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Weight support is a strong functional constraint modelling limb bones in heavy quadrupeds. However, the complex 
relations between bone shape, mass, size and body proportions have been poorly explored. Rhinocerotoidea is one 
of the groups showing the highest body mass reached by terrestrial mammals through time. Here, we explore the 
evolutionary variation of shape in hindlimb stylopod and zeugopod bones and its relationship with mass, size and 
gracility in this superfamily. Our results show that bones undergo a general increase in robustness towards high 
masses, associated with reinforcements of the main muscle insertions. The shape of the femur, carrying a marked 
phylogenetic signal, varies conjointly with mass, size and gracility, whereas that of the tibia appears related to gracility 
and mass only. The shape of the fibula does not vary according to that of the tibia. Moreover, congruent variation of 
shape between the distal part of the femur and the complete tibia underlines the potentially strong covariation of the 
elements constituting the knee joint. These results, coupled with those previously obtained from forelimb study, allow 
a better comprehension of the relationship between bone shape and mass among Rhinocerotoidea, and a refining of 
the concept of ‘graviportality’ in this superfamily.

ADDITIONAL KEYWORDS:  appendicular skeleton – body mass – brachypody – functional morphology – 
geometric morphometrics – rhinoceros.

INTRODUCTION

Limb long bones, together with the muscles acting 
on them, fulfil essential functions like body support 
and locomotion in quadrupeds (Hildebrand, 1974). 
Consequently, their shape is regarded as strongly 
related to variations of body size, body mass and 
locomotor habits (Polly, 2007; Biewener & Patek, 
2018). The convergent tendency of many quadruped 
lineages to reach high body mass across their evolution 
(Cope, 1887; Depéret, 1907; Raia et al., 2012; Baker 
et al., 2015; Bokma et al., 2016) has led to repeated 

patterns of musculoskeletal constructions related to 
increase in size and mass. For more than a century, 
big animals have often been classified as ‘graviportal’, 
as opposed to ‘cursorial’ ones being characterized 
generally by smaller proportions (Hildebrand, 1974; 
Carrano, 1999). Skeletal features often associated with 
‘graviportality’ in tetrapods are columnar and thick 
limbs, vertically oriented girdle bones, changes in limb 
segment proportions (reduction of the autopodium 
and lengthening of the stylopodium) and an increase 
in bone compactness (Gregory, 1912; Osborn, 1929; 
Hildebrand, 1974; Coombs, 1978; Eisenmann & Guérin, 
1984; Biewener, 1989a, b; Bertram & Biewener, 1990; 
Houssaye et al., 2016). Limitations in locomotor habits 
have also been observed in ‘graviportal’ animals, 
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like the inability to gallop in elephants or hippos 
(Alexander & Pond, 1992). The different combinations 
of all these modifications lead to a high diversity of 
body plans associated with a single given body mass 
(Hildebrand, 1974; Polly, 2007). However, while higher 
body mass is expected to influence modifications of 
the bone shape itself in ‘graviportal’ animals, the 
extent of those modifications is poorly studied among 
quadrupeds.

The superfamily Rhinocerotoidea, only represented 
by five surviving species today (Dinerstein, 2011), was 
extremely diverse during the Cenozoic. More than 100 
species have been described in Eurasia, North America 
and Africa, with a notable diversity of ecological niches 
and locomotor morphologies (Prothero & Schoch, 1989; 
Cerdeño, 1998; Prothero, 2005; Biasatti et al., 2018). 
Rhinocerotoidea displayed an important variation in 
body mass, ranging from less than 100 kg in Hyrachyus 
Leidy, 1871, the most ancient representative of the 
superfamily (Antoine, 2002; Bai et al., 2017), to more 
than 10 tons in giant Paraceratheriidae (Fortelius & 
Kappelman, 1993; Prothero, 1998, 2013; Qiu & Wang, 
2007) (Table 1). A convergent increase in body mass 
occurred in different lineages, in which many species 
frequently exceeded a body mass of 1 ton (Cerdeño, 
1998). Throughout their evolutionary history, 
rhinocerotoids also underwent drastic modifications 
of their general body plan (e.g. limb morphologies 
suggesting a transition from ‘cursorial’ to ‘graviportal’), 
their degree of brachypody (or gracility, i.e. reduction 
of their relative limb length), their ecological affinities 
(from open environments to presumed semi-aquatic 
lifestyles), their number of forelimb digits (tetradactyl 
or tridactyl manus), the presence of horns and the 
relative size of their head (Guérin, 1989; Prothero & 
Schoch, 1989; Prothero, 1998, 2005, 2013; Cerdeño, 
1998; Antoine, 2002; Becker, 2003; Becker et al., 2009; 
Bai et al., 2017). Therefore, all these parameters may 
have covaried with the shape of their long bones.

Given the diversity in body mass, size and 
proportions encountered in this group over more than 
50 Myr, this superfamily constitutes an excellent 
case study for the exploration of the evolution of 
long bone shape in relation to these morphological 
parameters. Only a few works previously explored 
the shape variation of the limb bones in modern 
or fossil rhinocerotoids, and in relation with mass, 
size or degree of brachypody/gracility (Guérin, 1980; 
Prothero & Sereno, 1982; Becker, 2003; Mallet et al., 
2019, 2020; Etienne et al., 2020b). A recent integrative 
study explored this relationship between shape, size, 
mass and gracility on forelimb elements at the scale 
of the superfamily (Mallet et al., 2021). Beyond a 
common general increase of bone robustness towards 
high body mass in Rhinocerotoidea, it also underlined 
that shape is not equally associated with size, mass 

and gracility among forelimb bones and that some 
groups (i.e. Paraceratheriidae, Teleoceratina) followed 
different allometric trends compared to the rest of 
the superfamily. The patterns of shape variation 
observed on the stylopodium reflect more the 
evolutionary history of the group than those observed 
on the zeugopodium history than that observed on 
the zeugopodium. Moreover, the study of some partial 
anatomical areas highlighted that proximal and distal 
epiphyses varied in relation to size, mass and gracility 
in different ways to the variation observed across the 
entire bone (Mallet et al., 2021).

Building on these findings, our present study extends 
this approach to the hindlimb elements. Previous 
results on modern rhinos (Mallet et al., 2019, 2020) 
indicated congruent shape variation between fore- and 
hindlimb stylopod elements (i.e. similar trends and 
high integration between the humerus and femur), 
with shape variation and covariation being likely more 
related to phylogeny than to body mass. Remarkable 
differences between fore- and hindlimb zeugopod 
elements were also highlighted, with a stronger 
correlation of shape variation with body mass in the 
forelimb. These differences between fore- and hindlimb 
elements may be related to divergent functional roles. 
Fore- and hindlimbs do not act similarly during 
quadrupedal mammal locomotion, the former function 
as brakes and are vital in directional change, the latter 
ensure body propulsion (Lessertisseur & Saban, 1967; 
Heglund et al., 1982; Dutto et al., 2006). Although all 
four limbs sustain the whole body mass, quadrupedal 
mammals bear a significantly higher part of their body 
mass on the forelimbs (Alexander, 1985; Henderson, 
2006). This is particularly noticeable in rhinos, whose 
massive head, large muscle mass at the withers 
and presence of horns in some species, are likely to 
increase the proportion of the total body mass carried 
by the forelimbs (Henderson, 1999; Regnault et al., 
2013; Stilson et al., 2016; Panagiotopoulou et al., 2019). 
However, even if the length of the fore- and hindlimbs 
is relatively similar in most Rhinocerotoidea (Guérin, 
1980), some taxa like Paraceratheriidae have a non-
horizontal spine associated with having notably longer 
forelimbs than hindlimbs. This particular body plan 
likely changes which limbs support the largest part of 
the body mass and might also generate strong body 
mass-related shape variation on hindlimb elements, 
as has previously been observed on ankle bones of 
Perissodactyla (Etienne et al., 2020b).

The exploration of shape variation in the hindlimb 
bones could help establish how body mass and its 
repartition across the animal is reflected in bone 
shape variation. Some similar trends as in the 
forelimb are likely to be observed, such as an increase 
of bone robustness towards high body mass (Mallet 
et al., 2021). However, relationships between shape 
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Table 1. List of taxa, abbreviations, mean body masses and gracility indexes used in this study. Sources used to compile 
mean body mass and gracility index are given in the Supporting Information (Table S2)

Taxon Abbreviation Mean body mass (kg) Gracility index (GI-MT3) 

Acerorhinus zernowi Ar. z. 700 0.26
Alicornops simorrense Al. s. 875 0.29
Aphelops malacorhinus Ap. ma. 889 0.25
Aphelops megalodus Ap. me. NA 0.26
Aphelops mutilus Ap. mu. 1840 0.31
Brachypotherium brachypus Br. b. 2327 0.35
Ceratotherium cf. primaevum Ce. p. NA 0.32
Ceratotherium neumayri Ce. n. 1843 0.30
Ceratotherium simum Ce. s. 2300 0.27
Chilotherium kowalevskii Ch. k. 700 0.36
Coelodonta antiquitatis Co. a. 2402 0.29
Coelodonta nihowanensis Co. n. NA 0.24
Diaceratherium aginense Dia. ag. 1987 0.31
Diaceratherium asphaltense Dia. as. NA 0.31
Diaceratherium aurelianense Dia. au. 1551 0.38
Diaceratherium lemanense Dia. le. 1590 0.30
Diceratherium armatum Dm. ar. NA 0.21
Diceratherium tridactylum Dm. t. 517 0.25
Dicerorhinus sumatrensis Ds. su. 775 0.27
Diceros bicornis Dc. b. 1050 0.27
Dihoplus megarhinus Dh. m. NA 0.27
Dihoplus pikermiensis Dh. p. 1100 0.28
Dihoplus schleiermacheri Dh. s. 2122 0.26
Elasmotherium sibiricum E. s. 4500 0.24
Hoploaceratherium tetradactylum Ho. t. 1197 0.26
Hyrachyus eximius Hy. e. 67 0.17
Hyrachyus modestus Hy. m. NA 0.16
Hyracodon nebraskensis Hn. n. NA 0.16
Lartetotherium aff. sansaniense Ds. sa. NA 0.25
Lartetotherium sansaniense L. s. 1204 0.24
Menoceras arikarense Mc. a. 313 0.17
Metamynodon planifrons Md. p. 1340 0.34
Nesorhinus philippinensis N. p. 1086 0.28
Paraceratherium grangeri Pa. g. 10 950 0.24
Peraceras hessei Pe. h. NA 0.26
Peraceras profectum Pe. p. NA 0.26
Plesiaceratherium mirallesi Pl. m. 1268 0.25
Pleuroceros blanfordi Pc. b. 1343 NA
Prosantorhinus douvillei Ps. d. NA 0.45
Protaceratherium minutum Pt. m. 530 0.22
Rhinoceros sondaicus R. s. 1350 0.35
Rhinoceros unicornis R. u. 2000 0.27
Stephanorhinus jeanvireti St. j. NA 0.23
Stephanorhinus etruscus St. e. NA 0.24
Stephanorhinus hemitoechus St. he. 1561 0.26
Subhyracodon mitis Su. m. NA 0.26
Subhyracodon occidentalis Su. o. NA 0.24
Teleoceras fossiger Te. f. 1016 0.44
Teleoceras hicksi Te. h. 1660 0.46
Teleoceras proterum Te. p. 635 0.43
Trigonias osborni Tg. o. 505 0.22
Trigonias wellsi Tg. w. NA NA
Urtinotherium intermedium U. i. NA 0.23
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variation and size, species mean body mass and 
degree of gracility might not be equivalent between 
the different hindlimb bones (femur, tibia and fibula). 
Moreover, the different roles of fore- and hindlimbs in 
weight support (forelimb) and propulsion (hindlimb) 
are predicted to be associated with notable differences 
in shape variation across the Rhinocerotoidea. Based 
on previous studies, we hypothesize: (1) strong 
congruences between shape variation and mass, and 
size and gracility in hindlimb bones; (2) differences 
between stylopodial and zeugopodial elements in their 
patterns of shape variation with respect to size, mass 
and gracility, but also (3) between complete and partial 
bones; (4) a link between phylogeny and bone shape 
to be reflected in different ways for the three studied 
bones [after the results of Mallet et al. (2019)]; and 
(5) differences in trends of shape variation between 
the fore- and the hindlimbs possibly related to their 
distinct functional roles.

MATERIAL AND METHODS

The studied sample was composed of 215 bones of 
modern and fossil species of Rhinocerotoidea housed 

in 14 institutions. The sample included 79 femora, 
83 tibiae and 53 fibulae [see Supporting Information 
(Table S1) for the complete list of studied specimens] 
representing 53 taxa (five modern and 48 fossil species) 
belonging to almost all families of the superfamily 
Rhinocerotoidea (no representative of the recently-
defined family Eggysodontidae could be included) 
(Fig. 1). Taxa were selected to include as much body 
shape and mass diversity as possible and to cover the 
largest temporal range, although this selection also 
depended greatly on  material availability. Taxonomic 
attributions were verified or updated using recent 
literature, directly with specimen numbers when 
available, or using taxonomic lists and institution 
databases for each locality. We retained the most recent 
binomial names considered as correct following the 
International Commission on Zoological Nomenclature 
rules (see Supporting Information, Table S1).

