpor, 
hibernation or harsh conditions in endothermic species and 
so, it should not be considered as the most suitable proxy to 
infer either ectothermy or endothermy in extinct vertebrates. 
Nevertheless, our results based on both the cellular density of 
primary bone and the minimal diameter of vascular cavities, 
tend to confirm this previous assumption, based on: 1) the 
probability of endothermy in T. superciliosus (p = 0.04), 
which is far lower than the cutoff probability (p = 0.59) that 
separates endotherms from ectotherms (Fig. 3; Cubo et al. 
2023); and 2) the resting metabolic rate of T. superciliosus 
which does not differ in order of magnitude from that of the 
extant crocodylians while also being far lower than those of 
both mammals and birds (Fig. 4).

0.01 0.1 1 10 100

RMR (mL O2 h
-1 g-0.67)
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Microcebus murinus

Mus musculus

Cavia porcellus
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Varanus exanthematicus
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Pelodiscus sinensis

Gallus gallus

Anas platyrhynchos
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Fig. 4. — Results of the PEM analysis aimed at inferring the RMR of Thalattosuchus superciliosus (de Blainville) Young, Brignon, Sachs, Hornung, Foffa, Kitson, 
Johnson & Steel, 2021 (specimen MHBR 207). Empty squares are empirical data of extant tetrapods, whereas crosses are fitted values. Filled square is the inferred 
value for Thalattosuchus superciliosus (MHBR 207). Logarithmic scale. Abbreviations: PEM, phylogenetics eigenvectors maps; RMR, resting metabolic rate.
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Our results also agree with a more recent study by Séon 
et al. (2025), which revealed that the body temperature of 
T. superciliosus was close to that of seawater. Other previous 
studies based on thermal measurements in extant crocodylians 
(i.e., Crocodylus johnstoni Krefft, 1873 and Crocodylus porosus 
Schneider, 1801) have shown that the body temperature equal-
izes the water temperature when individuals stay immersed for 
several hours (Seebacher & Grigg 1997; Barham et al. 2024)

The congruence of the results between extant species (i.e., 
Crocodylus johnstoni, Crocodylus porosus) and Thalattosuchus 
superciliosus, suggests that they share similar resting and maxi-
mal metabolic rates despite living in different environments 
(fresh and brackish waters vs open seas). 

These results suggest that T. superciliosus was not an “endo-
thermic active-swimmer” unlike the contemporaneous ich-
thyosaurs, pliosaurs and plesiosaurs (Bardet et al. 2014) which 
are assessed to be endothermic according to both paleohis-
tological and isotopic data (Bernard et al. 2010; Fleischle 
et al. 2018). On the basis of a theoretical approach, Massare 
(1988) compared plesiosaurs, pliosaurs, metriorhynchids and 

ichthyosaurs on their swimming capabilities. Massare (1988) 
suggested an undulating mode of swimming with the trunk 
and the tail (axial-undulatory) for Metriorhynchidae, more 
or less like the extant crocodylians. For their part, plesiosaurs 
and pliosaurs practiced an underwater flight like marine 
turtles, less efficient than the powerful caudal swim of an 
ichthyosaur (axial oscillatory or axial suboscillatory, analogous 
to extant dolphins) but more efficient than metriorhynchid 
ones. Massare (1988) indicated that crocodiles possessed 
many adaptations for optimal transient swimming, they were 
good at fast starts and turns for lunging at prey, making them 
even more likely to be ambush predators. 

Even though Thalattosuchus superciliosus and extant croco-
dylians have inhabited drastically different ecosystems, they 
might have shared the feeding behavior of a slow swimmer, 
either scavenger or ambush predator. A recent study pub-
lished by Hua et al. (2024) indeed revealed the scaveng-
ing behavior of “Metriorhynchus cf. superciliosus”, based 
on the description of stomach contents (“invertebrate” 
shells, incomplete gills of Leedsichthys Woodward, 1889). 

Fig. 5. — Results of the PEM analysis aimed at inferring the MMR of Thalattosuchus superciliosus (de Blainville) Young, Brignon, Sachs, Hornung, Foffa, Kitson, 
Johnson & Steel, 2021 (specimen MPV.2010.3.611a). Empty squares are empirical data from extant tetrapods, whereas crosses are fitted values. Filled square 
is the inferred value for Thalattosuchus superciliosus (MPV.2010.3.611a). Logarithmic scale. Abbreviations: MMR, maximum metabolic rate; PEM, phylogenetics 
eigenvectors maps.
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This type of opportunistic behavior is common in extant 
C. porosus in the open sea, which reinforces the hypothesis 
that T. superciliosus did not differ much from extant semi-
aquatic crocodiles in terms of behavior (Hua et al. 2024). 
In this regard, Massare (1987), and more recently, Foffa 
et al. (2024), investigated the morphology of teeth and jaw 
shapes in marine reptiles; they classified the metriorhynchids 
as predominantly generalist and/or piscivorous, on the basis 
of dental and cranial morphology. 

