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ABSTRACT
Bone anatomy reflects the mechanical and functional constraints to which the skeleton is subjected. 
In graviportal taxa, the primary constraint is gravity, requiring specific adaptations in bone structure. 
Proboscideans, including modern elephants and their fossil relatives, illustrate these adaptations, 
notably through a columnar posture that optimizes load transmission. While adaptations of external 
bone morphology have been described within this order, variations in bone microanatomy have rarely 
been studied in fossil proboscideans. In this study, we analyze for the first time the microanatomy of 
a Deinotherium giganteum (Kaup, 1829) femur, a fossil species from the Deinotheriidae Bonaparte, 
1845 family, based on a fractured specimen preserved at the Hungarian Natural History Museum. 
We compare these observations with those of a Mammuthus sp. femur to assess similarities and differ-
ences in weight-bearing adaptations across different proboscidean families. Our results reveal shared 
characteristics between the two taxa, including a thick-walled diaphysis, a medullary cavity largely 
filled with trabecular tissue, and highly anisotropic trabeculae aligned with axial loading, features also 
observed in modern elephants. However, D. giganteum exhibits a more pronounced hourglass-shaped 
cortical distribution and relatively greater cortical thickness than Mammuthus sp., suggesting differ-
ences in load distribution or distinct weight-bearing adaptation strategies between these two taxa.
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INTRODUCTION

The vertebrate skeleton provides a rigid structure that 
supports and enables movement of the body. Like all bio-
logical structures, limb anatomy results from the con-
joined effects of phylogenetic, structural and functional 
constraints (e.g., Gould 2002; Cubo 2004). Bone micro-
anatomy (i.e., the organization of the bony tissues) pro-
vides crucial information on the constraints the animals 
are facing. The internal structure of bones, including their 
density, cortical thickness, and arrangement of bone tis-
sues, allow for inferences regarding the stresses that are 
placed on the bones. When subjected to mechanical load-
ing, bones undergo structural adaptations to better sup-
port the increased stress placed upon them (Ruff & Hayes 
1983; Turner 1998; Ruimerman 2005; Habib & Ruff 2008; 
Nikander et al. 2010; Doube et al. 2011; Bishop et al. 2018). 
In the case of giant terrestrial animals, the greatest chal-
lenge of the skeleton is resistance to gravity: gravity exerts 
a downward force proportional to an animal’s body mass 
(Biewener 1989; Bertram & Biewener 1990; Biewener & 
Patek 2018). As body length doubles isometrically, body 
mass increases by a factor of 8 (Schmidt-Nielsen 1984), 
meaning that larger animals contend with relatively greater 
gravitational constraints compared to smaller ones. Giant 
quadrupeds are thus particularly challenged: some of them 
exhibit distinctive musculoskeletal and physiological adapta-
tions allowing them to accommodate their massive weight, 
and are generally termed as graviportal (e.g. elephants, rhi-
noceroses, hippopotamuses, sauropodomorph dinosaurs). 
This term was originally proposed by Gregory (1912) and 
Osborn (1929), and refers to an ensemble of morphological 
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and locomotor traits that facilitate weight-bearing. These 
traits include columnar limbs, relatively lengthened stylo-
pods and shortened autopods, robust long bones (i.e., wider 
diaphyses for a given length), and enlarged feet with thick 
adipose cushions (Gregory 1912; Osborn 1929; Hildebrand 
1974; Coombs 1978; Alexander & Pond 1992; Langman 
et al. 1995; Hutchinson et al. 2003). These features are 
typically associated with a high body mass (over several 
hundred kilograms) and limited locomotor capabilities, 
such as an inability to gallop. However, the concept of 
graviportality remains debated (Coombs 1978; Carrano 
1999; Mallet et al. 2019). While extant elephants are the 
perfect example of graviportality, fulfilling all anatomical 
and functional criteria, other heavy terrestrial mammals 
(e.g., rhinoceroses and hippos) only partially conform to the 
definition. Rhinoceroses, although massive and morphologi-
cally adapted to weight-bearing, retain the ability to gallop, 
leading early authors to consider them mediportal (Gregory 
1912; Osborn 1936), although they have since been reclas-
sified as graviportal by others (Prothero & Sereno 1982; 
Eisenmann & Guérin 1984). Similarly, hippos have been 
variably categorized due to their capacity to trot and their 
semi-aquatic adaptations (Ross 1984; Alexander & Pond 
1992; Carrano 1999; Stilson et al. 2016; Hutchinson & 
Pringle 2024). Beyond external morphology, graviportal 
animals also show microanatomical specializations in the 
limb bones (Gregory 1912; Osborn 1936; Coombs 1978; 
Mallet et al. 2019, 2020; Lefebvre et al. 2022; Bader et al. 
2025, in press). These include the reduction or absence of 
a medullary cavity and increased compactness of bone tis-
sue, which improve resistance to high compressive forces 
and enhance load distribution (Wall 1983; Houssaye et al. 

