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ABSTRACT

Objectives: Rib cross-sectional mineralized area provides valuable insights into mechanical loading and bone growth and re-
modeling. Given the scarcity of Early Pleistocene costal remains in the context of human evolution, we aimed to study the cross-
sectional anatomy of fossil ribs from that period and compare them to a modern human ontogenetic series ranging from 8 to over
30years of age.

Materials and Methods: We extracted the rib cross section at the midshaft of 6 fossil ribs attributed to several H. antecessor
individuals and 10 fossil ribs of the H. erectus s. 1. specimen KNM-WT 15000. Then we compared their relative mineralized area
with that of the full, unilateral costal series of 27 H. sapiens individuals spanning different ontogenetic stages (pre-pubescent,
post-pubescent, adult).

Results: Our findings indicate that rib cross-sectional mineralized area of H. antecessor is close to that of subadult H. sapiens,
sharing a similar U-shaped trend along the costal series. Values are considerably lower compared to KNM-WT 15000, which
shows a higher mineralized area at the middle thoracic rib levels rather than at the extremes.

Discussion: Despite possible taphonomic alteration of fossil ribs, these results suggest a different, possibly derived pattern of rib
cross-sectional mineralized area in H. antecessor compared to more primitive Early Pleistocene hominins. However, considering
the earlier ontogenetic stage of KNM-WT 15000, we cannot discard that ribs of H. antecessor belong to individuals exhibiting a
postcranial growth pattern similar to that of H. erectus s. 1., but at a more advanced phase in development.

1 | Introduction of systemic health, nutritional status, and disease (e.g., Haile-

Selassie et al. 2010; Schmid et al. 2013; Garcia-Martinez
The study of hominin ribs provides interesting data regarding et al. 2018; Goémez-Olivencia et al. 2018; Buikstra 2019; Bastir
the evolution of body shape, breathing kinematics, posture, and et al. 2022). However, publications on the topic have been lim-
even locomotion, while also serving as important indicators ited due to several reasons. First, the fragility of these bones
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often results in their absence from the fossil record. If present at
archaeological sites, ribs are frequently fragmented, disarticu-
lated, and commingled (Manifold 2012; Schotsmans et al. 2017;
Abdel-Maksoud et al. 2022). In addition, the difficulty to amass
reasonable comparative samples make ribs to be less studied
than other anatomical regions in the “classical” monographs de-
voted to fossil hominins (e.g., Heim 1976; Vandermeersch 1981;
Trinkaus 1983).

The development of new technologies during recent years has
enabled a more in-depth study of the hominin thorax, leading to
several high-resolution 3D ribcage reconstructions of fossil spec-
imens such as KNM-WT 15000 (Nariokotome Boy, H. erectus s.
1., ~1.53 Ma; Bastir et al. 2020), Kebara 2, Shanidar 3 (H. nean-
derthalensis, ~0.06 Ma; Gomez-Olivencia et al. 2018; Lépez-Rey,
Garcia-Martinez, and Bastir 2025), or Dolni Véstonice 13 (H.
sapiens, ~0.03Ma; Lopez-Rey, Crevecoeur, et al. 2025). These
reconstructions also include some Neanderthal immature in-
dividuals at different ages-at-death, whose ribcage analysis
has provided interesting data on growth trajectories in fos-
sil hominins compared to modern humans (Garcia-Martinez
et al. 2020).

While costovertebral remains are relatively abundant for taxa
such as Australopithecus (e.g., Clarke 2019; Schmid 1983;
Schmid et al. 2013), Neanderthals (e.g., Franciscus and
Churchill 2002; Gémez-Olivencia et al. 2009, 2019; Garcia-
Martinez et al. 2020; Bastir et al. 2022), and H. sapiens (e.g.,
Lépez-Rey, Crevecoeur, et al. 2025), there is a particular
scarcity of ribs in the hominin fossil record around the one-
million-year mark. Consequently, there is a major gap in our
understanding of thoracic evolution from specimens attributed
to H. erectus s. 1. to those dating near the divergence of the
Neanderthal and H. sapiens lineages, a period in which the
H. antecessor ribs are placed (~0.9Ma; Carbonell et al. 1995;
Bermudez de Castro et al. 1997, 2017).