We selected adult individuals with fully fused 
epiphyses and retained only complete bones displaying 
no or negligible taphonomic effects (e.g. shallow surface 
cracks not altering the global shape). We rejected 
specimens that were massively crushed or restored 
with plaster. Following the results of Mallet et al. 
(2021) indicating potentially different results between 
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Figure 1. Composite cladogram of the studied species. Families, subfamilies, tribes and subtribes are defined by a colour 
code following the cladistic framework of Antoine et al. (2003) and Becker et al. (2013). All silhouettes representing a 
member of each group are at scale (provided by www.phylopic.org under the Creative Commons license).
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complete and partial bones, we also considered 
incomplete bones in partial shape analyses (see below), 
as long as they were not crushed or distorted, in order 
to test if differences observed on forelimb bones may 
exist as well on hindlimb bones. Little information 
was available regarding sex for fossil specimens. 
Sexual dimorphism is known for some species and may 
slightly affect the shape of long bones (Guérin, 1980; 
Dinerstein, 1991; Mead, 2000; Zschokke & Baur, 2002; 
Mihlbachler, 2007; Chen et al., 2010). However, following 
Mallet et al. (2019), we assumed that this intraspecific 
variation should be largely exceeded by interspecific 
shape changes. We selected up to three specimens per 
bone for each species. All anatomical terms (illustrated 
in Supporting Information, Fig. S1) follow classic 
veterinary terminology and anatomical works on 
Perissodactyla or only on rhinoceroses (Guérin, 1980; 
Federative Committee on Anatomical Terminology, 
1998; Antoine, 2002; Prothero, 2005; Barone, 2010a; 
Heissig, 2012; Bai et al., 2017). Locations of muscle 
insertions follow Etienne et al. (2021).

3D moDels

Most of the bones were digitized using a structured-
light 3D scanner (Artec Eva) with reconstructions using 
ARTEC STUDIO PROFESSIONAL [v.12.1.1.12 (Artec 
3D, 2018)]. We also used this software to reconstruct 
bones broken in two or more pieces (without any missing 
parts) into a single complete mesh. Nine specimens 
were digitized with a photogrammetric approach, 
following Mallison & Wings (2014) and Fau et al. (2016). 
We used AGISOFT PHOTOSCAN [v.1.4.2 (Agisoft, 
2018)] to reconstruct 3D models using sets of photos. 
Two specimens were digitized using medical computed 
tomography scanners at the Royal Veterinary College, 
London (Equine Hospital) and at the University of 
California, San Francisco (Department of Radiology & 
Biomedical Imaging). For these specimens, we extracted 
bone surfaces as meshes using AVIZO [v.9.5.0 (Thermo 
Fisher Scientific, 2018)]. As a few specimens lacked 
small parts, mostly on the shaft, we used GEOMAGIC 
STUDIO [v.2014.3.0.1781 (3D Systems Corporation, 
2014)] to fill holes. We used the ‘curvature filling’ tool to 
ensure that the added polygons matched the curvature 
of the surrounding mesh. Finally, we decimated each 
mesh to reach 250 000 vertices and 500 000 faces 
using meshlab [v.2016.12 (Cignoni et al., 2008)]. We 
performed our analyses on left bones, mirroring right 
bones when left ones were unavailable.

3D geometric morphometrics

We analysed the shape variation of our sample 
through a 3D geometric morphometrics approach, a 
methodology widely used to quantify and visualize 

the morphological differences between objects by 
comparing the spatial coordinates of points called 
landmarks (Adams et al., 2004; Zelditch et al., 2012). 
We quantified the bone shape by placing a set of 
anatomical landmarks and curve and surface sliding 
semi-landmarks on the meshes, following  Gunz & 
Mitteroecker (2013) and Botton-Divet et al. (2016). We 
placed anatomical landmarks and curves on meshes 
using IDAV LANDMARK [v.3.0 (Wiley et al., 2005)]. 
The geometric location of landmarks and sliding semi-
landmarks is derived from previous morphometric 
works on rhinoceros long bones (Mallet et al., 2019, 
2020) to cover the shape diversity of the sample 
[see Supporting Information (Data S1) for details 
on landmark numbers and locations]. We created a 
template to automate the placement of surface sliding 
semi-landmarks for each bone. We chose a specimen 
[Dicerorhinus sumatrensis (Fischer, 1814) NHMUK 
ZE 1948.12.20.1] to be the initial specimen on which 
all anatomical landmarks, and curve and surface 
sliding semi-landmarks were placed. We selected this 
individual for its average shape and size ensuring that 
all points would be correctly projected on other bones 
despite the great shape and size ranges of the sample. 
This specimen was then used as template for the 
projection of surface sliding semi-landmarks on the 
surface of all other specimens. Projection was followed 
by a relaxation step to ensure that projected points 
matched the actual surface of the meshes. We then slid 
curve and surface sliding semi-landmarks to minimize 
the bending energy of a thin plate spline (TPS) 
between each specimen and the template at first, and 
then four times between the result of the previous step 
and the Procrustes consensus of the complete data set. 
Therefore, all landmarks could be treated at the end as 
geometrically homologous (Gunz et al., 2005; Gunz & 
Mitteroecker, 2013).

Since we chose to work at the species level, we 
computed and analysed species mean shapes (Botton-
Divet et al., 2017; Serio et al., 2020). After the sliding 
step, we computed a first Generalized Procrustes 
Analysis (GPA) with all specimens to remove the 
effect of size, location and orientation of the different 
landmark conformations (Gower, 1975; Rohlf & Slice, 
1990). Then we computed the Procrustes consensus 
(or mean shape) of each species in the same geometric 
space. We superimposed these Procrustes consensuses 
in a second GPA in order to pool all species means in a 
single morphospace. We repeated this process for each 
bone separately. Because our data set contained more 
variables than observations, we computed a Principal 
Component Analysis (PCA) to reduce dimensionality 
(Baylac & Frieß, 2005; Gunz & Mitteroecker, 2013) 
and visualize the distribution of the species in the 
morphospace. We also computed theoretical shapes 
associated with both the minimum and the maximum 
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of the first two components of PCAs using a TPS 
deformation of the mean shape of our sample in each 
case. Theoretical shapes have also been used to produce 
colour maps of the location and intensity of the shape 
deformation between maximal and minimal values of 
regression: for each bone, the shape associated with the 
minimum values was coloured depending on its distance 
to the shape associated with the maximum values. We 
then plotted phylogenetic relationships between taxa 
(see below) in the morphospace. In order to visualize 
the whole shape variation, we computed Neighbour 
Joining (NJ) trees on all PC scores and compared these 
to the results of the PCAs on the two first PC scores. 
We performed projection, relaxation, sliding processes, 
GPAs, PCAs and theoretical shape computation using 
the ‘Morpho’ package [v.2.8 (Schlager, 2017)] in the R 
environment [v.3.5.3 (R Core Team, 2014)]. We plotted 
phylogeny on the morphospace using the ‘geomorph’ 
package [v.3.2.1 (Adams & Otárola-Castillo, 2013)]. 
We computed NJ trees using the ‘ape’ package [v.5.3 
(Paradis & Schliep, 2019)].

analyses on partial bones

Our observations on fossil long bones of rhinoceros 
showed that redundant breakage patterns were 
observable due to various taphonomic agents 
throughout diagenesis [e.g. high sedimentary 
pressure on weak anatomical areas, scavenger action 
on marrow-rich parts—see Guérin (1980); Hullot & 
Antoine (2020)]. As on the forelimb, some parts of the 
hindlimb bones were often damaged or absent in fossil 
specimens (Mallet et al., 2021). This was notably the 
case on the femur, where the femoral head, the third 
trochanter, the medial lip of the trochlea and the 
condyles were frequently too damaged to be included 
in shape analyses.

To overcome these taphonomic problems and include 
as many relevant specimens as possible (i.e. cover the 
broadest range of body mass and size as possible), we 
performed analyses on isolated proximal and distal 
parts of the femur, using the same protocol as described 
in Mallet et al. (2021). Following Bardua et al. (2019), 
we used curve and sliding semi-landmarks to define 
artificial lines acting as a limit for the sliding of surface 
semi-landmarks and to virtually remove damaged or 
missing parts from analyses. These limit lines involved 
at least one anatomical landmark to ensure that they 
were geometrically homologous on all specimens. We 
also placed them on complete bones, which were all 
included in the analyses on partial bones. We finally 
removed limit lines after the sliding process and 
before the GPA to consider only true biological shape 
information in our analyses. We used two data sets 
on partial bones, for the proximal and distal halves of 
the femur, respectively [see Supporting Information 

(Data S1) for details on landmarks and sliding semi-
landmarks in templates of partial bones].

phylogenetic framework

Recent publications refined phylogenetic relationships 
in Rhinocerotoidea (Wang et al., 2016; Tissier et al., 
2018, 2020; Bai et al., 2020) and in Ceratomorpha 
(Bai et al., 2020), although not including all genera of 
rhinocerotoids currently known worldwide. Therefore, 
no comprehensive and consensual phylogeny of the 
whole superfamily Rhinocerotoidea exists to date. To 
take into account the effect of phylogeny on shape 
variation, we constructed a composite cladogram 
using trees previously computed on craniodental 
and postcranial characters or molecular data. 
Using Mesquite (Maddison & Maddison, 2021), we 
reconstructed interspecific relationships, branch 
lengths and occurrence dates after the works of 
Cerdeño (1995), Antoine (2002), Antoine et al. (2003, 
2010), Prothero (2005), Boada-Saña (2008), Piras et al. 
(2010), Becker et al. (2013), Lu (2013), Wang et al. 
(2016), Averianov et al. (2017), Tissier et al. (2018, 
2020), Bai et al. (2020). We used the cladistic framework 
of Antoine et al. (2003) and Becker et al. (2013) to 
define families, subfamilies, tribes and subtribes (Fig. 
1). To date, the relationships between the five modern 
taxa remain controversial, especially regarding the 
position of the Sumatran rhinoceros (Dicerorhinus 
sumatrensis) and its extinct relatives (e.g. Tougard 
et al., 2001; Orlando et al., 2003; Fernando et al., 2006; 
Price & Bininda-Emonds, 2009; Steiner & Ryder, 2011; 
Yuan et al., 2014; Welker et al., 2017; Cappellini et al., 
2019; Antoine et al., 2021). These uncertainties are 
likely due to a hard polytomy at the base of the crown 
group containing the five modern species (Willerslev 
et al., 2009; Gaudry, 2017). Although recent genomic 
analyses tend to indicate that African and Asiatic 
rhinos constitute two sister groups (Liu et al., 2021), 
we considered a hard polytomy in our analyses and we 
addressed phylogenetic uncertainties using a Nearest 
Neighbour Interchange (NNI) procedure (see below).

To address the effect of phylogenetic relationships 
on shape data for each bone, we evaluated their 
phylogenetic signal by computing a multivariate 
K statistic (Kmult) on PC scores (Adams, 2014). This 
index compares the rate of observed morphological 
change with that expected under a Brownian Motion 
model on a given phylogeny (Blomberg et al., 2003; 
Adams, 2014). As the Kmult computation requires fully 
bifurcating trees, we removed polytomies using the 
function multi2di in the ‘ape’ package (Paradis & 
Schliep, 2019). This function resolves polytomies by 
randomly creating a new branch with a null length 
from one branch of the polytomous node (Swenson, 
2014; Paradis & Schliep, 2019). We then computed Kmult 
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values using the function K.mult in the ‘phylocurve’ 
package (Goolsby, 2015).

boDy mass, centroiD size anD gracility inDex

As in Mallet et al. (2021) for the forelimb, we 
addressed the relation of three variables related to 
body proportions and size—body mass, centroid size of 
the bone and gracility index—with the shape of each 
long bone of the hindlimb within Rhinocerotoidea. We 
retrieved mean body mass (BM) of each species from 
the literature, compiling up to three estimations per 
species to compute mean BMs (see Table 1; Supporting 
Information, Table S2). However, BM estimations can 
be highly heterogeneous for a single species depending 
on the considered method and morphological proxy 
(mostly on dental and cranial measurements and 
less frequently on postcranial ones), the specimen 
developmental stage or the geological formation. 
Moreover, equations for BM estimation were rarely 
developed taking into account Perissodactyla or 
rhinoceroses, resulting in potentially biased results 
for fossil Rhinocerotoidea (Prothero & Sereno, 1982). 
We managed to collect BM estimation for only 34 of 
the 53 taxa constituting our sample. Consequently, we 
also consider the centroid size (CS) of each bone, which 
is classically used to address allometric variation, 
i.e. the shape variation linked to size (Zelditch et al., 
2012; Mitteroecker et al., 2013; Klingenberg, 2016; 
Hallgrímsson et al., 2019). CS is defined as the square 
root of the sum of the square of the distance of each 
point to the centroid of the landmark set (Zelditch 
et al., 2012). CS is known to be a good proxy of the mass 
of an animal (Ercoli & Prevosti, 2011; Cassini et al., 
2012), notably for limb bones of rhinoceros (Mallet 
et al., 2019; Etienne et al., 2020b). In addition, given 
the large range of body shapes within Rhinocerotoidea 
(Fig. 1) and the fact that the same mass can be 
associated with both a slender or a robust body 
condition, we used the mean gracility index computed 
on the third metatarsal (GI-MT3) as an estimator of 
the degree of brachypody of the hindlimb (see Table 
1; Supporting Information, Table S2). This index is 
computed by dividing the transverse width of the 
third metatarsal by its maximal length and has been 
used widely in rhinocerotoid studies, together with 
the same index computed on the third metacarpal for 
the forelimb (Colbert, 1938; Arambourg, 1959; Guérin, 
1980; Cerdeño, 1998; Becker, 2003; Becker et al., 2009; 
Scherler et al., 2013). Among Rhinocerotoidea, the 
higher the GI-MT3 value, the shorter the pes length: 
species with a high GI-MT3 value are considered as 
more brachypodial (or less gracile) than species with a 
low value. We computed this index by measuring third 
metatarsals when available in collections or compiling 
up to three GI-MT3 values from the literature to 

compute mean GI-MT3. These metatarsals were 
mostly associated with long bones for modern species 
and mostly associated with a similar locality for 
fossil species (Supporting Information, Table S2). We 
addressed the effect of phylogeny on log-transformed 
CS, log-transformed cubic root of the mean BM and 
log-transformed mean GI-MT3 using the univariate 
K statistic (Blomberg et al., 2003). We tested for 
correlation between these three variables respectively 
using a linear regression on Phylogenetic Independent 
Contrasts (Felsenstein, 1985). We used the function 
contMap of the ‘phytools’ package (Revell, 2012) to plot 
these three variables along the phylogeny.