RÉSUMÉ 
Microanatomie osseuse et adaptation au support de la masse chez le proboscidien géant Deinotherium 
giganteum (Kaup, 1829).
L’anatomie osseuse reflète les contraintes mécaniques et fonctionnelles auxquelles le squelette est 
soumis. Chez les taxons graviporteurs, la contrainte principale est la gravité, nécessitant des adapta-
tions particulières de la structure osseuse. Les proboscidiens, comprenant les éléphants actuels et leurs 
parents fossiles, illustrent ces adaptations, notamment à travers une posture colonnaire qui optimise 
la transmission de la charge mécanique. Bien que les adaptations de la morphologie externe des os 
aient été décrites au sein de cet ordre, les variations de la microanatomie osseuse n’ont été que rare-
ment étudiées chez les proboscidiens fossiles. Dans cette étude, nous analysons pour la première fois 
la microanatomie du fémur de Deinotherium giganteum (Kaup, 1829), une espèce fossile de la famille 
des Deinotheriidae Bonaparte, 1845, à partir d’un spécimen fracturé conservé au Musée national 
Hongrois d’Histoire naturelle. Nous comparons ces observations avec celles d’un fémur de Mammu-
thus sp. afin d’évaluer les similarités et différences dans l’adaptation au support d’un poids massif au 
sein de différentes familles de proboscidiens. Nos résultats révèlent des caractéristiques communes 
aux deux taxons, incluant une diaphyse à paroi épaisse, une cavité médullaire largement remplie de 
tissu trabéculaire et des trabécules hautement anisotropes alignées avec la charge axiale, des traits 
également observés chez les éléphants actuels. Cependant, D. giganteum présente une distribution 
corticale plus marquée en forme de sablier et une épaisseur corticale relative plus importante que 
Mammuthus sp., suggérant des différences dans la répartition des charges ou différentes stratégies 
d’adaptations au support du poids entre ces deux taxons.
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2016, 2018; Nganvongpanit et al. 2017; Lefebvre et al. 
2023; Bader et al. in press). Increased bone density and 
thickened cortices also improve resistance to bending and 
torsional loads (Currey & Alexander 1985; Oxnard 1990, 
1993; Houssaye et al. 2016; Canoville et al. 2022): extant 
elephant display a distinctive cortical bone distribution, 
forming an “hourglass” or dual-cone pattern centered around 
the growth center (GC). In the absence of secondary bone 
deposition in the medullary cavity, this thickening occurs 
primarily where compact bone is initially laid down. The 
thicker cortex enhances resistance to compressive loads and 
likely corresponds to zones of peak stress during loading, 
helping maintain mechanical safety. Similar patterns have 
been described in extant rhinoceroses (Etienne 2023) and 
hippos (Houssaye et al. 2021), where reduced bone resorp-
tion near the GC preserves cortical thickness under high 
stresses, as indicated by trabecular anisotropy (i.e. trabecu-
lae oriented preferentially along an axis). While some large 
sauropods also show cortical thickening near the GC, it 
is less pronounced, implying alternative weight-bearing 
adaptations (Lefebvre et al. 2023). Finally, the limb long 
bones of graviportal taxa show highly anisotropic trabeculae, 
oriented orthogonally to the ground (Wall 1983, Lefebvre 
et al. 2023; Etienne 2023) in columnar taxa such as sauropod 
dinosaurs and graviportal proboscideans, the trabeculae are 
thus oriented in a mostly parallel manner to the long axis 
of the limb bones, maximizing the axial distribution of the 
load (Lefebvre et al. 2023, Bader et al. 2025).

