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Abstract

Obijectives: Studying rib torsion is crucial for understanding the evolution of the
hominid ribcage. Interestingly, there are variables of the rib cross section that could
be associated with rib torsion and, consequently, with the morphology of the thorax. The
aim of this research is to conduct a comparative study of the shape and mineralized
tissues of the rib cross section in different hominids to test for significant differences
and, if possible, associate them to different thoracic morphotypes.

Materials and Methods: The sample consists of the rib cross sections at the midshaft
taken from 10 Homo sapiens and 10 Pan troglodytes adult individuals, as well as from
A. dfricanus Sts 14. The shape of these rib cross sections was quantified using
geometric morphometrics, while the mineralized tissues were evaluated using the
compartmentalization index. Subsequently, covariation between both parameters
was tested by a Spearman's p test, a permutation test and a linear regression.

Results: Generally, P. troglodytes individuals exhibit rib cross sections that are
rounder and more mineralized compared to those of H. sapiens. However, the covari-

ation between both parameters was only observed in typical ribs (levels 3-10).
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1 | INTRODUCTION

Primates exhibit an important intertaxic locomotor diversity, which is
reflected not only in the variable anatomy of their limbs but also in some
particularities in the rest of their skeleton (Almécija et al., 2021;
Fleagle, 2013; Williams et al., 2023). Given that the ribcage and the lum-
bar spine are the nexus between the shoulder and pelvic girdles, their
configuration is highly related to the mode of locomotion in this group
(Fleagle & Lieberman, 2021). Focusing on the ribcage of current hominid
species, two different thoracic morphotypes have been traditionally
defined according to locomotion as well as breathing kinematics (Bastir
et al., 2017; Gea, 2008; Jellema et al., 1993; Latimer et al., 2016). On the
one hand, the “funnel-shaped” thorax of Pan, Gorilla, and Pongo species,
which is relatively narrower in its cranial part and wider in its caudal part,
is associated with non-bipedal posture and predominant diaphragmatic
breathing with a residual collaboration of other respiratory muscles. On
the other hand, the so-called “barrel-shaped” thorax of Homo sapiens,
which is relatively expanded in its cranial part and narrower in its caudal
part, indicates bipedal posture and breathing kinematics that actively
combine the action of the diaphragm and the intercostal muscles (among
others such as the scalenes or abdominals) (Callison et al., 2019).
Following these distinctions, traditional studies have taken the ribc-
age morphology of Pan troglodytes as a potential reference for modeling
the ribcage of early hominins from the genus Australopithecus
(Schmid, 1983, 1991). On the contrary, recent research suggests that
the ribcage of some well-preserved Australopithecus specimens was
characterized by a configuration closer to that of H. sapiens (Bastir
et al,, 2016; Garcia-Martinez et al., 2021; Haile-Selassie et al., 2010;
Latimer et al., 2016; Schmid et al., 2013; Williams et al., 2018). This is

Although covariation was not found in the rib cross sections of Sts 14, their parame-
ters are closer to P. troglodytes.

Discussion: On the one hand, the differences observed in the rib cross sections
between H. sapiens and P. troglodytes might be related to different degrees of rib
torsion and, consequently, to different thoracic 3D configurations. These findings can
be functionally explained by considering their distinct modes of breathing and
locomotion. On the other hand, although the rib cross sections belonging to Sts
14 are more similar to those of P. troglodytes, previous publications determined that
their overall morphology is closer to modern humans. This discrepancy could reflect a

diversity of post-cranial adaptations in Australopithecus.

compartmentalization index, geometric morphometrics, mineralized tissues, rib cross section,

o The rib cross sections of Pan troglodytes tend to be rounder than that of Homo sapiens.

o In typical ribs, rounder cross sections have a larger mineralized area in P. troglodytes and

e Rib cross sections from Sts 14 are more similar to P. troglodytes than to H. sapiens.

mostly according to rib torsion and declination, which are respectively
defined as (1) the three-dimensional spiraling of the rib shaft and (2) the
degree of rib lowering dependent on the position of the costo-vertebral
joint (Garcia-Martinez et al., 2016). Even though some efforts have
been made in comparing the costal anatomy of these species, there are
other less studied features from both the internal and external costal
anatomy that still need to be addressed.

For example, analyzing the torsion of the rib shaft has been con-
sidered fundamental to understanding the evolution of the hominid
ribcage given its contribution to determining the 3D configuration of
the thorax, mostly via the effects on its depth and flatness (Bastir
et al., 2020; Garcia-Martinez et al., 2016; Garcia-Martinez et al., 2018,
2020, 2021; Latimer et al., 2016; Schmid, 1983, 1991). Interestingly,
rib torsion in hominids has been linked to other costal variables such
as rib cross-sectional anatomy since ribs with rounder cross sections
apparently present less torsion than those with flattened cross sec-
tions (Franciscus & Churchill, 2002; Garcia-Martinez et al., 2018;
Gomez-Olivencia et al., 2009; Latimer et al., 2016; Schmid, 1983,
1991). Complementing these analyses, the morphology of the entire
rib has been linked to covariation between the shape and the percent-
age of mineralized area (% Min. Ar.) of the rib cross section at the mid-
shaft such that the shape of the rib cross sections would be rounder
in those with larger % Min. Ar. However, up to now, it has only been
tested in the first rib (Garcia-Martinez et al., 2017).