Variation patterns, notably covariation, can 
be analysed at different levels: across species 
(evolutionary variation), within a species at a single 
developmental stage (static variation), or within a 
species across developmental stages (ontogenetic 
variation) (Klingenberg, 2014). Here, we investigated 
the evolutionary covariation of bone shape with each 
of the three variables (BM, CS, GI-MT3) considering a 
multivariate approach using Phylogenetic Generalized 
Least Squares (PGLS), a regression model taking into 
account the phylogenetic framework and computed 
here on Procrustes coordinates to quantify the shape 
variation related to CS, BM and GI-MT3 (Martins & 
Hansen, 1997; Rohlf, 2001; Klingenberg & Marugán-
Lobón, 2013; Adams & Collyer, 2018). We used the 
function procD.pgls (with 1000 iterations) of the 
‘geomorph’ package [v.3.2.1 (Adams & Otárola-Castillo, 
2013)], suited for 3D geometric morphometric data. As 
the function procD.pgls uses a Brownian Motion model 
of evolution to compute PGLS, which assumes non-
directional trait changes, other models might assume 
a different computational hypothesis. To account for 
these changes depending on the considered model, 
we also computed PGLS under a Phylogenetic Ridge 
Regression model of evolution (Castiglione et al., 
2018). Phylogenetic Ridge Regression takes into 
account variations of evolutionary rates along the 
different branches of a phylogenetic tree, and potential 
accelerations and decelerations of the phenotypic 
changes among groups in a more accurate way than 
a Brownian Motion model. Therefore, we used the 
function PGLS_fossil of the ‘RRphylo’ package [v.2.5.0 
(Castiglione et al., 2018)] to compute PGLS with a 
Phylogenetic Ridge Regression model and compared 
it to the results obtained under a Brownian Motion 
model in order to see whether our results were robust 
to model variations.

As previously mentioned, the phylogeny of 
Rhinocerotoidea remains debated for both extant 
and extinct taxa and is frequently renewed by the 
determination of new representatives (Tissier et al., 
2020; Bai et al., 2020). Consequently, we assessed the 
effect of potential uncertainty in taxa position in the 
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phylogeny on PGLS by using an NNI procedure. The 
NNI algorithm generates new trees by swapping two 
adjacent branches of a specified tree (Felsenstein, 
2004). We generated new trees using the nni function 
of the package ‘phangorn’ (Schliep, 2011) and computed 
PGLS with these rearranged trees to estimate the 
ranges of R² and P values. It should be noted that the R² 
value of a PGLS should not be considered comparable 
with that of an ordinary least squares regression 
(Ives, 2019; Billet & Bardin, 2021). Consequently, our 
interpretations of data will rely as little as possible on 
these R² values alone.

We considered all statistical tests as significant for 
P-values ≤ 0.01. However, given that recent works call 
for a continuous approach of the P-value (Ho et al., 

2019; Wasserstein et al., 2019), we chose to mention 
results having a P-value up to 0.05 as well.

RESULTS

correlation between bm anD gi-mt3

Both mean BM and mean GI-MT3 carry  a 
significant phylogenetic signal (KBM = 1.75, P < 0.01; 
KGI-MT3 = 1.08, P < 0.01), but are only marginally 
correlated to each other when taking into account 
phylogenetic relationships (P = 0.06). The evolution 
of both parameters along the phylogeny (Fig. 2) 
highlights that the evolution of these parameters 
within the superfamily is decoupled in some taxa 

Acerorhinus zernowi

Alicornops simorrense

Aphelops malacorhinus
Aphelops megalodus

Aphelops mutilus

Brachypotherium brachypus

Ceratotherium cf. primaevum

Ceratotherium neumayri
Ceratotherium simum

Chilotherium kowalevskii

Coelodonta antiquitatis
Coelodonta nihowanensis

Diaceratherium aginense

Diaceratherium asphaltense
Diaceratherium aurelianense

Diaceratherium lemanense

Diceratherium armatum
Diceratherium tridactylum

Lartetotherium aff. sansaniense

Dicerorhinus sumatrensis
Diceros bicornis

Dihoplus megarhinus

Dihoplus pikermiensis
Dihoplus schleiermacheri

Elasmotherium sibiricum

Hoploaceratherium tetradactylum

Hyrachyus eximius
Hyrachyus modestus

Hyracodon nebraskensis

Lartetotherium sansaniense

Menoceras arikarense

Metamynodon planifrons

Paraceratherium grangeri

Peraceras hessei
Peraceras profectum

Plesiaceratherium mirallesi

Pleuroceros blanfordi

Prosantorhinus douvillei

Protaceratherium minutum

Nesorhinus philippinensis
Rhinoceros sondaicus
Rhinoceros unicornis

Stephanorhinus jeanvireti
Stephanorhinus etruscus

Stephanorhinus hemitoechus

Subhyracodon mitis
Subhyracodon occidentalis

Teleoceras fossiger

Teleoceras hicksi
Teleoceras proterum

Trigonias osborni
Trigonias wellsi

Urtinotherium intermedium

3.106 8.202Mean body mass

length=27.75

0.777 1.833Gracility Index MtIII
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Figure 2. Evolution of BM and GI-MT3 along the phylogeny for the studied species. Left: mean BM. Right: mean GI-MT3. 
Computations were made on the log-transformed cubic root of mean BM and the log-transformed GI-MT3. Values at nodes 
and along branches were reconstructed based on a Brownian Motion model of evolution (Revell, 2012). Colour codes for 
taxa follow Figure 1. Evolution of the third metatarsal shape depending on the GI-MT3 value is illustrated by specimens 
Hyrachyus eximius AMNH FM 12675 (minimum) and Teleoceras fossiger YPM VP 039358 (maximum).
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like Paraceratheriidae, Teleoceratina and, to a lesser 
extent, large Elasmotheriinae.

Differences in pgls between brownian motion 
anD phylogenetic riDge regression

Similar results are obtained between PGLS computed 
under a Brownian Motion model (using the geomorph 
functions) and under a Phylogenetic Ridge Regression 
(RR) model (using the RRphylo functions) [see 
Supporting Information (Table S3) for a detailed 
comparison between models]. Significant regressions 
under a Brownian Motion model remain significant 
under an RR model, in addition non-significant 
results under a Brownian Motion model remain non-
significant under an RR model. We note low variations 
of R², P-values and shape deformations between the 
two models. Only regression plots show marked 
differences, with a much higher spread of specimens 
in those obtained under an RR model, making their 
interpretation more difficult. For these reasons, we 
will present only results obtained under a Brownian 
Motion model in the following sections.

femur—complete bone

Shape data for the complete femur carry a strong 
phylogenetic signal (Kmult = 0.93, P < 0.01). The 
distribution of the species both in the NJ tree (Fig. 
3A) and in the phylomorphospace (Fig. 4) is strongly 
reminiscent of the phylogenetic relationships between 
taxa. Along the NJ tree, Hyrachyidae group with 
Hyracodontidae, Elasmotheriinae (all of small size 
in the absence of Elasmotherium Fischer, 1808) and 
some Rhinocerotinae [Protaceratherium Abel, 1910 
and Peraceras (Pe.) profectum (Matthew, 1899)]. 
Paraceratherium Forster-Cooper, 1911 groups with two 
species of Aphelops Cope, 1874, while Metamynodon 
Scott & Osborn, 1887 is close to some Aceratheriini 
(Hoploaceratherium Ginsburg & Heissig, 1989) as 
well as some Rhinocerotina (Lartetotherium Ginsburg, 
1974). Although Aceratheriini are dispersed along 
the tree, most of the Rhinocerotina are grouped 
together. Similarly, Teleoceratina form a homogeneous 
cluster despite the presence of Peraceras (Pe.) hessei 
Prothero & Manning, 1987. Conversely, Chilotherium 
Ringström, 1924 and Pleuroceros Roger, 1898, two 
highly brachypodial taxa, plot within Rhinocerotina, 
far from other brachypodial species like Teleoceras 
Hatcher, 1894. On the phylomorphospace, the first 
two axes gather 58.4% of the global variance. PC1, 
which carries 42.9% of the variance, displays a 
structure similar to the general organization of the 
NJ tree. Small taxa such as Hyrachyus and Hyracodon 
Leidy, 1856 plot toward positive values. Towards 
moderately negative values, small Elasmotheriinae 

plot near Metamynodon, Trigonias Lucas, 1900 
and small Aceratheriini. The giant paraceratheriid 
Urtinotherium Chow & Chiu, 1963 plots near small 
taxa like Trigonias or Protaceratherium, but also near 
Metamynodon. Towards the most negative values, 
large Aceratheriini are mixed with Teleoceratina and 
Rhinocerotina. Along PC2, which carries 15.5% of the 
variance, Rhinocerotina form a homogeneous cluster 
plotting towards negative values, together with 
Metamynodon, Hyrachyus and Subhyracodon Brandt, 
1878. Teleoceratina and Aceratheriini (except Aphelops 
(Ap.) malacorhinus Cope, 1878) group together with 
Urtinotherium, Subhyracodon mitis (Cope, 1875) and 
Hyracodon towards positive values.

The shape variation along PC1 is mainly related to 
the bone robustness (Fig. 4; Supporting Information, 
Fig. S2A). Less negative values are associated with a 
slender bone showing a rounded hemispherical head 
with a narrow neck; a proximally developed greater 
trochanter tuberosity protruding over the head; an oval 
fovea capitis; a third trochanter situated at the first 
proximal third of the shaft, more developed caudally 
than laterally; a craniocaudally straight shaft; a 
relatively symmetrical distal trochlea with a poorly 
developed medial lip; a long and narrow trochlear 
groove running caudally to the shaft; a distal epiphysis 
showing medial torsion relative to the shaft; and 
relatively symmetrical medial and lateral condyles. 
Conversely, negative values are associated with a 
thick and massive bone, with a general hourglass 
shape in cranial view; a more flattened and wide head 
with a large neck; a greater trochanter tuberosity 
poorly developed proximally and not protruding over 
the head; a small rounded fovea capitis; a strong third 
trochanter clearly protruding laterally and cranially 
from the shaft; a shaft slightly curved in the caudal 
direction; a strongly asymmetrical trochlea with a 
broad medial lip; a short and wide trochlear groove; 
a distal epiphysis oriented cranially relative to the 
shaft; and a medial condyle more developed than the 
lateral one. Along PC2, the shape variation mostly 
concerns the development of the trochanters and the 
relative proportions of the epiphyses. The theoretical 
shape associated with negative values shows proximal 
and distal epiphyses of similar mediolateral width; 
a lesser trochanter situated just below the head 
and above the third trochanter on the opposite side; 
and a third trochanter developed in both cranial and 
lateral directions. Conversely, the shape associated 
with positive values displays a head and a relatively 
larger head and greater trochanter; a head oriented 
more proximally; lesser and third trochanters facing 
each other on the medial and lateral side of the shaft, 
respectively; a third trochanter reduced to a bony 
ridge; and a medial lip of the trochlea more developed 
cranially.
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The centroid size of the complete femur bears a 
significant phylogenetic signal (KCS = 1.05, P < 0.01) 
and is significantly correlated with BM (r = 0.70, 
P < 0.01), but not with GI-MT3 (P = 0.37) (Table 2). 

PGLS results indicate that shape is significantly 
correlated with CS, BM and GI-MT3. PGLS computed 
on NNI trees highlight that variations in phylogenetic 
relationships may result in marginally non-significant 

Figure 3. Neighbour Joining trees computed on all PC scores obtained from the PCAs performed on shape data. Colour 
codes follow Figure 1 and abbreviations follow Table 1. Point size is proportional to the mean log centroid size of each 
species. A, complete femur; B, proximal partial femur; C, distal partial femur; D, tibia; E, fibula.
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correlations for CS and GI-MT3 but mean P-values 
are strongly significant (Table 3). In the regression 
plot of shape against CS, the distribution of taxa 
shows a relatively poor fit to the regression line. 
Small taxa like Hyrachyus, Hyracodon and small 
Elasmotheriinae plot above the regression line 
together with Metamynodon, some Aceratheriini and 
Rhinocerotina. Paraceratherium plots far above the 
regression line. Teleoceratina are all grouped below 
the line together with most of Rhinocerotina (Fig. 5A). 
Hyrachyidae, Hyracodontidae, Amynodontidae and 
Paraceratheriidae seem to follow an independent path 
parallel to that of Rhinocerotidae one, but as these 

groups have few representatives here, this observation 
must be taken with caution. Changes in CS values 
mainly affect the general robustness of the bone, which 
is slightly increased in larger femora. It also affects 
the greater trochanter tuberosity and convexity, the 
femoral head and particularly the fovea capitis. Along 
the shaft, the main changes are located on the lateral 
part between the greater trochanter convexity and the 
third trochanter (where inserts the m. vastus lateralis), 
as well as along the distal half of the diaphysis, on the 
cranial and caudal sides. Lateral and medial parts 
of both condyles are also strongly modified by CS 
variations (Fig. 5A; Supporting Information, Fig. S3A). 

Figure 4. Results of the PCA performed on morphometric data of the complete femur and shape variation associated 
with the first axis of the PCA (cranial view). Blue: negative side of the axis. Orange: positive side of the axis. Phylogenetic 
relationships are plotted in the morphospace. Colour codes follow Figure 1 and abbreviations follow Table 1. Point size is 
proportional to the mean log centroid size of each species.