The order Proboscidea Illiger, 1811 includes some of the 
largest terrestrial animals to have ever lived (Sukumar 1992; 
Larramendi 2016). Some species reached gigantic sizes, 
exceeding 5 meters at the shoulder and weighing up to 22 
tons (Meshram & Sonakia 2006; Larramendi 2016). Today, 
the group is represented by only three species of elephants 
(Wilson et al. 2011), which remain the heaviest living land 
mammals. However, early proboscideans were far smaller 
(Sukumar 1992; Shoshani & Tassy 2005). The order com-
prises over 180 extinct species (Kingdon & Happold 2013) 
that once inhabited every continent except Oceania and 
Antarctica (Cantalapiedra et al. 2021). The earliest forms, 
such as Eritherium Gheerbrant, 2009 and Phosphatherium 
Gheerbrant, Sudre & Cappetta, 1996, from the Paleocene 
of Northern Africa, weighed only 6 to 17 kg (Gheerbrant 
et al. 2005; Gheerbrant & Tassy 2009; Larramendi 2016). 
Larger taxa emerged during the Eocene and Oligocene (e.g., 
Barytherium Andrews, 1901, Palaeomastodon Andrews, 
1901, Chilgatherium Sanders, Kappelman & Rasmussen, 
2004) weighing over 1500 kg (Larramendi 2016). From 
the Miocene onward, proboscideans underwent a marked 
size increase across all families (Tassy 1990; Cantalapiedra 
et al. 2021), with many species exceeding 10 tons (e.g. Dei-
notherium giganteum (Kaup, 1829), Mammuthus trogontherii 
(Pohlig, 1885)) and some approaching 20 tons, including 
Palaeoloxodon antiquus (Falconer & Cautley, 1847) and 
“Mammut” borsoni (Hays, 1834). Extant elephants (like other 
graviportal taxa) exhibit distinct microanatomical adapta-
tions in their limb long bones to support their massive body 

weight (Wall 1983; Houssaye et al. 2016; Nganvongpanit 
et al. 2017; Etienne 2023; Lefebvre et al. 2023; Bader et al. 
2024). In proboscideans, gigantism was facilitated in part by 
the acquisition of the columnar stance, where the limbs are 
straight and nearly perpendicular to the ground at rest. This 
alignment allows an increased reliance on axial compression, 
enabling the support of several tons of body mass without 
a proportional increase in bone robustness (Hildebrand 
1974). As a result of the limb orientation, extant elephants 
have been shown to exhibit highly anisotropic trabeculae, 
primarily oriented orthogonally to the ground, optimizing 
load transmission along the columnar limbs (Bader et al. 
2025). While the microanatomical adaptations of limb bones 
have been documented in modern elephants (Nganvong-
panit et al. 2017; Bader et al. 2025) and, to some extent, in 
several extinct dwarf elephantids (Köhler et al. 2021; Bader 
et al. in press), they remain largely unstudied across the rest 
of the proboscidean order. In particular, the microanatomi-
cal variations associated with the acquisition of a columnar 
posture are still poorly understood. Among proboscideans, 
the Deinotheriidae Bonaparte, 1845 family was the first to 
display columnar limbs, and while the morphological vari-
ation of their long bones has been described (Bader et al. 
2024), their microanatomy has yet to be explored.

The scarcity of proboscidean fossil material often limits 
their inclusion in studies requiring destructive analysis. 
Furthermore, practical constraints, such as the sheer size 
of the bones, often prevent the use of micro-CT scanning 
as a non-invasive method for examining their microstruc-
ture. While the bones might fit in conventional medical 
CT, the resolution of such devices is not high enough 
to provide detailed visualizations of the microanatomy.  
The Hungarian Natural History Museum (HNHM) collec-
tion in Budapest (Hungary) contains a unique Deinotherium 
giganteum (Kaup, 1829) femur that was previously split in two. 
This resulted in a longitudinally segmented bone with minimal 
alteration to its internal structure, providing rare and valuable 
insights into the microanatomy of the giant Deinotheriidae. 
The Deinotheriidae originated in the Oligocene of Northern 
Africa, and later spread across Europe and Asia during the 
Miocene. This family includes three genera (Chilgatherium, 
Prodeinotherium Éhik, 1930, Deinotherium) with species 
ranging from 4 to 12 tons, and is the first proboscidean 
family to display a columnar stance. This postural adapta-
tion is considered as a synapomorphy of these two apical 
clades (deinotheres and elephantiforms), although dei-
notheres display distinct morphological variations in their 
limb bones as compared to more derived proboscideans. 
Notable differences, such as a larger greater tubercle of the 
humerus and a reduced anconeal process of the ulna, sug-
gest potential differences in posture and weight distribution 
(Bader et al. 2024). These variations raise the question of 
whether Deinotheriidae share the same microanatomical 
adaptations for heavy weight-bearing as modern probos-
cideans and whether the acquisition of a columnar posture 
is reflected similarly across phylogenetically distant probos-
cidean taxa. The specimen studied here will thus provide a 
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unique opportunity to further our understanding of limb 
anatomy evolution in proboscideans in relation to body mass. 
In addition to the Deinotherium femur, the collection 
includes another damaged proboscidean femur (probably 
from the genus Mammuthus Brookes, 1828), providing 
another rare opportunity to observe the inner bone structure 
of a fossil proboscidean species. Since Mammuthus is more 
closely related to extant elephants than Deinotherium, we 
expect its microstructure to show greater similarity to other 
elephantids. This comparison will allow us to assess whether 
phylogenetically closer species exhibit greater microana-
tomical resemblance or if weight-bearing demands override 
phylogeny, leading to similar structural adaptations in both 
deinotheres and elephantids.

