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A B S T R A C T

The Caune de l’Arago (Arago) and Sima de los Huesos (Sima) human

bones from the European Middle Pleistocene are penecontempora-

neous, although the Sima hominins are closely related to Neandertal,

and Arago hominins present more archaic features. In previous and in

press studies, the cross-sectional geometric properties (CSG) of lower

limb bones of Arago and Sima have been studied separately without

comparative analyses. Here, in order to bridge this gap, we use the

same criteria for both samples to highlight evolutionary affinities and
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to compare their level and pattern of mobility. This study focuses on

the femur, fibula and tibia from Arago and Sima with references to

fossils from the sites of Trinil, Zhoukoudian and Lazaret, and ancient

and recent Homo sapiens (including athletes and non-athletes). We

analyze the cross-sectional areas, biomechanical bone ‘‘shape’’ indices

(Ix/Iy, Imax/Imin) and pattern of cortical bone distribution. All lower

limb bones from Arago have noticeably high to very high relative

cortical areas and low to very low medullary areas. The overall femoral

pattern in Arago, like Sima, is similar to that of Middle Pleistocene

hominins (e.g., low femoral shape indices, Ix/Iy) and Neandertals (e.g.,

large cross-sectional size). However, the femoral midshaft in Sima

presents prominent posteromedial cortical thickening, as a result of a

spiral cortical reinforcement along the medial side of the diaphysis.

This characteristic is specific to Neandertal and some Middle

Pleistocene hominins. In contrast, the midshaft femoral pattern in

Arago is close to that of some Homo erectus. We also note that the

femoral cross-sectional size and relative cortical area in Arago differ

drastically to the small size and low relative cortical area of Lazaret

and Trinil hominins. The very high shape index at midshaft (i.e., high

Imax/Imin) of the Arago tibia is observed in ancient H. sapiens and

runners; the tibial posterior ‘‘pilaster’’ is found in Neandertals and

ancient H. sapiens; and the flat or convex tibial faces are similar to

Neandertals. Furthermore, the Arago fibulas show marked fibular

posterolateral cortical reinforcement with low anteroposterior

strengthening. These leg features (tibia, fibula) are also found in

some Sima hominins (but not in all individuals). Consequently, this

study confirms the presence of archaic features in Arago and the close

evolutionary relationship between Sima and Neandertal. This

proposition is mainly based on the femoral midshaft pattern

influenced by the pelvofemoral complex, considered to be substan-

tially genetically controlled. The leg functional analysis highlights a

high level of mobility and travelling in uneven terrains or in

mountainous areas in Arago, consistent with known environments

and hunting practices. Previously, an analogous hypothesis was

proposed put forward for Sima hominins.
�C 2022 Elsevier Masson SAS. All rights reserved.
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R É S U M É

Les os humains de la Caune de l’Arago (Arago) et de la Sima de los

Huesos (Sima) appartenant au Pléistocène moyen européen sont

considérés comme pénécontemporains. Toutefois, les Hommes de

la Sima ont de fortes affinités avec les Néandertaliens, et ceux de

l’Arago présentent des traits plus archaı̈ques. Dans les études

précédentes et celles en cours de parution, les propriétés

géométriques des sections transversales des os du membre

inférieur de l’Arago et de la Sima ont été étudiées séparément

sans analyse comparative entre elles. Ici, nous allons combler ce

manque en utilisant les mêmes critères pour les deux échantillons

afin de mettre en évidence les affinités évolutives de ces deux

groupes ainsi que leur niveau et leur type de mobilité. Cette étude

se focalise sur le fémur, la fibula et le tibia de l’Arago et ceux de la

Sima, avec un échantillon supplémentaire concernant principale-

ment les Hommes de Trinil, Zhoukoudian et du Lazaret, ainsi que

les Homo sapiens anciens et récents (incluant des athlètes). Nous

analysons les aires des sections transversales, l’indice de « forme »

biomécanique (Ix/Iy, Imax/Imin) et le modèle de distribution de

l’os cortical. De manière remarquable, nous notons que tous les os
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1. Introduction

The Caune de l’Arago1 (Tautavel, France) and Sima de los Huesos2 (Atapuerca, Spain) hominins are
two key samples in the European Middle Pleistocene evolutionary context. They are penecontempo-
raneous and chronologically precede Neandertals and Homo sapiens (Arnold et al., 2014; Clark et al.,
2003; Couchoud, 2006; Falguères et al., 2015; Grün et al., 2008; Rink et al., 1995; Valladas et al., 2008;
see also Richter et al., 2017; Roksandic et al., 2022). The two human groups share cranial and
postcranial characteristics with Middle Pleistocene hominins, and contrast with ancient

du membre inférieur de l’Arago possèdent une aire corticale

relative élevée à très élevée, et une aire médullaire petite à très

petite. Le modèle fémoral général à l’Arago est similaire à celui de

la Sima, et partage des traits anatomiques avec les Hommes du

Pléistocène moyen (ex., faibles indices fémoraux, Ix/Iy) et les

Néandertaliens (ex., grandes sections transversales). Toutefois, la

portion fémorale mi-diaphysaire à la Sima présente un épaissis-

sement cortical proéminent dans la zone postéro-médiale,

résultant du renforcement cortical en spiral se déployant le long

de la région interne de la diaphyse. Une telle caractéristique est

typique des Néandertaliens et de certains fémurs du Pléistocène

moyen. En revanche, le modèle fémoral de l’Arago à mi-diaphyse

est similaire à celui observé sur certains Homo erectus. Nous notons

également que l’aire totale des sections fémorales et l’aire corticale

relative à l’Arago diffèrent drastiquement de celles des fémurs du

Lazaret et de Trinil, pour lesquelles les valeurs sont très faibles. De

la jambe, nous notons que le tibia de l’Arago présente un indice de

forme très élevé (c.-à-d., très haut Imax/Imin), identique à ceux des

H. sapiens anciens et des coureurs à pied; un « pilastre » tibial

postérieur, fréquemment identifié chez les Néandertaliens et les

H. sapiens anciens; et des faces du tibia plates à convexes, comme

chez les Néandertaliens. Enfin, la fibula de l’Arago se caractérise

par un fort renforcement cortical postérolatéral et un faible

étirement antéropostérieur. Ces caractéristiques de la jambe (tibia,

fibula) ont aussi été identifiées sur certains os des Hommes de la

Sima (mais pas sur tous les individus). En conséquence, cette étude

confirme la présence de traits archaı̈ques sur le squelette des

Hommes de l’Arago, et la proximité évolutive entre les Hommes de

la Sima et les Néandertaliens. Cette proposition est principalement

fondée sur le modèle structural fémoral mi-diaphysaire dont les

caractéristiques prennent forme sous l’impact du complexe pelvo-

fémoral, soumis à une forte influence génétique. L’analyse

fonctionnelle de la jambe a mis en évidence un haut niveau de

mobilité chez les Hommes de l’Arago, ainsi que des déplacements

sur des terrains irréguliers ou montagneux, en cohérence avec

l’environnement de cette grotte et la pratique de la chasse.

Précédemment, une hypothèse analogue a été émise pour les

Hommes de la Sima.
�C 2022 Elsevier Masson SAS. Tous droits réservés.

1 Arago.
2 Sima.
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. sapiens. Morphologically, the hominins from Sima are more closely related to Neandertal than to the
ore archaic Arago remains (Arsuaga et al., 2014, 2015; Bermúdez de Castro et al., 2018; Chevalier and

umley, 2018, 2022a; Lumley, 2015, 2022; Martinón-Torres et al., 2012; Rodrı́guez et al., 2018; Rosas
t al., 2002). Chevalier and Lumley (2022a, b, c)3, Chevalier (2022) and Rodrı́guez et al. (2018) recently
ncluded the Arago and Sima samples in the well-known evolutionary pattern of lower limb structural
roperties (i.e., cross-sectional geometric properties, CSG) (e.g., Trinkaus and Ruff, 2012) providing
axonomic and behavioral information. However, no CSG comparative analysis of Arago and Sima
ominins has been carried out to date. In addition, the femoral CSG of Sima were not compared to
hose of Trinil (Ruff et al., 2015a) and Lazaret (Chevalier and Lumley, 2018), two major sites in the
volutionary context of the Asian and European Middle Pleistocene.

To summarize Chevalier and Lumley (2022a, b, c), Chevalier (2022) and Rodrı́guez et al. (2018),
rago and Sima hominins show many similar lower limb bone features to Early and Middle
leistocene hominins, and to some extent to Neandertals: ovoid femoral subtrochanteric cross-
ection; high cortical thickness and low medullary cavity; low femoral ratio of the second moment of
rea (Ix/Iy; diaphyseal ‘‘shape’’ index) and absence of pilaster (which strongly contrasts with the
ncient H. sapiens pattern); femoral medial cortical reinforcement at midshaft (see also Chevalier et al.,
015; Puymerail et al., 2012a, b; Ruff et al., 2015a; Trinkaus and Ruff, 2012). Authors also note in Arago
nd Sima hominins, close femoral robusticity to that of Neandertal, well-defined and marked fermoral
ubtrochanteric fossa, convex or flat cross-sectional contours of tibial diaphysis (contrasting with
ncient H. sapiens, as mentioned in Trinkaus and Ruff, 2012) and thick cortical bones and high second
olar moment of area in the midshaft fibular cross-sections (Arsuaga et al., 2015; Chevalier and
umley, 2022a, b, c; Rodrı́guez et al., 2018). Finally, physical behaviour can be specifically inferred
rom the tibia and fibula morphology of hominin samples from Sima and Arago. Chevalier (2022) and
odrı́guez et al. (2018) suggest a high level of mobility and travelling probably on uneven terrain.

The main results of previous studies are insufficient for a rigorous analysis of the similarities and
ifferences between the bone properties of lower limb bones of Arago and Sima hominins.
urthermore, some descriptions are specific to studies of Arago and Sima hominins. For example,
emoral midshaft cortical thickness distribution was not analysed in Rodrı́guez et al. (2018), although
osteromedial reinforcement is a frequent structural pattern in Neandertal and some Middle
leistocene hominins (Chevalier et al., 2015), and consequently an expected characteristic in the Sima
emoral sample, as shown for one Sima individual in Chevalier and Lumley (2018, 2022a). The fibula is

 very rare bone in ancient periods and it is conducive to functional investigation (Hart et al., 2020;
üscher et al., 2019; Marchi, 2007, 2015; Marchi et al., 2019; Marchi and Shaw, 2011; Sparacello et al.,
014, 2018), but the comparative analysis of the Sima fibulas is not very thorough, and some
omparisons based on structural parameters are also lacking in the fibular study of Arago, such as the
idshaft relative cortical area and pattern of cortical distribution.

The main objective of this new study is to compare the bone structural pattern of the lower limb
femur, tibia, fibula) of Arago and Sima hominins and determine whether one of these groups is closer
o Neandertal than the other one and whether different pattern and level of mobility co-exist during
he European Middle Pleistocene. Here, we focus on the comparison of cross-sectional geometric
roperties between four partial femurs, one partial tibia and five partial fibulas from Arago (Chevalier
nd Lumley, 2022a, b, c) (Figs. 1–3) with the Sima sample (Rodrı́guez et al., 2018). The comparative
nalysis includes the cross-sectional areas, relative cortical area, relative bending rigidity
biomechanical shape indices) and pattern of cortical distribution. Biomechanical robusticity is not
ncluded as it requires the estimation of bone length and body mass, two variables difficult to estimate
or the Arago human remains (but see discussion below and propositions in Chevalier, 2022). Note that
he comparative analyses are from updated measurements of Arago postcranial bones taken from x-
ay micro computed tomography (Micro-CT) scanning, and not from medical CT scan imaging as in
revious studies (Chevalier and Lumley, 2018, 2022a, b, c). Furthermore, we present unedited cross-
ectional properties of one fibula (A152) recently found in Arago Cave. We will also examine the
emurs from Lazaret (Chevalier and Lumley, 2018) and Trinil (Ruff et al., 2015a), as the CSGs of these

3 The monograph of the human remains from the Caune de l’Arago is currently in press with the publisher. It is scheduled for

elease in 2022.
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bones have not yet been, or only poorly compared, with the human remains of Arago and Sima
(Chevalier and Lumley, 2022a; Rodrı́guez et al., 2018).

2. Material and method

2.1. Material

This study focuses mainly on the Middle Pleistocene hominins from the Caune de l’Arago (Arago,
Table 1, Figs. 1–3) and Sima de los Huesos (Sima) sites, and secondarily on Neandertals and ancient H.

sapiens samples, and femurs from Trinil, Lazaret and Zhoukoudian (Table 2). Recent H. sapiens samples
are used for functional inference and to complete data analysed in previous studies. They include
fibulas and tibias of athletes and non-athletes.