Among the postcranial elements recovered from the Gran
Dolina-TD6 level (Sierra de Atapuerca, Burgos, Spain),
six exceptionally preserved ribs assigned to H. antecessor
stand out as particularly valuable for bridging this anatom-
ical and chronological gap (Carretero et al. 1999; Gomez-
Olivencia et al. 2010). Together with the costal remains of the
Nariokotome Boy—so far the only well-preserved ribcage of
H. erectus s. 1. (Jellema et al. 1993; Haeusler et al. 2011)—,
these bones offer a unique opportunity to investigate as-
pects of thoracic morphology, respiratory mechanics, and
even Bauplan in Early Pleistocene hominins. Furthermore,
remains belonging to these fossil individuals are interesting
in terms of growth and development since none of them has
reached full maturity according to modern human standards
(Cunningham et al. 2016).

Regarding H. antecessor, Gémez-Olivencia et al. (2010) sug-
gested that the aforementioned ribs belonged to pubescent and/
or young adult individuals according to the fusion of three sec-
ondary centers of ossification: the head, articular, and nonar-
ticular tubercles (Rios and Cardoso 2009). Since they were
missing in ribs like ATD6-85 and ATD6-97, the age-at-death
of these individuals was tentatively estimated based on surface
porosity and muscular scar rugosity in comparison with other

ribs of the sample (Goémez-Olivencia et al. 2010). The case of
the Nariokotome Boy presents a more nuanced scenario since
his dental and skeletal ages are discordant. Dentally, KNM-WT
15000 presents eruption patterns suggesting an age of around
8-9years. In contrast, his postcranial development aligns more
closely with that of an individual aged 11-13years, based on (1)
the initiation of elbow joint ossification and (2) the absence of
fusion in the remaining major long bone epiphyses (Dean and
Smith 2009). This discrepancy has sparked considerable debate
and underscores the challenges of assessing growth and mat-
uration in extinct hominins, whose developmental patterns
may have differed significantly from those of modern humans
(Smith 2004).

In this context, Garcia-Martinez et al. (2017) and Lopez-
Rey et al. (2022) revisited the classic hypothesis proposed by
Schmid (1983), which suggests that variables of the rib cross sec-
tion can predict overall rib (even thorax) configuration, which is
especially relevant for the study of the often highly fragmented
costal remains in the hominin fossil record. Particularly, Lopez-
Rey et al. (2022) and Lopez-Rey, Doe, et al. (2025) propose that the
percentage of mineralized area (% Min. Ar.) of the rib cross sec-
tions at the midshaft can serve as a proxy for mechanical loading
and the biological processes shaping bone growth and remodeling.
Given the immaturity of the most complete H. erectus s. . and H.
antecessor costal remains (Dean and Smith 2009; Gomez-Olivencia
et al. 2010), a key question arises: do their cross-sectional miner-
alized areas (%) and the trends observed along their costal series
resemble those of H. sapiens at comparable ontogenetic stages?

There is no straightforward answer, as addressing this issue
requires a comprehensive comparative framework integrating
morphological, biomechanical, and developmental perspec-
tives. Furthermore, the study of cross-sectional variables in
fossil specimens requires careful consideration of potential ta-
phonomic and diagenetic alterations that may affect the inter-
nal structure of bone, particularly within the medullary space
(e.g., Collins et al. 2002; Turner-Walker and Syversen 2002;
Manifold 2012; Schotsmans et al. 2017). Such processes may
increase the apparent proportion of mineralized area in fossil
ribs, potentially biasing quantitative estimates derived from
(micro-)CT data.

Considering these limitations, the aim of the present article
is to make an exploratory study of the rib cross sections at the
midshaft belonging to immature fossil hominins classified as H.
erectus s. 1. and H. antecessor. Their rib cross sections will be
compared to those of medieval H. sapiens at different ontoge-
netic stages in order to unveil potential similarities or differences
among species, and to assess how these may reflect broader evo-
lutionary shifts in development within the genus Homo.