In this study, we aim to: 1) provide the first description of 
the microanatomy of a Deinotherium giganteum femur, tak-
ing trabecular density and orientation as well as variations in 
cortical thickness into account; 2) compare our observations 
to the microanatomy of a Mammuthus sp. femur; and 3) con-
textualize these findings within the broader framework of 
weight-bearing adaptations in proboscideans (limb posture, 
bone external morphology). 

MATERIAL AND METHODS

SAMPLE

Our sample is composed of two partial bones from the Pal-
aeovertebrate Collection of the Hungarian Natural History 
Museum (HNHM) in Budapest, Hungary. Due to historical 
reasons, very little written information is now available regard-
ing these specimens, so that only one of the two specimens 
could be identified at the species level.

Deinotherium giganteum femur
The specimen was provisionally assigned the ID “Deinoth-
eriumsp001” in a previous study (Bader et al. 2024) due to 
uncertainty regarding its original catalog number. However, 
curatorial work since then has revealed that it is part of the 
material inventoried as Deinotherium giganteum (body mass: 
c. 12 000 kg; Larramendi 2016) under the number HNHM-
V.79.166.

The HNHM-V.79.166. specimen (femur + tibia) today 
consists of six fragments. The femur is in four pieces, includ-
ing the distal half of the bone split in two (Fig. 1A, B, C), 
a smaller proximal diaphyseal fragment, and a part of the 
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greater trochanter (Fig. 6[S1]). The tibia consists of the proxi-
mal epiphysis in two parts (Fig. 7[S2]). The distal half of the 
femur had been previously digitized via photogrammetry for 
a study on proboscidean limb bones (Bader et al. 2024), and 
3D models of the two segments were digitally reassembled to 
reconstruct the femur, providing a visualization of its distal 
morphology. The bone was split along its longitudinal axis 
(Fig. 1A-C), with minimal additional alteration, allowing 
for a rare longitudinal view of the internal architecture of a 
D. giganteum femur, extending from the intercondylar fossa 
to approximately the mid-diaphysis. The reconstructed distal 
part of the femur measures 88.43 cm in length. Based on a 
picture of the complete bone (i.e. before fragmentation), we 

estimate the original total length of the femur to exceed 150 
cm (Fig. 8[S3]), which is well above the known adult range 
reported in Bader et al. (2024). We thus conclude that this 
femur belonged to an adult individual.

Limited information is available regarding the origin of 
the D. giganteum bones in question. The label indicates that 
the remains originate from a site belonging to the Pannonian 
Stage, a regional chronostratigraphic unit which, according to 
current definitions spans from 11.6 to 2.6 Ma, corresponding 
to the Late Miocene and Pliocene (Magyar et al. 2025). The 
place of origin is indicated by both the historical Hungar-
ian and the Romanian names of the settlement: “Nántű / 
Hurezu Mare / Szilágy County”. Today, Hurezu Mare vil-
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lage is located in Supur Commune in Satu Mare County, 
northwestern Romania. As the county (and state) borders 
have changed several times over the last century, so has the 
county to which Hurezu Mare belonged (Hajdú-Moharos 
1997; Szilágyi 2008). The designation “Szilágy county” (Sălaj 
County in Romanian) might thus offer a clue regarding the 
collection period, but without further evidence this remains 
speculative.

Unfortunately, no record has yet been found on the exact 
location of the site or the identity of the collectors. It is pos-
sible that such information was lost or forgotten during the 
turbulent years of the Second World War, or perhaps during 
the Hungarian Revolution of 1956. Several D. giganteum 
finds of this age have been recovered from the deposits 
around Hurezu Mare (for example in neighboring villages 
such as Supuru de Sus and Derșida) (Apostol 1968; Jurcsák 
1973, 1983; Codrea & Andreica 1988; Codrea et al. 2002; 
Codrea 2008). However, our paper is the first to report 
the closer area of Hurezu Mare as a potential locality for 
D. giganteum bones.

The femur and tibia were part of the former exhibition 
titled “A Föld és az élet fejlődéstörténete” (“The History of 
Earth’s and Life’s Evolution”). The bones were supplemented 
with a replica fibula and distal limb elements, assembled and 
labeled in the exhibition as “left hind limb of a mastodon” 
(Fig. 8[S3]). Based on photographs and exhibition guides, 
the bones must have been in the exhibition hall already 
in 1954 (Természettudományi Múzeum-Magyar Nemzeti 

Múzeum 1954; Koroknai 1954). During the Hungar-
ian Revolution of 1956, the museum building was hit by 
artillery and suffered extensive damage, but the resulting 
fire fortunately did not affect this particular exhibition 
area (Boros 1957; Papp 2016). Later, the Deinotherium 
bones appear intact in a newsreel clip from 1961.05.01 
(Fig. 9[S4]). No further information is available regarding 
the later history of the bones or the circumstances of their 
damage and fragmentation.