The evolution of ectothermy in Crocodylomorpha

From an evolutionary perspective, previous paleohistological 
studies that were conducted on extinct archosauriforms led 
to assess that the early Triassic archosaur common ancestor 
was probably endothermic (Seymour et al. 2004; Legendre 
et al. 2016; Cubo & Jalil 2019). Since the early Jurassic, the 
crocodylomorphs have colonized a variety of environments 
(Wilberg et al. 2019) such as both fresh and brackish waters 
(i.e., Dyrosauridae Stefano, 1903 and Goniopholididae Cope, 
1875) (Andrade & Sayão 2014; Faure-Brac et al. 2022), 
open seas (i.e., Metriorhynchidae; Hua & de Buffrénil, 
1996) and emerged lands (i.e., Notosuchia Gasparini, 1971) 
(Sereno & Larsson 2009; Pol et al. 2014). In contrast to 
this ecological diversity, all recent studies on post-Triassic 
crocodylomorph taxa (i.e., Dyrosauridae, Goniopholididae, 
Notosuchia, non-metriorhynchid metriorhynchoids) revealed 
a common ectothermic metabolism (Cubo et al. 2020, 2023, 
2025; Faure-Brac et al. 2022). In this regard, our results 
emphasize that the crocodylomorph ectothermy is not an 
adaptive trait that would be specific to the extant crocodylian 
semi-aquatic ambush predator lifestyle; it would instead consist 
of a historical constraint that was inherited from the last 
common ancestor of Thalattosuchia and Neosuchia (Botha 
et al. 2023). Nevertheless, regarding thalattosuchians, further 
investigations remain necessary in order to understand the 
evolution of thermometabolism in other taxa of the group.

Limits and perspectives.
We limited our sampling to a single specimen for our RMR 
analysis because paleohistology is a destructive practice that 
usually prevents the access to a large sample. Therefore, here 
we studied a single species within Metriorhynchidae, assuming 
that it is a good representative of a clade containing more 
than thirty species (Young et al. 2013). 

As for the MMR, the two femora of T. superciliosus (i.e., 
MPV.2010.3.611a and MPV.2010.3.611b) probably 
belong to the same individual (because they are symmetric 

and of similar size) and show very similar values in the 
diameter of nutrient foramina. Nevertheless, these two 
values give a major difference (of an order of magnitude) 
after the computation of the Qi, which questions the use 
of the formula published in Seymour et al. 2012 (Table 2). 
The variation of Qi seems however not to bring a lot of 
difference in the estimated MMR, which also strongly 
suggests that use of phylogeny as an explanatory variable 
has a huge influence on the result of a PEM analysis. In 
order to have a critical view of the effectiveness of the 
nutrient foramina Qi as a proxy for MMR inferences 
within aquatic (both extant and extinct) taxa, new studies 
must therefore be carried out. 

Beyond the methodological approach itself, MMR had 
never been inferred in aquatic fossil organisms before this 
study (as far as we know). It would therefore be relevant 
to use this approach on both ichthyosaurs and plesiosaurs 
in order to compare the level of activity in extinct marine 
sauropsids. The nutrient foramina bring blood into the bone 
to repair the micro-damages caused by intense activity (Allan 
et al. 2014). Since fully aquatic amniotes do not withstand 
the same gravitational constraints as terrestrial ones due to 
the buoyancy, applying this proxy for marine organisms 
using extant terrestrial relatives could potentially lead to an 
underestimated MMR inference in T. superciliosus. 

CONCLUSION 

Osteohistological analyses suggest that T. superciliosus had 
a bradymetabolic ectothermic metabolism, like extant 
crocodylians and, presumably, notosuchians, goniopholidids, 
dyrosaurids and non-metriorhynchid metriorhynchoids 
(Legendre et al. 2016; Cubo et al. 2020, 2023, 2025; 
Faure-Brac et al. 2022). This result is consistent with the 
assessment of estimated body temperature by Séon et al. 
(2025) of Metriorhynchus aff. superciliosus, and suggests that 
ectothermy characterizes at least some metriorhynchids. 
However, only larger sample within this group could 
rigorously support this hypothesis. The study of the maximum 
metabolic rate shows that T. superciliosus fits within the 
range of extant ectothermic crocodylians, which suggests 
that they were more likely scavengers or ambush hunters 
than active predators like endothermic marine “reptiles”. 
However, new studies are needed to overcome the caveats 
cited above, in order to deepen this first attempt at inferring 
MMR in metriorhynchids.

Table 2. — Quantified variable for estimating the MMR with PEM, and results for analysis computed with the better option (Thalattosuchus superciliosus 
(de Blainville) Young, Brignon, Sachs, Hornung, Foffa, Kitson, Johnson & Steel, 2021). Unit: mL O2/h/g. Abbreviations: MMR, maximum metabolic rate; 
PEM, phylogenetics eigenvectors maps.

PEM Quantified variable

Lower limit MMR Upper limit Foramen radius (mm) Femoral length (mm) Qi (mm3)

MPV.2010.3.611a 0.18 0.31 0.54 0.76 281.47 0.0012
MPV.2010.3.611b 0.18 0.30 0.50 0.625 277.84 0.0005



342 COMPTES RENDUS PALEVOL • 2025 • 24 (17) 

Pellarin R. et al.