In this regard, recent research by Lopez-Rey et al. (2022) observed
that the % Min. Ar. of the rib cross sections at the midshaft is higher in
adult P. troglodytes than in adult H. sapiens, such as expected given the
systemic gracility of the modern human skeleton (Chirchir et al., 2015).
This would be in line with previous observations that the rib cross
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sections at the midshaft may be expected to be rounder in adult
P. troglodytes compared to adult H. sapiens (Latimer et al., 2016;
Schmid, 1983, 1991). Nevertheless, there are no studies that statistically
test for differences in the shape of the rib cross sections at the midshaft
as well as its covariation with the % Min. Ar. between H. sapiens and P.
troglodytes. If found, this potential covariation could represent a biome-
chanical compromise between ribs and muscle attachments given that
bone modeling and remodeling are closely dependent on bone exposure
to mechanical stresses (Allen & Burr, 2014; Barak, 2019). As mechanical
stimuli change during ontogeny under physiological constraints related
to growth and development, the shape might covary with the minerali-
zation of the rib cross sections at the midshaft until adulthood
(Beresheim et al., 2019; Carter, 1987; Kivell, 2016). Additionally, Lopez-
Rey et al. (2022) also observed that the % Min. Ar. of Australopithecus
dfricanus Sts 14 cross sections from ribs 7-9 (Sts 14w, Ward
et al., 2020) is closer to H. sapiens than to P. troglodytes, potentially indi-
cating similar lower thorax breathing kinematics between this fossil
specimen and modern humans. However, because mineralization is also
affected by ontogeny, biomechanical explanations could be biased since
this specimen did not reach full maturity (Bonmati et al., 2008).

Thus, this study aims to test for significant differences in the
shape of the rib cross sections at the midshaft belonging to H. sapiens
and P. troglodytes adult individuals and those of A. africanus specimen
Sts 14 as well. In addition, we also test whether shape covaries
with the percentage of mineralized area (% Min. Ar.) described by
Lopez-Rey et al. (2022). In order to achieve these goals, we have

formulated the following hypotheses:

1. Rib cross sections at the midshaft are rounder in P. troglodytes than
in H. sapiens adult individuals because of the lower rib torsion of
P. troglodytes ribs.

2. Rounder rib cross sections at the midshaft tend to have a higher %
Min. Ar. than mid-laterally flattened ones in response to their
greater exposure to mechanical stimuli.

3. The shape and covariation pattern of the rib cross sections at the
midshaft belonging to specimen Sts 14 are closer to P. troglodytes
adult individuals due to its incomplete skeletal growth.

2 | MATERIALS AND METHODS

The proposed hypotheses were tested using the sample described
by Lépez-Rey et al. (2022), which consists of 255 rib cross sections
at the midshaft selected from the complete set of ribs (levels 1-12)
of 10 H. sapiens (N = 120 ribs) and 10 P. troglodytes (N = 130 ribs)
adult individuals, as well as from five fossil ribs of A. africanus Sts
14 catalogued as Sts 14x, Sts 14y, and Sts 14w (Ward et al., 2020).
These fossil ribs were sorted in the costal series of specimen Sts
14 by Lopez-Rey et al. (2022) according to their tubercle-iliocostal
line distance (Franciscus & Churchill, 2002) and were tentatively
identified as costal levels 6, 5, and 7-9, respectively. Further infor-
mation on the taxonomy, sex and origin of the whole sample is
provided in Table S1.

e WILEY- |

Firstly, the shape of each rib cross section was quantified by 2D

geometric morphometrics. The whole sample was measured in accor-
dance to standard workflows in geometric morphometrics (Bastir
et al., 2019) by Viewbox 4.0 software (dHAL software, Kifissia,
Greece) using a reference model (template) of 16 points: four land-
marks and 12 semilandmarks distributed in four curves (Figure 1). As a
result of their uncertain location, we applied a “sliding” process to the
semilandmarks along the tangent vectors of their corresponding
curves in order to minimize shape variation derived from their arbi-
trary position. This process also minimized the bending energy
required for shape deformation of each sample in comparison into the
template (Gunz et al., 2005; Gunz & Mitteroecker, 2013).

Later, the whole sample was subjected to a generalized Procrus-
tes analysis (GPA) to apply translation, rotation, and scaling for remov-
ing any variation not related to the shape. Then the shape of the rib
cross sections at the midshaft was explored by a principal component
analysis (PCA) in shape space (Mitteroecker & Gunz, 2009). The varia-
tion in shape was visualized along the principal component 1 (PC1)
and PC2 as these two components combined account for more than
80% of the total variability in the sample. The scatterplot shown in
Figure 2 was carried out using MorphoJ software (University of
Manchester, United Kingdom; Klingenberg, 2011). To compare the
inter and intraspecific distribution of the PC1 and PC2 scores, we
performed the following statistical tests using Past 4.03 software
(University of Oslo, Norway; Hammer et al., 2001). To begin with, we
tested the normality of these scores by a Kolmogorov-Smirnov test
(Lilliefors correction) and, setting 0.05 as our limit for significance, we
found that there is statistical evidence to reject the normal distribu-
tion of the scores at PC2 (p = 0.001), but not at PC1 (p = 0.2). The
inter and intraspecific distribution of the rib cross sections along PC1
and PC2 was subsequently tested by splitting the costal series of
species H. sapiens and P. troglodytes into two groups: typical (costal
levels 3-10) and atypical ribs (costal levels 1, 2, 11, and 12, also 13 in
P. troglodytes). This traditional division is supported by differences
in costal position, external morphology, muscular attachments and
contributions to breathing kinematics (Graeber & Nazim, 2007;
Gray, 1918). Once these groups were settled, we ran a Kruskal-Wallis
test that confirmed the different distribution of their scores along
PC1 (p < 0.001) and PC2 (p < 0.001). Next, a Dunn-Bonferroni post
hoc analysis was executed in order to determine the groups whose
PC1 and PC2 scores have a different distribution (Table 1).

We also tested whether there is a covariation between the gen-
eral shape of the rib cross sections at the midshaft (quantified using
the PC1 scores) and their corresponding percentage of mineralized
area (% Min. Ar.), which was described for this sample by Lépez-Rey
et al. (2022) using the compartmentalization index (Comp. Index).

X

lization i _
Compartmentalization index 100 —x

Based on the histomorphological bone analyses of Cambra-Moo
et al. (2014), the Comp. Index is a parameter calculated as the

ratio between the percentage of mineralized (% Min. Ar., x) and
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pleural side
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cutaneous side

Caudal end

Principal Component 2

FIGURE 1 Template of
digitalization with the landmarks
(named and colored in black) and
sliding curve semilandmarks
(colored in white) used to
describe the rib cross sections of
the whole sample. The rib imaged
in this figure was previously
published by Graeber and

Nazim (2007).

