
S P E C I A L I S S U E AR T I C L E

Uncovering the adult morphology of the forearm bones
from the Sima de los Huesos Site in Atapuerca (Spain),
with comments on biomechanical features

Laura Rodríguez1,2 | Rebeca García-Gonz�alez2 | Juan Luis Arsuaga3,4 |

José-Miguel Carretero2,3,5

1Departamento de Biodiversidad y Gesti�on
Ambiental, Universidad de Le�on, Facultad
de Ciencias Biol�ogicas y Ambientales,
Le�on, Spain
2Laboratorio de Evoluci�on Humana,
Universidad de Burgos, Burgos, Spain
3Centro UCM-ISCIII de Investigaci�on
sobre Evoluci�on y Comportamiento
Humanos, Madrid, Spain
4Departamento de Geodin�amica,
Estratigrafía y Paleontología, Facultad de
Ciencias Geol�ogicas, Universidad
Complutense de Madrid, Madrid, Spain
5Unidad Asociada de I+D+I al CSIC
Vidrio y Materiales del Patrimonio
Cultural (VIMPAC), Burgos, Spain

Correspondence
Laura Rodríguez, Departamento de
Biodiversidad y Gesti�on Ambiental,
Universidad de Le�on, Facultad de
Ciencias Biol�ogicas y Ambientales,
Campus de Vegazana, Avda. Emilio
Hurtado, 24071 Le�on, Spain.
Email: lrodg@unileon.es

Funding information
Fieldwork at the Atapuerca sites is funded
by the Junta de Castilla y Le�on and the
Fundaci�on Atapuerca; MCIN/
AEI/10.13039/501100011033/FEDER, UE,
Grant/Award Number:
PID2021-122355NB-C31

Abstract

The forearm skeleton is composed of two bones: the radius and the ulna. This

is closely related to manipulative movements. The ulna is part of the elbow

joint, whereas the radius and ulna together with the scaphoid and lunate

bones, form the wrist joints. Thus, morphofunctional analysis of the adult

Sima de los Huesos (SH) forearm bones, provides clues about manipulative

activities in one Pleistocene population. From 1976 to the present, over 7000

human fossils have been recovered from the SH site. The radial sample com-

prised 98 labeled fragments, of which 49 belonged to adult individuals, repre-

senting at least 7 individuals. The ulnar sample included 31 labeled adult

fossils representing at least nine individuals. In this study, we describe the SH

radii and ulnae and analyze their functional implications for manipulative and

forearm movements. We confirmed that the SH radii are long and curved, with

variations in robusticity and radial tuberosity orientation. The SH ulnae are

characterized by an anteriorly oriented trochlear notch, a massive olecranon

process, an obliquely oriented radial notch, a blunt and short supinator crest, a

gracile and curved diaphysis, and a round and anteriorly oriented pronator

crests. In general, they exhibit Neanderthal morphology. The SH collection

provides a unique opportunity to conduct morphological analyses of these

bones in the Middle Pleistocene population.
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1 | INTRODUCTION

The upper extremity is composed of three long bones: the
humerus, radius, and ulna, as well as the smaller bones
of the hand. It can be analyzed mechanically as an open
kinetic chain, with the humerus being the proximal
upper limb bone, which articulates with the scapular gir-
dle proximally and the ulna distally at the elbow. The
ulna and radius comprise the forearm and are articulated
distally with the scaphoid and lunate of the wrist.
Because of this medial position in the chain, the forearm
is often analyzed for its importance in manipulator
behavior (Ant�on & Polidoro, 2000; Trinkaus &
Churchill, 1988). It is well known that the position of
some forearm bone traits is related to the loading and
lever arm. These two bones are essential for manipula-
tion and their shapes provide valuable information
regarding their functional morphologies.

In comparison to modern human morphology, Nean-
derthals have strongly laterally curved radial shafts, ante-
roposteriorly expanded radial heads and both absolutely
and relatively long necks (Boule, 1911; De Groote, 2011;
Trinkaus, 1983; Trinkaus & Churchill, 1988). Neander-
thal ulna remains are characterized by a curved diaphysis,
with a posterior subtense, anteriorly facing trochlear notch,
and a very anteroposterior projected insertion for
m. pronator quadratus (De Groote, 2011; Pérez-Criado &
Rosas, 2017; Trinkaus, 1983; Trinkaus & Churchill, 1988).
This morphology is believed to support more powerful
pronation-supination and flexion-extension movements. In
addition to bone morphology, it is assumed that Neander-
thals have powerful forearms because of the well-
pronounced muscle attachment sites on their upper limb
bones (De Groote, 2011; Trinkaus & Churchill, 1988).

The radial subtense, supinator crest, and position of
the radial tuberosity may indicate that Neanderthals
closely resemble earlier hominins in terms of morphology
and strength of the radius and that the Neanderthal fore-
arm and elbow were especially strong during pronation
and supination (De Groote, 2011; Trinkaus &
Churchill, 1988). The Neanderthal ulna is defined as a
gracile (Trinkaus, 1983), and the proximal ulna is
described as having a more anteriorly facing trochlear
notch than in modern humans (De Groote, 2011;
Trinkaus & Churchill, 1988). The m. pronator quadratus
crest in Neanderthals is very pronounced, although the
interosseous crest is poorly developed as it is on the
radius (Aiello & Dean, 1990; De Groote, 2011; Pérez-
Criado & Rosas, 2017; Trinkaus & Churchill, 1988).