The Arago sample includes femurs (A48, A53, A57, A141), tibias (A120) and fibulas (A49, A52/A56,
A125, A144, A152) (Table 1, Figs. 1–3). These bones come from the major unit G, correlate with marine

Fig. 1. Femurs from the Caune de l’Arago. All bones are in posterior view except the natural cross-sections from the proximal

part of A141 for which the posterior side is upward. Note the very small medullary area in A141.

Fémurs de la Caune de l’Arago. Tous les os sont présentés en vue postérieure, excepté les sections transversales naturelles provenant de

la portion proximale, pour lesquelles la face postérieure est dirigée vers le haut. Notez la très petite cavité médullaire de A141.
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sotopic stage 12, and date to about 438 � 31ka based on ESR and U-series dating (Falguères et al., 2015).
he selection of these bones from the Arago corpus was based on the comparability of cross-sectional
roperties with those of Sima de los Huesos (Rodrı́guez et al., 2018). For example, the immature fibulas
A33) and the supposedly adult fibulas (A104, A114) were not used. The femurs A48 and A57 could belong
o the same individual given their morphology and size. Potentially, we have six fibulas (A33, A49, A52-
56, A104-A152, A114-A125, A144), with a minimum of four individuals (Chevalier and Lumley, 2022c).
ome propositions are in contradiction with their location in the archaeological level, but the sublevels in
he unit G are compressed on top of each other. Unit G is an impressive accumulation of bones and lithic
rtefacts attaining a depth of one metre (Lumley, 2015). The sublevels represent potential levels, but it is
ot possible to clearly delimit them over the whole area. It is thus possible that a bone attributed to one

evel actually come from a contiguous level.
For the Middle Pleistocene sample from Sima, we used the bones presented in Rodrı́guez et al.

2018): femur (F-IX, X, XI, XIII, XIV, XVI, AT-1020); tibia (TIB-I, III, IV, VI, XI, XII, AT-848); fibula (Fib-I, II,
II, AT-1060).

ig. 2. Tibia from the Caune de l’Arago. The tibia A120 is presented in medial (left) and anterior (right) views.

ibia de la Caune de l’Arago. Le tibia A120 est présenté avec les vues médiale (à gauche) et antérieure (à droite).
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Fig. 3. Fibulas from the Caune de l’Arago. All fibulas are in lateral/posterolateral views, except A144 in anterior view.

Fibulas de la Caune de l’Arago. Toutes les fibulas sont présentées en vue latérale/postérolatérale, excepté A144, présentée en vue

postérieure.

Table 1
Hominins lower limb bones from Arago (Caune de l’Arago). Only the postcranial remains included in this study are presented in

this table. In Arago Cave, three other femurs (A17, A38, A51), one other tibia (A95-A96), and three other fibulas (A33, A104,

A114) have also been found. The major unit G is divided into sublevels (Gs1, Gm1, Gm2, Gi4), the most recent is Gs1.

Os du membre inférieur des Hommes de la Caune de l’Arago. Seuls les restes postcrâniens inclus dans cette étude sont présentés dans ce

tableau. Dans la grotte de l’Arago ont été trouvés trois autres fémurs (A17, A38, A51), un autre tibia (A95-A96), et trois autres fibulas

(A33, A104, A114). La grande unité G est composée de sous-unités (Gs1, Gm1, Gm2, Gi4), la plus récente étant Gs1.

Type of bone Specimen Laterality Major unit Archaeostratigraphical unit

Femur A48 Right G Gs1

A53 Right G Gi4

A57 Left G Gm2

A141 Right G Gm2

Tibia A120 Left G Gs1

Fibula A49 Right G Gs1

A52-A56 Right G Gm3

A125 Left G Gs1

A144 Left G Gm2

A152 Left G Gm2
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Table 2
Fossil samples used for the comparative analysis of cross-sectional properties: femur, tibia and fibula.

Echantillon fossile utilisé pour l’analyse comparative des propriétés géométriques des sections transversales : fémur, tibia et fibula.

Samples

Femur 80% 65% 50% 35%

Caune de l’Arago A48, A57, A141 A48, A57, A141 A141 A53, A141

Sima de los Huesos F-X, F-XI, F-XIII, F-XIV,

F-XVI, AT-1020

F-X, F-XI, F-XIII, F-XIV,

AT-1020

F-IX, F-X, F-XIII, F-XIV,

F-XVI

F-IX, F-X, F-XIII

Lazaret Laz 13, Laz 17 Laz 13, Laz 17 Laz 17, Laz 25 Laz 15, Laz 25

Trinil Femur II, Femur III,

Femur IV

Femur II, Femur III,

Femur IV

Femur II, Femur IV Femur II, Femur III,

Femur IV, Femur V

Neandertals Amud 1, La Chaise,

Chapelle-aux-Saints,

Feldhofer 1, La

Ferrassie 1, 2, Krapina

213, 214, Saint Césaire

(Roche-à-Pierrot), Spy

2, Tabun 1

Amud 1, La Chaise-de-

Vouthon/Tour1,

Feldhofer 1, La

Ferrassie 1, 2, Fond-de-

Forêt, Krapina 257.32,

257.33, Palomas 52, 92,

96, La Quina 38,

Shanidar 6, Spy 2

Amud 1, La Chaise BD5,

Chapelle-aux-Saints,

Feldhofer 1, Ferrassie 1,

2, Fond-de-Forêt 1,

Palomas 96, Quina 5,

Rochers-de-Villeneuve

1, Saint-Césaire 1,

Shanidar 4, 5, 6, Spy 2,

Tabun 1, 3, CDV-Tour1,

Les Pradelles

Amud 1, Chapelle-aux-

Saints, Feldhofer 1,

Ferrassie 1, 2, Fond-de-

Forêt 1, Spy 2, Tabun 1

Ancient Homo sapiens Qafzeh 8, 9, Skhul 4, 5,

6, 9, La Rochette 2, Cro-

magnon 1 (4323,

4325), 4322, Arene

Candide 1, Barma

Grande 2, Grotte des

enfants 4, Paglicci 25,

Veneri 1,2, Mladeč 27,

28, Paviland 1, Pavlov

1, Dolnı́ Věstonice 3,

13, 14, 16, 35, Sunghir

1, 4, Nahal 0En-Gev 1,

Ohalo 2, Minatogawa 1,

2, 3, 4, Tianyuan 1

Qafzeh 6, 8, 9, Skhul 4,

5, Cro-magnon 1, 4322,

4324, Mladeč 27, 28,

Paviland 1, Pavlov 1,

Dolnı́ Věstonice 3, 13,

14, 16, 41, Sunghir 1, 4,

Nahal 0En-Gev 1, Ohalo

2, Minatogawa 1, 3, 4,

Tianyuan 1, Willendorf

1

Qafzeh 3, 8, 9, Skhul 3,

4, 5, 6, 7, Arene Candide

1, Barma Grande 2, Cro-

magnon 1, 4322, 4324,

Dolnı́ Věstonice 3, 13,

14, 16, 35, Grotte des

Enfants 4, Minatogawa

1, 2, 3, 4, Mladeč 27,

Nahal 0En-Gev 1, Ohalo

2, Paglicci 25, Paviland

1, Pavlov 1, Rochette 2,

Sunghir 1, 4, Veneri 1,

2, Willendorf 1,

Zhoukoudian-UC 67,

68

Qafzeh 9, Skhul 4, 5, 6,

7, Cro-magnon 1, 4322,

4328, Dolnı́ Věstonice

3, 13, 14, 16, 40,

Minatogawa 1, 3, 4,

Mladeč 27, Nahal 0En-

Gev 1, Ohalo 2,

Paviland 1, Pavlov 1,

Sunghir 1, 4

TIBIA 65% 50% 35%

Caune de l’Arago A120 A120 A120

Sima de los Huesos TIB-I, TIB-III, TIB-VI, TIB-XII,

AT-848

TIB-I, TIB-III, TIB-IV, TIB-VI,

TIB-XI, TIB-XII, AT-848

TIB-I, TIB-III, TIB-IV, TIB-VI,

TIB-XI, TIB-XII, AT-848

Neandertals Amud 1, Chapelle-aux-

Saints, Ferrassie 1, 2,

Shanidar 2, Spy 2

Amud 1, Chapelle-aux-

Saints, Ferrassie 1, 2,

Krapina 257.15, 257.20,

Oliveira 4, Palomas 96, Saint

Césaire 1, Shanidar 2, 6, Spy

2, Tabun 1

Amud 1, Chapelle-aux-

Saints, Ferrassie 1, 2,

Palomas 96, Shanidar 2, Spy

2, Tabun 1

Ancient Homo sapiens Qafzeh 3, Skhul 4, 5, 6, Cro-

magnon 4330, 4332, Dolnı́

Věstonice 3, 13, 14, 15, 16,

Minatogawa 3, 4,

Minatogawa 4, Ohalo 2,

Paviland 1, Sunghir 1

Qafzeh 8, 9, Skhul 4, 5, 6,

Arene Candide 1, Cro-

magnon 4330, 4332, 4333,

Dolnı́ Věstonice 3, 13, 14,

15, 16, Grotte des Enfants 4,

Minatogawa 1, 3, 4, Ohalo 2,

Paviland 1, Sunghir 1,

Tianyuan 1, Veneri 1, 2

Qafzeh 8, Skhul 3, 4, 5, 6,

Cro-magnon 4330, 4331,

4332,Dolnı́ Věstonice 3, 13,

14, 15, 16, Minatogawa 3, 4,

Nahal 0En-Gev 1, Ohalo 2,

Paviland 1, Sunghir 1,

Tianyuan 1

FIBULA 50%

Caune de l’Arago A49, A52-A56, A125, A144, A152

Sima de los Huesos Fib-I, Fib-II, Fib-III, AT-1060

Neandertals La Ferrassie 1

Ancient Homo sapiens Caviglione, Cro-Magnon 4334, 4335, Abri Pataud 58-2-37817 R
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The Trinil (Femur II, III, IV, V), Lazaret (Laz 13, 15–17, 25) and Zhoukoudian (1, 2, 4, 5, 6) samples are
only composed of femurs. Neandertals and ancient H. sapiens samples are represented mainly by
femurs and tibias, with one Neandertal (La Ferrassie 1) and four Upper Paleolithic (Caviglione, Cro-
Magnon 4334, 4335, Abri Pataud 58-2-37817 R) fibulas.

Considerable additional data for H. sapiens femurs and tibias are from Ruff (2018a) and shared by
Christopher Ruff in the European dataset (previously at https://fae.johnshopkins.edu/chris-ruff/). We
also used recent H. sapiens samples from Shaw and Stock (2009a), Marchi and Shaw (2011), including
tibial and fibular CSGs from athletes (cross-country runners, field hockey players) and a control group
(non-athletes). Finally, our sample comprises the recent H. sapiens fibular sample (individuals of
known age) presented in Chevalier and Tignères (2020).

3. Methods

It is essential to observe the internal structure for our study. To achieve our objectives, (1) we
scanned bones from Arago and Caviglione, and recent H. sapiens for this study and other projects; (2)
we used microtomographic data from Sébastien Villotte and the Muséum National d’Histoire
Naturelle de Paris (MNHN), and data and illustrations found in the literature (see references in the
text). The quantitative and qualitative analyses are from cross-sections for which we measured the
CSGs and described cortical bone distribution.

Here, we present information about the scanners used to take our own measurements.
The Arago bones stored at the EPCC (Tautavel, France) were scanned at the ISIS4D X-ray platform

(In Situ Innovative Set-ups) of the university of Lille (France), using an RX-Solution UltraTom micro-CT
scanner. Isotropic voxel sizes reconstructions were 72–50 mm for the femurs, 62 mm for the tibia and
43–19 mm for the fibulas.

The fibulas of Caviglione and recent H. sapiens stored at Musée de l’Homme (Paris) were scanned at
the AST-RX platform of the MNHN (Paris, France), using a GE Sensing & Inspection Technologies
phoenixjX-ray vjtomejx L240-180 micro-CT scanner. Isotropic voxel sizes reconstructions were
105 mm for Caviglione and 136 mm for recent H. sapiens (Georges Olivier’s collection). This latter was
previously analysed in Chevalier and Tignères (2020).