; SPECIES
| ® Homo sapiens

FIGURE 2  Scatterplot showing the
relationship of the studied rib cross
sections at the principal component

1 (PC1)-PC2 in shape space. Eighty-five
percent confidence ellipses for the scores
of species Homo sapiens and Pan
troglodytes are also included. The
accompanying visualizations show the
shape of the rib cross sections at the
extremes of both axes.

| @ Pan troglodytes

Principal Component 1

TABLE 1 Dunn-Bonferroni post hoc analysis.

Costal group Typical Homo sapiens
PC1 Typical H. sapiens - 1.000
Atypical H. sapiens - -

Typical P. troglodytes - -

Atypical P. troglodytes
Sts 14 - -
PC2 Typical H. sapiens - 0.000
Atypical H. sapiens - -
Typical P. troglodytes = -

Atypical P. troglodytes
Sts 14 - -

Atypical H. sapiens

Typical Pan troglodytes Atypical P. troglodytes Sts 14

0.000 0.002 0.003
0.000 0.001 0.001
- 0.000 1.000
- - 0.358
0.000 0.000 1.000
0.588 0.012 0.002
= 0.766 0.021
= = 0.189

Note: p values are adjusted for multiple comparisons. Those who are significant, remarked in bold, indicate statistical differences between groups.

non-mineralized areas (% nMin. Ar, 100-x) of a bone section.
Graphically, the Comp. Index exhibits a non-linear behavior with two
asymptotes (y = 0, x = 100) and enables a clear visualization of the
mineralization differences for % Min. Ar. values from 50% onwards.
Next, the normality of the PC1 scores and the Comp. Index was
studied by the Kolmogorov-Smirnov test (Lilliefors correction), which
determined that there is statistical evidence to reject a normal distri-
bution of the Comp. Index (p = 0.001), but not of the PC1 scores

(p = 0.2). After that, covariation between the PC1 scores and the
Comp. Index was tested in accordance to the costal groups (typical
and atypical ribs) of each species (H. sapiens, P. troglodytes and A.
africanus) by a Spearman's rho (p) test and a permutation test (number
of randomization rounds = 10,000). Significant covariations were
finally interpreted by a linear regression between the PC1 scores and
the Comp. Index (Figure 3). All these analyses were also performed

using MorpholJ and Past 4.03 software.
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FIGURE 3 Linear regression
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3 | RESULTS

On the one hand, PC1 reflects variations related to the overall config-
uration of the rib cross sections across serial levels and explains
72.18% of the total shape variation of the sample. Negative PC1 scores
are related to rounder rib cross sections and positive PC1 scores
to mid-laterally flattened rib cross sections. Despite a large overlap,
Dunn-Bonferroni post hoc test found significant interspecific
differences in the distribution of the PC1 scores belonging to H. sapiens
and P. troglodytes along PC1. Generally, P. troglodytes individuals show
rounder rib cross sections than H. sapiens. Significant intraspecific
differences between the typical and atypical rib cross sections were
only found in P. troglodytes. This indicates that the morphological vari-
ability of their rib cross sections is greater as they have a wide range of
exclusive negative PC1 scores, mainly from typical rib cross sections,
that do not overlap with those belonging to modern humans. This is
valid except for the outlier rib cross section of costal level 12 form
individual ID 87, PC1 score = —0.207. The PC1 scores for the five Sts
14 rib cross sections are negative, close to each other and only statisti-
cally different from that of H. sapiens (Figure 2, Table 1).

On the other hand, PC2 represents variations linked to the pleural
and cutaneous outlines of the rib cross sections and explains 8.53% of
the total shape variation. While negative PC2 scores are related to rib
cross sections with greater curvature on its cutaneous side than on its
pleural side, positive values mean the opposite. Although variation in
PC2 could indicate the presence or absence of the costal groove, it
was not further explored as the explanation of the total shape varia-
tion is much lower in PC2 than in PC1 (Figure 2, Table 1).

The p value obtained for the Spearman's rho (p) and permutation
tests was below 0.05 for the typical rib cross sections of H. sapiens
(p =—-0.372 / permutation score = —0.369) and P. troglodytes
(0 = —0.368 / permutation score = —0.327), so there is statistical
support for accepting the covariation between the PC1 scores and
the Comp. Index only in these groups of ribs. The covariation between
the PC1 scores and the Comp. Index belonging to the typical rib cross
sections of modern humans and chimpanzees can be graphically
observed in Figure 3. This linear regression (p < 0.001) suggests that
rounder rib cross sections such as seen in P. troglodytes have a higher

Compartmentalization index

Comp. Index and, consequently, a higher % Min. Ar. Scores belonging
to Sts 14 were also included to highlight that covariation was not
significant in the rib cross sections of this specimen because of the
higher mineralization of ribs Sts 14x and Sts 14y.

4 | DISCUSSION

As proposed in previous publications (Latimer et al., 2016; Schmid, 1983,
1991), we found that rib cross sections at the midshaft are generally
rounder in adult P. troglodytes than in adult H. sapiens individuals, which
confirms our first hypothesis. However, the morphological variability
found in P. troglodytes seems to be greater than that of H. sapiens since
chimpanzees present both rounder and mid-laterally flattened rib cross
sections in their typical and atypical ribs, respectively. In contrast, both
types of ribs have mid-laterally flattened cross sections in adult modern
humans (Figure 2, Table 1). The increased precision of our findings can be
attributed to the implementation of 2D geometric morphometrics to the
study of the rib cross sections, something that was tentatively done
by Garcia-Martinez et al. (2017) and that improves on the traditional
measurements performed by previous research (Franciscus &
Churchill, 2002).