Acknowledgements
We would like to thank Damien Germain for giving us 
access to the thin slide collection at the Muséum national 
d’Histoire naturelle (MNHN) and Laurent Picot from the 
Paléospace (Villers-sur-Mer, 14640, Calvados) for lending us 
Metriorhynchidae femurs for our studies. Then, we would 
like to thank Eric Brunet from the Laboratoire de Physique 
de l’Ecole Normale Supérieure for all the useful discussions 
about the use of the RMR and MMR exponents of mass. 
Thanks also to Gordon Grigg and one anonymous reviewer 
for their comments. This research received support from 
the European Commission through the Marie Skłodowska-
Curie Actions (MCSA) Postdoctoral Fellowship under the 
FLAPs Project (no. 101107135 to MVAS). Finally, we would 
like to thank the technicians at the AST-RX platform for 
their availability. 

Declaration of interest
The authors declare that they have no conflict of interest.

Data availability 
Supplementary data to this article can be found online at: 
https://doi.org/10.5852/cr-palevol2025v24a17_s1

REFERENCES

Abràmoff M. D., Magalhaes P. J. & Ram S. J. 2004. — Image 
processing with ImageJ. Biophotonics International 11: 36-42.

Allan G. H., Cassey P., Snelling E. P., Maloney S. K. 
& Seymour R. S. 2014. — Blood flow for bone remodelling 
correlates with locomotion in living and extinct birds. Journal 
of Experimental Biology 217 (16): 2956-2962. https://doi.
org/10.1242/jeb.102889

Andrade R. C. L. P. D. & Sayão J. M. 2014. — Paleohistology and 
lifestyle inferences of a dyrosaurid (Archosauria: Crocodylomorpha) 
from Paraíba Basin (Northeastern Brazil). PLoS One 9 (7): 
e102189. https://doi.org/10.1371/journal.pone.0102189

Andrews C. W. 1913. — A Descriptive Catalogue of the Marine 
Reptiles of the Oxford Clay, Part Two. British Museum (Natural 
History), London, 292 p. https://doi.org/10.5962/bhl.title.61785

Angilletta M. J., Niewiarowski P. H. & Navas C. A. 2002. — 
The evolution of thermal physiology in ectotherms. Journal 
of Thermal Biology 27 (4): 249-268. https://doi.org/10.1016/
S0306-4565(01)00094-8

Arnold P. A., Delean S., Cassey P. & White C. R. 2021. — Meta-
analysis reveals that resting metabolic rate is not consistently related 
to fitness and performance in animals. Journal of Comparative 
Physiology B 191: 1097-1110. https://doi.org/10.1007/s00360-
021-01358-w

Bardet N., Falconnet J., Fischer V., Houssaye A., Jouve S., Pereda 
Suberbiola X., Pérez-García A., Rage J.-C. & Vincent P. 
2014. — Mesozoic marine reptile palaeobiogeography in response 
to drifting plates. Gondwana Research 26 (3-4): 869-887. https://
doi.org/10.1016/j.gr.2014.05.005

Barham K. E., Dwyer R. G., Frere C. H., Bentley L. K., 
Bajer C. J., Campbell H. A, Irwin T. R. & Franklin C. E. 
2024. — Cooling down is as important as warming up for a 
large-bodied tropical reptile. Proceedings of the Royal Society B: 
Biological Sciences 291 (2034): 20241804. https://doi.org/10.1098/
rspb.2024.1804

Bernard A., Lecuyer C., Vincent P., Amiot R., Bardet N., 
Buffetaut E., Cuny G., Fourel F., Martineau F., Mazin J.-M. 
& Prieur A. 2010. — Regulation of body temperature by some 
Mesozoic marine reptiles. Science 328 (5984): 1379-1382. https://
doi.org/10.1126/science.1187443

Botha J., Weiss B. M., Dollman K., Barrett P. M., Benson R. B. J. 
& Choiniere J. N. 2023. — Origins of slow growth on the 
crocodilian stem lineage. Current Biology 33 (19): 4261-4268. 
https://doi.org/10.1016/j.cub.2023.08.057

Brice P. & Grigg G. 2023. — Modeling gigantothermy endorses 
the whole-body tachymetabolic endothermy of ichthyosaurs, 
mosasaurs, and plesiosaurs (Sauropsida), in Woodward H. N. 
& Farlow J. O. (eds), Ruling Reptiles: Crocodylian Biology and 
Archosaur Paleobiology. Indiana University Press, Bloomington: 
312-333.

Carey F. G. 1982. — A brain heater in the swordfish. Science 216 
(4552): 1327-1329. https://doi.org/10.1126/science.7079766

Cau A. & Fanti F. 2011. — The oldest known metriorhynchid 
crocodylian from the Middle Jurassic of North-eastern Italy: 
Neptunidraco ammoniticus gen. et sp. nov. Gondwana Research 
19 (2): 550-565. https://doi.org/10.1016/j.gr.2010.07.007

Clarke A. & Pörtner H.-O. 2010. — Temperature, metabolic 
power and the evolution of endothermy. Biological Reviews 85 (4): 
703-727. https://doi.org/10.1111/j.1469-185X.2010.00122.x

Cubo J. & Jalil N.-E. 2019. — Bone histology of Azendohsaurus 
laaroussii: implications for the evolution of thermometabolism 
in Archosauromorpha. Paleobiology 45 (2): 317-330. https://doi.
org/10.1017/pab.2019.13