The micro-CT scan of the Neandertal fibula from La Ferrassie 1 were made available by MNHN
(Paris, France). This bone was scanned at the AST-RX platform. Isotropic voxel sizes reconstructions
were 100 mm.

Micro-CT scans of Cro-Magnon and Abri Pataud fibulas were made available by Sébastien Villotte
(Thibeault and Villotte, 2018; Villotte et al., 2017). These bones were scanned at the AST-RX platform.
Isotropic voxel sizes reconstructions were 89–126 mm.

The cross-sections are selected as a percentage of bone length (80%, proximal; 65%, mid-proximal;
50%, midshaft; 35%, mid-distal). Biomechanical length was chosen for femur and tibia (e.g., Trinkaus
and Ruff, 2012), while maximal length was used for the fibula (Chevalier and Tignères, 2020).
However, this method is not directly applicable when bones are not whole, as at Arago. We selected
the cross-section level based on anatomical features (e.g., entheses, foramen, diaphyseal shape) and
recommendations in Trinkaus and Ruff (2012), and by direct comparison with whole bone (see details
in Chevalier and Lumley, 2022a, b, c). Note that a relatively well-preserved femur (A141) and fibula
(A144) were very useful to making appropriate choices for other Arago bones. The femoral
biomechanical length of A141 is about 416 mm and the fibular maximal length of A144 is about
370 mm (Figs. 1, 3) (Chevalier, 2022; Chevalier and Lumley, 2022a, c).

We used Avizo 7.1.0 (FEI Visualization Sciences Group, Hillsboro) to extract the cross-sections and
ImageJ 1.51q software (National Institutes of Health; http://rsbweb.nih.gov/ij/) (Schneider et al.,
2012) associated with the plugin MomentMacro (http://www.hopkinsmedicine.org/fae/mmacro.
html/, provided for free download by Dr. Christopher Ruff) to quantify the structural parameters of the
Arago bones, the femur from Lazaret at 65%, and fibulas of ancient and recent H. sapiens (except the
athletes and control data presented in Marchi and Shaw, 2011; Shaw and Stock, 2009a).

The structural parameters (i.e., CSG) are the total area (TA, mm2), medullary area (MA, mm2),
cortical area (CA, mm2), relative cortical area (%CA), second moments of area about ML (Ix, mm4) and
AP (Iy, mm4) axis, minimal (Imin, mm4) and maximal (Imax, mm4) second moments of area, polar
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oment of area (J, mm4). These parameters represent mechanical performances (See Ruff, 2018b; Ruff
nd Hayes, 1983a). The cortical area, second moment of area and polar second moment of area reflect
ompressive/tensile strength, bending rigidity and torsional and average bending rigidity,
espectively. We added the theta angle for two well-preserved femurs from Arago and Sima. It
epresents the direction of the greatest bending rigidity, measured from the mediolateral axis. The
ositive angles were taken clockwise. The angle (theta) of F-X (Sima) was measured from the cross-
ections presented in Rodrı́guez et al. (2018).

CSGs of Early and Middle Pleistocene hominins (except Arago, and data at 65% in Lazaret),
eandertals and ancient H. sapiens are from Chevalier et al. (2015), Chevalier and Lumley (2018),
uymerail et al. (2012a, b), Rodrı́guez et al. (2018), Ruff et al. (2015a) and Trinkaus and Ruff (2012). CSGs
f athletes and the control group are from Shaw and Stock (2009a) and Marchi and Shaw (2011).

In the two latter studies, the fibular cross-section is located at 50% of tibial biomechanical length
nd is slightly more proximal than the 50% of fibular maximal length. To evaluate the consequences on
ur analysis, we proposed measurements for recent fibulas at 50% and 60% of fibular maximal length.
inally, we selected individuals in our recent fibular sample for some analyses given the age-
ependence of some structural parameters, as shown in Chevalier and Tignères (2020).

The comparative analysis of midshaft cortical distribution in the lower limb bone of Arago and
ima is based on our own micro-CT scan imaging for Arago and the cross-sections illustrated in
odrı́guez et al. (2018) for Sima. To highlight the cortical distribution pattern along the femoral
iaphysis in Arago (A141) and Sima (F-X), we added mapping of bone cortical thickness with the
ob Dougherty’s ‘‘Local Thickness’’ plugin included in the BoneJ Plugin implemented in ImageJ,

‘which defines the thickness at a point as the diameter of the greatest sphere that fits within the
tructure and which contains the point’’ (Dougherty and Kunzelmann, 2007; Hildebrand and
üegsegger, 1997).

Statistical analyses were performed using PAST version 2.14 and 4.08 (Hammer et al., 2001). Given
he small sample size of Arago hominins, we do not propose comparative statistical tests.

. Results

CSG data of Arago bones are given in Tables 3–5.

.1. Femoral CSG

In general, the femurs from Arago (A48, A53, A57, A141) present high total area and relative cortical
rea and low medullary area and Ix/Iy, compared to hominin fossils. The total area and relative
ending rigidity (Ix/Iy and Imax/Imin) in Sima are close to Arago (Table 6, Fig. 4).

The femoral total area of Arago and Sima (Table 6, Fig. 4) are close at 65% and 50% (midshaft) of
iomechanical bone length. However, proximal and distal locations show distinct results. They may
epend on the ability to select 80% and 35% locations on fragmentary bones and the high variation of
ize in these regions. The femoral total areas of Arago and Sima are higher than Neandertal, but
elatively close to the latter, and contrast sharply with the small cross-sections of Lazaret, Trinil and
houkoudian. The ancient H. sapiens bones present intermediate values between these two groups.

The medullary area of Arago femurs (Table 6, Fig. 4) is particularly small at 65% and 50%. The cross-
ection at 50% of Arago and Zhoukoudian differs drastically from that of the other groups (including
ima), which present higher values. The smallest medullary area in Sima at 50% is twice as large as that
f Arago (A141). The medullary area at 35% is very distinct for Arago and Sima, with very high values
or the latter.

The relative cortical area (Table 6, Fig. 4) is very high in Arago from 65% to 35%. Only Zhoukoudian
ominins show close values to Arago at midshaft. Femurs from Sima present lower values than Arago
except at 80%). The highest value at midshaft in Sima is 82.4% (See in Rodrı́guez et al., 2018). The only
nown midshaft relative cortical area in Arago is 92% (A141). The more distal the cross-section, the
reater the difference between Arago and Sima. From 80% to 50%, Sima is similar to Neandertal. In
ontrast, Trinil and Lazaret show a very low relative cortical area.
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Table 3
Femoral cross-sectional geometric properties: Arago. Individual data, mean and standard deviation (in brackets). TA: total area (mm2); CA: cortical area (mm2); TA-CA: medullary area

(mm2); %CA: relative cortical area; Ix: second moment of area about mediolateral axis (mm4); Iy: second moment of area about anteroposterior axis (mm4); Imax: maximum second moment

of area (mm4); Imin: minimum second moment of area (mm4); J: polar second moment of area (mm4); Zp: polar section modulus (mm3).

Propriétés géométriques des sections transversales du fémur : Arago. Données individuelles, moyennes et écarts-types (entre parenthèses). TA : aire totale (mm2) ; CA : aire corticale (mm2) ; TA-CA :

aire médullaire (mm2) ; %CA : aire corticale relative ; Ix : second moment d’aire selon l’axe médio-latéral (mm4) ; Iy : second moment d’aire selon l’axe antéro-postérieur (mm4) ; Imax : second moment

d’aire maximal (mm4) ; Imin : second moment d’aire minimal (mm4) ; J : second moment d’aire polaire (mm4) ; Zp : module de section polaire (mm3).

Location/

specimen

TA CA TA-CA %CA Ix Iy Ix/Iy Imax Imin Imax/Imin J Zp

80%

A48 792 587 205 74.1 37,136 57,940 0.64 58,269 36,807 1.58 95,076 5286

A57 798 611 187 76.6 37,320 61,444 0.61 62,459 36,305 1.72 98,764 5301

A141 838 666 172 79.5 47,600 63,198 0.75 69,955 40,844 1.71 110,798 5708

Mean 809 (25) 621 (41) 188 (10) 76.7 (2.7) 40,685 (5988) 60,860 (2677) 0.67 (0.07) 63,561 (5920) 37,985 (2488) 1.67 (0.08) 101,546 (8222) 5432 (239)

65%

A48 649 592 58 91.1 29,635 37,463 0.79 37,475 29,622 1.27 67,098 4227

A57 667 607 60 91.1 30,587 40,358 0.76 40,403 30,542 1.32 70,945 4381

A141 685 637 48 93.0 32,213 44,926 0.72 49,041 28,098 1.75 77,139 4484

Mean 667 (18) 612 (23) 55 (6.0) 91.7 (1.1) 30,812 (1304) 40,916 (3763) 0.76 (0.04) 42,306 (6013) 29,421 (1234) 1.45 (0.26) 71,727 (5066) 4364 (129)

50%

A141 645 594 52 92.0 28,491 38,596 0.74 38,684 28,403 1.36 67,087 4144

35%

A53 740 515 225 69.6 40,031 39,697 1.01 45,303 34,425 1.32 79,728 4682

A141 672 553 119 82.3 31,395 39,058 0.80 40,566 29,887 1.36 70,453 4345

Mean 706 (48) 534 (27) 172 (75) 76.0 (9.0) 35,713 (6107) 39,378 (452) 0.91 (0.15) 42,935 (3350) 32,156 (3209) 1.34 (0.03) 75,091 (6558) 4514 (238)

T
.

 C
h

ev
a

lier,
 M

.-A
.

 d
e

 Lu
m

ley
 /

 L’a
n

th
ro

p
o

lo
g

ie
 xxx

 (2
0

2
2

)
 xxx

 
1

1

G
 M

o
d

el

A
N

T
H

R
O

-1
0

3
0

6
5

;
 N

o
.

 o
f

 P
ag

es
 3

4

P
le

a
se

 cite
 th

is
 a

rticle
 in

 p
re

ss
 a

s:
 C

h
e

v
a

lie
r,

 T
.,

 d
e

 Lu
m

le
y

,
 M

.-A
.,

 Lo
w

e
r

 lim
b

 b
o

n
e

 stru
ctu

re
 o

f
M

id
d

le
 P

le
isto

ce
n

e
 h

o
m

in
in

s
 fro

m
 th

e
 C

a
u

n
e

 d
e

 l’A
ra

g
o

 (T
a

u
ta

v
e

l,
 Fra

n
ce

):
 E

v
o

lu
tio

n
a

ry
 a

n
d



s
R
c
E
P
i
t
d
r
l
N
o
a

S
b
L
l
I
a
c

4

a

T
T

a

P

p

T
F

M

P

p

1

G Model

ANTHRO-103065; No. of Pages 34
Considering the exceptional relative cortical area at midshaft in Arago (A141), we added
upplementary data mainly from H. sapiens (Fig. 5). A large sample comes from the H. sapiens data of
uff and colleagues (Ruff, 2018a) with 1830 individuals from the Upper Palaeolithic to the twentieth
entury. We completed this sample with 61 individuals belonging to the Homo genus ranging from the
arly Pleistocene to the Upper Pleistocene (Chevalier et al., 2015; Chevalier and Lumley, 2018;
uymerail et al., 2012a, b; Rodrı́guez et al., 2018; Ruff et al., 2015a; Trinkaus and Ruff, 2012). Only two

ndividuals have a higher relative cortical area than that of femur A141. Although the Fig. 5 shows a
rend of decreasing relative cortical area from the oldest to the most recent human groups, if we break
own our non-sapiens sample, we observe very low values in some localities (Trinil and Lazaret). The
elative cortical areas of Lazaret and Trinil are close to the more recent H. sapiens, which have the
owest relative cortical area. Consequently, collectively, the femurs from Lazaret, Trinil, Sima,
eandertal, Zhoukoudian and Arago present the same range of variation as H. sapiens. Note also that
nly 12 individuals from the H. sapiens sample (N = 1830) present a lower medullary area than A141,
lthough 1622 individuals have a total area lower than A141.

The femurs from Arago present low relative bending rigidity (Ix/Iy) with similar overall pattern to
ima along the diaphysis, although the Arago values are lower (Table 6, Fig. 4). The best discrimination
etween all samples is observed at 50% where Arago is similar to Zhoukoudian. Trinil, Neandertal and
azaret show higher indices at 50%, but all groups are clearly distinct from ancient H. sapiens. This
atter has very elevated indices between 65% and 35%, with the maximal value at 50%. From the Imax/
min index at 50%, A141 belongs to the middle group with Trinil, Neandertal, Sima and Zhoukoudian,
nd differs from the lower values found in Lazaret and the higher values in ancient H. sapiens. Such
lear differences do not exist at 65% and 35%.

