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ABSTRACT: Here we explore the potential of sauropod dino-

saurs to adopt a bipedal or tripodal stance using digital bio-

mechanical modelling and finite element analysis (FEA). Seven

sauropod species from diverse lineages and sizes were sampled,

and 3D models of their femora were analysed under both

extrinsic (body weight distribution) and intrinsic (muscular

force) functional scenarios. The results indicate that smaller

sauropods, like the saltasaurid titanosaur Neuquensaurus, were

more capable of sustaining bipedal postures, probably due to

their robust femora combined with advantageous muscle

attachment areas. In contrast, larger sauropods such as Dread-

noughtus experienced higher stress levels, making bipedal pos-

tures less likely for extended periods. Our analysis provides

new insights into sauropod functional evolution, highlighting

that species size and morphology significantly influenced their

ability to rear up, which could have played a role in behaviours

such as feeding, defence and reproduction.

Key words: standing postures, functional morphology,

finite element analysis, Sauropoda.

SAUROPODS are iconic dinosaurs easily recognized by

their elongated necks and tails, small heads, massive and

columnar limbs, and especially the colossal size they

could reach, making them the largest herbivores of all

times (Dodson 1990; Upchurch et al. 2004; Carballido

et al. 2017; Paul 2019). In recent years, considerable

attention has been paid to the palaeobiological aspects of

their lives, aiming to understand how gigantism influ-

enced their physiology, feeding strategies, and locomotion

(e.g. Sander et al. 2011; Taylor et al. 2011; Otero &

Hutchinson 2022).

A long-standing question directly related to their mas-

sive size is whether these animals could rear up, assuming

what Bakker (1986) called a ‘tripodal stance’, in which

the animal stands on its hindlimbs using its tail for addi-

tional support. It has been suggested that this behaviour

facilitated high-browsing feeding (Hatcher 1901; Malli-

son 2011) or was a means for copulation and defence

(Borsuk-Białynicka 1977; Bakker 1978; Alexander 1985).

In recent years, virtual palaeontology has become

increasingly relevant to uncover new aspects of ancient

life (Cunningham et al. 2014; Rowe & Rayfield 2022) and

has also been applied to better understand sauropod

palaeobiology (e.g. Klinkhamer et al. 2018; Jannel

et al. 2019; Vidal et al. 2020, Lefebvre et al. 2022). One

important technique in virtual palaeontology is finite ele-

ment analysis (FEA), which is capable of simulating stress,

strain, and deformation in various structures in the vir-

tual environment (Rayfield 2007). Specifically for sauro-

pods, this methodology has produced valuable results in

areas such as feeding habits (Young et al. 2012), mass

estimates (Falkingham et al. 2010), the assessment of

defensive structures (Silva Junior et al. 2019), and the

reconstruction of soft tissue structures related to mobility

(Jannel et al. 2022).

Here, we modelled sauropod femora and applied FEA

to simulate the stress that these structures could endure

during a putative bipedal stance and test the hypothesis

that these gigantic animals could exhibit such behaviour.

We modelled two different functional cases: an extrinsic

scenario, in which we applied external mass loads to

simulate the animal on its hindlimbs only; and an
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intrinsic scenario, in which we calculated the

muscle-driven stress involved in rearing movement.

MATERIAL & METHOD

Taxon sampling

Seven sauropod femora were selected for virtual model-

ling, aimed at sampling for as broad as possible range of

different lineages (Fig. 1), sizes, and peculiar anatomical

characteristics putatively related to the rearing up (see

Discussion). The first sampled group, Flagellicaudata,

includes the lineages Diplodocidae and Dicraeosauridae

(Whitlock 2011). Diplodocidae is represented in our sam-

pling by a specimen of Diplodocus sp., considered an

adult based on its femoral length (>150 cm), comparable

to individuals with an inferred weight of around 7000 kg

(Woodruff et al. 2017). The Dicraeosauridae lineage is

represented by Amargasaurus cazaui Salgado & Bona-

parte 1991, a species with mass estimates ranging from

3000 to 10 000 kg, depending on the estimation method

used (Benson et al. 2014; Bates et al. 2015).