Cubo J., Le Roy N., Martinez-Maza C. & M ontes L. 
2012. — Paleohistological estimation of bone growth rate 
in extinct archosaurs. Paleobiology 38: 335-349. https://doi.
org/10.1666/08093.1

Cubo J., Sena M. V. A., Aubier P., Houe G., Claisse P., Faure-
Brac M. G., Allain R., Andrader C. L. P., Sayão J. M. 
& Oliveira G. R. 2020. — Were Notosuchia (Pseudosuchia: 
Crocodylomorpha) warm-blooded? A palaeohistological analysis 
suggests ectothermy. Biological Journal of the Linnean Society 
131 (1): 154-162. https://doi.org/10.1093/biolinnean/blaa081

Cubo J., Aubier P., Faure-Brac M. G., Martet G., Pellarin R., 
Pelletan I. & Sena M. V. A. 2023. — Paleohistological inferences 
of thermometabolic regimes in Notosuchia (Pseudosuchia: 
Crocodylomorpha) revisited. Paleobiology 49 (2): 342-352. 
https://doi.org/10.1017/pab.2022.28

Cubo J., Sena M. V. A., Pellarin R., Faure-Brac M. G., Aubier P., 
Cheyron C., Jouve S., Allain R. & Jalil N.-E. 2025. — 
Integrative paleophysiology of the metriorhynchoid Pelagosaurus 
typus (Pseudosuchia, Thalattosuchia). The Anatomical Record 
308 (2): 394-411. https://doi.org/10.1002/ar.25548

Da Silva R. G. & Maia A. S. C. 2013. — Thermal balance and 
thermoregulation, in Da Silva R. G. & Maia A. S. C. (eds), 
Principles of Animal Biometeorology. Springer, Dordrecht: 75-106. 
https://doi.org/10.1007/978-94-007-5733-2_3

Dickson K. A. & Graham J. B. 2004. — Evolution and consequences 
of endothermy in fishes. Physiological and Biochemical Zoology 
77 (6): 998-1018. https://doi.org/10.1086/423743

Farlow J. O., Dodson P. & Chinsamy A. 1995. — Dinosaur 
biology. Annual Review of Ecology and Systematics 26: 445-471. 
https://doi.org/10.1146/annurev.es.26.110195.002305

Faure-Brac M. G. & Cubo J. 2020. — Were the synapsids 
primitively endotherms? A palaeohistological approach using 
phylogenetic eigenvector maps. Philosophical Transactions of the 
Royal Society B: Biological Sciences 375 (1793): 20190138. https://
doi.org/10.1098/rstb.2019.0138

Faure-Brac M. G., Amiot R., Muizon C. de, Cubo J. & Lécuyer C. 
2022. — Combined paleohistological and isotopic inferences of 
thermometabolism in extinct Neosuchia, using Goniopholis and 
Dyrosaurus (Pseudosuchia: Crocodylomorpha) as case studies. 
Paleobiology 48 (2): 302-323. https://doi.org/10.1017/pab.2021.34

https://doi.org/10.5852/cr-palevol2025v24a17_s1
https://doi.org/10.1242/jeb.102889
https://doi.org/10.1242/jeb.102889
https://doi.org/10.1371/journal.pone.0102189
https://doi.org/10.5962/bhl.title.61785
https://doi.org/10.1016/S0306-4565(01)00094-8
https://doi.org/10.1016/S0306-4565(01)00094-8
https://doi.org/10.1007/s00360-021-01358-w
https://doi.org/10.1007/s00360-021-01358-w
https://doi.org/10.1016/j.gr.2014.05.005
https://doi.org/10.1016/j.gr.2014.05.005
https://doi.org/10.1098/rspb.2024.1804
https://doi.org/10.1098/rspb.2024.1804
https://doi.org/10.1126/science.1187443
https://doi.org/10.1126/science.1187443
https://doi.org/10.1016/j.cub.2023.08.057
https://doi.org/10.1126/science.7079766
https://doi.org/10.1016/j.gr.2010.07.007
https://doi.org/10.1111/j.1469-185X.2010.00122.x
https://doi.org/10.1017/pab.2019.13
https://doi.org/10.1017/pab.2019.13
https://doi.org/10.1666/08093.1
https://doi.org/10.1666/08093.1
https://doi.org/10.1093/biolinnean/blaa081
https://doi.org/10.1017/pab.2022.28
https://doi.org/10.1002/ar.25548
https://doi.org/10.1007/978-94-007-5733-2_3
https://doi.org/10.1086/423743
https://doi.org/10.1146/annurev.es.26.110195.002305
https://doi.org/10.1098/rstb.2019.0138
https://doi.org/10.1098/rstb.2019.0138
https://doi.org/10.1017/pab.2021.34


343 

Elucidating the thermometabolism of Thalattosuchus superciliosus

COMPTES RENDUS PALEVOL • 2025 • 24 (17)

Felsenstein J. 1985. — Phylogenies and the comparative method. The 
American Naturalist 125 (1): 1-15. https://doi.org/10.1086/284325