.2. Tibial CSG

In general, the tibia from Arago (A120) presents a high relative cortical area and Imax/Imin index,
nd low medullary area along the diaphysis compared to hominin fossils. Arago is not particularly

able 4
ibial cross-sectional geometric properties: Arago. Individual data, mean and standard deviation (in brackets). Meaning of

bbreviations and units in legend Table 3.

ropriétés géométriques des sections transversales du tibia : Arago. Données individuelles, moyennes et écarts-types (entre

arenthèses). Voir la signification des abréviations et les unités dans la légende du Tableau 3.

Location TA CA TA-CA %CA Ix Iy Ix/Iy Imax Imin Imax/Imin J Zp

A120-65% 577.9 466.1 111.8 80.7 42,156 16,262 2.60 43,390 15,027 2.90 58,418 3166

A120-50% 535.3 462.0 73.0 86.3 36,074 14,740 2.45 37,157 13,657 2.72 50,814 2921

A120-35% 480.0 380.0 100.0 79.2 24,110 13,696 1.76 25,249 12,557 2.01 37,806 2441

able 5
ibular cross-sectional geometric properties at midshaft: Arago. Individual data, mean and standard deviation (in brackets).

eaning of abbreviations and units in legend Table 3.

ropriétés géométriques des sections transversales de la fibula : Arago. Données individuelles, moyenne et écart-type (entre

arenthèses). Voir la signification des abréviations et les unités dans la légende du Tableau 3.

TA CA TA-CA %CA Ix Iy Ix/Iy Imax Imin Imax/Imin J Zp

A49 160 137 23.0 85.6 2178 2564 0.85 3152 1590 1.98 4742 485

A52-56 166 137 29.7 82.2 1889 2649 0.71 2961 1577 1.88 4538 497

A125 161 135 26.4 83.6 2209 2123 1.04 2702 1630 1.66 4332 479

A144 161 131 30.1 81.3 1694 2676 0.63 2744 1626 1.69 4370 431

A152 141 124 16.8 88.1 1658 1730 0.96 1987 1402 1.42 3389 388

Mean 158

(10)

133

(5)

25.2

(5.5)

84.2

(2.7)

1926

(260)

2348

(412)

0.84

(0.17)

2709

(442)

1565

(94)

1.73

(0.22)

4274

(521)

456

(46)
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close to Sima, except that both samples present the classical tibial pattern with a decrease in Imax/
Imin from 65% to 35% (Table 7, Fig. 6).

More particularly, the tibial total area in Arago (Table 7, Fig. 6) is close to ancient H. sapiens and
Neandertal (except at 65% for this latter). The tibias from Sima present higher values and are similar to
Neandertal at 65%.

The tibial medullary areas in Arago (Table 7, Fig. 6) are very small at 65% and 50%. Note that the
value of one individual in Sima (TIB-IV) is smaller than Arago at 50%. Generally, the other groups
present similar means to each other.

The tibial relative cortical area in Arago (Table 7, Fig. 6) is very elevated at 65% and 50% and close to
other groups at 35%. Arago contrasts with Sima, Neandertal and ancient H. sapiens, which present
strong similarities at 50% and 35%. However, TIB-IV from Sima presents a value close to Arago at 50%
(84.7% versus 86.3%).

We propose the same approach for the relative cortical area as for the femur. We added
supplementary data mainly from H. sapiens (Fig. 7). A large sample comes from the H. sapiens data of
Ruff and colleagues (Ruff, 2018a) with 1651 individuals from the Upper Palaeolithic to the twentieth
century. We completed this sample with 33 individuals belonging to the Homo genus ranging from the
Early Pleistocene to the Upper Pleistocene (Rodrı́guez et al., 2018; Trinkaus and Ruff, 2012). Fifty-four
individuals show a more elevated relative cortical area than A120 (N = 51/1651; 3/33). Note also that

Table 6
Femoral cross-sectional geometric properties: all samples. Mean and standard deviation (in brackets). Meaning of abbreviations

and units in legend Table 3. References: Chevalier et al. (2015), Chevalier and Lumley (2018), Rodrı́guez et al. (2018), Ruff et al.

(2015a), Trinkaus and Ruff (2012). Arago and Lazaret (65%) data are from this study.

Propriétés géométriques des sections transversales du fémur : tous les échantillons. Moyennes et écarts-types (entre parenthèses). Voir

la signification des abréviations et les unités dans la légende du Tableau 3. Références : Chevalier et al. (2015), Chevalier et Lumley

(2018), Rodrı́guez et al. (2018), Ruff et al. (2015a), Trinkaus et Ruff (2012). Les données de l’Arago et du Lazaret (65 %) sont de cette

étude.

N TA TA-CA %CA Ix/Iy Imax/Imin

80%

Arago 3 809 (25) 188 (17) 76.7 (2.7) 0.67 (0.07) 1.67 (0.08)

Sima de los Huesos 6 716 (139) 160 (58) 78.2 (4.4) 0.71 (0.16) 1.68 (0.19)

Lazaret 2 583 (81) 185 (28) 67.6 (9.3) 0.61 (0.08) 1.73 (0.14)

Trinil 3 579 (14) 177 (22) 69.5 (3.1) 0.59 (0.09) 1.73 (0.28)

Neandertal 11 734 (150) 181 (95) 76.3 (8.8) 0.78 (0.14) 1.51 (0.30)

Ancient Homo sapiens 33 649 (136) 159 (60) 75.9 (6.9) 0.74 (0.17) 1.87 (0.37)

65%

Arago 3 667 (18) 55 (6.0) 91.7 (1.1) 0.76 (0.04) 1.45 (0.26)

Sima de los Huesos 5 651 (145) 86 (38) 87.2 (3.2) 0.83 (0.17) 1.42 (0.23)

Lazaret 2 523 (119) 109 (21) 79.1 (0.8) 0.82 (0.04) 1.34 (0.08)

Trinil 3 549 (24) 135 (42) 75.6 (6.4) 0.82 (0.11) 1.42 (0.19)

Neandertal 14 612 (119) 91 (5.5) 85.4 (5.5) 0.84 (0.2) 1.45 (0.30)

Ancient Homo sapiens 26 592 (121.8) 104 (46.0) 82.6 (6.1) 1.10 (0.23) 1.37 (0.15)

50%

Arago 1 645 52 92.0 0.74 1.36

Sima de los Huesos 5 701 (135) 144 (33) 79.5 (2.9) 0.82 (0.11) 1.42 (0.19)

Lazaret 2 514 (141) 130 (16) 74.2 (4.0) 1.01 (0.16) 1.15 (0.00)

Trinil 2 540 (27) 141 (18) 74.0 (2.0) 0.88 (0.22) 1.36 (0.45)

Zhoukoudian 5 502 (46) 63 (19) 87.6 (3.0) 0.76 (0.08) 1.43 (0.06)

Neandertal 19 642 (121) 125 (36) 80.4 (5.2) 0.93 (0.13) 1.31 (0.18)

Ancient Homo sapiens 37 596 (119) 137 (45) 77.1 (6.6) 1.47 (0.36) 1.57 (0.32)

35%

Arago 2 706 (48) 172 (75) 76.0 (9.0) 0.91 (0.15) 1.34 (0.03)

Sima de los Huesos 3 846 (116) 363 (27) 56.8 (3.1) 1.11 (0.08) 1.21 (0.08)

Lazaret 2 601 (139) 275 (87) 62 (0.0) 0.88 (0.07) 1.18 (0.05)

Trinil 4 537 (31) 185 (14) 65.5 (2.6) 1.09 (0.08) 1.32 (0.28)

Neandertal 8 688 (80) 217 (37) 68.4 (4.1) 1.12 (0.14) 1.28 (0.16)

Ancient Homo sapiens 23 623 (117) 222 (80) 64.8 (10.0) 1.27 (0.27) 1.36 (0.22)

T. Chevalier, M.-A. de Lumley / L’anthropologie xxx (2022) xxx 13

Please cite this article in press as: Chevalier, T., de Lumley, M.-A., Lower limb bone structure of
Middle Pleistocene hominins from the Caune de l’Arago (Tautavel, France): Evolutionary and



Fig. 4. Femoral cross-sectional geometric properties: hominin fossils (mean values). Arago hominins are represented by three

individuals at 80% and 65%, one individual at 50% and two individuals at 35%. See units in legend Table 3.

Propriétés géométriques des sections transversales du fémur : les hominines fossiles (valeurs moyennes). Les Hommes de l’Arago sont

représentés par trois individus pour les sections à 80 % et 65 %, un individu pour la section à 50 %, et deux individus pour la section à

35 %. Voir les unités dans la légende du Tableau 3.
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178 H. sapiens individuals (N = 1651) present a lower medullary area than A120, although
1492 individuals have a lower total area than A120.

The relative maximal bending rigidity of the tibia from Arago is higher than Sima and Neandertal,
and close to ancient H. sapiens (Table 7, Fig. 6).

4.3. Fibular CSG

The hominin fossils (including Arago, Sima, one Neandertal and four ancient H. sapiens) present
clear differences at midshaft to recent H. sapiens (Table 8, Fig. 8). The former group shows higher total

Fig. 5. Femoral relative cortical area (%): Arago versus Homo (N = 1891). Middle Pleistocene without Arago hominins. Homo

sapiens from 1 to 11. UP: Upper Palaeolithic; HSMP: H. sapiens Middle Palaeolithic.

Aire corticale relative du fémur (%) : Arago versus Homo (N = 1891). Les Hommes de la Caune de l’Arago ne sont pas inclus dans le

groupe du Pléistocène moyen. Les Homo sapiens sont représentés par les groupes numérotés de 1 à 11. UP : Paléolithique supérieur ;

HSMP : H. sapiens du Paléolithique moyen.
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rea, relative cortical area, cortical area and polar moment of area and lower medullary area (except
eandertal for this latter variable). The fibulas from Arago (A49, A52/A56, A125, A144, A152) display
igh total area, polar second moment of area, cortical area and relative cortical area, and low
edullary area compared to hominin fossils (including Sima) (Table 8, Fig. 8). Means differences

etween Arago and Sima are due to frequent higher values and lower standard deviations in Arago.
he highest values in Sima are often close to, or even higher than those of Arago, and their medullary
reas are close.

.4. Tibial and fibular CSG: comparisons with athletes

The tibia (A120) from Arago presents high cortical area, relative cortical area and Imax/Imin in
omparison to athletes (i.e., runners and field hockey players) and the control group (non-athletes).
he polar second moment of area of this bone is close to that of runners and higher than field hockey
layers, and much higher than the control group. Imax/Imin in Arago is close to female and male
unners. It is very different from that of field hockey players and the control group, which present
imilar values to Sima and Neandertal (Table 7, Fig. 9).

The fibulas from Arago (A49, A52/A56, A125, A144, A152) present high polar second moment of area
nd cortical area, and very low Ix/Iy compared to athletes and recent non-athletes (control group and
ther recent H. sapiens). The fibulas from Sima also tend to differ from recent H. sapiens (athletes and non-
thletes), but are closer to them than Arago (Table 8, Fig. 10). Imax/Imin (which do not refer to the
ediolateral and anteroposterior axes and do not take into account cross-sectional orientation) show the

ame trend as in the preceding analysis. However, the differences are less accentuated, and Arago and
ima values are close to those of our recent H. sapiens sample. Note that the cross-sectional properties at
0% and 50% of fibular maximal length (Table 8) are close (but not similar) regarding the CSG differences
etween these two locations in our recent H. sapiens sample. Thus, the slightly more proximal location in
bular cross-section for runners, field hockey players and the control group (see methodology in Marchi

able 7
ibial cross-sectional geometric properties: all samples. Mean and standard deviation (in brackets). Meaning of abbreviations

nd units in legend Table 3. References: Rodrı́guez et al. (2018), Shaw and Stock (2009a), Trinkaus and Ruff (2012). Arago data

re from this study. M: male; F: female.

ropriétés géométriques des sections transversales du tibia : tous les échantillons. Moyenne et écart-type (entre parenthèses). Voir la

ignification des abréviations et les unités dans la légende du Tableau 3. Références : Rodrı́guez et al. (2018), Shaw et Stock (2009a),

rinkaus et Ruff (2012). Les données de l’Arago sont de cette étude. M : homme; F : femme.