Among the Titanosauriformes, the Brachiosauridae Gir-

affatitan brancai Janensch 1914, is sampled as a represen-

tative of the upper limit of sauropod body size, with

weight estimates reaching up to 30 000 kg (Mazzetta

et al. 2006; Paul 2019). The Titanosauria, a diverse sub-

group within Titanosauriformes, is represented by Dread-

noughtus schrani Lacovara et al. 2014 and Uberabatitan

ribeiroi Salgado & Carvalho 2008, both included within

the clade Colossosauria (Silva Junior et al. 2022), Austra-

lotitan cooperensis Hocknull et al. 2021, which is uncer-

tainly positioned phylogenetically, and Neuquensaurus

australis Lydekker 1893 (Powell 1992), included within

Saltasauridae (Wilson 2002).

Dreadnoughtus, frequently highlighted as one of the lar-

gest sauropods, has been attributed a body mass reaching

up to 60 000 kg (McPhee et al. 2018). However, more

conservative estimates suggest a body mass closer to

38 000 kg, comparable to that estimated for Giraffatitan

(Bates et al. 2015). Australotitan is also considered to be a

large titanosaur. Although no precise body mass estimates

are currently available, Hocknull et al. (2021) proposed,

based on a larger incomplete femur (EMF164), that its

body size may have been similar to that of

Dreadnoughtus.

Neuquensaurus represents the saltasaurid titanosaurs, a

group that includes some of the taxa at the lower limit of

adult sauropod body size (Navarro et al. 2022). Specifi-

cally, mass estimates for Neuquensaurus range from 1400

to 6000 kg (Benson et al. 2014; Bates et al. 2015). Ubera-

batitan, though lacking a precise estimated body mass, is

represented by its only known complete femur, which is a

relatively small element (maximum length of 88 cm) and

could suggest a subadult status of this specimen. Larger

specimens from its type locality have an estimated length

of 26 m (Silva Junior et al. 2019), which would place

them in a size range comparable to Dreadnoughtus.

Institutional abbreviations. CPPLIP, Centro de Pesquisas Paleon-

tol�ogicas Llewellyn Ivor Price, Universidade Federal do Triân-

gulo Mineiro, Uberaba, Brazil; EMF, Eromanga Natural History

Museum Fossil, Eromanga, Australia; MACN-Pv, Museo Argen-

tino de Ciencias Naturales ‘Bernardino Rivadavia’, Colecc�ıon

Nacional Paleontologia de vertebrados, Buenos Aires, Argentina;

MB.R., Museum f€ur Naturkunde Berlin, Berlin, Germany;

MLP, Museo de La Plata, La Plata, Argentina; MPM, Museo

Padre Molina, R�ıo Gallegos, Argentina.

Specimen digitization

The femora of Amargasaurus cazuai (MACN-Pv N-15),

Diplodocus sp. (MACN-Pv 18 814), Neuquensaurus austra-

lis (MLP 1480), and Uberabatitan ribeiroi (CPPLIP-1238)

were digitized with a Revopoint� Range handheld scan-

ner, with the meshes created using its proprietary soft-

ware: Revo Scan 5 (https://global.revopoint3d.

com/pages/revoscan5).

The data of the femur of Australotitan cooperensis

(EMF105) was obtained from MorphoSource (Hocknull

& Rochelle 2021), while data of Dreadnoughtus schrani

(MPM-PV 1156) was obtained from the supplementary

material of Lacovara et al. (2014). Access to the model of

F IG . 1 . Simplified phylogenetic relationships of taxa sampled

herein (based on Otero & Hutchinson 2022). Silhouettes from

PhyloPic (https://www.phylopic.org/). From top to bottom:

Diplodocus carnegii, Amargasaurus cazui, Cedarosaurus weiskop-

fae, Dreadnoughtus schrani and Opisthocoelicaudia skarzynskii; D.

schrani, Kenneth Lacovara (CC0 3.0); all others Scott Hartman

(CC0 3.0).
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Giraffatitan brancai (MB.R.5016) was granted by the digi-

tal collection of the Museum f€ur Naturkunde, Berlin.

All of the digital specimens were imported as

STL-surface models (*.stl) and restored in Blender v4.2.1

(https://www.blender.org/download/). The digital restora-

tion process (Lautenschlager 2016), applied to all femora

except for Giraffatitan (which required minimal change)

corrected cracks and broken surfaces, ensuring the speci-

mens were suitable for biomechanical testing. The meshes

were standardized to c. 300 000 faces for each model and

tested for errors (i.e. non-manifold edges and intersecting

faces) using the ‘3D Print’ Blender toolbox. All digitally

restored models were uploaded to MorphoSource

(Appendix S1) and can be accessed through their respec-

tive curators.