Fernández M. & G asparini Z. 2000. — Salt glands in 
a Tithonian metriorhynchid crocodyliform and their 
physiological significance. Lethaia 33 (4): 269-276. https://doi.
org/10.1080/002411600750053835

Fernández M. & Gasparini Z. 2008. — Salt glands in the 
Jurassic metriorhynchid Geosaurus: implications for the 
evolution of osmoregulation in Mesozoic marine crocodyliforms. 
Naturwissenschaften 95: 79-84. https://doi.org/10.1007/s00114-
007-0296-1

Fernández M. S. & Herrera Y. 2022. — Active airflow of the 
paranasal sinuses in extinct crocodyliforms: evidence from a natural 
cast of the thalattosuchian Dakosaurus andiniensis. The Anatomical 
Record 305 (10): 2604-2619. https://doi.org/10.1002/ar.24678

Fernández M. S., Carabajal A. P., Gasparini Z. & Chong 
Díaz G. 2011. — A metriorhynchid crocodyliform braincase 
from northern Chile. Journal of Vertebrate Paleontology 31 (2): 
369-377. https://doi.org/10.1080/02724634.2011.550361

Fleischle C. V., Wintrich T. & Sander P. M. 2018. — Quantitative 
histological models suggest endothermy in plesiosaurs. PeerJ 6: 
e4955. https://doi.org/10.7717/peerj.4955

Foffa D., Young M. T. & Brusatte S. L. 2024. — Comparative 
functional morphology indicates niche partitioning among 
sympatric marine reptiles. Royal Society Open Science 11 (5): 
231951. https://doi.org/10.1098/rsos.231951

Frey E., Buchy M.-C., Stinnesbeck W. & López-Oliva J. G. 
2002.  — Geosaurus vignaudi n.sp. (Crocodyliformes: 
Thalattosuchia), first evidence of metriorhynchid crocodilians 
in the Late Jurassic (Tithonian) of central-east Mexico (State of 
Puebla). Canadian Journal of Earth Sciences 39 (10): 1467-1483. 
https://doi.org/10.1139/e02-060

Glazier D. S. 2005. — Beyond the ‘3/4-power law’: variation in 
the intra- and interspecific scaling of metabolic rate in animals. 
Biological Reviews 80 (4): 611-662. https://doi.org/10.1017/
S1464793105006834

Graham J. B. & Dickson K. A. 2000. — The evolution of 
thunniform locomotion and heat conservation in scombrid 
fishes: new insights based on the morphology of Allothunnus 
fallai. Zoological Journal of the Linnean Society 129 (4): 419-466. 
https://doi.org/10.1111/j.1096-3642.2000.tb00612.x

Graham J. B. & Dickson K. A. 2001. — Anatomical and 
physiological specializations for endothermy, in Block A. B. 
& Stevens E. D. (eds), Fish Physiology. Academic Press, Freiburg: 
121-165. https://doi.org/10.1016/S1546-5098(01)19005-9

Grange D. R. & B enton M. J. 1996. — Kimmeridgian 
metriorhynchid crocodiles from England. Palaeontology 39 (2): 
497-514.

Grigg G., Nowack J., Bicudo J. E. P. W., Bal N. C., 
Woodward H. N. & Seymour R. S. 2022. — Whole-body 
endothermy: ancient, homologous and widespread among the 
ancestors of mammals, birds and crocodylians. Biological Reviews 
97 (2): 766-801. https://doi.org/10.1111/brv.12822

Guénard G., Legendre P. & Peres-Neto P. 2013. — Phylogenetic 
eigenvector maps: a framework to model and predict species traits. 
Methods in Ecology and Evolution 4 (12): 1120-1131. https://doi.
org/10.1111/2041-210X.12111

Harrell T. L., Pérez-Huerta A. & Suarez C. A. 2016. — 
Endothermic mosasaurs? Possible thermoregulation of Late 
Cretaceous mosasaurs (Reptilia, Squamata) indicated by stable 
oxygen isotopes in fossil bioapatite in comparison with coeval 
marine fish and pelagic seabirds. Palaeontology 59 (3): 351-363. 
https://doi.org/10.1111/pala.12240

Hjernquist M. B., Söderman F., Jönsson K. I., Herczeg G., 
Laurila A. & Merilä J. 2012. — Seasonality determines 
patterns of growth and age structure over a geographic gradient 
in an ectothermic vertebrate. Oecologia 170: 641-649. https://
doi.org/10.1007/s00442-012-2338-4

Hua S. & de Buffrénil V. 1996. — Bone histology as a clue in 
the interpretation of functional adaptations in the Thalattosuchia 
(Reptilia, Crocodylia). Journal of Vertebrate Paleontology 16 (4): 
703-717. https://doi.org/10.1080/02724634.1996.10011359

Hua S., Liston J. & Tabouelle J. 2024. — The diet of Metriorhynchus 
(Thalattosuchia, Metriorhynchidae): additional discoveries and 
paleoecological implications. Fossil Studies 2 (1): 66-77. https://
doi.org/10.3390/fossils2010002

Huttenlocker A. K. & Farmer C. G. 2017. — Bone microvasculature 
tracks red blood cell size diminution in Triassic mammal and 
dinosaur forerunners. Current Biology 27 (1): 48-54. https://doi.
org/10.1016/j.cub.2016.10.012