The Neanderthal body is considered to have a wide
trunk and shortened distal limb segments compared to
modern archaic humans as an adaptation to cold climates
(Trinkaus, 1981). However, other traits, such as nose

proportions, morphology, and frontal sinus size, do not
seem to support the climate hypothesis (Balzeau
et al., 2023; Holton & Franciscus, 2008; Li et al., 2023;
Rae et al., 2011), leaving genetic drift as a potential expla-
nation for Neanderthal body shape (Weaver, 2009).

As described previously (Rodríguez et al., 2016),
radial remains from the SH have traits that differentiate
them from those of recent humans and make them more
similar to Neanderthals. In contrast, the SH sample also
differs from Neanderthals in showing high overall gracil-
ity, as well as a high frequency (80%) of anteriorly ori-
ented radial tuberosity and thick cortices (Rodríguez
et al., 2016). The characteristics of the SH ulnae were
only sketched in Arsuaga et al. (2015).

Thus, this study had two aims. First, to update the
radial remains from an earlier description (Rodríguez
et al., 2016) and second, to introduce the ulna remains
recovered from the Sima de los Huesos (SH) site in Sierra
de Atapuerca from 1976 to the present. These fossils have
been dated to more than 430 ky (thousands of years ago).
This study also contributes to the creation of an illus-
trated catalog from the SH to aid in the comparison of
these specimens with others in paleoanthropological con-
texts. Finally, this paper presents analyses of bones rela-
tive to their morphofunctional roles and biomechanics.

2 | MATERIALS AND METHODS

2.1 | SH sample

Since 1976 over 7000 human fossils have been recovered
from the SH site, of which 458 represent arm bones. The
radial sample consisted of 49 labeled adult specimens.
Regarding the ulnae, there were 31 labeled adult fossils.
In this study, only significant elements are discussed.

We provide detailed photographs of the bones and
their features based on the original SH specimens. We
did not report detailed anatomical descriptions of every
specimen, and only the main anatomical features were
highlighted based on adult specimens. We also reported an
inventory of the most complete specimens and basic mea-
surements obtained using standard anthropological tech-
niques (Martin & Saller, 1957). All labeled fragments were
named AT (i.e., Atapuerca and SH), followed by Arabic
numbers (for example, AT-251). We give a bone abbrevia-
tion, represented by “R” for the radius and “UL” for the
ulna only when the proximal half of the bone is present.

Some of these radii have been published previously
(Rodríguez et al., 2016). Here, we update the inventory and
summarize the biomechanical implications of their mor-
phology. The SH ulnar remains are unpublished, although
some traits have been described by (Arsuaga et al., 2015).
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2.2 | Radial SH Inventory and minimum
number of individuals (MNI)

To date, there have been 49 labeled adult radial frag-
ments, which comprise a minimum of 12 adult elements

(Table 1) and represent 7 adult individuals. The SH radii
were published by Rodríguez et al. (2016). Table 2 con-
tains only some of the main dimensions for characteriz-
ing the radial traits in the most complete adult
specimens. Table 3 lists the basic statistics of the SH spec-
imens. Rodríguez et al. (2016) presented statistical com-
parisons of Neanderthal and modern human samples,
although specific comparisons for these particular mea-
surements are also shown in Table 2. Figure 1 shows the
most complete radial remains of the SH sample. In
Figures 2–9, we present anatomical views of these com-
plete specimens.

2.3 | Ulnar SH Inventory and MNI

The sample comprised 31 adult label fragments assem-
bled into 16 elements representing at least nine adult
individuals. Table 4 contains the inventory of all ulnar
specimens ordered by ulna number and a brief descrip-
tion. Tables 5 and 6 list the main dimensions, basic statis-
tics, and comparison of the most complete specimens. In
Figure 10, we show the most complete ulnar remains
from the SH sample, and in Figures 11–19, we present
anatomical views of the most complete specimens.

2.4 | Comparative sample

For comparative purposes, we also studied the following
Pleistocene fossil specimens: the originals of La Ferrassie
1 and 2, La Chapelle-aux-Saints 1 (Musée de l'Homme,
Paris), and the casts of Spy 1, Neanderthal 1, and Tabun

TABLE 1 Adult radial inventory at Sima de los Huesos (SH).

Label Side Description

R-I Right Complete

R-II Left Complete

R-III Right Proximal one-third fragment

R-IV Left Complete

R-V Right Complete

R-VI Right Complete

R-VII Right Complete

R-IX Left Proximal two-thirds fragment

R-X Left Complete

R-XI Left Complete

R-XIV Left Proximal one-third fragment

R-XV Right Proximal three-fourths fragment

Note: R-I = AT-795+1097+1118.
R-II = AT-1090+1091+1092.

R-III = AT-1260.
R-IV = AT-2474+2493.
R-V = AT-2498+2961+2960+3279.
R-VI = AT-2483+2488+2575+3277.

R-VII = AT-3281+3282.
R-IX = AT-2953+2959.
R-X = AT-1087+1109+2864.
R-XI = AT-1782+2032.
R-XIV = AT-1702.

R-XV = AT-6184+5625+5641.

TABLE 2 Radial measurements for adult specimens at Sima de los Huesos (SH).