N TA CA TA-CA %CA J Imax/Imin

65%

Arago 1 578 112 80.7 2.89

Sima de los Huesos 5 694 (82) 230 (37) 66.8 (4.2) 2.70 (0.40)

Neandertal 6 673 (68) 228 (74) 65.6 (12) 2.58 (0.36)

Ancient Homo sapiens 16 579 (142) 192 (55) 66.8 (5.8) 2.97 (0.40)

50%

Arago 1 535 462 73 86.3 50,814 2.72

Sima de los Huesos 7 576 (96) 449 (71) 127 (32) 78.2 (3.7) 56,132 (18,380) 2.18 (0.45)

Neandertal 13 512 (87) 396 (73) 116 (32) 77.3 (5.5) 44,445 (16,337) 2.25 (0.38)

Ancient Homo sapiens 24 524 (123) 409 (100) 116 (40) 77.9 (5.8) 51,939 (21,947) 2.55 (0.60)

Field Hockey-M 17 411 (43) 79.9 (3.3) 46,766 (11,087) 2.22 (0.27)

Runner-M 15 423 (39) 79.5 (2.9) 51,237 (10,586) 2.60 (0.50)

Runner-F 18 77.9 (4.8) 2.53 (0.38)

Control-M 20 364 (43) 74.6 (5.0) 39,462 (7505) 2.28 (0.28)

Control-F 37 72.7 (4.1) 2.02 (0.31)

35%

Arago 1 480 100 79.2 2.01

Sima de los Huesos 7 516 (90) 110 (11) 78.3 (4.0) 1.61 (0.33)

Neandertal 8 481 (95) 122 (22) 74.0 (4.1) 1.68 (0.29)

Ancient Homo sapiens 20 455 (119) 112 (53) 74.6 (6.7) 2.02 (0.46)
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and Shaw, 2011; Shaw and Stock, 2009a), compared to other samples, probably does not impact our
comparative analysis interpretation, given the differences observed in our comparative study.

4.5. Pattern of cortical distribution and cross-contour

The femoral cross-section at midshaft in Arago (A141) displays roughly similar cortical bone
thickness in each direction. Its cortical bone distribution pattern is close to that of Zhoukoudian (J and
1) and KNMER 1808 (Fig. 11). In contrast, the femurs from Sima show posteromedial cortical
reinforcement (i.e., posteromedial bone cortical thickening). This characteristic is associated in some
femurs (F-IX and F-X) with thin cortical thickness on the lateral side in comparison to the medial side.
Such posteromedial reinforcement is frequent in Neandertals (e.g., Amud I, Fond-de-Forêt, Les
Pradelles, La Ferrassie 1) and some European Pleistocene hominins (e.g., Karain, Ehringsdorf)
(Chevalier et al., 2015; Chevalier and Lumley, 2018, 2022a) (Fig. 11). Cortical bone distribution in

Fig. 6. Tibial cross-sectional geometric properties: hominin fossils (mean values). Arago hominins are represented by one

individual. See units in legend Table 3.

Propriétés géométriques des sections transversales du tibia : les hominines fossiles (valeurs moyennes). Les Hommes de l’Arago sont

représentés par un seul individu. Voir les unités dans la légende du Tableau 3.
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azaret does not match with Arago or Sima patterns, although the posterior thickening in Lazaret 25
see in Chevalier and Lumley, 2018) is approximately reminiscent of F-XVI. The pattern of Trinil 4 and
, with (only) relative thickening on the medial side (without posteromedial thickening) (See in Ruff
t al., 2015a), is close to Zhoukoudian and differs to Sima and Neandertals. However, although some
atterns and trends were determined, it remains difficult to rigorously classify each Homo individual.

Cortical distribution along the femoral diaphysis was observed on two well-preserved femurs
rom Arago and Sima and four cross-sections at 80%, 65%, 50% and 35% of bone length (Fig. 12). The

aximal cortical thickness in Arago (A141) is medial at 80% (with a relatively high lateral value),

ig. 7. Tibial relative cortical area (%): Arago versus Homo (N = 1684). Middle Pleistocene without Arago hominins. Homo sapiens

rom 1 to 11. UP: Upper Paleolithic; HSMP: H. sapiens Middle Paleolithic.

ire corticale relative du tibia (%) : Arago versus Homo (N = 1684). Les Hommes de la Caune de l’Arago ne sont pas inclus dans le

roupe du Pléistocène moyen. Les Homo sapiens sont représentés par les groupes numérotés de 1 à 11. UP : Paléolithique supérieur ;

SMP : H. sapiens du Paléolithique moyen.
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Fig. 8. Fibular cross-sectional geometric properties at midshaft: hominin fossils (mean values). See units in legend Table 3.

Propriétés géométriques des sections transversales du tibia : les hominines fossiles (valeurs moyennes). Voir les unités dans la légende du Tableau 3.

Fig. 9. Tibial cross-sectional geometric properties at midshaft: hominin fossils versus athletes (runners and field hockey players)

(mean values). The control group includes non-athletes. See units in legend Table 3.

Propriétés géométriques des sections transversales du tibia à mi-diaphyse : hominines fossiles versus athlètes (coureurs à pied et joueurs de

hockey sur gazon) (valeurs moyennes). Le groupe de contrôle est composé des non-athlètes. Voir les unités dans la légende du Tableau 3.
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aterally at 65% (with a relatively high medial value), medial, posterior and lateral at 50% and medial
nd lateral at 35%. Thus, the maximal thickness in A141 runs medially and laterally along the
iaphysis, as in H. erectus (as illustrated in Puymerail et al., 2012a, b), and cortical thickness is almost
he same on all sides at midshaft (with the lowest value on the anterior side). Overall, the change in
heta follows the change in the location of maximal cortical thickening (Fig. 12). Maximal cortical
hickness in Sima (F-X) is medial at 80% (with a relatively high lateral value), medially and posteriorly
t 65%, postero-medially at midshaft and almost posteriorly at 35%. Posterior cortical thickening at
5% is also well marked in F-XIII and F-IX (see above for more details on midshaft description). Thus,
he maximal thickness in F-X is medial and turns anti-clockwise from the proximal to the distal part
f this femur. This cortical thickening turns in the same way as the axis of maximal bending rigidity
or which the angle of rotation is quantified with theta. This cortical ‘‘spiral’’ pattern is frequently
bserved in Neandertals (Chevalier et al., 2015; Chevalier and Lumley, 2018, 2022a). Clearly, the axis
f maximal bending rigidity and the medial location of maximal cortical thickening in Sima (F-X) turn
round the diaphysis more than in Arago (A141). Theta is from 42.6 to �48.1̊ in Sima and from 28.9̊ to
22.6̊ in Arago (Fig. 12). Note that the high proximal and lateral cortical thickness present in ancient
omo (H. erectus, Middle Pleistocene hominin, Neandertals) and associated with the buttressing

unning along the hypotrochanteric complex, is not possible to see here, as the cross-section located
t about 75% cannot be observed (Chevalier et al., 2015; Chevalier and Lumley, 2018, 2022a;
uymerail et al., 2012a, b).

The Arago tibia (A120) presents a posterior bulge, or ‘‘pilaster’’, along the diaphysis (Fig. 13). This is
learly noticeable on the midshaft cross-section. It corresponds to posteromedial strengthening
arked by cortical thickening. This morphology can also be described as a well-defined posteromedial

order. The tibia AT-848 and TIB-III from Sima seem to share the same characteristic (Fig. 13). This
eature is potentially analogous to the posterior pilaster. Such pilaster is uncommon in recent
. sapiens, but frequent in Upper Palaeolithic individuals (Trinkaus et al., 2022) and Neandertals (e.g.,
a Ferrassie 1, Amud 1, Chapelle-aux-Saints), although it may be only present on the proximal part of
he diaphysis. From the cross-sections of Sima illustrated in Rodrı́guez et al. (2018), we cannot
etermine whether the tibiaes, which do not have an obvious pilaster at midshaft, have it in the
roximal part (e.g., TIB-VI). However, this feature in Arago and in Sima (from published cross-sections)

able 8
ibular cross-sectional geometric properties at midshaft: all samples. Mean and standard deviation (in brackets). Meaning of

bbreviations and units in legend Table 3. All data are from this study, excepted Sima, field hockey players, runner and control

rom Marchi and Shaw (2011) and Rodrı́guez et al. (2018).

ropriétés géométriques des sections transversales de la fibula : tous les échantillons. Moyennes et écarts-types (entre parenthèses).

oir la signification des abréviations et les unités dans la légende du Tableau 3. Toutes les données sont de cette étude, excepté celles de

a Sima, des joueurs de hockey sur gazon et du groupe de contrôle qui proviennent de Marchi et Shaw (2011) et Rodrı́guez et al. (2018).

N J TA CA TA-CA %CA Ix/Iy Imax/Imin

50%

Arago 5 4274 (521) 158 (10) 133 (5) 25.2 (5.5) 84.2 (2.7) 0.84 (0.17) 1.73 (0.22)

Sima de los

Huesos

4 3283 (1147) 140 (24) 113 (20) 27.0 (6.6) 80.8 (3.6) 0.93a (0.13) 1.70 (0.26)

Neandertal 1 3340 148 105 42.6 71.1 0.47 2.11

Ancient Homo

sapiens

4 3993 (1782) 136 (43) 109 (23) 30.3 (18.9) 79.4 (7.5)

Recent Homo

sapiens 50%

24–38 1872 (598) 107 (21) 73.5 (13.0) 33.1 (15.7) 70.0 (9.7) 1.34 (0.40) 1.79 (0.48)

Recent Homo

sapiens 60%

24–38 1751 (579) 97.9 (21.6) 71 (12.1) 29.4 (14.4) 72.1 (9.5) 1.51 (0.53) 2.04 (0.71)

Field Hockey 17 2808 (720) 101 (10) 1.87 2.22 (0.77)

Runner 15 2507 (834) 95.2 (15.4) 1.96 2.39 (0.89)

Control 21 2207 (642) 89.5 (14.0) 1.74 2.21 (0.98)

a This index was calculated after reorienting the cross-sections of the Sima de los Huesos fibulas. The original mean and

tandard deviation are 1.13 and 0.52, respectively.
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seems to be more similar to a well-defined and large border than a pilaster, which appears very salient
and narrow in Neandertals and Upper Palaeolithic tibias (Fig. 13).

Tibial borders are smooth and the faces are convex or flat in Arago and Sima, as in Neandertals
(Fig. 13). This pattern differs from Upper Palaeolithic individuals for which the anterolateral face is
often excavated (e.g., Caviglione, Cro-Magnon) and more marked proximally at about 65% where the
interosseous line can be salient.

Fibular cross-sections in Arago and Sima show strong posterolateral cortical thickening which
seems to be frequent in Upper Palaeolithic and Neolithic individuals (analysis in progress), but not in
recent H. sapiens (Fig. 14). The medial border appears more salient in Arago than in Sima. Furthermore,
the distance between the anterior border and the osseous crest is weak in Arago, in comparison to FIB-I
and FIB-II in Sima (Fig. 14). This aspect in Arago is remarkable all along the proximal half of the
diaphysis. In the more proximal part, the anterior border and the osseous crest form only one ‘‘anterior
border’’ in Arago. In other words, it is difficult to differentiate these two anatomical features. The
diaphysis is clearly strengthened given the mediolateral axis (approximatively). The fibulas from
Arago do not present the anterior strengthening observed in some recent and ancient H. sapiens, like
Cro-Magnon (Fig. 14). More precisely, at about 65% of bone length, the special ‘‘anterior border’’ in

Fig. 10. Fibular cross-sectional geometric properties at midshaft: hominin fossils versus athletes (runners and field hockey

players) (mean values). The control group includes non-athletes. See units in legend Table 3.

Propriétés géométriques des sections transversales de la fibula à mi-diaphyse : hominines fossiles versus athlètes (coureurs à pied et

joueurs de hockey sur gazon) (valeurs moyennes). Le groupe de contrôle est composé des non-athlètes. Voir les unités dans la légende

du Tableau 3.
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rago is salient but not very marked like in Cro-Magnon 4334. In addition, the strengthening in Arago
nly concerns this border and not the overall cross-section as in Cro-Magnon 4335.

. Discussion

The concomitance of femurs, tibias and fibulas in the same prehistoric site is exceptional in the
iddle Pleistocene. In this regard, the Caune de l’Arago and Sima de los Huesos sites are remarkable

nd the comparison of their lower long bones is determinant for characterizing the European
leistocene evolutionary history and mobility levels and patterns. We sought here to determine
hether the lower limb bones from Sima were closer to Neandertal than Arago, and whether

ndividuals from both sites shared a (very) high level of mobility with probable displacements on
neven terrain or mountainous areas.