Ives A. R. & Garland T. 2010. — Phylogenetic logistic regression 
for binary dependent variables. Systematic Biology 59 (1): 9-26. 
https://doi.org/10.1093/sysbio/syp074

Knaus P. L., Van Heteren A. H., Lungmus J. K. & Sander P. M. 
2021. — High blood flow into the femur indicates elevated 
aerobic capacity in synapsids since the Synapsida-Sauropsida 
split. Frontiers in Ecology and Evolution 9: 751238. https://doi.
org/10.3389/fevo.2021.751238

Köhler M., Marín-Moratalla N., Jordana X. & Aanes R. 
2012. — Seasonal bone growth and physiology in endotherms 
shed light on dinosaur physiology. Nature 487: 358-361. https://
doi.org/10.1038/nature11264

Le Mort J., Martin J. E., Picot L. & Hua S. 2022. — First 
description of the most complete Metriorhynchus aff. superciliosus 
(Thalattosuchia) specimen from the Callovian of the Vaches-Noires 
cliffs (Normandy, France) and limitations in the classification 
of Metriorhynchidae. Annales de Paléontologie 108 (3): 102539. 
https://doi.org/10.1016/j.annpal.2022.102539

Legendre L. J., Guénard G., Botha-Brink J. & Cubo J. 2016. — 
Palaeohistological evidence for ancestral high metabolic rate 
in archosaurs. Systematic Biology 65 (6): 989-996. https://doi.
org/10.1093/sysbio/syw033

Maddison W. P. & Maddison D. R. 2019. — Mesquite: a modular 
system for evolutionary analysis. http://www.mesquiteproject.org

Massare J. A. 1987. — Tooth morphology and prey preference of 
Mesozoic marine reptiles. Journal of Vertebrate Paleontology 7 (2): 
121-137. https://doi.org/10.1080/02724634.1987.10011647

Massare J. A. 1988. — Swimming capabilities of Mesozoic marine 
reptiles: implications for method of predation. Paleobiology 14 (2): 
187-205. https://doi.org/10.1017/S009483730001191X

Montes L., Le Roy N., Perret M., De Buffrénil V., Castanet J. 
& Cubo J. 2007. — Relationships between bone growth rate, 
body mass and resting metabolic rate in growing amniotes: a 
phylogenetic approach: resting metabolic rate in growing amniotes. 
Biological Journal of the Linnean Society 92 (1): 63-76. https://
doi.org/10.1111/j.1095-8312.2007.00881.x

Parrilla-Bel J., Young M. T., Moreno-Azanza M. & Canudo J. I. 
2013. — The first metriorhynchid crocodylomorph from the 
Middle Jurassic of Spain, with implications for evolution of 
the subclade Rhacheosaurini. PLoS One 8: e54275. https://doi.
org/10.1371/journal.pone.0054275

Pol D., Nascimento P. M., Carvalho A. B., Riccomini C., 
Pires-Domingues R. A., Zaher H. & Claessens L. 2014. — 
A new notosuchian from the Late Cretaceous of Brazil and the 
phylogeny of advanced notosuchians. PLoS One 9: e93105. 
https://doi.org/10.1371/journal.pone.0093105

Ponton F., Montes L., Castanet J. & Cubo J. 2007. — Bone 
histological correlates of high-frequency flapping flight and 
body mass in the furculae of birds: a phylogenetic approach. 
Biological Journal of the Linnean Society 91 (4): 729-738. https://
doi.org/10.1111/j.1095-8312.2007.00836.x

R Development Core Team. 2008. — R: a language and environment 
for statistical computing. Vienna, Austria: R Foundation for 
Statistical Computing. Available at: http:// www.R-project.org.

Revell L. J. & Harmon L. J. 2022. — Phylogenetic Comparative 
Methods in R. Princeton University Press, Princeton, 440 p. 

https://doi.org/10.1086/284325
https://doi.org/10.1080/002411600750053835
https://doi.org/10.1080/002411600750053835
https://doi.org/10.1007/s00114-007-0296-1
https://doi.org/10.1007/s00114-007-0296-1
https://doi.org/10.1002/ar.24678
https://doi.org/10.1080/02724634.2011.550361
https://doi.org/10.7717/peerj.4955
https://doi.org/10.1098/rsos.231951
https://doi.org/10.1139/e02-060
https://doi.org/10.1017/S1464793105006834
https://doi.org/10.1017/S1464793105006834
https://doi.org/10.1111/j.1096-3642.2000.tb00612.x
https://doi.org/10.1016/S1546-5098(01)19005-9
https://doi.org/10.1111/brv.12822
https://doi.org/10.1111/2041-210X.12111
https://doi.org/10.1111/2041-210X.12111
https://doi.org/10.1111/pala.12240
https://doi.org/10.1007/s00442-012-2338-4
https://doi.org/10.1007/s00442-012-2338-4
https://doi.org/10.1080/02724634.1996.10011359
https://doi.org/10.3390/fossils2010002
https://doi.org/10.3390/fossils2010002
https://doi.org/10.1016/j.cub.2016.10.012
https://doi.org/10.1016/j.cub.2016.10.012
https://doi.org/10.1093/sysbio/syp074
https://doi.org/10.3389/fevo.2021.751238
https://doi.org/10.3389/fevo.2021.751238
https://doi.org/10.1038/nature11264
https://doi.org/10.1038/nature11264
https://doi.org/10.1016/j.annpal.2022.102539
https://doi.org/10.1093/sysbio/syw033
https://doi.org/10.1093/sysbio/syw033
http://www.mesquiteproject.org
https://doi.org/10.1080/02724634.1987.10011647
https://doi.org/10.1017/S009483730001191X
https://doi.org/10.1111/j.1095-8312.2007.00881.x
https://doi.org/10.1111/j.1095-8312.2007.00881.x
https://doi.org/10.1371/journal.pone.0054275
https://doi.org/10.1371/journal.pone.0054275
https://doi.org/10.1371/journal.pone.0093105
https://doi.org/10.1111/j.1095-8312.2007.00836.x
https://doi.org/10.1111/j.1095-8312.2007.00836.x
http:// www.R-project.org.