RI RII RIV RV RVI RVII RX RXI R-XIV R-XV
Side Right Left Left Right Right Right Left Left Left Right

Maximum length (M1) 222.0 241.0 255.0 256.0 243.0 253.0 221.0 249.0

Head AP diameter (M-5.1) 20.0 23.5 22.7 24.0 20.4 22.3 18.9 21.1 *19.5 22.2

Head ML diameter (M-4.1) 18.8 22.9 21.1 23.7 20.7 21.0 18.1 *19.9 *18.7 21.6

Fischer Neck length (FNL) 23.8 25.8 28.3 27.1 24.0 30.6 24.0 30.3 22.0 23.4

Interosseous ML diameter (M-4) 12.6 14.9 14.4 17.8 16.5 14.2 12.6 13.4 17.2

Interosseous AP diameter (M-5) 9.9 12.3 *12.4 12.9 12.8 13.9 9.6 12.3 10.3

Distal epiphyseal breadth (M-5.6) 30.0 34.0 37.0 36.0 37.0 32.0 28.0 33.0

Diaphysis subtense (M-6) 5.5 4.7 8.5 8.4 6.1 9.6 6.8 8.9

Diaphysis chord (M-6.1) 157.0 160.0 191.5 200.3 169.7 184.5 160.4 177.9

Neck angle (M-7) 165.0 171.0 171.0 169.0 166.0 165.0 168.0 165.0 166.0 166.0

*Estimated value.
Note: Linear measurements in mm. Neck angles in degrees.

M: Martin & Saller, 1957.
T: Trinkaus, 1983.
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C1, also housed in the Musée de l'Homme de Paris. For
the other fossils, we derived data from various biblio-
graphic sources: Amud 1 (McCown & Keith, 1939),
Kebara 2 (Bar Yosef & Vandermeersch, 1991), Shanidar
radii and ulna (Trinkaus, 1983), Sidron (Pérez-Criado &
Rosas, 2017), and Chagyrskaya (Mednikova, 2013).

In addition to the fossils listed above, we jointly stud-
ied several modern human samples and named them
Homo sapiens samples. This modern sample is composed
of the “Portuguese sample,” which was drawn from indi-
viduals belonging to the collections housed in the Bocage
Museum (National Museum of Natural History, Lisbon,
Portugal) and the Department of Life Sciences at Coim-
bra University (Coimbra, Portugal). Both collections
come from modern cemeteries and are composed of Por-
tuguese people who lived in the nineteenth and twentieth
centuries, representing the middle-to-low social class in
the cities of Lisbon and Coimbra (Cardoso, 2006;
Coqueugniot & Weaver, 2007). The second comparative
sample comprised individuals from the Hamann-Todd
collection (HTH) housed in the Cleveland Museum of
Natural History in Ohio (USA). This sample was divided
into two subsamples based on whether they were of
African-American or European ancestry. The third sam-
ple consisted of individuals from the archeological collec-
tion of San Pablo (Burgos), housed in the Laboratory of
Human Evolution (Universidad de Burgos, Burgos,
Spain). In the third sample, sex was estimated based on
non-metric traits of the skull and pelvis using the stan-
dards described by (Buikstra & Ubelaker, 1994;
Phenice, 1969).

2.5 | Measurements

We provide the basic measurements for both radial and
ulnar remains, following Martin and Saller (1957);
McHenry et al. (1976); Senut (1980); Solan and Day
(1992); Carretero, (1994); Trinkaus, (1983). To take all
measurements of the SH specimens and comparative
samples, we used standard anthropological techniques
and instruments (Mitutoyo digital calipers and osteome-
try boards for linear measurements). The radial and ulnar
curvatures were digitally measured. To this end, we took
photographs of the radii and ulnar specimens from the
anterior and interosseous views. We outlined each of
these photographs using the AUTOCAD software. With
these outlines, we established a midline axis, and then
calculated the radial curvature as described by Rodríguez
et al. (2016), following the instructions of Martin and Sal-
ler (1957) and Maia Nieto (1957) (Figure 20a). The ulnar
curvature angle was measured as the angle between the
proximal and distal parts of the ulnar diaphysis in theT
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interosseous view (Figure 20d). The radial tuberosity ori-
entation was calculated as described by Rodríguez et al.
(2016) and Maia Nieto (1957) (Figure 20b). The ulnar

tuberosity, which is the site of insertion for m. brachialis,
was also measured in the anterior view with the trochlea
positioned anteriorly. The proximal shaft axis was drawn

FIGURE 1 Complete radius of

Sima de los Huesos Site.

FIGURE 2 Radius I, Right. Scale bar 5 cm. A anterior,

M medial, P posterior, L lateral, P Proximal, and D distal views. FIGURE 3 Radius II, Left. Scale bar 5 cm. A anterior,

M medial, P posterior, L lateral, P Proximal, and D distal views.
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distal to the ulnar tuberosity. We established three differ-
ent conditions for the ulnar tuberosity (Figure 20c): the
proximal axis passed through the central part of the ulnar
tuberosity, the proximal axis passed medially through the
tuberosity, and the proximal axis did not pass through
the ulnar tuberosity. Basic Statistical analyses and com-
parisons among species were performed using the SPSS
v. 26 software (Meulam & Heiser, 2019). We performed
the Shapiro–Wilk test to test each sample's normality, fol-
lowed by the Levene test for testing variance homogene-
ity. ANOVA and post-hoc analysis were performed when
needed. In case of normality or variance homogeneity
failure, the Kruskal-Wallis test was performed, followed
by post-hoc analysis when required.