Overall, we have shown that the cross-sectional shapes of the lower limb bones from Arago and
ima hominins are close, if we consider mean comparisons or some individuals separately. At
idshaft, we note the absence of the femoral pilaster (frequent in ancient H. sapiens), the presence of

he tibial posterior pilaster and marked fibular posterolateral cortical thickening. Also, Arago, Sima

ig. 11. Femoral cross-sections in Arago and Sima versus Homo erectus and Neandertal. The red arrows show the relatively high

ateral cortical bone thickness found in Arago and H. erectus in contrast to the Sima and Neandertal pattern; the blue arrows

how the posteromedial cortical thickening found in Sima and Neandertals. Arago: A141; Sima de los Huesos: F-X, IX, XIII, XIV,

VI; H. erectus: Zhoukoudian J, 1, KNMER 1808; Neandertals: Ehringsdorf, La Ferrassie 1, Fond-de-Forêt. Cross-sections are

odified from Weidenreich (1938); Trinkaus and Ruff (1989); Ruff et al. (1993); Trinkaus (1997); Ruff (2008); Rodrı́guez et al.

2018); except A141 and Ehringsdorf from this study. All cross-sections are presented with the same breadth and orientation,

nd mirrored if necessary.

ections transversales des fémurs de l’Arago et de la Sima versus Homo erectus et Néandertal. La flèche rouge montre l’épaisseur de

’os cortical relativement élevée latéralement, identifiée à l’Arago et chez des H. erectus, contrastant avec le modèle néandertalien

dentifié à la Sima; la flèche bleue indique l’épaississement cortical postéro-médial trouvé à la Sima et chez les Néandertaliens. Arago :

141 ; Sima de los Huesos : F-X, IX, XIII, XIV, XVI ; H. erectus : Zhoukoudian J, 1, KNMER 1808 ; Néandertaliens : Ehringsdorf, La

errassie 1, Fond-de-Forêt. Les sections transversales sont modifiées d’après Weidenreich (1938); Trinkaus et Ruff (1989); Ruff et al.

1993) ; Trinkaus (1997) ; Ruff (2008); Rodrı́guez et al. (2018) ; excepté pour A141 et Ehringsdorf issues de cette étude. Toutes les

ections transversales sont présentées avec les mêmes largeur et orientation. La latéralité a été inversée si nécessaire.
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and Neandertals present large femoral diaphyseal size, in contrast to Trinil, Zhoukoudian and Lazaret,
and a high relative cortical area (like Zhoukoudian) in contrast to Trinil and Lazaret.

However, various characteristics differentiates Arago from Sima and liken it to femurs from
Zhoukoudian: femoral cortical distribution, and the femoral, tibial and fibular medullary area and
relative cortical area. First, as expected, the femoral structural pattern at midshaft in Sima is close to
the Neandertal pattern, with posteromedial cortical reinforcement. It differs from the Arago pattern,
which is more closely related to H. erectus, with a more homogeneous distribution of cortical bone.

Fig. 12. Femoral cortical thickness and axis of maximal bending rigidity. The relative cortical thickness (i.e., cortical distribution)

in each cross-section is highlighted with mapping (white: greatest thickness; red/purple: lowest thickness). The maximal

thickness is also indicated with the dotted curved lines (deep blue: greatest thickness; light blue: high but not maximal

thickness). We duplicated the cross-sections to present the minimum and maximum axis of bending rigidity, and the angle of

the latter (theta, in degrees). A141 was horizontally flipped. Cross-section orientation: anterior is upward, medial is towards the

left.

Épaisseur corticale du fémur et axe de rigidité à la flexion maximale. L’épaisseur corticale du fémur et sa distribution pour chaque

section transversale sont mises en exergue par une cartographie (blanc : épaisseur la plus élevée ; rouge/violet : épaisseur la plus

faible). L’épaisseur maximale est également soulignée par une ligne pointillée courbe (bleu foncé : épaisseur la plus élevée ; bleu clair :

épaisseur élevée, mais pas la plus forte). Nous avons dupliqué les sections pour présenter les axes de rigidité à la flexion minimale et

maximale, ainsi que l’angle pour l’axe de rigidité maximale (thêta, en degré). Les sections de A141 ont été symétrisées horizontalement.

Orientation des sections : la face antérieure est dirigée vers le haut, la face médiale vers la gauche.
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his femoral characteristic in Arago, associated with its cross-contour, contributes to its low relative
ending rigidity (Ix/Iy), like for Zhoukoudian. The femoral Ix/Iy of Sima is similar to Neandertal, or

ntermediate between Arago and Neandertals, given the diaphyseal location. Secondly, the
edullary areas are very low, and the relative cortical areas are very high in all lower limb bones

n Arago (and close to the femurs from Zhoukoudian). Thus, when the Arago bones differ from those of
ima, they are closer to Zhoukoudian, and considering the same variables, Sima is closer to
eandertals.

Finally, femoral cross-sections at midshaft seem to show some clear distinctions between Arago
nd Sima, while tibial and fibular cross-sections reveal strong affinities. Furthermore, ancient

ig. 13. Tibial cross-sections in Arago and Sima versus Neandertal and ancient Homo sapiens. We present some Neandertals and

ncient H. sapiens with a clear posterior pilaster on midshaft cross-sections. The blue arrows show the posterior pilaster

requently observed in Middle Pleistocene hominins, Neandertals and ancient H. sapiens. Arago: A120; Sima de los Huesos: AT-

48, Tib-I, III, VI, XI, XII; Neandertals: La Ferrassie 1, La Chapelle-aux-Saints, Amud 1; ancient H. sapiens: Skhul 5, 6, Dolnı́

ěstonice 13. Cross-sections are modified from Trinkaus and Ruff (1999); Trinkaus (2006); Rodrı́guez et al. (2018); except A120,

a Ferrassie 1, La Chapelle-aux-Saints from this study. All cross-sections are presented with the same breadth and orientation,

nd mirrored if necessary.

ections transversales du tibia de l’Arago et de la Sima versus Néandertal et les Homo sapiens anciens. Nous présentons quelques

éandertaliens et H. sapiens anciens pour lesquels la présence du pilastre postérieur est évidente à partir de la section transversale mi-

iaphysaire. La flèche bleue montre le pilastre postérieur fréquemment observé chez les Hommes du Pléistocène moyen,

éandertaliens et H. sapiens anciens. Arago : A120 ; Sima de los Huesos : AT-848, Tib-I, III, VI, XI, XII ; Néandertaliens : La Ferrassie 1, La

hapelle-aux-Saints, Amud 1 ; anciens H. sapiens : Skhul 5, 6, Dolnı́ Věstonice 13. Les sections transversales sont modifiées d’après

rinkaus et Ruff (1999) ; Trinkaus (2006) ; Rodrı́guez et al. (2018) ; excepté A120, La Ferrassie 1 et La Chapelle-aux-Saints qui

roviennent de cette étude. Toutes les sections transversales sont présentées avec les mêmes largeur et orientation. La latéralité a été

nversée si nécessaire.
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H. sapiens differ from Arago/H. erectus and Sima/Neandertal at femoral midshaft, but share leg
structural patterns with these groups (e.g., the tibial posterior pilaster). Consequently, the relationship
established between the femoral cross-sectional pattern and the pelvofemoral complex (Ruff, 1995;
Ruff and Hayes, 1983a), and the one established between the physical activity and the structure of leg
bones (tibia and fibula) (Marchi and Shaw, 2011; Shaw and Stock, 2009a) need to be discussed with
regard to Arago and Sima bone structures.

5.1. Evolutionary affinities from the femoral pattern of bone cortical distribution

Bone structure depends on multiple factors, such as genetic and hormonal factors (Lovejoy et al.,
2003; Pearson and Lieberman, 2004; Wallace et al., 2014), physical activity (Ruff et al., 2006; Shaw and
Ryan, 2012; Shaw and Stock, 2009a, b; Trinkaus et al., 1994; Warden et al., 2014) and body shape and
size (Ruff, 1995, 2000; Ruff et al., 1993). Interestingly, diaphyseal structural organization may be
specific to a species or an evolutionary context regarding the femoral proximal and midshaft cross-
sections (Ruff, 1995; Trinkaus and Ruff, 2012) and can help to clarify taxonomical affinities in Homo

(Chevalier et al., 2015; Puymerail et al., 2012a; Ruff et al., 2015a).
Based on a mechanical model, Ruff (1995) highlighted the effects of biacetabular breadth and

femoral neck length on the proximal femoral diaphysis. A wide pelvis and long neck tend to increase

Fig. 14. Fibular cross-sections in Arago and Sima versus Neandertal and ancient Homo sapiens. The posterolateral buttressing

(i.e., cortical bone thickening) is frequently present in Arago, Sima and some ancient Homo sapiens, and rare in recent

H. sapiens. The blue arrows show the posterolateral buttressing; the red and great arrows show the anterior border; the red and

small arrows show the interosseous crest; the green arrow shows the medial border. Sima de los Huesos fibulas are oriented

differently than in Rodrı́guez et al. (2018). Arago: A49, A52-A56, A125, A144, A152; Sima de los Huesos: FIB-I, II, III, AT-1060;

Neandertal: La Ferrassie 1; ancient H. sapiens: Cro-Magnon 4334, 4335, Pataud. All cross-sections are presented with the same

breadth and orientation, and mirrored if necessary.

Sections transversales des fibulas de l’Arago et de la Sima versus Néandertal et les Homo sapiens anciens. Le contrefort postérolatéral

(c.-à-d., l’épaississement de l’os cortical) est fréquemment présent à l’Arago et à la Sima, et chez certains Homo sapiens anciens, et

rarement chez les H. sapiens récents. Les flèches bleues montrent le contrefort postérolatéral ; les flèches rouges et grandes montrent le

bord antérieur ; les flèches rouges et petites montrent la crête interosseuse ; la flèche verte montre le bord médial. Les fibulas de la Sima

de los Huesos sont orientées différemment que dans l’étude de Rodrı́guez et al. (2018). Arago : A49, A52-A56, A125, A144, A152 ; Sima

de los Huesos : FIB-I, II, III, AT-1060 ; Néandertalien : La Ferrassie 1 ; anciens H. sapiens : Cro-Magnon 4334, 4335, Pataud. Toutes les

sections transversales sont présentées avec les mêmes largeur et orientation. La latéralité a été inversée si nécessaire.
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he relative medio-lateral bending strength of the femoral diaphysis. This is the main hypothesis put
oward to explain the specific femoral shape diaphysis of H. erectus marked by anteroposterior
attening, or inversely mediolateral broadening. Femoral flattening (i.e., low Ix/Iy) in H. erectus is
lso present at midshaft and would be influenced by the pelvofemoral complex (Ruff, 1995). Some
nalyses in Pearson et al. (2014) (but not all) emphasize the significant correlation of bi-iliac breadth
nd ‘‘body shape’’ (bi-iliac breadth divided by femoral length) with femoral midshaft shape (Imax/
min or pilastric index). The femurs from Arago and Sima also present a low shape index (Ix/Iy) and do
ot present a femoral pilaster. The presence of a pilaster has been related to a high level of mobility
Holt, 2003; Shackelford, 2007) and the midshaft shape is considered to be a viable and valuable

eans of exploring mobility, despite questions about the influence of body proportions (Shaw and
tock, 2011). However, the absence of the pilaster and the presence of a flat diaphysis were not
nterpreted in early Homo as an adaptation of the bone to a low level of mobility. A structural
ompromise because of mediolateral and anteroposterior strains, due to the pelvofemoral complex
orphology and bending related to bipedal mobility, could be at the origin of certain structures
ithout pilasters and low Ix/Iy.