344 COMPTES RENDUS PALEVOL • 2025 • 24 (17) 

Pellarin R. et al.

Sachs S., Young M. T., Abel P. & Heinrich M. 2021. — A 
new species of Cricosaurus (Thalattosuchia, Metriorhynchidae) 
based upon a remarkably well-preserved skeleton from the Upper 
Jurassic of Germany. Palaeontologia Electronica: 24.2.a24. https://
doi.org/10.26879/928

Sauvage H.-E. 1914. — Catalogue des reptiles Jurassiques du 
Boulonnais [Catalogue of Jurassic reptiles from the Boulonnais]. 
Bulletin de la société Académique de l'Arrondissement de Boulogne-
sur-Mer 10: 253-264.

Seebacher F. & Grigg G. C. 1997. — Patterns of body temperature 
in wild freshwater crocodiles, Crocodylus johnstoni: thermoregulation 
versus thermoconformity, seasonal acclimatization, and the effect 
of social interactions. Copeia 1997 (3): 549-557. https://doi.
org/10.2307/1447558

Sena M. V. A., Montefeltro F. C., Marinho T. S., Langer M. C., 
Fachini T. S., Pinheiro A. E. P., Machado A. S., Lopes R. T., 
Pellarin R., Sayão J. M., Oliveira G. R. & Cubo J. 2023. — The 
cost of living in Notosuchia (Crocodyliformes, Mesoeucrocodylia). 
Palaeogeography, Palaeoclimatology, Palaeoecology 632: 111855. 
https://doi.org/10.1016/j.palaeo.2023.111855

Séon N., Amiot R., Martin J. E., Young M. T., Middleton H., 
Fourel F., Picot L., Valentin X. & Lécuyer C. 2020. — 
Thermophysiologies of Jurassic marine crocodylomorphs 
inferred from the oxygen isotope composition of their tooth 
apatite. Philosophical Transactions of the Royal Society B: Biological 
Sciences 375 (1793): 20190139. https://doi.org/10.1098/
rstb.2019.0139

Séon N., Vincent P., Delsett L. L., Poulallion E., Suan G., 
Lécuyer C., Roberts A. J., Fourel F., Charbonnier S. 
& Amiot R. 2025. — Reassessment of body temperature 
and thermoregulation strategies in Mesozoic marine reptiles. 
Paleobiology: 1-21. https://doi.org/10.1017/pab.2025.2

Sereno P. C. & Larsson H. C. E. 2009. — Cretaceous crocodyliforms 
from the Sahara. Zookeys 28: 1-143. https://doi.org/10.3897/
zookeys.28.325

Seymour R. S., Bennett-Stamper C. L., Johnston S. D., 
Carrier D. R. & Gordon C. G. 2004. — Evidence for 
endothermic ancestors of crocodiles at the stem of archosaur 
evolution. Physiological and Biochemical Zoology 77 (6): 1051-
1067. https://doi.org/10.1086/422766

Seymour R. S., Smith S. L., White C. R., Henderson D. M. 
& Schwarz-Wings D. 2012. — Blood flow to long bones 
indicates activity metabolism in mammals, reptiles and dinosaurs. 
Proceedings of the Royal Society B: Biological Sciences 279 (1728): 
451-456. https://doi.org/10.1098/rspb.2011.0968

Seymour R. S., Gienger C. M., Brien M. L., Tracy C. R., Charlie 
Manolis S., Webb G. J. W. & Christian K. A. 2013. — Scaling 

of standard metabolic rate in estuarine crocodiles Crocodylus 
porosus. Journal of Comparative Physiology B 183: 491-500. https://
doi.org/10.1007/s00360-012-0732-1

Spindler F., Lauer R., Tischlinger H. & Mäuser M. 2021. — 
The integument of pelagic crocodylomorphs (Thalattosuchia: 
Metriorhynchidae). Palaeontologia Electronica 24 (2): a25. https://
doi.org/10.26879/1099

Tung Ho L. S. & Ané C. 2014. — A linear-time algorithm for 
gaussian and non-gaussian trait evolution models. Systematic 
Biology 63 (3): 397-408. https://doi.org/10.1093/sysbio/syu005