3 | RESULTS

3.1 | Radial anatomical clues

Table 7 shows some of the most common radial traits
described in the literature for different hominin species
and the character states of these traits for the SH radii.

In the next set of figures (Figures 21 and 22), the mor-
phological features of the radius are indicated by capital
letters ranging from A to F. Metrically, SH radii are lon-
ger bones with longer necks (Figure 21a), lower neck
angles (Figure 21b), and greater curvatures (Figure 21c)
than those of modern humans, but are similar to those of
Neanderthals (Rodríguez et al., 2016). As a consequence
of its length, the SH radial diaphysis is, as in some Nean-
derthals and Homo antecessor, gracile (slender) compared
with fossil and recent humans (Rodríguez et al., 2016),
although no statistical difference in robusticity was found
between our modern human sample and the SH.

Although not constant (Figure 21a), the SH radii have
relatively longer necks (measured as the distance
between radial tuberosity and radial head) than those of
recent humans with the same radial articular length
(SH Fisher neck index:11.5 ± 0.8 and RH Fisher neck
index: 10.0 ± 0.9), as was shown in Rodríguez et al.
(2016). The same is true for the Neanderthals and Homo

FIGURE 4 Radius IV, Left. Scale bar 5 cm. A anterior,

M medial, P posterior, L lateral, P Proximal, and D distal views.

FIGURE 5 Radius V, Right. Scale bar 5 cm. A anterior,

M medial, P posterior, L lateral, P Proximal, and D distal views.
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antecessor (De Groote, 2011; Trinkaus, 1983). In addition,
although variable, the SH radii share the pattern of a
lower neck angle (Table 3) with Neanderthals and are
different from those of modern humans, and the curva-
ture index of the SH radii varies from mildly to very
curved diaphyses (Rodríguez et al., 2016). Specimens
with more anteriorly positioned radial tuberosities and
shorter necks (Figure 21a and Figure 22f) tended to be
less curved, while specimens that were more curved typi-
cally had longer necks (Figure 21) and more medially ori-
ented radial tuberosities (Figure 22f).

On average, the SH radii have an interosseous crest
that projects only moderately (Figure 21d) compared to
those of recent humans. This trait is shared by the Nean-
derthals, the Middle Stone Age radius from the Cave of
Hearths (Pearson & Grine, 1997), and H. antecessor
(Carretero et al., 1999).

The main difference between the SH radial remains
and Neanderthals was the position of the radial tuberos-
ity (Figure 22f). In the SH samples, 80% of the specimens
had a more anterior orientation, similar to that of

modern humans, and only two specimens had a medially
oriented tuberosity, as in Neanderthals. A medially posi-
tioned radial tuberosity is also found in the early hominin
specimens AL 288-1p (Australopithecus afarensis) and
KNM-ER 1500E (Paranthropus boisei), as well as the OH
62 (Homo habilis) individual and at least one African
Pleistocene site (Klasies River). The Lower Pleistocene
radius from Gran Dolina-TD6 (H. antecessor) showed an
anteromedial radial tuberosity similar to that of recent
humans (Carretero et al., 1999).

Regarding the radial head (Figure 23), there were no
significant differences in anteroposterior (AP) and medio-
lateral (ML) diameters between groups. Nevertheless, the
AP diameter of the radial head in SH is slightly larger
than that in ML and similar to that in Neanderthals
(De Groote, 2011) but different from that in modern
humans.

Regarding the shape of the distal epiphyses (Figure 24),
no significant differences were found between the samples
(recent humans, SH, and Neanderthals) in distal epiphyseal
breadths, either absolutely or relative to the maximum

FIGURE 6 Radius VI. Scale bar 5 cm. A anterior, M medial,

P posterior, L lateral, P Proximal, and D distal views.

FIGURE 7 Radius VII, Right. Scale bar 5 cm. A anterior,

M medial, P posterior, L lateral, P Proximal, and D distal views.
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length. Nevertheless, the SH radii had a small styloid pro-
cess that was directed medially, similar to that in the Nean-
derthals (Figure 20e). The distal epiphysis of the SH radii is
compressed in the AP direction (Figure 21h) compared to
both fossil and recent H. sapiens (Rodríguez et al., 2016),
which is probably related to the anteroposteriorly com-
pressed morphology of the bones of the first carpal row, in
the SH hominins (Lorenzo, 2007).

3.2 | Ulnae anatomical clues

Table 8 and Figure 25 show some of the most widely dis-
cussed ulnar traits collected in the literature for different
hominin species and the characterization of these traits
for the SH radial collection. Here, we explain some of
them and emphasize the others.

FIGURE 8 Radius X, Left. Scale bar 5 cm. A anterior,

M medial, P posterior, L lateral, P Proximal, and D distal views.

FIGURE 9 Radius XI, Right. Scale bar 5 cm. A anterior,

M medial, P posterior, L lateral, P Proximal, and D distal views.

TABLE 4 Adult ulnar inventory at Sima de los Huesos (SH).