Table 2. Results of the Pearson’s correlation tests between centroid size (CS), and mean body mass (BM) and mean 
gracility index (GI-MT3), respectively, for each bone (computed on Phylogenetic Independent Contrasts). r: Pearson’s 
correlation coefficient value; t: student distribution value; d.f.: degrees of freedom; P: P-value. Significant results (for 
P < 0.01) are indicated in bold

Bone Variables r t d.f. P 

Femur (complete) CS ~ BM 0.70 4.72 23 < 0.01
 CS ~ GI 0.15 0.91 36 0.37
Femur (proximal partial) CS ~ BM 0.91 10.44 24 < 0.01
 CS ~ GI 0.22 1.36 38 0.18
Femur (distal partial) CS ~ BM 0.86 8.46 26 < 0.01
 CS ~ GI 0.16 0.99 40 0.32
Tibia CS ~ BM 0.72 5.23 26 < 0.01
 CS ~ GI -0.23 -1.51 39 0.14
Fibula CS ~ BM 0.71 4.46 20 < 0.01
 CS ~ GI -0.28 -1.41 24 0.17
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The structure of the regression plot of shape against 
BM is partly similar to that obtained with CS, with a 
relatively poor fit to the regression line, mainly driven 
by Hyrachyus at the minimal BM values. Hyrachyus is 
clearly isolated from all other species that form a large 
cluster at high BM values (Fig. 5B). Metamynodon 
(Amynodontidae) plots outside this cluster and far 
above from the regression line. A variation of BM results 
in the modifications of the same anatomical areas as 
for CS, although to a stronger extent, particularly for 
the femoral head and the greater trochanter convexity. 
An increase of robustness is observed towards high 
BM values. Shape changes are also located along the 
lesser trochanter, the medial lip of the trochlea and the 
medial epicondyle (Fig. 5B; Supporting Information, 
Fig. S3B). The regression plot of shape against GI-MT3 
indicates a good fit to the regression line, better 
than those with CS and BM. We can observe a clear 
separation between Rhinocerotina, being almost all 
above the regression line at mid-GI-MT3 values and 
most other species below the line at various GI-MT3 
values. Hyrachyidae and Hyracodontidae isolated 
towards minimal values, together with Menoceras 
Troxell, 1921, while other small Elasmotheriinae 
group with Paraceratherium, Trigonias and some 
gracile Aceratheriini and Rhinocerotina. Teleoceratina 
form a homogeneous cluster slightly isolated from 
other species (Fig. 5C). As for BM and CS, variations 
of GI-MT3 are associated with changes in bone 
robustness, but are also related to modifications 
located on both medial and lateral supracondylar 

areas where inserts the m. gastrocnemius. However, 
contrary to what is observed with BM, the medial lip 
of the trochlea and the medial epicondyle are poorly 
modified with variations of GI-MT3 values (Fig. 5C; 
Supporting Information, Fig. S3C).

femur—proximal part

Shape data for the proximal part of the femur carry a 
significant phylogenetic signal (Kmult = 0.62, P < 0.01). 
The distribution of the species in the NJ tree (Fig. 3B) 
and in the phylomorphospace (Fig. 6A) shows marked 
differences with the results obtained on complete 
bones. The NJ tree is structured by separation into 
three main clusters: (1) Hyrachyidae, Hyracodontidae, 
smal l  E lasmother i inae  t oge ther  w i th  one 
rhinocerotine incertae sedis (i.s.) (Protaceratherium) 
and one aceratheriine (Pe. profectum); (2) almost all 
Rhinocerotina together with Pleuroceros; and (3) 
Aceratheriini, Teleoceratina and Paraceratheriidae, 
together with Metamynodon and Trigonias. A similar 
structure is observed in the phylomorphospace, where 
the two first axes carry 62.1% of the total variance. PC1, 
which gathers 42.2% of the variance, mainly highlights 
the opposition between giant Paraceratheriidae 
on positive values and Rhinocerotina on negative 
values. PC2 gathers 19.9% of the variance and mainly 
separates small taxa (Hyrachyus, Hyracodon, small 
Elasmotheriinae, Protaceratherium, Pe. profectum) 
towards negative values from all other species 
towards positive values. Metamynodon and Aphelops 

Table 3. Range of R² and P-values for PGLS computed with NNI permuted trees on shape data and log-transformed 
centroid size (CS), log-transformed cubic root of mean body mass (BM) and log-transformed mean gracility index  
(GI-MT3). N: number of trees obtained after NNI procedure; R²: determination coefficient value. Significant results (for 
mean P < 0.01) are indicated in bold

Bone Variable N R²   P-value   

Min. Max. Mean Min. Max. Mean

Femur (complete) CS 76 0.06 0.10 0.07 0.001 0.022 0.003
 BM 46 0.14 0.23 0.16 0.001 0.005 0.002
 GI 74 0.06 0.07 0.09 0.001 0.011 0.003
Femur (proximal partial) CS 80 0.05 0.11 0.07 0.001 0.015 0.004
 BM 48 0.08 0.11 0.11 0.001 0.016 0.002
 GI 78 0.05 0.07 0.06 0.001 0.030 0.009
Femur (distal partial) CS 86 0.06 0.07 0.06 0.017 0.051 0.033
 BM 52 0.07 0.10 0.08 0.042 0.182 0.095
 GI 82 0.06 0.08 0.07 0.002 0.025 0.011
Tibia CS 82 0.04 0.06 0.04 0.040 0.119 0.082
 BM 52 0.08 0.18 0.13 0.004 0.048 0.009
 GI 80 0.22 0.31 0.27 0.001 0.001 0.001
Fibula CS 52 0.05 0.10 0.08 0.018 0.267 0.046
 BM 42 0.03 0.11 0.08 0.051 0.0.597 0.146
 GI 50 0.17 0.22 0.20 0.001 0.003 0.001
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Figure 5. Significant PGLS regression plots for complete femur performed on shape data and log-transformed centroid 
size (CS) (A), log-transformed cubic root of mean body mass (BM) (B), log-transformed mean gracility index (GI-MT3) (C). 
Point colour code follows Figure 1. Point size is proportional to mean log CS of each species. On the right, shapes associated 
with minimum and maximum fitted values (top row) and colour maps of the location and intensity of the shape deformation 
(bottom row). Blue: minimum value of the regression. Orange: maximum value of the regression. For each bone, the shape 
associated with the minimum was coloured depending on its distance to the shape associated with the maximum (blue 
indicates a low deformation intensity and red indicates a high deformation intensity). Orientation from left to right in each 
case: caudal, lateral, cranial and medial.
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megalodus occupy the highest positive values along 
this axis.

Along PC1, shape variation is mostly related to the 
general orientation of the proximal part relative to the 
rest of the bone and the development and position of 
the trochanters (Fig. 6A; Supporting Information, Fig. 
S2B). Towards negative values, the proximal part of 
the femur is tilted medially, with a relatively flattened 
head; a poorly developed greater trochanter tuberosity; 
a lesser trochanter placed directly below the femoral 

neck and above the third trochanter along the shaft; 
and a third trochanter strongly extended cranially 
and laterally. Towards positive values, the proximal 
part of the femur is more vertical, with a rounded 
head supported by a thick neck; a greater trochanter 
tuberosity developed proximally and caudally; a 
long lesser trochanter situated in front of the third 
trochanter along the shaft; and a third trochanter 
almost absent and reduced to a bony rugosity. Along 
PC2, the shape associated with negative values 

Figure 6. Results of the PCA performed on morphometric data of proximal partial femur (A) and distal partial femur (B) 
and shape variation associated with the first two axes of the PCA (caudal view). Blue: negative side of the axis. Orange: 
positive side of the axis. Phylogenetic relationships are plotted in the morphospace. Colour codes follow Figure 1 and 
abbreviations follow Table 1. Point size is proportional to the mean log centroid size of each species.
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is long and slender, with a rounded head oriented 
proximomedially; a high greater trochanter tuberosity; 
a short lesser trochanter; and a long and poorly laterally 
developed third trochanter. The shape associated 
with positive values shows a flattened head oriented 
proximally; a low greater trochanter tuberosity; a long 
lesser trochanter; and a third trochanter developed 
laterally and cranially.

As for the complete bones, CS of the proximal 
femur carries a strong phylogenetic signal (KCS = 1.86, 
P < 0.01) and is strongly correlated with BM (r = 0.91, 
P < 0.01) but not with GI-MT3 (P = 0.18) (Table 2). 
Similarly, PGLS regressions indicate a significant 
correlation between shape and the three variables. 
The NNI procedure highlights that some phylogenetic 
uncertainties can lead to marginally non-significant 
results (Table 3). The regression plot of shape against 
CS displays a poor fit to the regression line, with a 
high dispersion of specimens. Almost all Rhinocerotina 
are below the regression line, only associated 
with Rhinocerotinae i.s., Trigonias, Subhyracodon 
(Elasmotheriinae) and Aphelops (Aceratheriini). Above 
the regression line, Aceratheriini and Teleoceratina 
group together with Metamynodon (Amynodontidae), 
while Hyrachyidae and Hyracodontidae also plot well 
above the line at low CS values. Giant Paraceratheriidae 
plot far above the regression line at high CS values. 
They do not seem to follow the same allometric trend 
as other rhinocerotoids in the present case, and their 
presence probably pulled the regression line upwards 
at high CS values (Fig. 7A). The regression plot of 
shape against BM also displays a relatively poor fit 
to the regression line. Hyrachyus and Paraceratherium 
are isolated from most other taxa at extreme CS 
values and plot far above the regression line. Again, 
almost all Rhinocerotina situated below the line are 
separated from other species situated above the line 
(Fig. 7B). Contrary to the results obtained on complete 
bones, the regression plot of shape against GI-MT3 
shows a more scattered dispersion of the species. There 
is also no clear preferential direction shown by the 
overall distribution of all specimens, which highlights 
a relatively poor fit to the regression line. As for CS 
and BM, Rhinocerotina clearly isolate on one side of 
the regression line (above in this case), while almost 
all other species plot on the other side [far below 
for Paraceratheriidae, Hyrachyidae and Teleoceras 
proterum (Leidy, 1885)] (Fig. 7C). As for complete bones, 
shape variation associated with changes in CS and BM 
values impacts similar anatomical areas: mainly the 
greater trochanter tuberosity, the lesser trochanter 
and the cranial side of the shaft. However, the increase 
of robustness towards high values is not clear. The 
intensity of shape variation is slightly higher for BM 
than CS (Fig. 7A, B; Supporting Information, Fig. S3D, 
E). The shape changes associated with variations 

of GI-MT3 values mainly concern the femoral head, 
the lesser and third trochanters and the insertion 
area of the m. vastus lateralis (Fig. 7C; Supporting 
Information, Fig. S3F).

femur—Distal part

The phylogenetic signal carried by shape data for 
the distal part of the femur is strong and significant 
(Kmult = 1.06, P < 0.01). The distribution of the species 
in the NJ tree (Fig. 3C) and in the phylomorphospace 
(Fig. 6B) differs noticeably from those obtained on the 
complete bone and proximal part. The NJ tree depicts 
an opposition between gracile and brachypodial taxa, 
with a poor influence of phylogenetic relationships: 
only Rhinocerotina group almost all together, despite 
the presence of Aceratheriini and Teleoceratina close 
to them. This sorting along the degree of brachypody 
is also observed on the phylomorphospace (especially 
PC1), where the first two axes gather 64.4% of the global 
variance (Fig. 6B). Along PC1, which carries 56.2% of 
the variance, Hyrachyus and Hyracodon plot together 
around null values, close to giant Paraceratheriidae 
and Metamynodon. Small Elasmotheriinae, Trigonias 
and Protaceratherium are mixed with relatively gracile 
Aceratheriini, Rhinocerotina and Teleoceratina, while 
the most brachypodial taxa (Teleoceras, Chilotherium, 
Pleuroceros) plot towards the maximal positive 
values, together with some Dihoplus Brandt, 1878, 
Ceratotherium Gray, 1868 and Diceros Gray, 1821. 
PC2, which gathers 8.2% of the variance, mainly 
opposes small Elasmotheriinae and Protaceratherium 
towards negative values to giant Paraceratheriidae 
and Metamynodon towards positive values. However, 
no clear pattern is visible regarding other taxa between 
these two extremes.

As for complete bones, shape variation along PC1 
is mainly related to the general robustness of the 
bone (Fig. 6B; Supporting Information, Fig. S2C). 
Theoretical shape associated with negative values 
displays a long and slender shaft; a narrow symmetrical 
trochlea developing caudally towards the condyles; 
symmetrical medial and lateral condyles. Conversely, 
the shape associated with positive values shows a 
robust and thick shaft, compressed proximodistally; 
an asymmetrical trochlea with a massive medial lip; 
a medial condyle more developed than the lateral one; 
and a protruding medial epicondyle. Along PC2, the 
shape associated with negative values has a narrower 
shaft; a medial lip of the trochlea poorly developed in 
the cranial direction; a narrow and deep V-profiled 
trochlear groove; and medial and lateral condyles 
developed in the caudal direction. Conversely, the 
shape associated with positive values shows a more 
robust shaft; a medial lip of the trochlea which is more 
developed in the cranial direction; a wide and shallow 
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Figure 7. Significant PGLS regression plots for proximal partial femur performed on shape data and log-transformed 
centroid size (CS) (A), log-transformed cubic root of mean body mass (BM) (B), log-transformed mean gracility index (GI-
MT3) (C). Point colour code follows Figure 1. Point size is proportional to mean log CS of each species. On the right, shapes 
associated with minimum and maximum fitted values (top row) and colour maps of the location and intensity of the shape 
deformation (bottom row). Blue: minimum value of the regression. Orange: maximum value of the regression. For each bone, 
the shape associated with the minimum was coloured depending on its distance to the shape associated with the maximum 
(blue indicates a low deformation intensity and red indicates a high deformation intensity). Orientation from left to right in 
each case: caudal, lateral, cranial and medial.
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trochlear groove; and medial and lateral condyles 
which are poorly developed in the caudal direction.