Finite element analysis

To simulate in silico the loadings experienced by the saur-

opod femur during the bipedal posture supported by the

hindlimb, tests were conducted using FEA (Silva Junior

et al. 2025). We modelled both extrinsic and intrinsic

functional scenarios to test if the femora would be cap-

able of supporting such a posture. The FE models were

built using the Blender add-on BFEX (Blender Finite Ele-

ments EXporter, D�ıaz de Le�on-Mu~noz et al. 2025) to

model the different scenarios and solved with Fossils v1.3

using the tangential-plus-normal-traction load model, as

it represents the most accurate, life-like model (Chatar

et al. 2023). The performance of the femora in each test

was assessed via mean von Mises stress, considering 98%

of the values to avoid individual stress singularities on

elements (Figueirido et al. 2018; Montefeltro et al. 2020).

Based on previous studies that determined that the

dinosaur bones are analogous to Haversian bones of

fast-growing bovine mammals (Curry 1999; Rayfield

et al. 2001; Jannel et al. 2022), all femora were assigned a

Young’s modulus (E) value of 10 000 MPa and Poisson’s

ratio (v) of 0.3.

Extrinsic functional scenarios

Extrinsic tests were modelled for the sauropod femora

under bipedal postural scenarios. For this test, all

femora were scaled to the same size (1 m), to reduce the

effect of the size in our interpretation and to evaluate

how the differences only in morphology would impact

the stress distribution. To establish stress comparability

across models, we applied a normalization process to the

compressive load. This normalization used the surface

areas of the Neuquensaurus femur, accounting for the var-

iation in the number of faces on the meshes within our

dataset. We implemented this procedure using the for-

mula introduced by Dumont et al. (2009).

The loads were applied to a single node at the medial

portion of the femoral head (Fig. 2A). A weight of

10 tons was defined as the standard for this functional

scenario and the total loads were calculated by multiply-

ing the mass (in kg) by the gravitational acceleration

(g = 9.834 m/s2), resulting in a total load of c. 98 000 N.

For the functional test, considering that it is unknown

whether sauropods used their tail as a third member

(thus entering into a tripodal stance) or if the tail was

mainly used for support and balance (bipedal stance),

with little to no load applied to it, we opted to simulate

the total mass distributed only on the hindlimbs

(= 49 000 N; i.e. 24 500 N for each femur). Constraints

for the extrinsic scenarios were placed on the distal con-

dyles (one on each side), which are aligned with the

ground surface, forming a right angle with it, as a means

of standardizing the analyses. Two additional constrained

F IG . 2 . Extrinsic functional scenario modelled in the study.

A, 3D rendering of the femur of Uberabatitan (CPPLIP-1238) in

posterior view, with the red arrow showing the position of the

applied loads. B, representation of the constraints (yellow cir-

cles) applied to all models for the extrinsic scenarios.
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nodes at lateral portions of the femoral head, to simulate

the femoral articulations to the acetabulum and tibia/fi-

bula. Those nodes were all constrained with zero degrees

of freedom (constrained in all axes x, y, and z, Fig. 2B).

Intrinsic functional scenarios

To simulate muscular loads during bipedal posture, we

modelled a set of femoral muscles potentially involved in

this behaviour. These included Mm. caudofemoralis longus

and brevis (primary femoral retractors contributing to leg

rotation and adduction), Mm. femorotibialis internus and

externus (knee extensors), and adductor femoris parts I

and II (limb stabilizers). Additionally, M. ischiotrochanter-

icus (lateral femur rotation) and M. iliofemoralis (femur

abduction) could act to enhance postural stability. Mm.

extensor and flexor digitorum longus that could help sup-

port foot flexion and extension during rearing (sensu

Gatesy 1990; Otero & Vizcaino 2008; Mallison 2010,

2011; D�ıez D�ıaz et al. 2020; Voegele et al. 2021).

Muscle modelling for each species was based on anato-

mical correlates, attachment scars on the femora, and pre-

vious myological studies (Borsuk-Białynicka 1977; Otero

& Vizcaino 2008; Voegele et al. 2021). The original scales

were used for the femora in these tests to enable accurate

calculations of muscle attachment areas for the proposed

analysis.