Label Side Description

UL-I Right Proximal three-fourths

UL-II Right Distal three-fourths fragment

UL-VI Left Proximal two-thirds fragment

UL-VII Right Complete

UL-VIII Left Complete except styloid process

UL-IX Left Proximal two-thirds fragment

UL-X Right Proximal three-fourths fragment

UL-XII Right Complete except distal epiphysis

UL- XIII Left Proximal two-thirds fragment

UL-XIV Left Proximal one-half fragment

UL-XV Left Olecranon fragment

UL-XVI Right Proximal three-fourths fragment

UL-XVIII Left Proximal half fragment

UL-XIX Left Proximal three-fourths fragment

UL-XXI Right Olecranon fragment

UL-XXIII Left Proximal one-third fragment

Note: UL-I = AT-669+796.
UL-II = AT-248+1266+1267.
UL-VI = AT-1675+1788.
UL-VII = AT-1105+2480 (Figure 12).

UL-VIII = AT-662+3286 (Figure 13).
UL-IX = AT-1099+2573.
UL-X = AT-1120+2559+2560 (Figure 14).
UL-XII = AT-2962+3863 (Figure 15).
UL- XIII = AT-3284+4022.

UL-XIV = AT-4171+4172.
UL-XV = AT-254.
UL-XVI = AT-488+5791.
UL-XVIII = AT-1104.

UL-XIX = AT-1270.
UL-XXI = AT-2234.
UL-XXIII = AT-5001+5002.
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The SH ulna remains had a high and massive olecranon
process (Figure 25a), which was square-shaped when
observed in the proximal view (Figure 25l). The SH ulnae
were oriented anterior to the trochlear notch (Figure 25k).

Regarding the diaphysis, the SH ulna had a high cur-
vature in the interosseous view (Figure 20 for measure-
ment description and Figure 25c). This feature is similar
to that of the Neanderthals (De Groote, 2011; Pérez-
Criado & Rosas, 2017 and references therein). In addi-
tion, the m. brachialis insertion (Figure 25b) is located
medially and more distally than in modern humans, and
m. pronator quadratus insertion (Figure 25d) is projected
anteriorly, as in Neanderthals (Arsuaga et al., 2015; De
Groote, 2011; Pérez-Criado & Rosas, 2017 and references
therein). Similar to the radius, the ulnae have a weak
interosseous crest (Figure 25e), similar to those of Nean-
derthals and the Omo L40-19 ulna (Paranthropus aethio-
picus, Aiello et al., 1999), and thus a more rounded
diaphysis than that of modern humans (Aiello &
Dean, 1990; Arsuaga et al., 2015). They also had thick
cortices on their diaphyses (Figure 25n).

Proximally, they had a rounded and well-developed
supinator crest (Figure 25f), as was witnessed in Nean-
derthals (Arsuaga et al., 2015). This feature is related to
the position of the radial facet (Figure 25g), which arises
from the diaphysis and is obliquely displaced forward.
Additionally, the radial facet has a teardrop or trapezoi-
dal shape, being more super inferiorly elongated than
modern humans, more horizontally rectangular, and sim-
ilar to the Sidr�on Neanderthals (Arsuaga et al., 2015;
Pérez-Criado & Rosas, 2017).

In the lateral or medial view, the diaphysis is curved in
the anteroposterior direction. The posterior border is
straight in its distal two-thirds but slopes anteriorly in its
proximal third (Figure 25i), displacing the olecranon and
trochlear process anteriorly (Figure 25h), as in the Omo
L40-19 (Paranthropus aethiopicus, Aiello et al., 1999) and
Neanderthal ulnae (Aiello & Dean, 1990; McHenry
et al., 1976).

SH bones generally had thick cortices (Figure 25n).
Few studies have analyzed the ulnar bone thickness
(Trinkaus et al., 1999). The mean cortical thickness of the
left ulnar SH (%CA = 87 ± 0.4, n = 4) was similar to that
of the Saint-Césaire left ulna (%CA = 89).

Finally, the ulnar head, although variable (Figure 25m1
and m2), is typically anteroposteriorly elongated relative to
modern humans and has a small styloid process (Figure 25j).

4 | DISCUSSION

The Neanderthal pattern for the radii, with a long radial
neck with a low neck angle, the more medial orientationT
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of the radial tuberosity, and high shaft curvature, is con-
sistent with very powerful forearms and pronation/
supination movements that provide manipulation and
other mechanical advantages, such as throwing spears or
javelin (Rodríguez et al., 2016; Trinkaus, 1983;
Trinkaus & Churchill, 1988). Curved bones have been
argued to represent an optimum response to both
internal (muscle and weight) and external loadings
because of the effects of carrying, loading predictability,
and more powerful rotational movements (Bertram &
Biewener, 1988; Frost, 1973; Galtes et al., 2009;
Lanyon, 1980; Yasutomi et al., 2002). Although the SH
radial remains share general morphological patterns with
Neanderthals, within the SH sample, there is some varia-
tion in the radial configuration; specimens with more
anteriorly positioned radial tuberosity and shorter necks

(Figure 21a and Figure 22f) tend to be less curved, while
those that are more curved typically have longer necks
(Figure 21) and more medially oriented radial tuberosity
(Figure 22f).

It has been previously demonstrated that there is a
bilateral asymmetry in the modern human humerus,
Neanderthals, and SH humerus (Auerbach & Ruff, 2006;
Carretero et al., 2023; Trinkaus et al., 1994). Rodríguez
et al. (2016) determined that there are four SH individ-
uals represented by paired complete radii: R-I and R-X,
R-II and R-VI, R-IV and R-V, and R-VII and R-XI. Of
these, one association (R-VII and R-XI) shows strong
right-handed asymmetry, whereas a second association
(R-II and R-VI) shows strong left-side asymmetry
(Rodríguez et al., 2016). Thus, in this study, we detected
probable left-handed hominins among adult SH

FIGURE 10 Most representative

Sima de los Huesos ulnar fragments.
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individuals. This finding is in agreement with that of
Carretero et al. (2023), who found an individual who was
likely left-handed.