The centroid size of the distal femur carries a 
significant phylogenetic signal (KCS = 0.91, P < 0.01) 
and is highly correlated with BM (r = 0.86, P < 0.01) 
but not with GI-MT3 (P = 0.32) (Table 2). However, 
contrary to what is observed on the complete bone and 
proximal part, PGLS regressions are only significant 
between shape and GI-MT3 (and marginally between 
shape and CS depending on the tree configuration) 
(Table 3). The regression plot of shape against GI-MT3 
is similar to that observed on the complete femur and 
shows a relatively good fit to the regression line (Fig. 8).  
Almost all Rhinocerotina are above the regression 
line, together with Trigonias, Protaceratherium and 
Menoceras. Aceratheriini are dispersed on each side 
of the line, some being mixed with Rhinocerotina. 
Below the regression line, Teleoceratina are grouped 
together with Paraceratheriidae and Metamynodon, 
while Hyrachyidae and Hyracodontidae isolate below 
the line towards minimal GI-MT3 values (Fig. 8).  
As for complete bones, beyond a slight increase of 
robustness, the shape variation associated with 
variations of GI-MT3 values is mainly located on both 
medial and lateral supracondylar areas where inserts the 
m. gastrocnemius (Fig. 8; Supporting Information, Fig. 
S3G). Although marginally non-significant, the regression 
plot of shape against CS displays a strong similarity 
with those obtained on the complete bone and proximal 
part, with a relatively weak fit to the regression line. We 
observe an opposition between almost all Rhinocerotina 
and Teleoceratina below the regression line (together 
with Rhinocerotinae i.s.) and all other species above the 
line. As in previous results, Aceratheriini are dispersed 
among this central cluster, while Hyrachyus-Hyracodon 
and giant Paraceratheriidae plot far away from the 
line at minimal and maximal CS values, respectively. 
Similarly, shape variation associated with changes of CS 
values mainly affects the third trochanter, the cranial 
side of the shaft and both medial and lateral condyles 
[see Supporting Information (Fig. S4A) for regression 
plot and shape deformation].

tibia

As was observed for the femur, shape data obtained 
on the tibia carry a significant phylogenetic signal 
(Kmult = 1.27, P < 0.01). The NJ tree is strongly 
structured by the degree of brachypody, opposing 
mainly Hyrachyidae to the most brachypodial species 
of Teleoceratina (Fig. 3D). Rhinocerotina plot almost 
all together. Elasmotherium and Diaceratherium 
Dietrich, 1931 plot within the Aceratheriini group, 
whereas all other Teleoceratina are isolated at an 
extremity of the tree. Paraceratherium is close to 
Peraceras Cope, 1880 and some Rhinocerotina, but 

also of all other Aceratheriini. The first two axes of the 
phylomorphospace gather 78.0% of the total variance 
and display a structure similar to that of the NJ tree 
(Fig. 9A). PC1 carries 65.4% of the variance and is 
associated with bone robustness, with gracile tibiae 
occupying positive values and robust tibiae negative 
values. PC1 opposes Hyrachyidae and Hyracodontidae 
towards positive values to Teleoceratina towards 
negative values. Along this axis, small Elasmotheriinae 
plot next to Hyrachyidae and Hyracodontidae, together 
with Protaceratherium. Species with a larger tibia like 
Elasmotherium and Paraceratherium plot together with 
most of the Aceratheriini, the genus Diaceratherium 
and some Rhinocerotina. Taxa with a short and robust 
tibia like Teleoceras, Brachypotherium Roger, 1904, 
Prosantorhinus Heissig, 1973 and Pleuroceros occupy 
the most negative values. PC2 carries 12.6% of the 
variance and mainly opposes Teleoceratina with a 
short and robust tibia towards negative values to some 
Rhinocerotina (with gracile tibia like Stephanorhinus 
Kretzoi, 1942, Dicerorhinus Gloger, 1841 and more 
robust ones like Ceratotherium and Dihoplus), as 
well as Pe. profectum and Paraceratherium towards 
positive values.

Shape variation along PC1 is mostly related to the 
general robustness of the bone (Fig. 9A; Supporting 
Information, Fig. S2D). Towards positive values, 
the tibia is thin and slender, with: a triangular 
tibial plateau tilted in the caudal direction and 
showing similar surface areas for the medial and 
lateral articular surfaces; a lateral surface area 
highly developed in the caudal direction towards 
the popliteal notch; medial and lateral intercondylar 
tubercles separated by a large gap; a small and flat 
tibial tuberosity associated with a narrow and deep 
tibial groove; a long and narrow shaft with relatively 
parallel medial and lateral edges; a distal articular 
surface for the fibula forming an isosceles triangle; 
a narrow and asymmetrical articular surface for the 
astragalus, with a lateral groove deeper than the 
medial one; and a caudal apophysis stretched caudally. 
Conversely, the theoretical shape associated with 
negative values is highly robust and thick, with: an 
irregular tibial plateau tilted medially and cranially; 
a medial articular surface wider than the lateral one; 
a lateral surface area poorly developed in the caudal 
direction towards the popliteal notch; medial and 
lateral intercondylar tubercles separated by a narrow 
gap; a strong and massive tibial tuberosity oriented 
laterally and associated with a wide and shallow tibial 
groove; a massive diaphysis displaying a narrowing 
at midshaft, conferring to the bone an hourglass 
aspect in cranial view; a distal articular surface for 
the fibula forming an equilateral triangle; and a wide, 
shallow and relatively symmetrical articular surface 
for the astragalus. Along PC2, shape variation mainly 
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affects both epiphyses. Towards positive values, 
the tibia has high intercondylar tubercles, with the 
medial one being placed more cranially than the 
lateral one; both medial and lateral condyles being 
developed caudally defining a deep popliteal notch; a 
high tibial tuberosity; a straight interosseous crest; 
a long distal articular surface for the fibula forming 
an isosceles triangle; a symmetrical articular surface 
for the astragalus; and a medial malleolus developed 
distally. Conversely, towards negative values, the tibia 
has low intercondylar tubercles, both facing each 
other; medial and lateral condyles poorly developed 
caudally resulting in a narrow popliteal notch; a low 
tibial tuberosity; a rounded and concave interosseous 
crest; a short kidney-shaped distal articular surface 
for the fibula; an articular surface for the astragalus 
with a craniocaudally tilted general axis; and a medial 
malleolus poorly developed distally.

The centroid size of the tibia carries a significant 
although weak phylogenetic signal relative to the 
results obtained on the femur (KCS = 0.56, P = 0.01). 
Similarly, CS is strongly correlated with BM (r = 0.72, 
P < 0.01) but not with GI-MT3 (P = 0.14) (Table 2). 
PGLS regressions are significant for BM and GI-MT3 
only, although the NNI procedure indicates that some 
tree configurations may led to significant results for CS 
as well (Table 3). The regression plot of shape against 
BM shares strong similarities with that obtained on 
the femur. Specimens show a rather good fit to the 
regression line with few outliers. Towards high BM 
values, there is a high dispersion of the species and a 
strong opposition between large Paraceratheriidae and 

some Teleoceratina on each side of the line. Conversely, 
Elasmotheriinae follow a trend parallel to the common 
regression line (Fig. 10A). The shape variation 
associated with changes of BM values is mostly located 
directly under the tibial plateau on the medial and 
lateral sides of the shaft, with a stronger intensity of 
shape variation in the former location. The tibial crest 
is also affected by shape changes of lesser intensity. The 
medial side of the tibial shaft is particularly affected 
by shape changes, especially proximally (Fig. 10A; 
Supporting Information, Fig. S3H). The regression 
plot of shape against GI-MT3 shows a good fit to the 
regression line. This plot is similar to that obtained on 
the femur, with the isolation of almost all Rhinocerotina 
above the regression line, only associated with 
Elasmotherium, Paraceratherium and Aphelops. Below 
the regression line, Hyrachyidae-Hyracodontidae, small 
Elasmotheriinae, Aceratheriini and Teleoceratina all 
form homogeneous groups separated from each other 
along GI-MT3 values (Fig. 10B). Towards high values 
of GI-MT3, shape variation involves an increase of 
robustness and a mediolateral broadening of both 
epiphyses (Fig. 10B; Supporting Information, Fig. S3I). 
Shape variation is similar to that observed for changes 
in BM values, with a stronger general robustness 
and marked anatomical modifications located under 
the tibial plateau. These changes are mainly located 
on the proximal part of the medial side of the tibia, 
and distally to the tibial tuberosity. The distal part of 
the shaft is also affected, notably the distal articular 
surface for the fibula [see Supporting Information (Fig. 
S3) for shape deformation].

Figure 8. Significant PGLS regression plot for distal partial femur performed on shape data and log-transformed mean 
gracility index (GI-MT3). Point colour code follows Figure 1. Point size is proportional to mean log CS of each species. On the 
right, shapes associated with minimum and maximum fitted values (top row) and colour maps of the location and intensity 
of the shape deformation (bottom row). Blue: minimum value of the regression. Orange: maximum value of the regression. 
For each bone, the shape associated with the minimum was coloured depending on its distance to the shape associated with 
the maximum (blue indicates a low deformation intensity and red indicates a high deformation intensity). Orientation from 
left to right: caudal, lateral, cranial and medial.
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fibula

The results obtained on the fibula differ strongly from 
those obtained on previous bones. Although significant, 
the phylogenetic signal carried by shape data is almost 
equal to 1 (Kmult = 0.99, P < 0.01), indicating a negligible 
influence of phylogenetic relations on the shape of 
the fibula. The distribution of the species on the NJ 
tree (Fig. 3E) and on the phylomorphospace (Fig. 9B) 
strongly differs from those obtained for the femur 
and the tibia. The NJ tree is mainly structured by 

an opposition between Teleoceratina, Hyrachyus and 
Menoceras on the one hand and Rhinocerotinae i.s., 
Aceratheriini, Paraceratheriidae and Rhinocerotina 
strongly mixed together on the other hand. The first 
two axes of the phylomorphospace, gathering 76.0% 
of the global variance, reflect a similar structure to 
the NJ tree (Fig. 9B). PC1, accounting for 47.2% of 
the variance, opposes Hyrachyus, Menoceras and 
almost all Teleoceratina in the negative part to all 
other species on the positive part. Rhinocerotina, 
Aceratheriini and Rhinocerotinae i.s. form a cluster 
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Figure 9. Results of the PCA performed on morphometric data of tibia (A) and fibula (B) and shape variation associated 
with the first two axes of the PCA (caudal view). Blue: negative side of the axis. Orange: positive side of the axis. Phylogenetic 
relationships are plotted in the morphospace. Colour codes follow Figure 1 and abbreviations follow Table 1. Point size is 
proportional to the mean log centroid size of each species.
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with no obvious structure. Paraceratherium plots 
near small taxa like Protaceratherium and Peraceras, 
but also near Pleuroceros and Aphelops. PC2, which 
gathers 28.8% of the variance, is mainly driven by an 
opposition between Hyrachyus and Menoceras towards 
positive values and Teleoceras towards negative values. 
Along this axis, while Rhinocerotina plot mainly with 
Teleoceratina, Paraceratherium is close to small taxa 
like Menoceras, Plesiaceratherium Young, 1937 and 
Protaceratherium. Aceratheriini are mixed together 
with Rhinocerotinae i.s., Rhinocerotina and poorly 
brachypodial Teleoceratina.

Contrary to what was observed for the femur and 
the tibia, the shape variation along PC1 is less related 
to a change in the general robustness of the bone than 
along PC2 (Fig. 9B; Supporting Information, Fig. S2E). 
The shape associated with positive values is thin 
with a small rounded proximal articular surface for 
the tibia oriented cranially; a thin central shaft with 
a sharp interosseous crest; a long distal articular 
surface for the tibia forming an isosceles triangle; a 
mediolaterally flattened distal epiphysis; both cranial 
and caudal tubercles of the lateral malleolus being 
oriented caudally; and a symmetrical kidney-shaped 
articular surface for the astragalus. Conversely, the 
shape associated with negative values is massive 
and thick with a large proximal articular surface for 
the tibia oriented more medially; a strong central 
shaft with a smooth interosseous crest; a short distal 
articular surface for the tibia forming an equilateral 
triangle; a mediolaterally broadened distal epiphysis; 
both cranial and caudal tubercles of the lateral 
malleolus oriented laterally; and an asymmetrical 
kidney-shaped articular surface for the astragalus. 
Surprisingly, shape variation along PC2 also involves 
a huge change in robustness more marked than along 
PC1 and associated with morphological changes of both 
epiphyses. The shape associated with positive values 
is extremely thin and flat, with a spoon-like proximal 
articular surface for the tibia; a straight and flat shaft; a 
distal epiphysis with a caudal development conferring 
it a squared shape; and a small rectangular articular 
surface for the astragalus. The shape associated with 
negative values is extremely thick and massive with a 
large proximal articular surface for the tibia; a strong 
shaft with a craniocaudal curvature; a triangular and 
thick distal epiphysis; and a kidney-shaped articular 
surface for the astragalus.

Contrary to what is observed in other bones, the 
centroid size of the fibula does not carry a significant 
phylogenetic signal (P = 0.22). CS is highly correlated 
with BM (r = 0.71, P < 0.01), but not with GI-MT3 
(P = 0.17) (Table 2). As for the distal femur, PGLS 
regressions are only significant between shape and 
GI-MT3 (and marginally between shape and CS 
depending on the tree configuration) (Table 3). However, 

the regression plot of shape against GI-MT3 indicates 
a poor fit to the regression line, with many species 
plotting far away from the line (Fig. 10C). Rhinocerotina 
are almost all grouped above the regression line at 
mid-GI-MT3 values, while Teleoceratina are grouped 
below the line at high GI-MT3 values. Aceratheriini 
plot near Rhinocerotinae i.s. and Paraceratherium in 
the central cluster while Hyrachyus (Hyrachyidae) 
and Menoceras (Elasmotheriinae) isolate towards 
minimal GI-MT3 values, well below the line. The 
shape variation associated with changes of GI-MT3 
values mainly involves morphological modifications of 
the caudal side of the fibula head, of the lateral part 
of the shaft and of the distal epiphysis, particularly 
the cranial and caudal tubercles of the malleolus 
and the distal articular surface for the tibia (Fig. 
10C; Supporting Information, Fig. S3J). PGLS 
regression between shape and CS is non-significant 
at the considered threshold of P < 0.01 (Table 3). The 
regression plot indicates a weak fit to the regression 
line. Paraceratherium appears to strongly drive the 
regression trend being the only taxon with high CS 
values [see Supporting Information (Fig. S4B) for 
regression plot]. The shape variation associated with a 
higher CS involves mainly the same anatomical areas 
as those described for the shape variation related to 
GI-MT3 [see Supporting Information (Fig. S4B) for 
shape deformation].

evolution of cs values along the phylogeny

The evolution of CS values along the phylogeny for 
the distal femur (being that with the least amount 
of missing data), complete tibia and complete fibula 
(Fig. 11) highlights important disparities between 
the three bones. The distribution of CS values for the 
tibia is particularly distinct from those observed on 
the femur and the fibula. This distinction is notably 
due to Teleoceratina, showing low values of CS for 
the tibia. On the fibula, the lowest values are not 
represented by Hyrachyus but by Teleoceras. Despite 
missing taxa for the fibula, most CS values for other 
taxa seem congruent with the distribution observed 
for the distal femur.