The area of the attachment sites of each muscle

(Figs 3A–B, S1) was used as a proxy for the physiological

cross-sectional area, which was then multiplied by an iso-

metric muscle stress value of 25.0 N cm�2 (Table 1;

Porro et al. 2011; Montefeltro et al. 2020). This approach

was selected as it estimates the maximum tension per unit

area that each muscle can generate (Thomason 1991),

providing a valid scenario for inferring the effort required

for rearing. Loads were applied along vectors directed to

the respective muscle origins (Fig. 3A–B).
Constraints for the intrinsic scenarios were placed on

the distal condyles (one on each side), which are aligned

with the ground surface, forming a right angle with it, as

a means of standardizing the analysis. This simulates

femoral articulations to the tibia/fibula. Those nodes were

all constrained with zero degrees of freedom (constrained

in all axes x, y, and z, Fig. 3D), allowing an antero-

posterior movement of the femoral head.

RESULTS

Extrinsic scenarios

The contour plots of the extrinsic scenarios (Fig. 4) show

that the tested sauropod femora reacted similarly in terms

of stress distribution across the different species. The

most stress-intensive regions are located on the femoral

head and the distal third of the femur in all taxa, indicat-

ing that stress variation in the tested specimens occurred

more in magnitude (mean stress) than in spatial distribu-

tion. The mean von Mises stress per element obtained

from the tests shows Neuquensaurus and Uberabatitan

with the lowest values during the putative bipedal sce-

nario (1.09 and 1.20 MPa, respectively). In contrast, all

other sauropods exceeded a mean value of 1.9 MPa, with

Giraffatitan showing a stress of 2.51 MPa, nearly twice as

high as that of Neuquensaurus.

F IG . 3 . Intrinsic functional scenario modelled in the study.

A–C, 3D renderings of the Uberabatitan (CPPLIP-1238) femur

(A, anterior; B, lateral; C, posterior view) representing muscular

insertions and vectors for load applied. D, representation of the

constraints (yellow circles) applied to all models for the intrinsic

scenarios, illustrating the movement allowed in the test. Muscles:

1, femorotibialis internus; 2, femorotibialis externus; 3, iliofemor-

alis; 4, extensor digitorum longus; 5, flexor digitorum longus;

6, isquiotrochantericus; 7, adductor femoris I; 8, caudofemoralis

longus & caudofemoralis brevis; 9, adductor femoris II.
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Intrinsic scenarios

The results for the intrinsic scenarios show that most of

the detected variation in stress among the tested speci-

mens are related to the magnitude instead of the stress

distribution along the femora (Fig. 5).

The stress peak is detected in the distal third of the

femur across all species, due primarily to the extensive

load applied by the femorotibialis musculature, which

represents the most powerful muscle modelled in our

tests (Table 1). The stress is higher on the anterior surface

of the shaft, but is also notably high at the medial and

lateral surfaces. In posterior view, the region of the fourth

trochanter showed reduced stress.

The taxa with the lowest mean stress/elements among

the intrinsic scenario (Fig. 5) are Neuquensaurus and Aus-

tralotitan (mean of 0.97 and 0.99 MPa, respectively). In

contrast, Uberabatitan has a mean stress/element of

1.11 MPa, being the fourth most stressed specimen. This

pattern is different from the results of the extrinsic sce-

narios, due to the extensive insertions of the Mm. femoro-

tibialis in Uberabatitan. The highest value of mean

stress/element is measured in Dreadnoughtus, with a

mean of 15.67 MPa.

DISCUSSION

The plausibility of a bipedal or tripodal stance as a com-

mon behaviour among sauropods has been long debated,

with various anatomical features suggesting that it may

have occurred under specific circumstances. In particular,

it has been proposed that saltasaurids were more likely to

rear up due to their shorter necks and tails, and overall

robust pelvic structure (Powell 1992, 2003). Our results

for the saltasaurid Neuquensaurus in both scenarios pro-

vide further support to this hypothesis, evidencing the

combination of a large insertion area for musculature and

a robust femur capable of dissipating stress. This suggests

that Neuquensaurus, and possibly other saltasaurids, may

have adopted a bipedal posture more frequently than

other sauropods (Wilson & Carrano 1999).