To test whether there is a relationship between the outlines and
mineralization of the rib cross sections exists, which is our second
hypothesis, we compared covariation between the shape and the per-
centage of mineralized area (% Min. Ar.) of the sample. Our results
show that, in the typical ribs of adult H. sapiens and adult P. troglodytes
individuals, rounder rib cross sections tend to have a higher % Min.
Ar. than do mid-laterally flattened ones (Figure 3). No covariation was
found in the atypical ribs of the two species, which may indicate
different geometric requirements because of the specific morphology,
position and function of these bones in the ribcage (Graeber &
Nazim, 2007; Gray, 1918). These results support the traditional divi-
sion between typical and atypical ribs from a new perspective that
includes inter and intraspecific analyses of the rib cross sections at
the midshaft.

Although there is a systemic gracility in the modern human

skeleton compared to P. troglodytes, other hominins and even Upper
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Paleolithic H. sapiens (Chirchir et al., 2015), Ryan and Shaw (2015)

noted that mineralization in modern human weight-bearing bones

with higher physical activity can be similar to that of primates such as P.
troglodytes. However, Tommerup et al. (1993) concluded that direct load-
ing on weight-bearing bones such as the femur has no effect on ribs.
Thus, differences in shape and % Min. Ar. between the typical rib cross
sections of H. sapiens and P. troglodytes might respond to their local load-
ing environment, which might be related to the particular modes of
breathing and locomotion they are adapted to. Indeed, firstly, the breath-
ing of adult H. sapiens actively combines the diaphragmatic action with
that of other respiratory muscles compared to P. troglodytes, where
breathing is predominantly diaphragmatic (Callison et al., 2019;
Gea, 2008). Secondly, the bipedal locomotion of H. sapiens entails that
the weight of the head, neck, and arms pass through the spinal column,
so it has no effect on chest wall biomechanics. On the contrary, the
knuckle-walking locomotion of P. troglodytes entails that the weight of
the head, neck, and upper thorax pass through the upper ribs to the fore-
limbs (Callison et al., 2019; Casha et al., 2015). This would imply that
both the lower and upper ribs of P. troglodytes are potentially more
exposed to local mechanical stresses than are the ribs of H. sapiens,
which may explain the differences between their rib cross sections
(Beresheim et al., 2019; Carter, 1987; Kivell, 2016; Ruff et al., 2006) and,
consequently, the overall 3D shape of their thoraces (Bastir et al., 2017;
Gea, 2008; Jellema et al., 1993; Latimer et al., 2016).

Regarding the A. africanus specimen Sts 14, the shape and the
covariation pattern of its rib cross sections at the midshaft are closer to
P. troglodytes than to H. sapiens, as we proposed in the third hypothesis.
Even though the five rib cross sections of this specimen have a similar,
rounded shape (Figure 2), the position of their corresponding PC1 scores
in Figure 3 is heterogeneous because of the higher mineralization of ribs
Sts 14x (costal level 6) and Sts 14y (costal level 5) compared to Sts 14w
(costal levels 7-9). To interpret these results, the incomplete skeletal
growth of specimen Sts 14 (Bonmati et al., 2008) should be taken into
consideration given that the shape and % Min. Ar of the rib cross sec-
tions at the midshaft change with ontogeny. Specifically, early stages of
growth and development are linked to rounder and more mineralized rib
cross-sections (Beresheim et al, 2019; Garcia-Martinez et al., 2016,
2017, 2023). Hence, although our results might indicate that the rib mor-
phology of Sts 14 is similar to that of P. troglodytes based on their rib
cross sections (Franciscus & Churchill, 2002; Garcia-Martinez
et al., 2018; Gémez-Olivencia et al., 2009; Schmid, 1983, 1991), previous
publications determined that the rib torsion and declination is closer to
modern humans not only in Sts 14 (Ward et al., 2020) but also in other
Australopithecus specimens with different states of maturity like KSD-
VP-1/1 (A. dfarensis) (Haile-Selassie et al., 2010; Latimer et al., 2016),
MH1 and MH2 (A. sediba) (Schmid et al., 2013; Williams et al., 2018).
Alternatively, as stated for other post-cranial elements (Prabhat
et al., 2021), Australopithecus species could demonstrate a wide range of
costal features such as a chimpanzee-like rib cross-sectional anatomy
and a modern human-like rib torsion and declination. This would indicate
potentially opposed selective pressures acting over locomotion and
breathing, such as seen in other post-cranial elements like the (meta)tar-
sus and pedal phalanges (Ward, 2013). Future research should study the

shape and % Min. Ar of the rib cross sections at the midshaft belonging
to Australopithecus specimens with different states of maturity in order

to confirm this hypothesis.

5 | CONCLUSIONS

The shape of the rib cross sections at the midshaft tend to be rounder
in adult Pan troglodytes than in adult Homo sapiens individuals. More-
over, there is a covariation between the shape and percentage of min-
eralized area (% Min. Ar.) of the cross section from typical ribs in both
species, such that rounder typical rib cross sections are associated
with a larger % Min. Ar. than mid-laterally flattened ones. It is also
important to state that, although the shape and covariation pattern of
the five studied rib cross sections (costal levels 5-9) of Australopithe-
cus dfricanus Sts 14 are similar to P. troglodytes, previous publications
determined that the overall morphology of Sts 14 ribs is closer to
modern humans. This discrepancy could reflect a diversity of adapta-
tions in the post-cranial skeleton of Australopithecus.