DISCUSSION

association of mass, size anD gracility with 
bone shape

Congruent shape variation associated with all 
variables
While it is never significantly correlated either with 
CS or BM, the gracility index GI-MT3 is always 
significantly correlated with shape variation for the 
femur, tibia and fibula. CS is always significantly and 
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Figure 10. Significant PGLS regression plots for tibia performed on shape data and log-transformed cubic root of mean 
body mass (BM) (A), log-transformed mean gracility index (GI-MT3) (B), and fibula performed on shape data and log-
transformed mean gracility index (GI-MT3) (C). Point colour code follows Figure 1. Point size is proportional to mean log CS 
of each species. On the right, shapes associated with minimum and maximum fitted values (top row) and colour maps of the 
location and intensity of the shape deformation (bottom row). Blue: minimum value of the regression. Orange: maximum 
value of the regression. For each bone, the shape associated with the minimum was coloured depending on its distance to 
the shape associated with the maximum (blue indicates a low deformation intensity and red indicates a high deformation 
intensity). Orientation from left to right in each case: caudal, lateral, cranial and medial.
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strongly correlated with body mass. However, this 
significant relationship between CS and BM should be 
considered carefully prior to interpretation, since CS 
values can be different (or even similar) between taxa 
depending on the bone considered. This is particularly 
obvious when comparing Hyrachyus and Teleoceras, 
which display similar values of CS for the tibia and the 
fibula (Fig. 11), whereas the mass of the former taxon 
was around ten times lower than that of the latter. 
The relationship between CS and BM is supported by 
stronger statistical results for the femur, for which size, 
mass and shape vary in a more congruent way. These 
results can also be partially related to the fact that CS 
is computed using the distance of each landmark to the 
centroid of the object. Consequently, a long and thin 
object can have a similar CS value to a short and robust 
one, as it seems to be the case between Hyrachyus and 
Teleoceras. The poor correlation between CS and BM 
for the zeugopodial elements of the hindlimb highlight 
the limitations of considering CS as a proxy for BM; 
the stronger relationship between CS and BM for the 
stylopod is also seen for the forelimb more so than for 
the hindlimb (see below and Mallet et al., 2021).

Femur: For the femur, a higher size, mass or degree 
of brachypody is always associated with an increase 
of the general bone robustness, which is coherent 
with previous observations on rhinos (Prothero & 
Sereno, 1982; Mallet et al., 2019; Etienne et al., 
2020b). Moreover, the variation of these variables 
is associated with that of many similar anatomical 
areas on the femur, although not always with the 
same intensity.

The femoral head is particularly affected by an 
increase of size, mass or brachypody, especially for 
the two latter variables (Figs 4, 5). The shape and 
orientation of the femoral head change when these 
parameters increase, becoming more flattened and 
proximally oriented. This is likely to indicate a 
reorientation of the limb (and of its rotation axis), being 
more vertical and placed closer to the parasagittal 
axis of the animal when size, weight or brachypody 
increase. This conformation is classically associated 
with a ‘graviportal’ body plan (Gregory, 1912; Osborn, 
1929) and its presence in giant Paraceratheriidae 
confirm that their hip joint is oriented more distally 
with a femur placed close to the parasagittal plane 
(Prothero, 2013). However, such reorientation is also 
present in lighter and more brachypodial species like 
those in Teleoceratina. This highlights the fact that 
characters classically associated with graviportality, 
like the reorientation of the femoral head, can be 
present in taxa displaying different Bauplan layouts 
(see below).

Along the femoral shaft, high-intensity shape 
changes are observed at muscle origination points, 

which is highlighted more clearly in comparisons 
of shape with body mass and with brachypody 
(Fig. 5B, C). Such changes are notably observed in 
Rhinocerotina for the insertion of the m. vastus 
lateralis (between the greater trochanter convexity 
and the third trochanter) and on both medial and 
lateral supracondylar tuberosities, where the 
m. gastrocnemius and digit flexors insert. These 
powerful muscles are respectively the main extensors 
of the zeugopodium and autopodium (Etienne et al., 
2021). Differences in bone shape associated with 
muscle attachments as organisms increase in mass or 
brachypody are coherent with more powerful muscles 
ensuring the propulsion and support of a higher 
absolute weight or of a body with a lower centre of 
gravity. Moreover, we observed that the bones of a 
brachypodial species often form shorter lever arms 
than in dolichopodial species (i.e. an animal having 
long limbs). Consequently, at equal mass, muscles will 
need to produce more power to apply higher forces 
on these shorter lever arms and ensure efficient 
movements and body support (McGhee & Frank, 1968; 
Hildebrand, 1974; Fischer & Blickhan, 2006).

On the distal epiphysis, an increase of CS, BM 
and GI-MT3 is also always associated with more 
asymmetrical trochlea and condyles. The asymmetry 
of the distal epiphysis, previously observed on 
modern rhinos (Mallet et al., 2019), but also in 
equids (Hermanson & MacFadden, 1996) and bovids 
(Kappelman, 1988), is likely associated with the need 
to resist higher constraints exerted near the sagittal 
plane in taller and heavier quadrupeds. Surprisingly, 
this asymmetry seems poorly correlated with the 
thickening of the medial lip of the trochlea, related to 
body mass increase only (see below).

Tibia: Contrary to what is observed in the femur, 
shape variation in the tibia is only significantly 
correlated with the degree of brachypody and the body 
mass. On this bone, an increase of both body mass 
and brachypody is associated with an increase of the 
general robustness, as well as broader epiphyses. The 
tibial plateau is clearly wider for high values of BM and 
GI-MT3 (Figs 9A, 10A–B). The same observation can be 
made for the distal epiphysis, since the contact surface 
with the astragalus is wider, which is coherent with 
a mediolateral enlargement of this bone previously 
observed among heavy Rhinocerotoidea (Etienne et al., 
2020b). Similar epiphyseal broadenings have also been 
observed in heavy bovids (Etienne et al., 2020a). Such 
proximal and distal broadenings likely confer a better 
resistance to the knee and ankle joints by ensuring 
the dissipation of loading forces due to a higher mass 
on a larger surface area. Moreover, most of the shape 
changes common to high mass and brachypody are 
situated distally to the proximal epiphysis and involve 
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the tibial fossa, the tibia crest and the lateral side of 
the shaft. These changes seem to be more strongly 
linked to brachypody than to body mass (Fig. 10). 
These areas constitute the insertion sites of powerful 
flexor muscles, respectively the m. tibialis cranialis, 
a foot flexor, and the mm. biceps femoris, popliteus, 
semitendinosus and sartorius, all being flexors of the 
leg (Etienne et al., 2021). Reinforcement of insertions 
for flexors and extensors are congruent with the higher 
forces needed to move a heavier body.

Fibula: The shape variation of the fibula is only 
significantly correlated with the degree of brachypody 
(and marginally with the centroid size), making it 
similar to the results observed for the distal part of 
the femur (see below). However, no clear increase of 
robustness is related to an increase of brachypody. 
Morphological changes mainly involve the head and 
the proximal part of the shaft, where insert flexor and 
extensor muscles for digits. The distal part, on which 
the tendons of these muscles run and which is linked to 
ankle bones by the collateral ligament, is also affected 
by shape changes (Antoine, 2002; Fisher et al., 2010; 
Etienne et al., 2021). Variations of the centroid size 
and degree of brachypody are accompanied by similar 
shape changes (i.e. larger bones have larger muscle 
insertion sites), although these two parameters are 
not significantly correlated. This indicates that similar 
shape changes may occur in the fibula of taxa showing 
different body shapes.

Non-congruent shape variation
Although many shape changes of a given bone appear 
similarly related to variation of size, mass and 
brachypody, other morphological modifications can be 
more directly related to one specific parameter. This 
is notably the case of the fovea capitis on the femoral 
head, which is only associated with changes in centroid 
size. This fovea, where the foveal ligament inserts, 
may be almost absent in some rhino species like the 
modern black rhinoceros or the giant Paraceratherium. 
The disappearing of the fovea might be interpreted as 
the absence of this ligament (Crelin, 1988). However, 
a previous analysis on the elephant hip indicated that 
this ligament can be present despite the absence of 
fovea and attached on the distal ridge of the femoral 
head (Crelin, 1988). This fossa is present in various 
taxa, independent of their body mass, their locomotor 
ecology or their habitat: for example, in bovids 
(Etienne et al., 2020a), in many carnivorans (Jenkins 
& Camazine, 1977), in porcupines (Yilmaz, 1998) and 
even in most archosaurs (Tsai & Holliday, 2015). The 
functional role of the foveal ligament is poorly known, 
but is hypothesized to limit the abduction of the femur 
and prevent the dislocation of the hip joint (Crelin, 

1988; Barone, 2010b). Consequently, the shape change 
associated with an increase of centroid size may not 
be due to the disappearing of this ligament, but to 
the displacement of its insertion on the femoral head, 
which could be related to higher constraints due to size 
or locomotor behaviour to prevent the hip dislocation 
if the leg deviates too much from the parasagittal 
plane during locomotion. However, this fovea is also 
absent or poorly marked in non-related and lighter 
taxa like Diceros bicornis (Linnaeus, 1758) (Guérin, 
1980; Antoine, 2002), making it hard to relate its 
shape and presence or absence to a high body mass 
only. At the intraspecific level, this fovea can be more 
or less developed depending on the age of the specimen 
(Guérin, 1980; Mallet et al., 2019). Consequently, 
our results do not allow a precise morphofunctional 
interpretation of the shape changes of this fovea, 
which remains to be explored more deeply among 
quadrupeds in relation with body proportions.

On the femur, all three trochanters modify strongly 
in association with an increase of CS, BM or GI-MT3, 
but not always in the same way. An increase of 
mass and brachypody is associated with a lateral 
development of the greater trochanter convexity, 
where the m. gluteus menimus inserts,  an extensor of 
the limb (Etienne et al., 2021). Similarly, an increase 
of the centroid size is mostly associated with changes 
in the top of the greater trochanter tuberosity, where 
the m. gluteus medius inserts,  considered as the main 
limb extensor (Etienne et al., 2021). A higher centroid 
size is associated with a lower tuberosity developed 
more caudally. The lateral development of the greater 
trochanter convexity in heavy and brachypodial taxa 
and the caudal development of the greater trochanter 
tuberosity lengthen the lever arms laterally and 
caudally, allowing slower but more powerful 
extensions and increasing the mechanical advantage 
of muscles extending the limb (Hildebrand, 1974). The 
variation of body mass and brachypody is particularly 
related to the variation of the lesser trochanter, 
where muscle x  inserts the m. iliopsoas, showing a 
distal displacement for heavier and more brachypodial 
species. To a lesser extent, the third trochanter, 
where inserts the m. gluteus maximus, displays the 
same distal displacement (with shape changes only 
associated with variation of gracility index). Both 
trochanters are then facing each other at midshaft 
in heavy and brachypodial taxa, constituting longer 
lever arms for muscles which provide gravitational 
support, a conformation often observed in heavy taxa 
(Hildebrand, 1974).

On the distal epiphysis of the femur, the asymmetry 
of the trochlea is associated with a broadening of the 
medial lip for high body mass only. This medial lip, 
also called the medial trochlear ridge, is considered as 
indicative of the presence of a ‘passive stay-apparatus’ 
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in various quadrupeds like equids, rhinos or bovids, 
allowing the animal to endure long periods of standing 
during feeding or resting times (Hermanson & 
MacFadden, 1996). The appearance of this feature, 
which emerged independently in different lineages 
(Janis et al., 2012), is hypothesized to be related to 
habitat complexity (Kappelman, 1988) or to body mass 
(Hermanson & MacFadden, 1996). Although we did not 
test the hypothesis of a relation with habitat, results 
on fossil rhinocerotoids tend to support a link between 
the development of the medial trochlear ridge and a 
high body mass, as this feature is present in all heavy 
taxa (in Metamynodon, large Paraceratheriidae and all 
heavy Rhinocerotidae exceeding a ton). This passive 
‘lock’ of the knee joint likely allows heavy rhinos to 
stand during feeding or resting times without spending 
too much energy to counteract gravity. Furthermore, 
a similar pattern has been observed on the forelimb, 
with the bicipital groove of the humerus being only 
associated with changes in body mass (Mallet et al., 
2021). As the bicipital groove is also likely involved in 
a passive-stay apparatus for the forelimb (Hermanson 
& MacFadden, 1992), these particularly congruent 
results underline that the development of joint lock 
systems is directly related to an increase of body mass 
among Rhinocerotoidea.