As mentioned above, the SH ulna remains had a high
and massive olecranon process (Figure 25a), which was
square-shaped when observed in the proximal view
(Figure 24l). As can be seen in Table 8, a narrow olecra-
non process is a primitive trait shared by non-hominin
apes, Australopithecus, Homo ergaster, and Homo sapiens
(Aiello et al., 1999); therefore SH hominins have a
derived trait compared with Neanderthals (Arsuaga
et al., 2015; Boule, 1911; Trinkaus, 1983). SH ulnae have
an anterior orientation of the trochlear notch
(Figure 24k) which was considered a primitive trait by
Churchill et al. (1996) and also being present in Homo
ergaster (Solan & Day, 1992) as well as in the Klasies
River Mouth fossil (Churchill et al., 1996), and shared
with Australopithecus and Homo ergaster, along with
Neanderthals (Pérez-Criado & Rosas, 2017).

Pérez-Criado and Rosas (2017) noted that most ulnar
traits in Neanderthals have a primitive configuration,
with the exception of the olecranon process. In this sense,

FIGURE 11 Ulna I, Right. Scale bar 5 cm. I interosseous,

A anterior, M medial, P; posterior, R Radial, and Pr Proximal views.

FIGURE 12 Ulna VI, Left. Scale bar 5 cm. I interosseous,

A anterior, M medial, P; posterior, R Radial, and Pr Proximal views.

FIGURE 13 Ulna VII Right. Scale bar 5 cm. I interosseous,

A anterior, M medial, P posterior, R Radial, and Pr Proximal views.
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SH ulnar remains are similar to Neanderthals in all their
traits, except for the robusticity index, in which SH ulnae
are more gracile than both modern humans and Nean-
derthals (Arsuaga et al., 2015).

The ulna is a fundamental component of the elbow
joint and plays a key role in flexion and extension. Addi-
tionally, it can be considered a fixed part in forearm
(radial) rotational movements; thus, it is also important
in pronation-supination (Kapandji, 1999). The ulna artic-
ulates with the olecranon fossa of the distal humerus
through the trochlear notch, which faces anteroproxi-
mally in Homo sapiens, but faces anteriorly in SH speci-
mens, Neanderthals, and other archaic hominins
(H. ergaster; H. erectus, Table 8). Therefore, the anterior
orientation is an apomorphic trait of hominins. In con-
trast, in hominoids, the trochlear notch is more antero-
proximally oriented, which is a plesiomorphic trait
shared by the Omo L40-19 ulna (Paranthropus aethiopi-
cus, Aiello et al., 1999) and modern humans. Trinkaus
and Churchill (1988) stated that this morphology is not
related to movement ranges, but rather to the loading

FIGURE 14 Ulna VIII, Left. Scale bar 5 cm. I interosseous,

A anterior, M medial, P; posterior, R Radial, and Pr Proximal views.

FIGURE 16 Ulna X, Right. Scale bar 5 cm. I interosseous,

A anterior, M medial, P posterior, R Radial, and Pr Proximal views.

FIGURE 15 Ulna IX, Left. Scale bar 5 cm. I interosseous,

A anterior, M medial, P posterior, R Radial, and Pr Proximal views.
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position, providing higher resistance to reaction forces in
the joint.

Massive olecranon processes are typically observed in
Neanderthals (Boule, 1911; Heim, 1982; Trinkaus, 1983).
This trait, which is not observed in other hominis such as
OH-36 (Aiello et al., 1999), is present in SH ulnae. A large
olecranon process indicates a large insertion area for
m. triceps brachii, but the position relative to the bone
length is also important, as muscle insertion is located
farther from the fulcrum compared to that of modern
humans, favoring the lever arm of m triceps brachii of the
elbow for extension (Trinkaus, 1983). The mean SH olec-
ranon height was statistically similar to that in Neander-
thals (Table 6). Thus, they share the highest position with
the Neanderthals.

The m. flexor digitorum superficialis originates from
the medial edge of the coronoid process, which is an
important muscle for closing the hand. On the ulnar
tuberosity, inserts m. brachialis, which flexes its elbow.
Aiello and Dean (1990) concluded that a larger distance
from the ulnar tuberosity to the olecranon (fulcrum) rela-
tive to the bone length, resulted in a more powerful lever
arm for m. brachialis, favoring the flexion of the forearm.

FIGURE 17 Ulna XII, Right. Scale bar 5 cm. I interosseous,

A anterior, M medial, P posterior, R Radial, and Pr Proximal views. FIGURE 18 Ulna XIII, Left. Scale bar 5 cm. I interosseous,

A anterior, M medial, P posterior, R Radial, and Pr Proximal views.