Westphal F. 1962. — Die krokodilier des Deutschen und Englischen 
Oberen Lias [The crocodiles of the German and English Upper 
Lias]. Palaeontographica Abteilung A 118: 23-118

White C. R. & Seymour R. S. 2005. — Allometric scaling of 
mammalian metabolism. Journal of Experimental Biology 208 
(9): 1611-1619. https://doi.org/10.1242/jeb.01501

White C. R., Phillips N. F. & Seymour R. S. 2006. — The scaling 
and temperature dependence of vertebrate metabolism. Biology 
Letters 2 (1): 125-127. https://doi.org/10.1098/rsbl.2005.0378

Wilberg E. W., Turner A. H. & Brochu C. A. 2019. — 
Evolutionary structure and timing of major habitat shifts 
in Crocodylomorpha. Scientific Reports 9: 514. https://doi.
org/10.1038/s41598-018-36795-1

Young M. T., Brusatte S. L., Ruta M. & De Andrade M. B. 
2010. — The evolution of Metriorhynchoidea (mesoeucrocodylia, 
thalattosuchia): an integrated approach using geometric 
morphometrics, analysis of disparity, and biomechanics. Zoological 
Journal of the Linnean Society 158 (4): 801-859. https://doi.
org/10.1111/j.1096-3642.2009.00571.x

Young M. T., Bell M. A., De Andrade M. B. & Brusatte S. L. 
2011. — Body size estimation and evolution in metriorhynchid 
crocodylomorphs: implications for species diversification and 
niche partitioning: metriorhynchid body size evolution. Zoological 
Journal of the Linnean Society 163 (4): 1199-1216. https://doi.
org/10.1111/j.1096-3642.2011.00734.x

Young M. T., De Andrade M. B., Brusatte S. L., Sakamoto M. 
& Liston J. 2013. — The oldest known metriorhynchid super-
predator: a new genus and species from the Middle Jurassic of 
England, with implications for serration and mandibular evolution 
in predacious clades. Journal of Systematic Palaeontology 11 (4): 
475-513. https://doi.org/10.1080/14772019.2012.704948

Young M. T., Brignon A., Sachs S. Hornung J. J., Foffa D., 
Kitson J. J. N, Johnson M. M. & Steel L. 2021. — Cutting 
the gordian knot: a historical and taxonomic revision of the 
Jurassic crocodylomorph Metriorhynchus. Zoological Journal of 
the Linnean Society 192 (2): 510-553. https://doi.org/10.1093/
zoolinnean/zlaa092

Submitted on 23 December 2024; 
accepted on 17 March 2025; 

published on 2 July 2025.

https://doi.org/10.26879/928
https://doi.org/10.26879/928
https://doi.org/10.2307/1447558
https://doi.org/10.2307/1447558
https://doi.org/10.1016/j.palaeo.2023.111855
https://doi.org/10.1098/rstb.2019.0139
https://doi.org/10.1098/rstb.2019.0139
https://doi.org/10.1017/pab.2025.2
https://doi.org/10.3897/zookeys.28.325
https://doi.org/10.3897/zookeys.28.325
https://doi.org/10.1086/422766
https://doi.org/10.1098/rspb.2011.0968
https://doi.org/10.1007/s00360-012-0732-1
https://doi.org/10.1007/s00360-012-0732-1
https://doi.org/10.26879/1099
https://doi.org/10.26879/1099
https://doi.org/10.1093/sysbio/syu005
https://doi.org/10.1242/jeb.01501
https://doi.org/10.1098/rsbl.2005.0378
https://doi.org/10.1038/s41598-018-36795-1
https://doi.org/10.1038/s41598-018-36795-1
https://doi.org/10.1111/j.1096-3642.2009.00571.x
https://doi.org/10.1111/j.1096-3642.2009.00571.x
https://doi.org/10.1111/j.1096-3642.2011.00734.x
https://doi.org/10.1111/j.1096-3642.2011.00734.x
https://doi.org/10.1080/14772019.2012.704948
https://doi.org/10.1093/zoolinnean/zlaa092
https://doi.org/10.1093/zoolinnean/zlaa092

	Cover
	Title
	ABSTRACT 
	RÉSUMÉ
	INTRODUCTION
	MATERIAL AND METHODS 
	Fossil material 
	Statistical methods 
	Data sampling 
	Osteocyte density (Fig. 2A) 
	Harmonic mean of vascular cavities (Fig. 2B) 
	Estimation of the blood flow index (Fig. 2C) 

	Phylogeny calibration 
	PLR on vascular harmonic-mean diameter 
	PEM on osteocyte density 
	PEM on minimal diameter of nutrient foramina 

	Abreviations 
	Insitutions  
	Facilities
	Methodology 
	Biological traits 
	R packages 


	RESULTS
	Estimation of the probability of endothermy 
	Inference of metabolic rates 
	Resting metabolic rate 
	Maximum metabolic rate 


	DISCUSSION  
	The lifestyle of Thalattosuchus superciliosus 
	The evolution of ectothermy in Crocodylomorpha 
	Limits and perspectives. 

	CONCLUSION  
	Acknowledgements 
	Declaration of interest 
	Data availability  
	REFERENCES 