Differences in stylopoDium anD zeugopoDium 
shape changes with boDy proportions

In accordance with the second hypothesis, the 
comparison of patterns of shape change clearly 
highlights that the stylopodium and the zeugopodium 
do not follow the same trends of morphological 
variations. Whereas the shape variation of the femur 
is conjointly related to size, mass and gracility index, 
that of the tibia appears more highly correlated to 
the degree of brachypody than to body mass. The 
shape of the fibula appears related to the degree of 
brachypody only (and only marginally to size). Beyond 
the general increase of robustness undergone by 
the bones in heavy species, these strong differences 
tend to indicate a functional breakdown between 
the evolution of the stylopodium and zeugopodium 
among Rhinocerotoidea, both in fore- and hindlimbs 
(see below). Hallgrímsson et al. (2002) and Young & 
Hallgrímsson (2005) hypothesized an increase in 
variation of limb elements along the proximodistal axis, 
especially in quadrupeds, relating this phenomenon 
to postnatal processes like functional specialization 
under specific environmental constraints. Our 
results tend to confirm these observations among 
Rhinocerotoideaat the evolutionary level, with 
distal elements of the limb (tibia and fibula) varying 
more than proximalones (femur). This decoupling 
might be related to a divergence in the role of these 

bones, the femur being more involved in flexion and 
extension movements of both the hip and leg to ensure 
propulsion, whereas the tibia mainly ensures weight 
support and provides attachment for the flexor and 
extensor muscles of the foot (together with the fibula). 
The weaker correlation of tibial shape with body mass 
than with the degree of brachypody tends to indicate 
that the shape of this bone is more related to the 
distribution of the weight in the body (i.e. position 
of the centre of gravity, muscles and other organs) 
than to the absolute body weight of the species. These 
results appear as partly contradictory to what has 
been observed in modern rhinos where zeugopodial 
shape was more directly linked to body mass than that 
of the stylopodium (Mallet et al., 2019, 2020). However, 
the five modern species only represent a small sample 
of the past diversity of Rhinocerotoidea and belong to a 
subtribe showing an evolutionary trend different from 
that of the superfamily (see below). This emphasizes 
that, at the scale of the whole superfamily, the degree 
of brachypody (and consequently the body mass 
repartition and the position of the centre of gravity) 
may be a major driver of the morphological changes 
of the hindlimb zeugopodium. Conversely, body mass 
itself may have a more visible impact at a lower 
taxonomic level (Mallet et al., 2019, 2020). A similar 
trend differentiating stylopodium and zeugopodium 
bones has been observed on forelimb elements of the 
superfamily (see below and Mallet et al., 2021).

moDularity of the femur

Beyond the strict distinction between the stylopodium 
and zeugopodium, the multiple investigations of the 
femur based on complete or partial bone analyses 
reveal that the shape variations of the whole bone, 
of the proximal and of the distal parts, respectively, 
do not exhibit the same relationship with size, mass 
and gracility index. The shape of the proximal part 
appears significantly correlated with size, mass 
and gracility index, similar to that of the complete 
bone, but the species dispersions in the NJ trees, 
phylomorphospaces and regression plots for these 
two data sets highlight noteworthy differences. 
Small taxa like Hyrachyidae, Hyracodontidae, small 
Elasmotheriinae and Rhinocerotinae i.s. share marked 
morphological affinities with heavy Paraceratheriidae 
concerning the whole bone, but this is not the case 
when looking at its proximal part only. This tends to 
indicate that the proximal part of the femur undergoes 
shape modification decoupled from that observed on 
the rest of the bone between these taxa. This pattern of 
shape variation appears different from that observed 
on the humerus of Rhinocerotoidea, where the 
functional signal was similar between the complete 
bone and its distal epiphysis (see below and Mallet 
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et al., 2021). The modifications of the femur notably 
concern the size and the shape of the trochanters, as 
well as the head orientation. Conversely, the shape 
variation of the distal part of the femur is more 
congruent with that of the tibia and fibula than with 
the whole femur (high correlation with the degree of 
brachypody, poor correlation with body mass and no 
correlation with centroid size). All these observations 
led us to consider that proximal and distal parts of the 
femur may represent different morphological modules, 
i.e. anatomical units ‘that [are] tightly integrated 
internally but relatively independent from other such 
modules’ (Klingenberg, 2008). The congruence between 
the shape variation of the distal femur and the tibia 
could indicate that the knee joint, with the inclusion of 
the patella, displays a modular organization. Similarly, 
the shape of the proximal femur could covary with the 
pelvic bone, although this covariation has been proven 
as weak or non-existent in other mammal groups like 
equids or marsupials (Hanot et al., 2017; Martín-Serra 
& Benson, 2019). All these questions remain to be 
addressed among modern and fossil rhinos through 
relevant modularity tests (Goswami & Polly, 2010; 
Klingenberg, 2014).

bone shape anD phylogenetic legacy

The differences in shape variation patterns between 
the stylopodium and the zeugopodium may be related 
to functional breakdowns between limb segments. In 
addition, and except for the fibula (see below), shape 
as well as size, mass and gracility index carry a strong 
phylogenetic signal (see Results section). The shape 
variation of the complete femur remains similar 
among each clade and does not converge with that of 
other clades. This likely underlines the importance of 
the evolutionary legacy on the morphological disparity 
of this bone. Such differences between clades are less 
clear for its distal part only, as well as for the tibia, 
for which some taxa show convergences in shape (e.g. 
Aphelops, Diaceratherium and Elasmotherium). This 
tends to confirm previous observations among modern 
rhinos, indicating a stronger phylogenetic signal in 
the variation of the stylopodium than in that of the 
zeugopodium (Mallet et al., 2019, 2020). A similar 
trend has also been observed in the forelimb (see 
below) (Mallet et al., 2021).

The fibula appears as an exception among these 
bones, as its shape and centroid size carry almost 
no phylogenetic signal. Among the superfamily, only 
the subtribe Teleoceratina display a relative shape 
homogeneity for the fibula. No clear link between the 
shape of the fibula and body mass can be seen within 
the superfamily either. These observations somewhat 
echo previous results on modern rhinos, which showed 
a puzzling intraspecific shape variation exceeding 

the interspecific variation for this bone (Mallet et al., 
2019). In addition, the proximal and distal contact 
surfaces of the fibula are variably fused with those 
of the tibia among specimens and species; this fusion 
may potentially be related to evolutionary legacy, 
to the high body mass of the concerned species, or 
to the ontogenetic stage of the individual (Antoine, 
2002; Polly, 2007). However, the fusion between these 
two bones can be observed in different taxa, such as 
Ceratotherium, Menoceras or Teleoceras, without any 
obvious trend linked to phylogeny or body mass. This 
fusion can slightly modify the shape of the fibula, 
notably the interosseous crest and the size and shape 
of the distal synostosis surface. Moreover, shape data 
show important differences between the patterns 
of variation of the tibia and fibula, suggesting some 
level of independence between these two bones, as 
previously observed in modern rhinos (Mallet et al., 
2020). The fibula therefore stands out from the other 
bones by the fact that its variation in shape shows no 
clear structure, regardless of the observation scale 
within the superfamily.

Beyond these general trends, some groups among the 
superfamily follow remarkably different tendencies in 
their shape variation. Giant Paraceratheriidae, despite 
their extreme size and mass, rarely possess a shape 
plotting far away from other Rhinocerotoidea in the 
different morphospaces. In fact, their hindlimb bones 
show surprising proximities with some Aceratheriini 
or Rhinocerotini. This underlines that their extreme 
size and mass are not reflected in extreme shape 
conformations and, conversely, that taxa with 
different body mass can share shape similarities. This 
proximity could be related to the general body plan of 
these species: Paraceratheriidae are known to retain 
a ‘cursorial’ body plan with a relatively high degree of 
slenderness (Granger & Gregory, 1936; Prothero, 2013) 
and their limb bones seem more constrained by this 
general body organization than by constraints due to 
high body weight support and propulsion.

Conversely, Teleoceratina is another group 
deviating from the general trend of shape variation 
common to the whole superfamily. Teleoceratina often 
constitute extremes of shape variation, particularly 
the zeugopodial bones of highly brachypodial taxa 
like Teleoceras. This high degree of brachypody is 
also encountered in phylogenetically distant genera 
like Pleuroceros and Chilotherium, leading to marked 
shape similarities, especially on the zeugopodium. This 
convergent condition might be related to particular 
developmental trends among these groups, leading 
to a shortening of the distal limb. Such a particular 
condition may be involved in functional roles specific 
to these groups, such as walking on soft and unstable 
grounds (Boada-Saña et al., 2007) or even a semi-
aquatic ecology, although this hypothesis seems 
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unlikely given various works (MacFadden, 1998; Mead, 
2000; Mihlbachler, 2003; Prothero, 2005; Clementz 
et al., 2008; Wang & Secord, 2020). Following these 
authors, larger feet could help to spread the weight of 
the animal more effectively when moving on soft soil, 
enhancing the surface area of the pes and preventing it 
from sinking into mud. In our view, having robust bones 
should be viewed as an allometric consequence of a 
shortening of the limb in those species, this shortening 
being either related to a semi-aquatic lifestyle or/and 
to an adaptation for grazing. As the precise lifestyle of 
short-legged rhinos is still debated nowadays, further 
investigations on these brachypodial taxa should 
help to clarify the origin and functional roles of this 
particular condition.

Differences within anD between fore- anD 
hinDlimb bones

Comparison with data obtained for forelimb bones 
clearly underlines that the stylopodial elements of the 
fore- and hindlimbs share similar patterns of shape 
variation. The morphological changes of both the 
humerus and femur appear simultaneously correlated 
with size, mass and gracility index while also carrying 
a strong phylogenetic signal. Toward high body mass, 
both the humerus and femur display an increase of 
general robustness, associated with the development 
of both epiphyses, the reinforcement of muscular 
insertions (mainly for extensors and flexors) and 
their displacement leading to lengthened lever arms. 
On the other hand, opposite, zeugopodial elements 
are mainly impacted by the degree of brachypody 
(at the scale of the whole superfamily), related to 
the distribution of the mass within the body rather 
to the absolute mass itself. Furthermore, the shape 
of the radius and tibia, both of which are involved 
in supporting the body weight directly, are more 
related to mass than ulna and fibula shapes. Highly 
brachypodial taxa display an increase of robustness 
and a broadening of the epiphyses as well. Some 
anatomical areas, like the medial and lateral parts of 
the proximal epiphysis of both the radius and tibia, 
show a remarkably similar trend of shape variation 
towards a high degree of brachypody. All these results 
partially invalidate the fifth hypothesis, as differences 
in patterns of shape variation are stronger between 
the stylopodium and zeugopodium than between 
the fore- and hindlimbs. Similar observations were 
partially obtained on modern rhinos (Mallet et al., 
2019, 2020) and this general trend may indicate that 
serial homology between fore- and hindlimb elements 
remain strong (Young & Hallgrímsson, 2005) despite 
different functional requirements (Henderson, 1999; 
Regnault et al., 2013; Panagiotopoulou et al., 2019).

However, some differences in functional role do exist 
between fore- and hindlimbs. Although body mass is 
correlated with the gracility index (GI-MC3 computed 
on the third metacarpal) in the forelimb bones (Mallet 
et al., 2021), this correlation is not significant with 
GI-MT3. Yet the distribution of these two indices 
remains extremely similar, possessing the same 
means and variance (see Supporting Information, Fig. 
S5). In other words, the variation in gracility index 
of the hindlimb is decoupled from that of body mass, 
while these two parameters (gracility index and body 
mass) are more closely associated for the forelimb. 
This highlights differences of general organization 
between fore- and hindlimbs and supports the idea 
that forelimb bones among Rhinocerotoidea may be 
more constrained by weight repartition than are the 
hindlimb ones, in association with their involvement 
in other functions like ensuring powerful propulsion 
(Heglund et al., 1982; Alexander, 1985; Dutto et al., 
2006; Henderson, 2006; Regnault et al., 2013; 
Panagiotopoulou et al., 2019) (Fig. 12).

Moreover, the bones constituting the elbow and knee 
joints might show a modular organization (the modular 
condition of the tibia remaining to be tested as well). In 
the forelimb, the trends in shape variation were similar 
between the complete humerus and its distal part, 
which displayed similarities with the proximal ulna 
(such as a significant correlation with CS, BM and GI 
simultaneously). Conversely, on the hindlimb, the shape 
variation of the complete femur is only congruent with 
that of its proximal part, while that of its distal part is 
more congruent with that of the tibia. Consequently, if 
morphological modules exist in the elbow and the knee 
joints of Rhinocerotoidea, they may not be organized 
in a homologous way, the former involving the entire 
humerus and the proximal ulna while the latter would 
involve only the distal femur and the entire tibia. These 
differences, which will require further testing, may be 
related to the distinct joint construction between the 
fore- and hindlimb. Beyond their respective bending 
in opposite directions, the elbow joint constitutes a 
strongly constrained hinge restricted to craniocaudal 
movements only, formed by the humerus, the radius 
and the ulna together. Conversely, the knee joint allows 
slight mediolateral rotations in addition to craniocaudal 
movements (Hildebrand, 1974), although reduced by the 
passive stay apparatus. Moreover, the knee joint also 
differs from the elbow in involving a sesamoid bone, 
the patella, and should be considered as functionally 
homologous to the shoulder region (Schmidt & Fischer, 
2009). This difference of configuration in those two joints 
may therefore involve differences in shape patterns of the 
bones constituting them. Only a larger investigation of 
potential morphological modules and on the construction 
of these joints could shed light on these questions.
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graviportality: an irrelevant concept in 
rhinocerotoiDs?

Finally, the addition of the results on the hindlimb 
(this study) to those obtained on the forelimb 
(Mallet et al., 2021) enables the critical evaluation 
of the concept of graviportality and its application 
to Rhinocerotoidea (Hutchinson, 2021). The shape 
of the limb bones in Rhinocerotoidea diversified 
broadly during the more than 50 Myr of evolution of 
this group, while its variation still carries a strong 
phylogenetic signal. Yet, the general construction of 
the rhino limbs largely follows a similar pattern across 
the entire superfamily; this ‘rhinocerotoid’ general 
pattern being easily distinguishable from those of 
close relatives (e.g. horses, tapirs) and of other heavy 
mammals (e.g. proboscideans). Convergences towards 
a high body mass are observed in other closely related 
clades within Perissodactyla [e.g. Lophiodontidae 
and Brontotherioidea exceeding 2000 kg (Damuth 
& MacFadden, 1990; Robinet et al., 2015) and 
Chalicotherioidea exceeding 1500 kg (Guérin, 2012)] 
and in related groups among ‘panperissodactyls’ 
(Welker et al., 2015) such as South American native 
ungulates [Notoungulata and Litopterna sometimes 
exceeding 1000 kg (MacFadden, 2005; Farina et al., 
2014)]. Despite the current lack of interspecific 
comparative studies of the limb morphology of 

all these heavy ungulates, they seem to display 
unique morphologies that share few morphological 
resemblances with Rhinocerotoidea.