Mammuthus sp. femur
The specimen HNHM-PAL 2025.5.1. is a femur of an unde-
termined proboscidean species. This bone was previously 
digitized using photogrammetry for another study (Bader 
et al. 2024), producing a 3D reference model. Damage to 
the proximal region of the femoral trochlea prevents the use 
of geometric morphometric methods (GMMs) to compare 
it quantitatively with other proboscidean species. However, 
qualitative comparisons of the distal condyles with those of 
similarly sized proboscideans (e.g. Deinotherium, Mammut, 
Gomphotherium Burmeister, 1837, Mammuthus) suggest an 
affinity with Mammuthus. Additionally, this specimen is stored 
among several limb bones of Mammuthus primigenius Blumen-
bach, 1799 (body mass: c. 6000 kg; Larramendi 2016), which 
further supports its identification as Mammuthus. Although 
the HNHM does not currently house limb bone remains of 
other Mammuthus species, the absence of a label or associated 
documentation prevents a definitive species-level assignment. 
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The HNHM-PAL 2025.5.1. specimen consists of a partial 
femur, lacking the proximal epiphysis and the medial portion 
of the diaphysis. This preservation state provides an exposed 
view of the internal bone structure from the distal metaphysis 
to the proximal metaphysis (Fig. 1D, E). The femur (lacking 
the proximal epiphysis) measures 114.26 cm in length, which 
falls well within the adult size range for mammoth femora, 
regardless of species (Bader et al. 2024). We thus conclude 
that this femur belonged to an adult individual.

IMAGING

Digital photographs of the bones were taken using a Canon 
EOS 600D camera. Camera settings, including focal length, 
exposure, and lighting conditions, were standardized across all 
images to ensure consistency. Pictures were modified in Adobe 
Illustrator CC (23.0) to highlight the different tissues in the 
bones, considering the parts that were on a similar level (i.e. 
not broken at different depths), hence the Mammuthus femur 
being only highlighted in the cranial part of the diaphysis. 
Zoomed-in images were processed using the ‘Unsharp Mask’ 
filter in ImageJ (version 1.52p) to enhance sharpness (radius: 
5 px, mask weight: 0.60).

LINEAR MEASUREMENTS

To highlight the differences between the two taxa and provide 
a quantitative reference for future studies, we measured the 
absolute maximal thickness of the diaphyseal cortex (AmaxT) 
and the corresponding diaphyseal diameter at that point (D). 
Using these values, we calculated the relative maximal thick-
ness of the diaphyseal cortex (RmaxT), defined as the ratio 
of AmaxT to D.

RESULTS

DEINOTHERIUM GIGANTEUM FEMUR

In D. giganteum, the compact bone is thickest at the mid-
diaphysis, with a greater thickness on the caudal side compared 
to the cranial side (RmaxT = 0.36, see Table 1). This compact 
layer tapers toward the metaphysis and epiphysis (Fig. 2A, B). 
The compact bone is extremely thin on the cranioproximal 
side of the femoral trochlea, slightly thicker in its distal por-
tion, and thickest within the intercondylar fossa.

The medullary area is occupied by trabecular bone from 
the distal epiphysis up to just below the mid-diaphysis. The 
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midshaft remains largely devoid of trabecular bone, though 
some breakage may have occurred. However, the absence of 
trabecular bone in this region appears to be natural rather 
than taphonomic.

The trabeculae are thin and numerous, with a higher density 
in the distal epiphysis compared to the shaft. In the mid-
diaphysis, the trabeculae exhibit high anisotropy, oriented 
proximodistally and running parallel to the compact bone 
(Fig. 3a, e). In the distal diaphysis, the outermost layer of 
trabecular bone consists of highly anisotropic but thinner 
trabeculae, whereas the innermost region contains thicker, 
sparser, and mostly isotropic trabeculae (Fig. 3b). Just above 
the distal metaphysis, the trabeculae are thin and highly ani-
sotropic, oriented from the cranial side to the distocaudal 
side. This orientation aligns orthogonally to the ground when 
the femur is at rest, reflecting the slight curvature of the bone 
in a normal standing position (Fig. 3f ). The innermost and 
caudal regions of the distal diaphysis contain predominantly 
isotropic trabeculae, while the outermost parts exhibit ani-
sotropic trabeculae oriented orthogonally to the compact 
bone layer (Fig. 3c). In the cranioproximal portion of the 
trochlea, the trabeculae are anisotropic and aligned parallel 
to the articular surface, whereas in the distal trochlea, they 
are oriented orthogonally to the articular surface. Overall, 
trabecular anisotropy is more pronounced in the cranial part 
of the distal metaphysis and epiphysis than in the caudal part 
(Fig. 3c, d).