FIGURE 19 Ulna XIV, Left, Scale bar 5 cm, I interosseous,

A anterior, M medial, P posterior, R Radial, and Pr Proximal views.
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In the SH sample, the ulnar tuberosity is located more
distally, with a longer distance between most proximal
olecranon point to the distal point of the ulnar tuberosity

(Ulnar tuberosity location index: Ulnar tuberosity length /
maximum length = 26.5 ± 1.1, n = 3) than in modern
humans (23.3 ± 1.3, n = 28). It was also located in a more
medial position on the diaphysis (Figure 26). In addition,
m. brachialis assists m. biceps brachii in flexing the forearm.
The insertion of m. biceps brachii in the SH radii is located
more distally and medially than in modern humans
(Rodríguez et al., 2016) and is similar to that of Neander-
thals, which favors supination and flexion movement
(Trinkaus & Churchill, 1988).

In humans, the supinator crest is long and courses
from the end of the radial notch to the interosseous crest.
The supinator muscles move the limb into the supina-
tion. The SH supinator crest is shorter and blunt com-
pared to that of modern humans, and projects slightly
(Figure 25f), resembling the conditions in Neanderthals
(Boule, 1911; Heim, 1982; Trinkaus, 1983). The more lat-
eral and projected positions of the supinator crest sepa-
rate the axis of rotation from the point of force
application, increasing the lever arm for rotation in fossil
hominins. Furthermore, this causes the radial facet to be
positioned differently from that in modern humans, with
a more lateral, oblique, and sloped orientation relative to
the ulnar diaphysis (Figure 25g). This location is also the
insertion point of the radial collateral ligament, which
stabilizes the elbow joint along with the ulnar collateral
ligament.

The radial notch of the ulna of the SH specimens dif-
fered from that of modern humans in different orienta-
tions. The facet has a larger horizontal edge in modern
humans, while it is more anteroposteriorly sloped in the
SH due to the projection of the supinator crest mentioned
above (Figure 25g). The posterior aspect projects slightly
laterally compared to that of modern humans, in whom
the facet is flatter and follows the shape of the diaphysis.

FIGURE 20 Radial and Ulnae special measurements. A Radial

curvature, B radial tuberosity location. C ulnar tuberosity location

and D ulnae curvature (see text for detailed explanations).

TABLE 7 Radial traits presence in hominins and other apes in comparison to Sima de los Huesos (SH) hominins.

Trait

Non-
hominin
Apes

A.
afarensis
A.
africanus

A.
sediba

H.
naledi

Early
Homo

H.
antecessor Neanderthals SH

Head shape AP > ML AP > ML AP > ML

Neck length Long Long Short Long Long Long Long Variable

Neck length
index

Long Long Short Long Long Long Variable-long Variable-long

Tuberosity
orientation

Medial Medial Medial Medial Medial Anterior variable > medial Variable > anterior

Curvature Curved Straight Curved Straight Straight? Straight Curved Curved

Robusticity Robust Robust Robust Robust Robust Gracile Variable-Robust Variable-Gracile

Distal epiphysis
proportions

ML elongated ML elongated
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This configuration moves the radial head anteriorly and
proximally during rotation and brings the distal radius
anteriorly, thereby increasing the lever arm for
pronation.

Beneath the medial border of the coronoid process of
the ulna, there is a ridge from which the two muscles
partially originate; in the most proximal location, it is the

FIGURE 21 Sima de los Huesos

(SH) radial trait description in anterior

view A, Long neck. B, Neck angle less

than 180. C, High Curvature. D, Less

developmental of the interosseous

crest. E, Small styloid process.

FIGURE 22 Sima de los Huesos

(SH) radial trait description in medial

view F Radial tuberosity, black line is

the interosseous crest line.

FIGURE 23 Sima de los Huesos (SH) radial sample in

proximal view. FIGURE 24 Sima de los Huesos (SH) radial sample in distal

view compressed anteroposterior distal articulation.
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origin of m. pronator teres and distal to the origin of
m. flexor digitorum superficialis (Stone & Stone, 1999). In
SH individuals, this ridge is very pronounced, shorter
than that in modern humans, and slightly displaced
medially due to the most medially displaced m. brachialis
(Figure 25o). In the case of m. pronator teres, as an assis-
tant in flexion of the elbow joint, this position favors flex-
ion because the ulna does not significantly move during
pronation. This morphology is also common among
Neanderthals and indicates greater development of the
pronator teres.

In contrast to modern humans, where the
m. supinator originates from a bony crest on the lateral
border of the coronoid, in SH ulnar specimens it origi-
nates from a pronounced bony protrusion (Figure 25f).
This protrusion separates and elevates the radial head in
the radial notch of the proximal ulna, creating an axis of

rotation (ulnar diaphysis) distinct from the muscular
insertion in the radial diaphysis, which enables rotational
movement. Additionally, owing to the curved shape of
the radius, it can provide more efficient leverage for supi-
nation movements compared with modern humans.

Finally, SH ulnae have a relatively slender and later-
ally curved shaft (Figure 25c); traits they share with
Neanderthals. Curved bones have been suggested as an
optimal adaptation to internal loads, such as muscle and
weight, as well as external loads. This is due to the carry-
ing effect (Bertram & Biewener, 1988; Lanyon, 1980).
Frost (1973) demonstrated that both morphological and
experimental evidence support the idea that the curva-
ture of long bones improves the predictability of loading.
Additionally, a higher degree of diaphyseal curvature
may result in more powerful rotational movements,
because the entire mass of the forearm bone is situated

FIGURE 25 Sima de los Huesos (SH) ulnae trait definition A, High and Massive olecranon process; B, M. brachialis insertion; C, High

mediolateral curvature in anterior and interosseous view; D, M. pronator quadratus insertion; E, weak interosseous crest; F, Rounded and

developed supinator crest; G, Radial facet; H, Olecranon displaced anteriorly; K, Olecranon notch anteriorly oriented; I, Anteroposterior

curvature in mediolateral view; J, Small styloid process; L, squared olecranon shape in proximal view; M, Ulna head; M1, relatively narrow;

M2, relatively wide; N, Thick cortices; O, supinator crest.