As detailed previously (see Introduction), Gregory 
(1912) and Osborn (1929) defined graviportal animals 
by having a relatively long stylopodium and short 
autopodium, body mass of several hundreds of 
kilograms, columnar limbs, large and strong bones, 
large feet and slow pace. When considering this 
morphofunctional framework and the criteria classically 
associated with graviportality, no deep architectural 
breakdown towards this peculiar limb organization has 
been observed in rhinos. The high body mass and the 
increase in bone robustness, associated with enlarged 
feet (although this criterion is relative; Panagiotopoulou 
et al., 2019), are almost the only graviportal features 
encountered in the superfamily. The morphology of the 
elbow and knee joints indicate that almost all taxa in 
Rhinocerotoidea retain flexed proximal limbs (as in 
most small and large ungulates in general) with no 
convergence towards a strictly columnar organization. 
Only large Paraceratheriidae display straighter limbs, 
although they are not totally columnar (elbow and knee 
joints likely remaining flexed, reminiscent of the giraffid 
sivatheres for example) (Fortelius & Kappelman, 1993; 
Paul, 1997; Paul & Christiansen, 2000). The lengthening 
of the stylopodium relative to the other limb elements is 

Evolutionary legacy
Body mass

Evolutionary legacy

Brachypody

Forelimb Hindlimb

Brachypody

Body mass

Figure 12. Schematic summary of the relations between bone shape and the different variables tested in this work and in 
Mallet et al. (2021). Blue indicates a shape variation dominated by evolutionary legacy over other parameters. Red indicates 
a shape variation mainly dominated by brachypody and/or body mass over other parameters. This relative influence is 
based on the results obtained through the NJ trees, the PCA and the regression plots of the PGLS described in the previous 
chapters. The size of the font and arrows for each variable is proportional to its relation with the shape for each bone or part 
of bone based on the overall previous results. Faded colours on the hindlimb indicate a lower association with body mass in 
general. Bones modified from Archeozoo.org under the Creative Commons license.
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far from being clear except in highly brachypodial species 
(but more likely due to a shortening of the zeugopodium). 
The reduction of the autopodium elements (i.e. degree 
of brachypody) appears associated with various body 
mass values and not only the highest ones. Conversely, 
the reduction of the autopodium is not always marked 
in heavy taxa, as observed in Elasmotherium and 
Paraceratherium (Mallet et al., 2021). Although not 
directly studied here, the gait of rhinos also seems 
relatively conservative: modern rhinos are able to gallop 
(Alexander & Pond, 1992) and given the similar general 
construction of the limbs in large fossil taxa it is likely 
that most of them could reach a relatively fast pace 
(Paul & Christiansen, 2000).

Conversely, our detailed study of limb long bones 
in rhinos highlights the morphological changes 
undergone by the zeugopodium as rhinocerotoids 
increased in mass, although this aspect was nearly 
absent from the classical framework of graviportality. 
The shape changes observed in the zeugopodial 
elements relative to the degree of brachypody (and, 
consequently, to the vertical height of the centre of 
gravity) shed light on the impact of mass distribution 
on this segment. While the works of Gregory and 
Osborn assumed that the relative length of this 
central segment is poorly modified between cursorial 
and graviportal taxa (Gregory, 1912; Osborn, 1929), 
results obtained on rhinocerotoids highlight that, on 
the contrary, zeugopodium shape is deeply modified 
between light and heavy rhinos.

Among heavy taxa, Paraceratheriidae challenge 
the classic definition of graviportality even more 
than other rhinos (Granger & Gregory, 1936; 
Fortelius & Kappelman, 1993). In particular, they do 
not show the relative reduction of the autopodium 
length or the fully columnar limbs expected for 
such big quadrupeds. Moreover, the ratio ‘humeral 
length over radial length’ is below 1 in Juxia and 
Urtinotherium (Paraceratheriidae), but above 1 for the 
small runner Hyracodon (Hyracodontidae), making 
Paraceratheriidae close to more gracile, specialized 
cursors such as modern equids (ratio < 1). This ratio 
is also different from that observed in other rhinos 
(e.g. > 1 for modern rhinos, C. Mallet, personal 
computations). Conversely, the ratio ‘femoral length 
over tibial length’ is higher in Paraceratherium (1.4) 
than in Hyrachyus (1.1) and modern horses (1.1). 
This ratio on the hindlimb is close to that observed 
in modern rhinos (1.5 in  Ceratotheriumsimum, 1.4 in 
Diceros Bicornis) (C. Mallet, personal computations). 
These ratios, coupled with our results, show that 
Paraceratheriidae appear to follow a different trend 
of limb architecture than the rest of the superfamily. 
Unlike in other Rhinocerotoidea, the shape of their 
stylopodium is highly derived relative to more basal 
rhinocerotoids, whereas that of their zeugopodium is 

poorly modified and retains a plesiomorphic aspect 
(although relatively more robust) close to that of small 
taxa like Hyrachyidae and Hyracodontidae (Mallet 
et al., 2021). This conservative shape of the zeugopodium 
in paraceratheres is more marked on the forelimb than 
on the hindlimb, which would appear in contradiction 
with the forelimb supporting a higher part of the total 
weight. This atypical pattern of shape variation could 
be related to the long neck and heavy head borne by 
paraceratheriids (P.-O. Antoine, pers. comm.), as well 
as to the slightly sloped backbone (Prothero, 2005), 
two uncommon features among Rhinocerotoidea 
which mostly display a short neck and a relatively 
horizontal spine (Paul & Christiansen, 2000; Qiu & 
Wang, 2007; Prothero, 2013). It is also possible that 
the forelimb of Paraceratheriidae does not follow the 
general trend common to most Rhinocerotoidea, due 
to strong developmental or evolutionary constraints. 
All these features highlight morphological features 
linked to both high body mass support (e.g. robustness 
of the stylopodium, shortening of the tibia) and the 
persistence of a cursorial construction close to that 
of small Hyrachyidae and Hyracodontidae. This 
unusual architecture tackles the classical opposition 
between ‘cursorial’ and ‘graviportal’ categories, 
Paraceratheriidae appearing to show features 
characterizing both categories simultaneously.

Since Rhinocerotoidea hardly display the anatomical 
criteria classically associated with graviportality, two 
possible assessments arise: either Rhinocerotoidea 
should not be considered graviportal, or the graviportal 
framework is too limited to describe the diverse 
conditions by which species adapt to heavy weight 
(Hutchinson, 2021). The limitations of the framework 
of Gregory (1912) and Osborn (1929) may be related 
to the archetypal groups used to define graviportality 
(and cursoriality), as they mainly considered elephants 
and extinct groups with a similar limb architecture 
like Dinocerata in this regard (Osborn, 1900). 
However, it is not certain that all anatomical features 
originally defined as graviportal in these groups are 
in fact linked to a high body mass and are shared 
by all heavy quadrupedal taxa. Most Proboscidea 
retain poorly modified limbs, with no reduction of the 
digit number, no radio-ulnar and tibiofibular fusion 
(however, two traits that are found in Rhinocerotoidea) 
and a symmetrical femoral trochlea. Their ulna 
directly supports the humerus in the elbow joint, 
contrary to the condition in most ungulates, where 
the humerus is supported almost only by the radius 
(Fujiwara, 2009; Janis et al., 2012; Larramendi, 2016). 
Morphofunctional investigations highlight that the 
limb structure and motion in Proboscidea is atypical 
compared to that in most mammalian quadrupeds, 
including heavy ones (Ren et al., 2010). Except in their 
general increase of robustness, Rhinocerotoidea show 
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no clear convergence of shape or limb construction 
with that of Proboscidea, especially in extremely large 
but gracile taxa like Paraceratheriidae. Most criteria 
associated with graviportality in elephants are thus 
not universally shared in heavy quadrupeds showing 
that the classic graviportal framework should be 
considered with caution (Hutchinson, 2021). Therefore, 
it may be more relevant to search for the features 
repeatedly encountered in diverse taxa showing a high 
body mass before defining a general concept such as 
graviportality. As sustaining a heavy weight likely 
involves a mosaic of traits, the concept of graviportality 
should only be used after deciphering the repeated 
features potentially associated with it and the special 
adaptations limited to each particular group. Taking 
into account the locomotor behaviour of a given animal 
should also help to refine the concepts of ‘graviportality’ 
and ‘cursoriality’.

CONCLUSION

Beyond a common increase of robustness and 
reinforcement of muscular insertions towards higher 
body mass, the shape of stylopodial and zeugopodial 
bones among Rhinocerotoidea does not follow the 
same pattern of variation. More morphological 
differences are also observed between the stylopodium 
and zeugopodium than between fore- and hindlimbs. 
Rather than the overall absolute body mass, it is the 
distribution of mass within the body and the resultant 
position of the centre of gravity (seemingly linked 
to the degree of brachypody) that seems to drive the 
shape variation of hindlimb bones. Conversely, only 
the fibula exhibits a puzzling relationship between 
shape and body proportions. Our results also highlight 
the potential modularity of the femur, with a distal 
region varying in shape in similar ways to the tibia 
and fibula. Together with our previous results on the 
forelimb, this points out the need to explore shape 
patterns beyond the units constituted by single bones. 
Finally, the integrative investigation of limb bones 
among Rhinocerotoidea underlines the limits of the 
concept of graviportality to describe the morphology of 
these animals. It calls for a refining of this century-old 
framework, considering the anatomical specificities 
of each group displaying an increase of body mass 
through time.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher's web-site:

Data S1. Designation and location of the anatomical landmarks placed on each bone.
Figure S1. Summary of the anatomical areas of the rhino long bone. Bones figured here belong to C. simum. A, 
humerus. Abbreviations: F.c.: Fovea capitis; G.t.: Greater trochanter; G.t.c.: Greater trochanter convexity; G.t.t.: 
Greater trochanter top; H.: Head; I.s.: Intercondylar space; L.c.: Lateral condyle; L.e.: Lateral epicondyle; L.t.r.: 
Lateral trochlear ridge; L.t.: Lesser trochanter; M.c.: Medial condyle; M.e.: Medial epicondyle; M.t.r.: Medial 
trochlear ridge; N.: Neck; S.f.: Supracondylar fossa; T.: Trochlea; T.f.: Trochanteric fossa; T.g.: Trochlear groove; 
T.t.: Third trochanter. B, tibia. Abbreviations: A.s.t.: Articular surface for the talus; C.a.: Caudal apophysis; Ce.i.a.: 
Central intercondylar area; Cr.i.a.: Cranial intercondylar area; D.a.s.f.: Distal articular surface for the fibula; 
E.g.: Extensor groove; I.c.: Interosseous crest; L.a.s.: Lateral articular surface; L.c.: Lateral condyle; L.g.: Lateral 
groove; L.i.t.: Lateral intercondylar tubercle; M.a.s.: Medial articular surface; M.c.: Medial condyle; M.g.: Medial 
groove; M.i.t.: Medial intercondylar tubercle; M.m.: Medial malleolus; P.a.s.f.: Proximal articular surface for 
the fibula; P.n.: Popliteal notch; S.s.m.p.: Sliding surface for the m. popliteus; T.c.: Tibial crest; T.g.: Tuberosity 
groove; T.t.: Tibial tuberosity. C, fibula. Abbreviations: A.s.t.: Articular surface for the talus; Ca.l.: Caudolateral 
line; Ca.t.l.m.: Caudal tubercle of the lateral malleolus; Cr.l.: Craniolateral line; Cr.t.l.m.: Cranial tubercle of the 
lateral malleolus; D.a.s.t.: Distal articular surface for the tibia; D.g.m.: Distal groove of the malleolus; H.: Head; 
I.c.: Interosseous crest; L.g.: Lateral groove; P.a.s.t.: Proximal articular surface for the tibia.
Figure S2. Shape deformations associated with the first two axes of the PCA for each bone. Blue: minimal values. 
Orange: maximal values. Orientation from left to right: caudal, lateral, cranial, medial, proximal and distal views. 
A, complete femur; B, proximal partial femur; C, distal partial femur; D, tibia; E, fibula.
Figure S3. Shape deformations associated with minimum and maximum values of the centroid size (CS), body 
mass (BM) and gracility index (GI-MT3) for significant regressions with shape. Blue: minimal values. Orange: 
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maximal values. Orientation from left to right: caudal, lateral, cranial, medial, proximal and distal views. A-C, 
complete femur; D-F, proximal partial femur; G, distal partial femur; H-I, tibia; J, fibula.
Figure S4. Significant PGLS regression plots for distal partial femur (A) and fibula (B) performed on shape 
data and log-transformed centroid size (CS) or log-transformed cubic root of mean body mass (BM). Point colour 
code follows Figure 1. Point size is proportional to mean log CS of each species. On the right, shapes associated 
with minimum and maximum fitted values (top row) and colour maps of the location and intensity of the shape 
deformation (bottom row). Blue: minimal values. Orange: maximal values. For each bone, the shape associated 
with the minimum was coloured depending on its distance to the shape associated with the maximum (blue 
indicates a low deformation intensity and red indicates a high deformation intensity). Orientation from left to 
right in each case: caudal, lateral, cranial and medial views.
Figure S5. Boxplot of the distribution of GI-MC3 (from Mallet et al., 2021) and GI-MT3 values (this work). 
Parametric tests indicate a high correlation between the two indices, and a high probability of similar mean and 
variance.
Table S1. Complete list of all the studied specimens.
Table S2. Complete list of data compiled from the literature for gracility index of third metatarsal and mean body 
mass.
Table S3. Summary of the differences in P and R² values between the PGLS computed under a Brownian Motion 
(BM) model (geomorph) and a Ridge Regression (RR) model (RRphylo). Only variables with significant results are 
presented here.
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