AUTHOR CONTRIBUTIONS

José M. Lépez-Rey: Conceptualization (supporting); formal analysis
(lead); funding acquisition (lead); investigation (lead); methodology
(equal); resources (equal); software (supporting); validation (equal); visuali-
zation (equal); writing - original draft (lead); writing - review and editing
(equal). Markus Bastir: Formal analysis (equal); funding acquisition (equal);
investigation (equal); methodology (equal); software (equal); supervision
(equal); writing - review and editing (equal). Oscar Cambra-Moo: Con-
ceptualization (lead); data curation (lead); formal analysis (equal); funding
acquisition (equal); investigation (equal); methodology (equal); project
administration (equal); resources (equal); supervision (equal); validation
(equal); visualization (equal); writing - original draft (supporting);
writing - review and editing (equal). Nieves Candelas Gonzalez: Data
curation (lead); writing - review and editing (equal). Marine Cazenave:
Formal analysis (supporting); methodology (supporting); writing - review
and editing (equal). Daniel Garcia-Martinez: Conceptualization (lead); data
curation (supporting); formal analysis (lead); funding acquisition (equal);
investigation (lead); methodology (lead); project administration (equal);
resources (equal); software (equal); supervision (lead); validation (lead);
visualization (lead); writing - original draft (supporting); writing -
review and editing (equal). Armando Gonzalez Martin: Conceptuali-
zation (supporting); data curation (lead); methodology (supporting);
supervision (supporting); writing - review and editing (equal).
Angeles Sanchez-Andrés: Data curation (lead); writing - review and
editing (equal). Mirriam Tawane: Data curation (lead); writing -
review and editing (equal). Scott A. Williams: Supervision (equal); vali-

dation (equal); visualization (equal); writing - review and editing (equal).

ACKNOWLEDGMENTS

The authors thank Belén Notario and David Larreina from the microto-
mography laboratory of the CENIEH for their assistance in the micro-
CT scanning of the human sample. Authors also thank Marisa Surovy,

Eleanor Hoeger, Neil Duncan, Morgan Chase, lan Tattersall, Sergio

95U8017 SUOLLLLIOD aAIER.D) 9|dedl(dde au Aq peusenob afe sapiLe YO ‘8sn Jo Sejnl 10} Alg1 8UIUO 4|1 UO (SUOTIPUOI-PUR-SWLB)/LL0D A8 (1M AeJg 1 BUI|UO//:Schiy) SUONIPUOD pue SWie 1 8U) 88S *[720z/c0/Gz] Uo Arlqiauljuo AB(Im ‘8oL Ag vy8rzedie/z00T 0T/10p/wod Ao Im Arelq i puljuoy//sdny Wolj papeojumod ‘T ‘120z ‘T69.2692



LOPEZ-REY ET AL.

Almécija, and Ashley Hammond from the AMNH for providing access,
support, and assistance during the micro-CT scanning of the chimpan-
zee sample; and the NECSA's microtomography laboratories for their
assistance in the micro-CT scanning of the Sts 14 specimen. We also
acknowledge the DST-NRF for financial support (grant #UID23456) to
establish the MIXRAD microfocus x-ray tomography facility at NECSA.
This project is funded by the Leakey Foundation (ID: 38360; Covaria-
tion of internal and external costal anatomy and its importance for
understanding the evolution of the human thorax) and is linked to the
projects HAR2016-78036-P, HAR2016-74846-P, HAR2017-82755-P,
HAR2017-83004-P (Spanish Ministry of Economy, Industry and
Competitivity) and PGC2018-099405-B-100 (Spanish Ministry of Sci-
ence and Innovation). Grant PID2020-115854GB-100 to Markus Bastir is
funded by MCIN/AEI/10.13039/501100011033 (Spanish Ministry of
Science and Innovation). The “JAE Intro” program (JAEINT20_EX_0776),
from the Consejo Superior de Investigaciones Cientificas (CSIC), funds
José M. Lépez-Rey and the “Juan de la Cierva Formacién” program
(FJCI-2017-32157), from the Spanish Ministry of Science and Innova-
tion, funds Daniel Garcia-Martinez.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available upon
reasonable request from the corresponding author. The data are not
publicly available due to privacy or ethical restrictions.

ORCID

José M. Lopez-Rey " https://orcid.org/0000-0002-0148-5666
https://orcid.org/0000-0001-9216-1220
Nieves Candelas Gonzdlez "> https://orcid.org/0000-0001-9978-5407
https://orcid.org/0000-0001-7194-5958

https://orcid.org/0000-0002-3141-3401

Armando Gonzdlez Martin

Marine Cazenave
Markus Bastir

REFERENCES

Allen, M. R., & Burr, D. B. (2014). Bone modeling and remodeling. In D. B.
Burr & M. R. Allen (Eds.), Basic and applied bone biology (pp. 75-90).
Academic Press.

Almécija, S., Hammond, A. S., Thompson, N. E., Pugh, K. D., Moya-
Sol3, S., & Alba, D. M. (2021). Fossil apes and human evolution. Sci-
ence, 372(6542), eabb4363. https://doi.org/10.1126/science.abb4363

Barak, M. M. (2019). Bone modeling or bone remodeling: That is the ques-
tion. American Journal of Physical Anthropology, 172(2), 153-155.
https://doi.org/10.1002/ajpa.23966

Bastir, M., Garcia-Martinez, D., Torres-Tamayo, N., Palancar, C,
Fernandez-Pérez, F. J., Riesco-Lépez, A., Osborne-Marquez, P.,
Avila, M., & Lépez-Gallo, P. (2019). Workflows in a virtual morphology
lab: 3D scanning, measuring, and printing. Journal of Anthropological
Sciences, 97, 1-28. https://doi.org/10.4436/jass.97003

Bastir, M., Garcia-Martinez, D., Torres-Tamayo, N., Palancar, C. A, Beyer, B.,
Barash, A, Villa, C., Sanchis-Gimeno, J. A, Riesco-Lépez, A, Nalla, S.,
Torres-Sanchez, 1., Garcia-Rio, F., Been, E., Gomez-Olivencia, A.,
Haeusler, M., Williams, S. A., & Spoor, F. (2020). Rib cage anatomy in
Homo erectus suggests a recent evolutionary origin of modern human
body shape. Nature Ecology and Evolution, 4(9), 1178-1187. https://doi.
org/10.1038/s41559-020-1240-4

Bastir, M., Garcia-Martinez, D., Torres-Tamayo, N., Sanchis-Gimeno, J. A,,
O'Higgins, P., Utrilla, C., Torres Sanchez, ., & Garcia Rio, F. (2017). In
vivo 3D analysis of thoracic kinematics: Changes in size and shape

e WILEY-|

during breathing and their implications for respiratory function
in recent humans and fossil hominins. Anatomical Record, 300(2),
255-264. https://doi.org/10.1002/ar.23503

Bastir, M., Martinez, D. G., Williams, S. A,, Nalla, S., Eyre, J., Oishi, M.,
Ogihara, N., Churchill, S. E., Berger, L., & Schmid, P. (2016). Preliminary
findings of 3D analyses of the costal remains of Australopithecus sediba
(p. 9). Paleoanthropology Society.