Additionally, femoral cortical distribution at midshaft is distinct in H. erectus, Homo neander-

halensis and ancient H. sapiens (data summarized in Chevalier et al., 2015; Chevalier and Lumley,
018, 2022a; Trinkaus and Ruff, 2012). Ancient Homo (from putative Homo habilis to Neandertal)
resents a medial buttress, i.e., medial cortical reinforcement (Kennedy, 1985; Trinkaus and Ruff,
012). This kind of cortical bone reinforcement can be better defined by mapping cortical bone
istribution along the diaphysis (See Chevalier et al., 2015; Puymerail et al., 2012a). This
einforcement is distinct in Neandertals. It runs medially and obliquely along the diaphysis from
he proximal to the middle diaphyseal portion in some Neandertals (Puymerail et al., 2012b, 2013).
rom cross-sections, Chevalier et al. (2015) and Chevalier and Lumley (2018) identified a frequent
trong midshaft posteromedial reinforcement of the cortical thickness in Neandertals and some
iddle Pleistocene hominins. Here, we confirm the presence of such a pattern in Sima (and not in

rago). It results from the medial spiral distribution pattern of diaphyseal maximal cortical thickness
Chevalier et al., 2015). This spiral originates on the proximal and medial diaphyseal region and ends
pproximately at mid-diaphysis on the posteromedial region. Thus, we can differentiate the H. erectus

edial buttress, associated with straight medial reinforcement (Puymerail et al., 2012a), to the
eandertal posteromedial buttress, associated with an oblique reinforcement, also called spiral

einforcement (Chevalier et al., 2015; Chevalier and Lumley, 2018), and with posterior cortical
hickening associated with the pilaster of ancient H. sapiens (Chevalier and Lumley, 2022a; Mednikova
nd Trinkaus, 2001; Trinkaus, 1997, 2006; Trinkaus and Ruff, 1999).

To a certain extent, the posteromedial reinforcement is a classical feature, indirectly observed in
omo (see Ruff and Hayes, 1983a), unlike marked posteromedial cortical thickening. The position of

he femoral head (i.e., anterior offset) and the curvature of the femur in H. sapiens generate an axis of
aximal bending stress that rotates down the shaft with a roughly mediolateral orientation

roximally to an anteroposterior orientation distally (Ruff, 1981; Ruff and Hayes, 1983a). Thus,
aximal bending stress (i.e., axis of maximal bending rigidity) at midshaft goes through the

osteromedial side (see figure 6 in Ruff and Hayes, 1983a), where we observed marked cortical
hickening in Sima and Neandertals (Fig. 12). The overall characteristics of the pelvofemoral complex
e.g., biacetabular breadth, long femoral neck, femoral anteversion angle, collo-diaphyseal angle, and
lso femoral curvature) would be the main factors constituting the general structural pattern of the
emoral diaphysis (Ruff, 1995; Ruff et al., 2006; Ruff and Hayes, 1983a). The observation and

echanical explanations of Ruff and Hayes (1983a) do not require maximum cortical thickness to be
n the axis of greatest rigidity and in a site-specific location, but it can be expected that strong cortical
hickening (if any) will be approximately in this axis. The variables involved in the model of the latter
uthors are relevant to explain what we observed in our fossil samples. Consequently, the femur is not
nly modelled by mobility throughout life. Particular pelvofemoral conditions would have generated
pecific femoral cross-sectional shape and cortical distribution in ancient Homo, such the
osteromedial buttressing at midshaft frequently observed in Sima and Neandertals. The structural
attern of Arago is also influenced by the same variables, but probably not by the same value for each
ariable. If we hypothesize that the common pelvofemoral complex would be mainly driven by
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genetic factors, and not by physical activity, then the femoral diaphyseal cortical pattern would be a
good indicator of evolutionary affinities. Thus, our analysis of Arago and Sima would confirm previous
observations on cranial and postcranial bones from Sima highlighting many Neandertal-derived
features in Sima (Arsuaga et al., 2015; Bermúdez de Castro et al., 2018), while Arago shows
plesiomorphic features (Arsuaga et al., 2015; Lumley, 2015). However, we do not exclude the influence
of mobility (or body size) on marked localized cortical thickening. Consequently, we suggest that (1)
the usual pelvofemoral complex frequently observed in Homo would generate a usual human pattern
of relative bending rigidity/strength along the diaphysis (related to the shape of the diaphysis cross-
sections), (2) some particular conditions of the pelvofemoral complex (with possible consequences for
the variation of the angle of maximal bending rigidity along the diaphysis) would be at the origin of the
singular pattern of cortical distribution (as in Neandertal), or singular cross-sectional shape (as in
H. erectus), and (3) site-specific cortical thickening could be increasingly marked with high levels of
mobility (or body mass).

5.2. Behavioural affinities from tibial and fibular shapes

The femur is the most frequently found lower limb bones in the Early and Middle Pleistocene of
Asia, Africa and Europe, and specifically in key areas, such as West and East Turkana (Kenya),
Zhoukoudian (China), Trinil (Indonesia), Sima (Spain) and Arago (France). The femoral diaphyseal is
impacted by the level and pattern of mobility (e.g., Holt, 2003; Shackelford, 2007; Sparacello et al.,
2014; Sparacello and Marchi, 2008; Stock, 2006; Ruff, 1999; Ruff et al., 2015b), but the structure of the
diaphysis is influenced by the pelvo-femoral complex (as seen above; Ruff, 1995; Ruff et al., 2006; Ruff
and Hayes, 1983a). Some authors have noted conflicting results in inferring mobility from femoral and
tibial shape at midshaft (Holt, 2003; Ruff et al., 2006). Variations in the level and pattern of locomotor
activity, and notably activity in different ontogenetic stages, and variations in impact level and
frequency, may have generated variate bone adaptation (see discussion in Pearson et al., 2014, and
references therein). Note also that femoral mid-diaphyseal shape is influenced by femoral length, and
the more mobile populations are, the more this factor could influence femoral diaphyseal shape
(Sparacello et al., 2018). This relationship was not observed for the tibia. Like the femur, the tibia of
Pleistocene hominins has been studied from a functional perspective (Holt, 2003; Lovejoy and
Trinkaus, 1980; Trinkaus and Ruff, 1999; Ruff et al., 2015b; Sparacello et al., 2018). Such analyses are
supported by bone studies of athletes showing the impact of specific activity on tibial structure
(Nikander et al., 2010; Rantalainen et al., 2015; Shaw and Stock, 2009a; Weatherholt and Warden,
2016; Wilks et al., 2009). In contrast, fibular cross-sectional geometry has been little studied in past
populations. The fact that the fibula is a low weight-bearing bone (Funk et al., 2004; Goh et al., 1992;
Lambert, 1971; Takebe et al., 1984; Wang et al., 1996) and its scant presence in ancient periods
probably explain the low interest it has generated (Marchi, 2007). However, studies on primates
(Marchi, 2007, 2015), athletes (Hart et al., 2020; Lüscher et al., 2019; Marchi and Shaw, 2011), early
Homo (Marchi et al., 2019) and Upper Palaeolithic and Holocene groups (Sparacello et al., 2014, 2018)
highlight the importance of including fibular cross-sectional geometry in locomotor analysis. Indeed,
the weight-bearing contribution varies depending on foot movement (i.e., ankle position) (Goh et al.,
1992; Takebe et al., 1984; Thomas et al., 1995; Wang et al., 1996) and induces changes in mechanical
loads generating bone modelling to adapt the fibular structure to preserve its integrity.

In this regard, the European Middle Pleistocene was particularly remarkable with the presence of
tibias and fibulas in Arago and Sima, in addition to femurs (Arsuaga et al., 2015; Carretero et al., 2012;
Chevalier and Lumley, 2022a, b, c; Lovejoy, 1982; Lumley and Lamy, 1982; Rodrı́guez et al., 2018). In
our study, the most relevant mechanical parameters for comparing Arago, Sima and athletes in order
to infer the pattern and level of mobility are the ‘‘shape’’ of tibias and fibulas studied from
biomechanical parameters (Ix/Iy, Imax/Imin) and cross-contours. The Arago tibia (A120), like ancient
H. sapiens, presents relative bending rigidity (Imax/Imin) close to that of runners, while the means of
the Sima tibias are close to those of field hockey players. However, we have only one tibia in Arago.
Three out of the seven tibias in Sima (studied in Rodrı́guez et al., 2018) also yield values close to those
of runners. Thus, the tibial shape of several Middle Pleistocene European individuals is similar to that
of runners, and greatly differs from non-athletic individuals. The intense practice of runners involved
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n a preferential unidirectional pattern of mobility has modified their diaphysis by strengthening it
nteroposteriorly, approximately. The tibial posterior ‘‘pilaster’’ in some Arago and Sima individuals
ontributes to their high Imax/Imin values, but we do not know if athletes present the same pilaster.
ote that the posterior pilaster is not present in the immature tibia of Arago (A95-A96, Chevalier,
022; Chevalier and Lumley, 2022b). In Shaw and Stock (2009a), the tibial shape of runners and field
ockey players differs significantly, but none of them are significantly different to non-athletes. Thus,
ibial shape is a means of differentiating intense and radically distinct locomotor practices (i.e.,
nidirectional versus multidirectional locomotor pattern). In this regard, we can assume that running
as commonly practised by Middle Pleistocene hominins.

In contrast, tibial cross-contours with flat or convex sides in Sima, Arago and Neandertals could be
xplained by a multidirectional locomotor pattern. However, some doubts arise given the very high
max/Imin resulting from to unidirectional locomotor pattern. We can suggest that (1) there would be

 distinct musculoskeletal development between Pleistocene hominins/Neandertal and H. sapiens,
hich it is difficult to prove without strong evidence, (2) the pelvofemoral complex (e.g., wide pelvis)
ould have influenced tibial shape although it is only expected to strongly influence the femur

Pearson et al., 2014; Ruff et al., 2006), or (3) tibia shape would reflect the result of two distinct
ocomotor patterns or changes in locomotor pattern during growth (with structural retention of early
ocomotor pattern). This latter suggestion is supported in Arago by the distinction and similitude
etween the tibial cross-section of the immature individual A95-A96 and adult A120. Both tibias have
he same overall structural pattern marked by a clear posteromedial border (while stronger in A120)
ssociated with cortical thickening (Chevalier, 2022). However, A95-A96 unexpectedly presents a very
ounded cross-section for the human tibia regardless of the age of the individual. This structural
attern drastically contrasts with the very high anteroposterior elongation of A120, which could be
ue to the unidirectional locomotor pattern, although the A95-A96 pattern could be due to a
ultidirectional locomotor pattern (and a specific developmental pattern, suggestion 1). Two distinct

atterns of mobility, marked by intensive practice, could possibly have existed, and would
ifferentiate the immature individual of about 10 years (A95-A96) from the adult (A120). However,
vidence is still lacking to relate such rounding of the Arago tibia A95-A96 to functional patterns.

hether or not we accept the multidirectional hypothesis in the younger individual, such a distinction
etween A120 and A95-A96, despite a similar overall pattern, reinforces the hypothesis of a high level
f mobility in A120 and drastic change during growth.

Finally, it raises questions about the analogy of the posterolateral border in Arago with the
osterior pilaster observed in Neandertal and Upper Palaeolithic individuals, the genetic origin of this

eature and the impact of unknown tibial torsion. Note that we do not classify the posterolateral
order of A95-A96 as a posterior pilaster as it is not as prominent as A120.

No significant distinction in fibular shape was observed between athletes and nonathletes, nor
etween runners and field hockey players (Marchi and Shaw, 2011). On account of this result, it is
ifficult to functionally interpret the shape indices (Ix/Iy) in Arago and Sima, which present very low
alues (means range: 0.84–0.93) in comparison to the sample of Marchi and Shaw (mean range: 1.74–
.96). Currently, it does not seem appropriate to put forward a functional explanation. Bone orientation
ould have strongly influenced data when taking measurements. Indeed, Marchi and Shaw (2011) used
ata taken with pQCT on living humans (Shaw and Stock, 2009a), in contrast to our data taken on dry
one. Imax/Imin is a better index, but it does not provide information on the orientation of maximum
igidity. Comparisons of data acquired with the same method, are possible using the dry bone of recent
. sapiens (supposedly non-athletes). Finally, when we include both indices in our analysis, Imax/Imin

n Arago and Sima is close to recent H. sapiens, but Ix/Iy is clearly distinct. Thus, the fibulas of Arago and
ima would have been subjected to high mediolateral stress, due to the eversion/inversion movement
xperienced in irregular/mountainous terrain. Such locomotor activity and ankle mobility transfer
ore weight to the fibula (Goh et al., 1992; Takebe et al., 1984; Thomas et al., 1995; Wang et al., 1996)

nd generate bone adaptation. Unfortunately, other fossil studies including discussions about the
nfluence of the type of terrain and level of mobility do not integrate the fibular Ix/Iy index (Sparacello
t al., 2014, 2018). In Chevalier (2022), two other indices are added: robusticity (polar second moment
econd of area standardized by bone length and body mass) and relative robusticity (the ratio of fibular
nd tibial relative polar second moment second of area) (see details in Chevalier, 2022; Chevalier and
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Lumley, 2022c). The body masses associated with the fibulas were not known but a body mass of 80 kg
was chosen to scale. This high body mass was estimated from the pelvis A44 (Ruff, 2010) and the femur
A57 (Chevalier, 2022), and associated with the estimated fibular bone length of 364 mm (mean
estimated bone length of A144 and A52-A56) (see details in Chevalier, 2022; Chevalier and Lumley,
2022c). The body mass and bone length used to scale are very high and high, respectively. Such values
could underestimate the robusticity index. The fibulas used are A49, A52/A56, A125 and A144. All
results are homogenous and highlight the very high robusticity of the fibula from Arago (much more so
than athletes). Chevalier (2022) also compared the polar second moment of area of distinct fibulas to
the tibia. It is not possible to confirm whether one of the fibulas belongs to the same individual as tibia
A120 (stratigraphically certain bone associations are quite possible), but all results are homogenous and
indicate very high relative fibular robusticity. These fibular robusticity indices are always impressive
with regard to athletes (Chevalier, 2022), in the same way as for Upper Palaeolithic individuals from
mountainous areas (Sparacello et al., 2014, 2018). Varied foot movements, as a result of frequent
directional changes, favoured such fibular adaptation (Marchi et al., 2011; Marchi and Shaw, 2011;
Sparacello et al., 2014). Field hockey players and humans crossing in irregular terrain, experienced the
same overall locomotor pattern with multidirectional stress, but mountainous areas (i.e., areas with
variations in elevation) with downhill and uphill engender higher stress generated by strong impact
(Gottschall and Kram, 2005). Specifically, the fibula with eversion and dorsiflexion of the foot in rough
and hilly/mountainous terrain experience maximal loads (Wang et al., 1996).