Additionally, Vidal et al. (2025) proposed that soft tis-

sue, when associated with pneumatized tails such as those

present in Neuquensaurus (Cerda et al. 2012; Zurriaguz

et al. 2017), could act as a plastic structure that helps dis-

sipating weight applied to the tail, with the role of pneu-

matic structures in absorbing loads first demonstrated by

Schwarz-Wings et al. (2010). This combination of soft tis-

sue and pneumatic adaptations is likely to have reduced

stress on the skeletal framework, further supporting the

idea that saltasaurids were better equipped to adopt a

bipedal stance more frequently or with greater ease than

other sauropods.

Previous evidence in favour of a bipedal or tripodal

posture in sauropods were based mostly on anatomical

traits and only two studies employed a biomechanical or

functional approach (Alexander 1985; Mallison 2011).

Both studies primarily focused on the centres of mass

(COM), arguing that in Diplodocus, the COM was located

near the hindlimbs, allowing it to rear for extended peri-

ods, whereas in Giraffatitan (Mallison 2011) the COM

was positioned more anteriorly, which would make

adopting a bipedal posture more challenging. A similar

more anterior COM was also proposed for titanosaurs

(Henderson 2006), possibly adding on some resistance to

rearing.

Our FEA tests showed that Giraffatitan experienced

higher stress than Diplodocus in both scenarios, although

the difference in mean von Mises stress between the two

is minimal (Figs 3, 4), thus agreeing with the differences

in COM. Overall, these species exhibited the highest stress

levels, with the exception of Dreadnoughtus. Thus, while

Diplodocus may have been able to maintain a bipedal

stance for longer than Giraffatitan, our results provide no

evidence to support the notion that this was a frequent

behaviour for this taxon, as previously suggested by Mal-

lison (2011). A possible posterior COM can be also

TABLE 1 . Total load inferred for each modelled muscle.

Total muscle force (N) 4T IF IT FI FE AF1 AF2 EDL FDL

Amargasaurus 6806 2225 2350 14 673 17 368 3507 3372 1383 653

Australotitan 4843 1490 1847 12 208 16 684 2549 3036 960 550

Diplodocus 2920 1210 1782 9407 16 913 2222 2858 575 326

Dreadnoughtus 8054 3475 8300 20 472 25 802 2516 2878 2450 764

Giraffatitan 9321 3363 7475 19 507 26 862 3780 4103 1617 752

Neuquensaurus 1364 399 622 3247 5309 423 523 292 143

Uberabatitan 2650 463 610 4174 9763 584 603 327 232

Muscle abbreviations: 4T, joint insertion of the caudofemoralis brevis and longus; AF1, adductor femoris I; AF2, adductor femoris II;

EDL, extensor digitorum longus; FDL, flexor digitorum longus; FE, femorotibialis externus; FI, femorotibialis internus; IF, iliofemoralis;

IT, ischiotrochantericus.
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inferred for Amargasaurus. It was also less stressed than

Diplodocus in both scenarios, which could indicate a bet-

ter ability to rear than the former sauropod.

The ability of sauropods to rear up was not only influ-

enced by their centre of mass but also required significant

effort from the forelimb musculature, especially for those

F IG . 4 . Von Mises stress contour plots and stress magnitude distributions from finite element analysis of the extrinsic scenarios with

an applied load of 24 500 N to sauropod femora in anterior (left) and posterior (right) views of: A, Amargasaurus; B, Australotitan;

C, Diplodocus; D, Dreadnoughtus; E, Giraffatitan; F, Neuquensaurus and G, Uberabatitan. Regions displayed in white indicate stress

value that exceed the upper limit of the defined scale. The mean von Mises stresses are shown below.

6 PALAEONTOLOGY , VOLUME 68
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F IG . 5 . Von Mises stress contour plots and stress magnitude distributions from finite element analysis of the intrinsic scenarios to

sauropod femora in anterior (left) and posterior (right) views of: A, Amargasaurus; B, Australotitan; C, Diplodocus; D, Giraffatitan;

E, Neuquensaurus; F, Uberabatitan and G, Dreadnoughtus. Regions displayed in white indicate stress value that exceed the upper limit

of the defined scale. The mean von Mises stresses are shown below.
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taxa with an anteriorly located COM. More comprehen-

sive tests, including the modelling of forelimb muscula-

ture, are required to better understand the ability to rear

in sauropods.