Beresheim, A. C., Pfeiffer, S., & Grynpas, M. (2019). Ontogenetic changes
to bone microstructure in an archaeologically derived sample of
human ribs. Journal of Anatomy, 236(3), 448-462. https://doi.org/10.
1111/joa.13116

Bonmati, A, Arsuaga, J. L., & Lorenzo, C. (2008). Revisiting the develop-
mental stage and age-at-death of the “Mrs. Ples” (Sts 5) and Sts
14 specimens from Sterkfontein (South Africa): Do they belong to the
same individual? Anatomical Record, 291(12), 1707-1722. https://doi.
org/10.1002/ar.20795

Callison, W. E., Holowka, N. B., & Lieberman, D. E. (2019). Thoracic
adaptations for ventilation during locomotion in humans and other
mammals. Journal of Experimental Biology, 222(21), jeb189357. https://
doi.org/10.1242/jeb.189357

Cambra-Moo, O., Nacarino Meneses, C., Rodriguez Barbero, M. A., Garcia
Gil, O., Rascon Pérez, J., Rello-Varona, S., D'Angelo, M., Campo
Martin, M., & Gonzélez Martin, A. (2014). An approach to the histo-
morphological and histochemical variations of the humerus cortical
bone through human ontogeny. Journal of Anatomy, 224(6), 634-646.
https://doi.org/10.1111/joa.12172

Carter, D. R. (1987). Mechanical loading history and skeletal biology. Jour-
nal of Biomechanics, 20(11-12), 1095-1109. https://doi.org/10.1016/
0021-9290(87)90027-3

Casha, A. R, Camilleri, L., Manché, A., Gatt, R., Attard, D., Gauci, M.,
Camilleri-Podesta, M. T., McDonald, S., & Grima, J. N. (2015). Exter-
nal rib structure can be predicted using mathematical models: An
anatomical study with application to understanding fractures and
intercostal muscle function. Clinical Anatomy, 28(4), 512-519.
https://doi.org/10.1002/ca.22513

Chirchir, H., Kivell, T. L., Ruff, C. B., Hublin, J. J., Carlson, K. J., Zipfel, B., &
Richmond, B. G. (2015). Recent origin of low trabecular bone density
in modern humans. Proceedings of the National Academy of Sciences,
112(2), 366-371. https://doi.org/10.1073/pnas.1411696112

Fleagle, J. G. (2013). Primate adaptation and evolution. Academic Press.

Fleagle, J. G., & Lieberman, D. E. (2021). 15 major transformations in
the evolution of primate locomotion. In K. P. Dial, N. Shubin, & E. L.
Brainerd (Eds.), Great transformations in vertebrate evolution
(pp. 257-280). University of Chicago Press.

Franciscus, R. G., & Churchill, S. E. (2002). The costal skeleton of Shanidar
3 and a reappraisal of Neandertal thoracic morphology. Journal of Human
Evolution, 42(3), 303-356. https://doi.org/10.1006/jhev.2001.0528

Garcia-Martinez, D., Bastir, M., Gomez-Olivencia, A., Maureille, B.,
Golovanova, L., Doronichev, V., Akazawa, T., Kondo, O., Ishida, H.,
Gascho, D., Zollikofer, C. P. E., Ponce de Leén, M., & Heuzé, Y. (2020).
Early development of the Neanderthal ribcage reveals a different body
shape at birth compared to modern humans. Science Advances, 6(41),
eabb4377. https://doi.org/10.1126/sciadv.abb4377

Garcia-Martinez, D., Garcia-Gil, O., Cambra-Moo, O., Canillas, M.,
Rodriguez, M. A,, Bastir, M., & Gonzélez-Martin, A. (2017). External and
internal ontogenetic changes in the first rib. American Journal of Physical
Anthropology, 164(4), 750-762. https://doi.org/10.1002/ajpa.23313

Garcia-Martinez, D., Lépez-Rey, J. M., Gil, O. G., Cambra-Moo, O.,
Notario, B., Torres-Sanchez, |, Garcia-Rio, F. Bastir, M. &
Martin, A. G. (2023). How accurate are medical CT and micro-CT tech-
niques compared to classical histology when addressing the growth of
the internal rib parameters? Anthropologischer Anzeiger, 80(3), 307-
316. https://doi.org/10.1127/anthranz/2023/1617

Garcia-Martinez, D., Radov¢ié, D., Radov¢ic, J., Cofran, Z., Rosas, A., & Bastir, M.
(2018). Over 100 years of Krapina: New insights into the Neanderthal

85UB0| 7 SUOLILLIOD BAIER. 3|deotdde 8y Aq peusenob are e e YO ‘88N Jo s8N 10} Areiq18uljuO AB|1/W UO (SUORIPUOD-PUE-SWBY/LLIOD A8 | IM" ARe.q)1BuUO//StY) SUORIPUOD puUe SWB | 8U3 88S *[7202/20/52] Uo A%iqi8ulluo /8|IM ‘881 Aq vi8rzedfe/z00T 0T/10p/L0o A8| im Areiq Ul |uo//Sdpy Wo.y papeojumoq ‘T ‘202 ‘T69.2692