Consequently, hominins from Arago and Sima attained a very high level of mobility, with possible
running and frequent movements across irregular terrain (this study; Chevalier, 2022; Rodrı́guez
et al., 2018). The topography around Arago Cave with plains and semi-mountainous/hilly areas is
consistent with this functional hypothesis. The very high values of some structural parameters in
human fossil bones raise questions about the correlation between bone structure and the pattern and
level of mobility. In other words, do the observed differences in bone structure accurately reflect (at
the same level) differences in physical behaviour? We can also ask whether bone mechano-
responsiveness was the same in past populations, and at what growth stage early humans became
highly active during their lifetime, which has a strong influence on the bone’s ability to adapt and on
adult bone shape and robusticity.

5.3. Relative cortical area and functional inference

Among the distinctive traits of the Arago lower limb long bones, we note a high to very impressive
relative cortical area, and low medullary area, in contrast to the Trinil and Lazaret hominins (and also
H. sapiens). Many factors affecting bone modelling can induce change in relative cortical area, such as
growth pattern, hormonal level, diet/living conditions, mechano-responsiveness  of endosteal and
periosteal surfaces, and aging (e.g., Birkhold et al., 2016; Garn, 1970; Garn et al., 1969; Kennedy, 1985; Ruff
et al., 1994; Ruff and Hayes, 1983b). Here, we are only interested in the relationship that may exist
between the relative cortical area and the level of mobility in the case of the exceptional values found in
Arago. Generally, the relative cortical area is not considered relevant from a functional perspective, as it is
difficult to interpret without consideration of other cross-sectional geometric properties, and because the
cortical area needs to be scaled with body mass (Ruff, 1992b; Ruff et al., 1993, 1994, 2018). Indeed, the
same relative cortical area can be acquired with different cortical distributions. Cortical thickness can be
homogeneously distributed (see Arago, A141 at midshaft), vary all around the cross-section with the
maximal thickness located in a specific side (see Sima, F-X at midshaft), and extend from the endosteal
and periosteal surfaces. An increase in the relative cortical area can be due to an increase in the cortical
area from the periosteal surface (with the same medullary area) or an increase in the cortical area with a
reduction of the medullary area by bone formation on the endosteal surface (with the same total area). We
deduced from the hypothetic model of Lazenby (1990) and van der Meulen et al. (2001) that the relative
cortical area, or amount of cortical area, is not well-correlated with the geometrical parameters (e.g.,
second moment of area and section modulus) used to evaluate bone mechanical properties (e.g., bending
rigidity and strength). However, for the same cross-sectional size (i.e., total area), the bone with the higher
relative cortical area will be stronger. The high relative cortical area in Arago results in part from the
maintenance or deposition of a large amount of endosteal bone. Lovejoy (1982) questioned the benefits of
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uch a medullary reduction in Arago, knowing that for the same amount of cortical bone, an increase in the
ubperiosteal surface would have been more beneficial from a mechanical perspective. He considered that
edullary reduction was not the best possible way to adapt, which was in contradiction  with what was

xpected of bone adaptation according to Lanyon and Baggott (1976). However, Shaw and Stock (2009a)
ound significant differences in the tibial relative cortical area between athletes and non-athletes (but no
ifference between runners and field hockey players). Likewise, Warden et al. (2014) highlight the

ncrease in the humeral total area and reduction in the medullary area of the dominant arm by
omparisons of throwing-to-nonthrowing arms in professional baseball players. Thus, the high level of
hrowing activity increases the relative cortical area.

The functional hypothesis can also be discussed in the light of the structural characteristics of
mmature fossils, by taking into account relative cortical area and bone shape. First, Neandertal, Sima
nd Arago immature individuals present high relative cortical area (Chevalier and Lumley, 2022a, b, c;
arcı́a-Gonzales et al., 2016; Ruff et al., 1994) suggesting that this trait could be genetically controlled
r reflect other systemic factors (e.g., hormonal factors). Secondly, the young tibia A95-A96 presents a
ery low shape index (i.e., low Imax/Imin) compared to A120, which could imply that its diaphysis was
ot modelled as a result of high level of mobility. However, both present the same relative cortical area
86.3% versus 85.7%). Consequently, the high relative cortical area in A95-A96 would not be functional
nd the cortical thickening in the axis of greater bending rigidity in A120 would result from cortical
edistribution to maintain bone integrity during high levels of mobility.

The study of the femur provides additional information based on the medullary area. The midshaft
edullary area of the adult femur A141 is almost the same as that of A38, a femur from Arago

elonging to an individual of about 10 years old (Chevalier and Lumley, 2022a), although the cross-
ection total area of A38 is half the size of A141. From mid-adolescence onwards, the mechanical
esponsiveness of the endosteal surface increases relatively to the periosteal surface and causes
ndosteal contraction if mechanical loading increases (Bass et al., 2002; Kontulainen et al., 2002; Ruff
t al., 1994) even if it is not very beneficial mechanically (Lazenby, 1990; van der Meulen et al., 2001).
hus, the high level of activity in mid-adolescence may have stimulated endosteal formation and
educed endosteal resorption, resulting in the maintenance of the early adolescent medullary area.

Consequently, the high relative cortical area and small medullary area in lower limb bones from
rago could be interpreted as an endostructural signature of high levels of mobility combined with
ystemic effect, and as a result of a high maximal cortical thickness driven by the maximal axis of
ending rigidity.

. Conclusion

The lower limb bone structure of the Caune de l’Arago shares many characteristics with Middle
leistocene hominins and Neandertals, like the Sima de los Huesos fossils. However, the femoral
idshaft pattern in Sima is similar to that of Neandertal, in contrast to Arago, which is closer to
. erectus. These patterns depend on partially genetically controlled singular characteristics of the
elvofemoral complex and tend to confirm the previously revealed evolutionary affinities in cranial and
ostcranial bones, and teeth. The fibular and tibial cross-sectional geometry of Arago and Sima are

unctionally more informative. In comparisons to structural models of athletes, we observe that the leg
one structure in Arago is adapted to a high level of mobility and frequent and abrupt changes of
irection, generating a substantial level of foot eversion/inversion. Considerable variation in ankle
obility also occurs when crossing irregular terrains and terrains with marked downhill and uphill

lopes. This overall pattern and level of mobility attributed to Arago hominins was previously suggested
or the Sima hominins. The mobility hypothesis for Arago hominins is consistent with the environment
f Arago Cave and hominin hunting practices. It suggests intensive/frequent occupation of the
urrounding plains and rugged terrain. Note that the structural pattern of the Arago tibia is compatible
ith running. Finally, additional data on the structural consequences of adaptive bone trade-off, when

n individual has a very high level of mobility on flat terrains (with unidirectional locomotor pattern)
nd intensive movement on uneven or mountainous areas (with multidirectional locomotor pattern),
ould substantiate our conclusion regarding the concomitance of some structural features.
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377–389.

illotte, S., Samsel, M., Sparacello, V., 2017. The paleobiology of two adult skeletons from Baousso da Torre (Bausu da Ture)
(Liguria, Italy): implications for Gravettian lifestyle. Comptes Rendus Palevol 16 (4), 462–473.

allace, I.J., Demes, B., Mongie, C., Pearson, O.M., Polk, J.D., Lieberman, D.E., 2014. Exercise-induced bone formation is poorly
linked to local strain magnitude in the sheep tibia. PLoS ONE 9 (6), e99108.

ang, Q., Whittle, M., Cunningham, J., Kenwrigth, J., 1996. Fibula and its ligaments in load transmission and ankle joint stability.
Clinical Orthopaedics and Related Research 330, 261–270.

arden, S.J., Mantila Roosa, S.M., Kersh, M.E., Hurd, A.L., Fleisig, G.S., Pandy, M.G., Fuchs, R.K., 2014. Physical activity when young
provides lifelong benefits to cortical bone size and strength in men. Proceeding of the National Academy of Sciences of the
United States of America 111 (14), 5337–5442.

eatherholt, A.M., Warden, S.J., 2016. Tibial bone strength is enhanced in the jump leg of collegiate-level jumping athletes: a
within-subject controlled cross-sectional study. Calcified Tissue International 98 (2), 129–139.

eidenreich, F., 1938. Discovery of the femur and the humerus of Sinanthropus pekinensis. Nature 141, 614–617.
ilks, D.C., Winwood, K., Gilliver, S.F., Kwiet, A., Chatfield, M., Michaelis, I., Sun, L.W., Ferretti, J.L., Sargeant, A.J., Felsenberg, D.,

Rittweger, J., 2009. Bone mass and geometry of the tibia and the radius of master sprinters, middle- and long-distance
runners, race-walkers and sedentary control participants: a pQCT study. Bone 45 (1), 91–97.

T. Chevalier, M.-A. de Lumley / L’anthropologie xxx (2022) xxx4

Please cite this article in press as: Chevalier, T., de Lumley, M.-A., Lower limb bone structure of
Middle Pleistocene hominins from the Caune de l’Arago (Tautavel, France): Evolutionary and

http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0375
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0375
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0380
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0380
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0385
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0390
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0390
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0395
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0395
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0400
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0400
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0405
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0405
http://refhub.elsevier.com/S0003-5521(22)00075-9/optbPyw7UOUox
http://refhub.elsevier.com/S0003-5521(22)00075-9/optbPyw7UOUox
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0410
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0410
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0415
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0415
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0415
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0420
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0420
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0420
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0420
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0425
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0425
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0430
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0430
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0435
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0435
http://refhub.elsevier.com/S0003-5521(22)00075-9/opt7hMZufPOk4
http://refhub.elsevier.com/S0003-5521(22)00075-9/opt7hMZufPOk4
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0440
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0440
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0445
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0450
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0450
http://refhub.elsevier.com/S0003-5521(22)00075-9/optTrg4VvJzvg
http://refhub.elsevier.com/S0003-5521(22)00075-9/optTrg4VvJzvg
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0455
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0455
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0460
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0460
http://refhub.elsevier.com/S0003-5521(22)00075-9/optiD8KGIIKZB
http://refhub.elsevier.com/S0003-5521(22)00075-9/optiD8KGIIKZB
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0465
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0465
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0470
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0470
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0475
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0475
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0480
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0480
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0485
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0485
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0485
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0490
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0490
http://refhub.elsevier.com/S0003-5521(22)00075-9/optpoxFcWdrtV
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0495
http://refhub.elsevier.com/S0003-5521(22)00075-9/sbref0495

	Lower limb bone structure of Middle Pleistocene hominins from the Caune de lArago (Tautavel, France): Evolutionary and fun...
	1 Introduction
	2 Material and method
	2.1 Material

	3 Methods
	4 Results
	4.1 Femoral CSG
	4.2 Tibial CSG
	4.3 Fibular CSG
	4.4 Tibial and fibular CSG: comparisons with athletes
	4.5 Pattern of cortical distribution and cross-contour

	5 Discussion
	5.1 Evolutionary affinities from the femoral pattern of bone cortical distribution
	5.2 Behavioural affinities from tibial and fibular shapes
	5.3 Relative cortical area and functional inference

	6 Conclusion
	Acknowledgements
	References