FIGURE 26 M. brachialis location

in Sima de los Huesos (SH) ulnae

(a) and modern humans (b). Scale

bar 5 cm.
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further from the axis of rotation (Galtes et al., 2009;
Yasutomi et al., 2002). In the SH ulnar sample, there
were only three ulnas that exceed 170� in curvature:
UL-XII (172�), UL-VI (173�), and UL X (171�). These
specimens can be included within the lower limits of the
modern human range. Thus, the mean for the SH ulnae
showed that they were more curved than those of
modern humans. The curvature resembles that of
Neanderthals (Figure 27).

It is generally accepted that Neanderthals have
shorter distal limb segments (e.g., radius) than modern
humans relative to their humeral length, and thus a
lower brachial index (but see Holliday, 1997). This lower
brachial index is typically described as a Neanderthal
apomorphy and has been explained as an adaptation to
avoid heat loss and, thus, leads to cold adaptation
(Holliday, 1997; Trinkaus, 1981; Weaver, 2009). At the
SH site, there is currently no clear evidence of a complete
bony association of the entire upper limb, in a single indi-
vidual. Therefore, we can deduce that the radii of the SH
specimens were relatively longer than those of the Nean-
derthals. It is still uncertain whether this difference is
due to climatic adaptation, but the general morphology
of the SH forearm bone is more variable than that of the
Neanderthals; therefore, in our view, genetic drift is a
plausible explanation for the variation in Neanderthal
body shape, as suggested by Weaver (2009). Moreover, it
is important to note that the climate during the afore-
mentioned period was warmer than that during the
Neanderthal era and was similar to the present-day cli-
mate at the Sierra de Atapuerca sites, as demonstrated by

Blain et al. (2009). Additional evidence is required for a
more comprehensive understanding of this phenomenon.

5 | CONCLUSIONS

The recovery of radial and ulnar remains from the
Atapuerca (SH) site, extended the known range of varia-
tion in some traits and confirmed previous observations
regarding the differences and similarities between SH
hominins and Neanderthals. The forearm bones of the
SH specimens already show a Neanderthal morphological
pattern, as has been described for the rest of the upper
limb skeleton (Arsuaga et al., 2015; Carretero et al., 2023;
García-Gonz�alez et al., 2023). The radii of the SH Site
were similar to those of the Neanderthals in most of their
derived traits, except for the robusticity index, in which
the SH was more gracile than the Neanderthals. Addi-
tionally, the radial curvature, neck length, and orienta-
tion of the radial tuberosity of the SH radii were more
variable, with some showing a clear Neanderthal-like
pattern.

The ulnae of SH specimens were similar to the
derived shape of Neanderthals, with a massive and high
olecranon, gracile and curved bones, an anteriorly ori-
ented trochlear notch, a proximal radial notch with a
rhomboidal shape, a blunt and elevated supinator crest,
and the insertion of m. brachialis located distally and
medially.

Overall, the SH forearm had curved ulna and radius
bones that increased the distance between the origin and
the insertion of the m. pronator quadratus and origin,
and the insertion of m. pronator teres, increasing the dis-
tance from the axis of pronation and supination (ulna)
to the radius, thus moving the radial mass further from
the axis of rotation and favoring pronation-supination
movement. The more developed and laterally projected
supinator crest in the ulnae, along with the location
and shape of the radial notch, facilitates this move-
ment. Moreover, the radial tuberosity of m. biceps
brachii is located medially to the interosseous crest,
which improves the maintenance of strength through
the full range of pronation and supination without
losing power during the final phases of supination, as
in Neanderthals (Aiello & Dean, 1990; Pearson &
Grine, 1997; Trinkaus & Churchill, 1988). The ulnar
tuberosity is also located medially to the elbow and in
a more distal position than that in modern humans,
converting m. brachialis into a more efficient flexor,
assisting the m. biceps brachii.

However, the SH ulnae have a pronounced posterior
subtension and a more anterior-facing trochlear notch,
providing greater resistance to joint reaction forces in

FIGURE 27 Ulna lateral curvature in degrees (y-axis).

(1) Modern human sample in green, (2) orange Sima de los Huesos

sample, and (3) purple Neanderthal sample.
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partial flexion of the elbow, suggesting different habitual
behavior, resulting in frequency differences in the habit-
ual position of peak loading, as observed in Neanderthals
by Trinkaus and Churchill (1988).

Finally, the morphology of the forearm bones in indi-
viduals from SH was similar to that of Neanderthals, but
with variations in the frequency of the appearance of
some of these traits, with SH showing greater variation
than Neanderthals. This may indicate that, in our view,
the overall morphology of Neanderthals is more likely a
result of a genetic drift, where Neanderthals retain only
certain traits that are already present in humans from the
SH, rather than being solely an adaptation to the cold cli-
mate, as already pointed out by Weaver (2009), Holton
and Franciscus (2008), Rae et al. (2011), Balzeau et al.
(2023), and Li et al. (2023).
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