https://orcid.org/0000-0002-0148-5666
https://orcid.org/0000-0002-0148-5666
https://orcid.org/0000-0001-9216-1220
https://orcid.org/0000-0001-9216-1220
https://orcid.org/0000-0001-9978-5407
https://orcid.org/0000-0001-9978-5407
https://orcid.org/0000-0001-7194-5958
https://orcid.org/0000-0001-7194-5958
https://orcid.org/0000-0002-3141-3401
https://orcid.org/0000-0002-3141-3401
https://doi.org/10.1126/science.abb4363
https://doi.org/10.1002/ajpa.23966
https://doi.org/10.4436/jass.97003
https://doi.org/10.1038/s41559-020-1240-4
https://doi.org/10.1038/s41559-020-1240-4
https://doi.org/10.1002/ar.23503
https://doi.org/10.1111/joa.13116
https://doi.org/10.1111/joa.13116
https://doi.org/10.1002/ar.20795
https://doi.org/10.1002/ar.20795
https://doi.org/10.1242/jeb.189357
https://doi.org/10.1242/jeb.189357
https://doi.org/10.1111/joa.12172
https://doi.org/10.1016/0021-9290(87)90027-3
https://doi.org/10.1016/0021-9290(87)90027-3
https://doi.org/10.1002/ca.22513
https://doi.org/10.1073/pnas.1411696112
https://doi.org/10.1006/jhev.2001.0528
https://doi.org/10.1126/sciadv.abb4377
https://doi.org/10.1002/ajpa.23313
https://doi.org/10.1127/anthranz/2023/1617

LOPEZ-REY ET AL.

9 | WiLEy- ErE

thorax from the study of rib cross-sectional morphology. Journal of Human
Evolution, 122, 124-132. https://doi.org/10.1016/j.jhevol.2018.05.009

Garcia-Martinez, D., Recheis, W., & Bastir, M. (2016). Ontogeny of 3D rib
curvature and its importance for the understanding of human thorax
development. American Journal of Physical Anthropology, 159(3),
423-431. https://doi.org/10.1002/ajpa.22893

Garcia-Martinez, D., Williams, S. A., Berger, L. R,, & Bastir, M. (2021).
Comparative anatomy of the upper ribs and vertebrae of MH1 (Austra-
lopithecus sediba) from a 3D geometric morphometrics approach.
PaleoAnthropology, 2021, 1-184.

Gea, J. (2008). La especie humana: un largo camino para el sistema respira-
torio. Archivos de Bronconeumologia, 44(5), 263-270. https://doi.org/
10.1157/13119942

Gbémez-Olivencia, A., Eaves-Johnson, K. L. Franciscus, R. G,
Carretero, J. M., & Arsuaga, J. L. (2009). Kebara 2: New insights
regarding the most complete Neandertal thorax. Journal of Human Evo-
lution, 57(1), 75-90. https://doi.org/10.1016/j.jhevol.2009.02.009

Graeber, G. M., & Nazim, M. (2007). The anatomy of the ribs and the ster-
num and their relationship to chest wall structure and function. Tho-
racic Surgery Clinics, 17(4), 473-489. https://doi.org/10.1016/j.
thorsurg.2006.12.010

Gray, H. (1918). Anatomy of the human body. Lea and Febiger.

Gunz, P., & Mitteroecker, P. (2013). Semilandmarks: A method for quanti-
fying curves and surfaces. Hystrix, The Italian Journal of Mammalogy,
24(1), 103-109. https://doi.org/10.4404/hystrix-24.1-6292

Gunz, P., Mitteroecker, P., & Bookstein, F. L. (2005). Semilandmarks in
three dimensions. In D. E. Slice (Ed.), Modern morphometrics in physical
anthropology (pp. 73-98). Springer.

Haile-Selassie, Y., Latimer, B. M., Alene, M., Deino, A. L., Gibert, L.,
Melillo, S. M., Saylor, B. Z., Scott, G. R., & Lovejoy, C. O. (2010). An
early Australopithecus afarensis postcranium from Woranso-Mille,
Ethiopia. Proceedings of the National Academy of Sciences, 107(27),
12121-12126. https://doi.org/10.1073/pnas.1004527107

Hammer, @., Harper, D. A. T., & Ryan, P. D. (2001). PAST: Paleontological
statistics software package for education and data analysis. Palaeonto-
logia Electronica, 4(1), 9.

Jellema, L. M., Latimer, B., & Walker, A. (1993). The rib cage. In A. Walker &
R. E. Leakey (Eds.), The Nariokotome Homo erectus skeleton (pp. 294-
325). Harvard University Press.

Kivell, T. L. (2016). A review of trabecular bone functional adaptation:
What have we learned from trabecular analyses in extant hominoids
and what can we apply to fossils? Journal of Anatomy, 228(4), 569-
594. https://doi.org/10.1111/joa.12446

Klingenberg, C. (2011). MorphoJ: An integrated software package for geo-
metric morphometrics. Molecular Ecology Resources, 11(2), 353-357.
https://doi.org/10.1111/j.1755-0998.2010.02924.x

Latimer, B. M., Lovejoy, C. O., Spurlock, L., & Haile-Selassie, Y. (2016). The tho-
racic cage of KSD-VP-1/1. In Y. Haile-Selassie & D. F. Su (Eds.),
The postcranial anatomy of Australopithecus afarensis (pp. 143-153).
Springer.

Lépez-Rey, J. M., Cambra-Moo, O. Gonzidlez Martin, A. Candelas
Gonzalez, N., Sanchez-Andrés, A., Tawane, M. Cazenave, M,
Williams, S. A., Bastir, M., & Garcia-Martinez, D. (2022). Mineral con-
tent analysis in the rib cross sections of Homo sapiens and pan troglo-
dytes and its implications for the study of Sts 14 costal remains.
American Journal of Biological Anthropology, 177(4), 784-791. https://
doi.org/10.1002/ajpa.24491

Mitteroecker, P., & Gunz, P. (2009). Advances in geometric morphomet-
rics. Evolutionary Biology, 36(2), 235-247. https://doi.org/10.1007/
$11692-009-9055-x

Prabhat, A. M., Miller, C. K, Prang, T. C., Spear, J., Williams, S. A, &
DeSilva, J. M. (2021). Homoplasy in the evolution of modern human-
like joint proportions in Australopithecus afarensis. elife, 10, e65897.
https://doi.org/10.7554/eLife.65897