The mean von Mises stress/element shows differences

between the extrinsic and intrinsic scenarios for each

modelled taxon. Uberabatitan presented the second lowest

stress/element in the extrinsic scenarios but was highly

stressed during the intrinsic tests. Australotitan, on the

other hand, shows the lowest stress when the muscle

loads were modelled, but yielded near twice the

stress/element showed by Neuquensaurus in the extrinsic

functional model.

One limitation of the FEA tests performed in this

study is the absence of modelled cartilaginous tissue,

which is known to act as a stress-reducing mechanism,

as observed in the pedal pads of sauropods (Jannel

et al. 2019, 2022). Cartilage can account for up to 10%

of bone length (Schwarz et al. 2007; Bonnan et al. 2010),

significantly contributing to stress distribution. Conse-

quently, the stress values reported here are probably

overestimated but we prefer to interpret the value as a

comparative tool rather than absolute values. As such,

given that the elastic properties of cartilage are consis-

tent across vertebrates (Hall 2005; Zhang et al. 2009)

and that sauropods are likely to have had comparable

amounts and distribution of cartilage, the relative stress

distribution would remain proportional to the patterns

observed in this study. This highlights the influence of

femoral shape on stress distribution, as less stressed spe-

cimens would still exhibit lower stress levels in a more

complex model. This effect is particularly assumed for

extrinsic scenarios. In contrast, intrinsic scenarios, in

which stress is directly generated by muscles, they would

probably be less influenced by the modelling of cartilagi-

nous tissue.

Some later-diverging titanosaurs, such as Uberabatitan

(Silva Junior et al. 2019) and most saltasaurids (i.e. Roca-

saurus and Neuquensaurus; Otero 2010) exhibit a

proximodistal scar on the anterior surface of the femora,

known as the linea intermuscularis cranialis (LIC), which

serves as the origin site for the Mm. femorotibialis internus

and externus. This line probably results from increased

stress applied by these muscles due to the bevelling of the

distal femoral condyles (Voegele et al. 2021), creating a

condition known as extreme wide-gauge (Wilson & Car-

rano 1999; Ullmann et al. 2017). However, this may

represent a secondary change, as the scar is present in

early Somphospondyli such as Diamantinasaurus matil-

dae, (Poropat et al. 2023) and Garumbatitan morellensis

(Mocho et al. 2024).

The LIC significantly increases the surface area for the

attachment of the femorotibialis musculature which could

increase the overall stress created by muscle contraction

(Fig. 5). Yet, Australotitan and Neuquensaurus, in which

the LIC is present, exhibited the lowest average of von

Mises stress/element in the intrinsic scenario (Fig. 5). In

contrast, Uberabatitan was one of the most stressed speci-

mens on the intrinsic scenarios (mean of 1.11 MPa),

probably due to its wide attachment surface created by

the LIC combined with a femur that is less robust than

that of Neuquensaurus and more mediolaterally com-

pressed than that of Australotitan, creating a relatively

slender structure.

The extrinsic functional scenario shows that the con-

centration of weight on the hindlimbs of Australotitan

highlighted it as one of the most stressed specimens

whereas Uberabatitan is more capable of enduring the

same weight. Hence, just the presence of the LIC, creating

a large attachment for the femorotibialis musculature,

does not seem to be related to a larger capacity to main-

tain a bipedal stance.

Dreadnoughtus, a giant titanosaur (Lacovara et al. 2014;

Gallina et al. 2022; Calvo 2023), was the most stressed

specimen in the intrinsic and second on the extrinsic sce-

narios, with almost 5 times the mean von Mises stress of

Neuquensaurus in the first test and more than 14 times

higher than Giraffatitan in the second test (Figs 4, 5). The

extrinsic scenario results for Dreadnoughtus reveal a con-

siderable deviation when compared to other sampled

taxa. The muscular reconstruction, following the

approach by Voegele et al. (2021), does not appear to

overestimate the attachment areas when compared to the

other models reconstructed here, as such we did not con-

sider it as a factor involved in this result regarding Dread-

noughtus. We consider that other aspects of our

methodological approach might have been involved in

these results.