MAMMUTHUS SP. FEMUR

In Mammuthus sp., the visible portion of the femur reveals a 
thick compact bone layer at mid-diaphysis, which tapers dis-
tally toward the distal epiphysis but shows a similar thickness 
proximally (RmaxT = 0.11, see Table 1), extending toward 
the greater trochanter (Fig. 2C). The distal epiphysis is filled 
with trabecular bone, with fractured trabeculae in the distal 
metaphysis, suggesting that this area was originally also filled 
with trabecular bone.

A thick layer of trabecular bone, approximately one-quarter 
of the shaft’s diameter, is present along the outermost parts 
of the diaphysis, while the inner regions remain largely free 
of trabecular bone. In the proximal metaphysis, distal to the 
greater trochanter, the trabecular layer is notably thin but 
thickens again closer to the greater trochanter itself.

In the proximal metaphysis, the trabeculae are thick and 
arranged in large lattice-like structures, forming arching pat-

terns from the cranioproximal side of the shaft to the disto-
caudal side (Fig. 4a). In the proximal and mid-diaphysis, the 
trabeculae remain thick and highly anisotropic, with those in 
the outermost regions oriented parallel to the compact bone. 
In the inner regions, many trabeculae appear broken, but 
the intact ones are oriented from proximocaudal to cranio-
distal, forming lattices of thick and widely spaced trabeculae 
(Fig. 4b, c). Just below the mid-diaphysis, distal to the growth 
center (GC), the trabeculae maintain a similar thickness 
but oriented in the opposite way, with the inner trabeculae 
arranged from proximocranial to distocaudal. The trabeculae 
in the outermost regions remain parallel to the compact bone 
(Fig. 4d, e). Above the distal metaphysis, the trabecular tissue 
is largely fragmented. However, the remaining trabeculae are 
much thinner and show a much lower anisotropy, suggesting 
that the original metaphysis was filled with isotropic or lowly 
anisotropic trabeculae oriented proximodistally (Fig. 4e, f ). 
The fractured lateral portion of the trochlea reveals isotropic 
trabeculae in the inner part of the structure, while the out-
ermost trabeculae are anisotropic and aligned parallel to the 
compact bone (Fig. 5). On the medial side, the broken region 
of the trochlea primarily consists of isotropic trabeculae, with 
a faint orthogonal orientation to the compact layer in the 
most proximal part (Fig. 5).

DISCUSSION 

GENERAL PATTERN AND WEIGHT-BEARING ADAPTATIONS

This study provides preliminary insights into the micro-
anatomy of the femur of D. giganteum and Mammuthus sp., 
suggesting that both taxa share similar microanatomical pat-
terns adapted to massive weight-bearing. Both specimens 
exhibit femora with a relatively thick cortex, a medullary 
area filled with trabecular bone except in the mid-diaphysis, 
and highly anisotropic trabeculae oriented orthogonally to 
the ground. These characteristics are expected in graviportal 
animals (Houssaye et al. 2016; Lefebvre et al. 2023), includ-
ing proboscideans (Bader et al. 2025, in press).

The femur of D. giganteum exhibits a distinctive cortical 
bone distribution, characterized by thickening around the 
growth center, resulting in an hourglass-shaped pattern. While 
this feature is less prominent in Mammuthus, it remains dis-
cernible. Similar distributions have been observed in modern 
elephants (Nganvongpanit et al. 2017; Bader et al. 2025) 
and other large-bodied taxa, including extant rhinoceroses 
(Etienne, 2023) and hippopotamuses (Houssaye et al. 2021). 
In these species, the growth center is surrounded by highly 
anisotropic trabeculae, suggesting that this area is subjected 
to high stresses. Retaining a thick cortical layer around the 
growth center would then provide an additional adaptation 
to massive load support: instead of resorbing the bone, as is 
usual for non-graviportal species, the cortical bone around 
the growth center suggest a limited bone resorption resulting 
in a thick cortical layer capable of supporting massive loads.   
In both D. giganteum and Mammuthus, the compact bone 
is much thicker in the diaphysis, where it forms the cortical 

TABLE 1 Deinotherium 
giganteum Mammuthus AmaxT

D RmaxT

Species Specimen ID
AmaxT 

(cm) D (cm) RmaxT

Deinotherium 
giganteum 

Mammuthus
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bone, than in the epiphysis where it is limited to a thin layer. 
The trabecular tissue occupies a large portion of the diaphy-
sis, leaving only the central part free, which corresponds to 
the growth center. This trabecular filling is typical of large 
quadrupeds (Houssaye et al. 2016), where an increased tra-
becular volume enhances load distribution along the bone, 
thereby improving weight-bearing capacity (Currey, 2002). 
This organizational pattern is consistently observed in other 
graviportal animals, including rhinoceroses, sauropod dino-
saurs, and modern elephants (Etienne 2023; Lefebvre et al. 
2023; Bader et al. 2025; Bader et al. in press).