Ruff, C., Holt, B., & Trinkaus, E. (2006). Who's afraid of the big bad Wolff?:
“Wolff's law” and bone functional adaptation. American Journal of Physical
Anthropology, 129(4), 484-498. https://doi.org/10.1002/ajpa.20371

Ryan, T. M., & Shaw, C. N. (2015). Gracility of the modern Homo sapiens
skeleton is the result of decreased biomechanical loading. Proceedings
of the National Academy of Sciences, 112(2), 372-377. https://doi.org/
10.1073/pnas.1418646112

Schmid, P. (1983). A reconstruction of the skeleton of a.L. 288-1 (Hadar)
and its consequences. Folia Primatologica, 40(4), 283-306. https://doi.
org/10.1159/000156111

Schmid, P. (1991). Le tronc des Australopithecinae. In B. Senut & Y. Cop-
pens (Eds.), Origine(s) de la bipedie chez les hominides (Cahier de Paléoan-
thropologie) (pp. 225-234). Editions du CNRS.

Schmid, P., Churchill, S. E., Nalla, S., Weissen, E., Carlson, K. J., de
Ruiter, D. J., & Berger, L. R. (2013). Mosaic morphology in the thorax
of Australopithecus sediba. Science, 340(6129), 1234598. https://doi.
org/10.1126/science.1234598

Tommerup, L. J., Raab, D. M., Crenshaw, T. D., & Smith, E. L. (1993). Does
weight-bearing exercise affect non-weight-bearing bone? Journal of
Bone and Mineral Research, 8(9), 1053-1058. https://doi.org/10.1002/
jbmr.5650080905

Ward, C. V. (2013). Postural and locomotor adaptations of Australopithe-
cus species. In E. Kaye, K. E. Reed, J. G. Fleagle, & R. E. Leakey (Eds.),
The paleobiology of Australopithecus (pp. 235-245). Springer. https://
doi.org/10.1007/978-94-007-5919-0

Ward, C. V., Rosenman, B., Latimer, B. M., & Nalla, S. (2020). Thoracolum-
bar vertebrae and ribs. In B. Zipfel, B. G. Richmond, & C. V. Ward
(Eds.), Hominin postcranial remains from Sterkfontein, South Africa,
1936-1995 (pp. 144-186). Oxford University Press.

Williams, S. A, Meyer, M. R, Nalla, S., Garcia-Martinez, D., Nalley, T. K,
Eyre, J., Prang, T. C., Bastir, M., Schmid, P., Churchill, S. E., & Berger, L. R.
(2018). The vertebrae, ribs, and sternum of Australopithecus sediba. Paleo-
Anthropology, 2018, 156-233. https://doi.org/10.4207/PA.2018.ART113

Williams, S. A., Prang, T. C., Russo, G. A, Young, N. M., & Gebo, D. L.
(2023). African apes and the evolutionary history of orthogrady and
bipedalism. Yearbook of Biological Anthropology, 181(S73), 58-80.
https://doi.org/10.1002/ajpa.24684

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

How to cite this article: Lépez-Rey, J. M., Cambra-Moo, O.,
Gonzalez Martin, A., Candelas Gonzalez, N., Sanchez-Andrés,
A., Tawane, M., Cazenave, M., Williams, S. A., Bastir, M., &
Garcia-Martinez, D. (2024). Covariation between the shape
and mineralized tissues of the rib cross section in Homo
sapiens, Pan troglodytes and Sts 14. American Journal of
Biological Anthropology, 183(1), 157-164. https://doi.org/10.
1002/ajpa.24844

85UB0| 7 SUOLILLIOD BAIER. 3|deotdde 8y Aq peusenob are e e YO ‘88N Jo s8N 10} Areiq18uljuO AB|1/W UO (SUORIPUOD-PUE-SWBY/LLIOD A8 | IM" ARe.q)1BuUO//StY) SUORIPUOD puUe SWB | 8U3 88S *[7202/20/52] Uo A%iqi8ulluo /8|IM ‘881 Aq vi8rzedfe/z00T 0T/10p/L0o A8| im Areiq Ul |uo//Sdpy Wo.y papeojumoq ‘T ‘202 ‘T69.2692


https://doi.org/10.1016/j.jhevol.2018.05.009
https://doi.org/10.1002/ajpa.22893
https://doi.org/10.1157/13119942
https://doi.org/10.1157/13119942
https://doi.org/10.1016/j.jhevol.2009.02.009
https://doi.org/10.1016/j.thorsurg.2006.12.010
https://doi.org/10.1016/j.thorsurg.2006.12.010
https://doi.org/10.4404/hystrix-24.1-6292
https://doi.org/10.1073/pnas.1004527107
https://doi.org/10.1111/joa.12446
https://doi.org/10.1111/j.1755-0998.2010.02924.x
https://doi.org/10.1002/ajpa.24491
https://doi.org/10.1002/ajpa.24491
https://doi.org/10.1007/s11692-009-9055-x
https://doi.org/10.1007/s11692-009-9055-x
https://doi.org/10.7554/eLife.65897
https://doi.org/10.1002/ajpa.20371
https://doi.org/10.1073/pnas.1418646112
https://doi.org/10.1073/pnas.1418646112
https://doi.org/10.1159/000156111
https://doi.org/10.1159/000156111
https://doi.org/10.1126/science.1234598
https://doi.org/10.1126/science.1234598
https://doi.org/10.1002/jbmr.5650080905
https://doi.org/10.1002/jbmr.5650080905
https://doi.org/10.1007/978-94-007-5919-0
https://doi.org/10.1007/978-94-007-5919-0
https://doi.org/10.4207/PA.2018.ART113
https://doi.org/10.1002/ajpa.24684
https://doi.org/10.1002/ajpa.24844
https://doi.org/10.1002/ajpa.24844

	Covariation between the shape and mineralized tissues of the rib cross section in Homo sapiens, Pan troglodytes and Sts 14
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	3  RESULTS
	4  DISCUSSION
	5  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