One of the factors considered is the use of surface

models in our analyses. The use of surface models ignores

the internal anatomy of the femur and does not consider

differences in microanatomy, for example, which is essen-

tial in determining bone strength (Augat & Schorlem-

mer 2006). Sauropod long-limb microanatomy appears to

be highly variable: while a thick cortex is found in the

dwarf sauropod Magyarosaurus, a medullary cavity is

observed in the femora of larger species such as Diplodo-

cus and Alamosaurus, as well as in the dwarf taxa Europa-

saurus (Woodward & Lehman 2009; Mitchell &

Sander 2014; Lefebvre et al. 2023).

With no information on the three-dimensional micro-

anatomy of Dreadnoughtus, there is no way to assess how

the ratio of cortical-to-medullary bone could have influ-

enced the material properties of the bones of this specific

taxon. However, Lefebvre et al. (2023) suggested that

microanatomical features were not predominant regard-

ing the weight-bearing function in sauropods. Therefore,

the extreme difference found in the results for
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Dreadnoughtus is likely to be influenced by its antero-

posteriorly compressed femur, combined with the high

levels of stress generated by the loads from its own

musculature.

Based on our findings, we propose that Dreadnoughtus

was the least capable of rearing among the taxa studied

or, at best, could only sustain this posture for a short

duration. This limitation can probably be attributed to its

femoral morphology and the significant stress imposed by

its own musculature.

Even though our results show that some specimens

experienced significantly lower mean von Mises

stress/element than others, we also assume that a bipedal

or tripodal stance is likely to have been used by all sauro-

pods at least for usual behaviours such as mating,

defence, agonistic combat, and foraging. It is also worth

noting that sauropods could rely on external support

while rearing (such as their mate’s body or a tree during

feeding) reducing the stress on their hind limbs.

This model represents the first application of FEA to

explore the biomechanics of sauropod rearing behaviour

and, as such, is subject to methodological limitations that

must be acknowledged. The surface-based modelling

approach, while computationally efficient and suitable for

broad taxonomic comparisons, lacks the detail of internal

bone architecture. Although femoral microanatomy varies

among sauropods, our models use uniform material

properties for all specimens. The exclusion of cartilagi-

nous tissues (key for stress dissipation in living animals)

also means that our stress estimates should be seen as

comparative, not absolute.

A further limitation that should be considered is the

omission of forelimb bones and musculature from our

modelling. Supporting and maintaining a bipedal posture

would have required coordinated effort from both hind

and forelimbs. This is especially relevant for taxa with

forward-shifted centres of mass, which may have relied

on forelimb strength to counterbalance body weight.

Despite those limitations, this study provides the first

quantitative, biomechanically informed framework for

assessing rearing ability in sauropods. It improves on pre-

vious work that relied on qualitative anatomy or simpli-

fied mass estimates. The comparative method developed

here lays the groundwork for future studies using more

detailed models, moving towards a better understanding

of sauropod locomotion and behaviour.

Finally, our findings suggest that saltasaurid titano-

saurs were the best suited to maintain these postures for

extended periods or with greater ease, largely due to

their robust femora, which were better equipped to

endure the stress. In contrast, giant sauropods, exempli-

fied here by Dreadnoughtus and Giraffatitan, probably

found it more challenging to enter or maintain these

postures, as their femora were not robust enough to

mitigate the higher loads generated by their massive hin-

dlimb musculature.

CONCLUSION

Our tests, based on mean von Mises stress per element,

and stress surface distribution, femoral morphology, and

the presence of specific muscular attachments, suggest that

some sauropod species could sustain a bipedal stance for

extended periods. The results further support the idea that

saltasaurid titanosaurs, such as Neuquensaurus, may have

been better suited for maintaining this posture, potentially

aiding these smaller sauropods in reaching food sources.

In contrast, Dreadnoughtus is the least capable of rearing

up or sustaining a bipedal stance for extended periods,

probably due to its larger size and particular femoral anat-

omy. Thus, our findings offer a new perspective on the

behavioural ecology of sauropods, emphasizing that mor-

phological adaptations should be considered within a

broader context of biomechanical and ecological factors.
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SUPPORTING INFORMATION

Additional Supporting Information can be found online (https://

doi.org/10.1111/pala.70019):

Figure S1. Musculature reconstructed to the intrinsic models

(*.tiff). Meshes retrieved from Blender with random colours

attributed. Elements not to scale.

Appendix S1. MorphoSource DOIs for specimens scanned for

this study.
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