Additionally, the trabeculae in the diaphysis are highly 
anisotropic, oriented parallel to the compact bone (i.e., 
proximodistally, orthogonally to the ground), which opti-
mizes axial load distribution (Currey 2002, Barak et al. 
2008). In modern elephants, this trabecular arrangement 
reflects the immense mechanical demands and the load 
application angle associated with a columnar stance, where 
the limb’s long axis remains nearly perpendicular to the 
ground during standing and slow walking (Ren et al. 2010). 
Given the columnar posture of both Deinotherium and Mam-

muthus, the trabecular orientation in their femora similarly 
reflects limb orientation and weight-bearing adaptations.  
In the distal epiphysis, the trabeculae are less anisotropic 
than in the diaphysis, exhibiting a predominantly isotropic 
arrangement in the innermost part of the bone, and slightly 
increased anisotropy in the outermost part. This pattern reflects 
the diverse mechanical constraints to which the knee is sub-
jected: the distal femoral epiphysis is part of the knee joint 
articulation, which imposes complex strain patterns beyond 
simple proximodistal loading. As a result, the trabeculae do 
not exhibit a strong preferential orientation. In the distal part 
of the trochlea, the trabeculae are orthogonal to the compact 
layer, facilitating optimal load distribution. Conversely, in the 
proximal part of the trochlea, which is not in direct contact 
with the tibia, the trabeculae are parallel to the compact layer, 
reflecting the different orientation of the mechanical strain.

INTERGENERIC VARIATION

While the femora of D. giganteum and Mammuthus sp. share 
an overall similar organization, we observed clear differences 
between the two species. 

A B

P
M

P
M

FIG. 5 Mammuthus A B
M P red lines
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The hourglass-shaped distribution is clearly visible in 
D. giganteum but only slightly visible in Mammuthus sp. This 
variation may be linked to a number of factors: the two taxa 
might exhibit differences in posture and/or weight distribu-
tion. Conversely, if D. giganteum and Mammuthus sp. share 
a similar posture and weight distribution pattern along their 
craniocaudal axis, the observed difference might reflect dif-
ferent adaptive responses (e.g. relying more on thick cortex 
rather than on trabecular filling). In extant elephants, the 
hourglass-shaped distribution is more pronounced in the 
forelimb than in the hindlimb, the latter bearing approxi-
mately 40% of the body mass (Ren et al. 2010). The marked 
hourglass-shaped distribution in D. giganteum might then 
indicate a different weight distribution or adaptive strategy 
compared to that of extant elephants. Conversely, it is also 
possible that this pattern is more pronounced in the fore-
limb of D. giganteum as well: in this case, both D. gigan-
teum and extant elephants would share the same overall 
pattern (hourglass-shaped distribution more pronounced 
in the forelimb) although in D. giganteum, this distribu-
tion would then be more accentuated across all limb bones. 
In Mammuthus sp., the less pronounced hourglass shape is 
unsurprising, as this species is more closely related to extant 
elephants. Additionally, mammoths generally have shorter 
hind limbs (Larramendi 2016), resulting in a greater weight 
load on the forelimbs and reduced strain on the hind limbs. 
D. giganteum, on the contrary, displays particularly high hips 
relative to their shoulder height (Larramendi 2016), thus 
increasing the relative weight on the hind limb, which might 
explain the more marked hourglass-shaped distribution in the 
femur, allowing for better resistance to mechanical loading.

The femoral cortex is relatively thinner in Mammuthus sp. 
(RmaxT = 0.11) than in D. giganteum (RmaxT = 0.36). This 
variation might be due to multiple factors: as with the corti-
cal thickness distribution, differences in posture and limb 
proportions could result in a relatively lower mechanical 
load on the hindlimb of Mammuthus. Additionally, if the 
Mammuthus specimen studied here is indeed Mammuthus 
primigenius (c. 6000 kg; Larramendi 2016), it would be 
much lighter than D. giganteum (c. 12 000 kg; Larramendi 
2016). As a result, Mammuthus would experience both lower 
absolute and relative weight constraints on its femur, leading 
to less pronounced weight-bearing adaptations. Conversely, 
this more slender build of the Mammuthus specimen might 
also suggest differences in overall weight distribution between 
the species, or different trade-offs between bone robustness 
(defined as the ratio of bone maximal length to the minimal 
diaphyseal circumference) and maximal cortical thickness. 
Indeed, in extant elephants Elephas maximus Linnaeus, 1758 
display slightly more robust long bones than Loxodonta afri-
cana Cuvier, 1825 despite being lighter. However, L. africana 
shows slightly thicker cortices, which might compensate the 
lower robustness of the bones (Bader et al. 2025). In both 
L. africana and E. maximus, RmaxT falls between that of 
D. giganteum and Mammuthus sp., with values around 0.20-
0.25 (measurements taken from Bader et al. 2025: fig. 6). 
This “intermediate” maximal relative thickness in extant 

elephants as compared to the two fossil taxa studied here 
highlights the range of possible trade-offs and adaptations 
to heavy weight-bearing in proboscideans. However, as only 
the femur is considered in this study, without the other long 
bones, our understanding of weight distribution and micro-
anatomical adaptation in D. giganteum and Mammuthus sp. 
remains incomplete. 

Another observed variation concerns the orientation of 
trabeculae in the center of the femoral shaft. In Mammu-
thus, the trabeculae around the growth center are oriented 
cranio-caudally, with a proximal inclination above the growth 
center and a distal inclination below it. This pattern is remi-
niscent of the trabecular arches observed around the growth 
center in extant elephant femora (Bader et al. 2025). Such an 
organization might function similarly to architectural arches, 
enhancing load distribution (Currey 2002). As such, we can 
hypothesize that pronounced arches might act as a compen-
sating mechanism for a thinner cortex in Mammuthus, by 
distributing the load along the shaft. In Deinotherium, the 
presence of trabecular arches is not observable due to the 
incompleteness of the specimen and the presence of plaster 
fillings in the central part of the shaft. As a result, we cannot 
conclude on the possible link between the hourglass-shaped 
distribution of the cortex and the orientation of the trabeculae.  

MICROANATOMICAL VARIATIONS AND MORPHOTYPES 
The two femora analyzed in this study provide valuable new 
insights, particularly in the case of D. giganteum. While all 
proboscideans from the Miocene onwards exhibit colum-
nar limbs, there is considerable variation in the external 
morphology of their bones (Bader et al. 2024) and in their 
limb proportions (Larramendi 2016; Belyaev et al. 2025). 
Graviportal proboscidean limb bones can be categorized 
into two main morphotypes: one characterized by relatively 
thin shafts and narrow epiphyses (including elephantids 
and deinotheres) and another with thicker shafts and larger 
epiphyses (including mammutids and gomphotheres) (Bader 
et al. 2024). Although these morphotypes are not absolute 
categories, they represent two biomechanical strategies for 
weight-bearing in graviportal proboscideans, and a such raise 
the question of potential associated microanatomical variations.

To our knowledge, all graviportal proboscidean specimens 
available for microanatomical analysis belong to either dei-
notheres or elephantids, i.e. from the same “thin” morphotype, 
so that no direct comparison has yet been made between the 
two morphotypes. Interestingly, the “thin” morphotype does 
not follow the phylogeny, as it evolved convergently in both 
elephantids and deinotheres (Bader et al. 2024). As such, this 
raises the question of whether this morphological similar-
ity is associated with shared microanatomical adaptations. 
While limited by the scarce material, the present study 
provides partial insights: our findings suggest that in both 
D. giganteum and Mammuthus, trabecular bone adapts in 
a broadly similar manner to support massive body weight, 
reminiscent of what is observed in extant elephants. These 
results suggest that in both deinotheres and elephantids, 
the “thin” morphotype is associated with overall similar 
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microanatomical features. However, we observed a clear dif-
ference in relative cortical thickness, which is much greater 
in the femur of D. giganteum. This variation may be linked 
to differences in absolute body mass, weight distribution or 
posture, but might also reflect distinct biomechanical strate-
gies; further comparisons including complete bones of both 
species are needed to conclude on the link between external 
morphology and bone inner anatomy in relation to limb 
bone morphotype.

CONCLUSION

This study highlights key microanatomical adaptations in 
the femora of Deinotherium and Mammuthus, revealing a 
shared structural organization associated with graviportal 
weight-bearing. Both taxa exhibit thick cortical bone in 
the diaphysis, a medullary area largely filled with trabecular 
tissue, and highly anisotropic trabeculae aligned with axial 
loading. These patterns are similar to those observed in extant 
elephants, where they allow for efficient load distribution 
and mechanical resistance; our results thus highlight over-
all similar microanatomical adaptations to massive weight 
support among graviportal proboscidean taxa. Despite these 
global similarities, the femur of D. giganteum displays a 
more pronounced hourglass-shaped cortical distribution and 
greater relative cortical thickness than that of Mammuthus, 
suggesting potential differences in weight distribution and/
or posture, or potentially different adaptive features of the 
bone microanatomy. 
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