2 | Materials and Methods

For this research, we selected the six already published fos-
sil ribs belonging to a minimum of three individuals of the
TD6 hominins (H. antecessor, 0.85+0.1 Ma BP, housed at the
Centro Nacional de Investigacion sobre la Evolucién Humana
[CENIEH], Burgos, Spain; Carretero et al. 1999; Gdémez-
Olivencia et al. 2010), and ten ribs belonging to specimen
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KNM-WT 15000 (Nariokotome Boy, H. erectus s. 1., ~1.53Ma
BP, housed at the Kenya National Museum [KNM], Nairobi;
Jellema et al. 1993). Our selection criteria required that the
rib corpus was sufficiently preserved to allow the extraction
of a cross section at the midshaft. While ribs from the TD6
hominins were micro-CT scanned at the CENIEH facilities,
using a VITomelX s 240 equipment (GE Sensing & Inspections
Technologies) with the following specifications: resolu-
tion =90 um; kV=110; uA =100; the original ribs and verte-
brae of KNM-WT 15000 were scanned at the Muthithi Medical
Centre (Aga Khan University Hospital, Nairobi, Kenya) by
computed tomography (CT) with a SOMATOM Sensation 16
clinical scanner (Siemens) with these parameters: slice thick-
ness=0.75mm; voxel size=0.21x0.21x0.30mm? (Bastir
et al. 2020). H. antecessor ribs were sorted following Gémez-
Olivencia et al. (2010), and ribs of the Nariokotome Boy were
sorted according to Haeusler et al. (2011).

All fossil ribs were compared to a sample of H. sapiens from me-
dieval Christian cemeteries located in the northwestern Iberian
Peninsula. These costal remains were free from pathological or
taphonomical damage that could distort rib anatomy. Given the
immaturity described for some of the fossil material, compar-
ative H. sapiens individuals were selected to match equivalent
stages of skeletal development. These individuals were grouped
into three categories: pre-pubescents (8-11years old), post-
pubescents (17-25years old, incomplete fusion of their epiphy-
ses), and a control group of adults (>30years old, all epiphyses
fused). Specifically, the study included seven pre-pubescent
and seven post-pubescent individuals from the Veranes ceme-
tery (Gijon, Asturias, Spain; Rascon Pérez et al. 2013), as well
as three post-pubescent and ten adults from the Marialba de la
Ribera cemetery (Villaturiel, Le6n, Spain; Candelas Gonzalez
et al. 2016).

Such as done by Doe et al. (2025), puberty status was deter-
mined using standard methods (Shapland and Lewis 2013, 2014;
Lewis et al. 2016), while age-at-death was estimated through
the examination of permanent mandibular dentition (Moorrees
et al. 1963; Liversidge and Marsden 2010) and skeletal matura-
tion (Lewis et al. 2016) when dental development was complete.
It should be noted that estimating chronological age in adult
skeletal remains beyond early adulthood remains inherently im-
precise. In our study, individuals categorized as “>30years old”
were assigned to this broad age class because currently available
osteological indicators lose reliability once developmental and
young adult features have fully matured. Further subdivision of
adult individuals (e.g., into ranges such as 30-40 or 40-50years)
would therefore introduce a high risk of speculative age attribu-
tion rather than improving accuracy.

Regarding sex determination, pre-pubescent individuals were
recorded as indeterminate due to the difficulties and potential
inaccuracies associated with sexing at this ontogenetic stage.
For the remaining individuals in the control sample, sex was
assessed based on pelvic (Phenice 1969) and humeral features
(Bass 2005) using the DSP method (Discriminant Function for
Sex Prediction; Murail et al. 2005; Bruzek et al. 2017). This sta-
tistical approach employs specific osteometric measurements to
calculate a discriminant function, providing a probabilistic esti-
mation of an individual's sex.

Table 1 provides more information about the chosen sample,
which was curated in the osteoarcheological collections housed
at the Laboratorio de Poblaciones del Pasado (LAPP, Department
of Biology, Faculty of Sciences, Universidad Auténoma de
Madrid, Spain). For each individual, the best-preserved rib of
each costal level was scanned via micro-CT at the CENIEH
facilities, using a VITomelX s 240 equipment (GE Sensing &
Inspections Technologies) with the following specifications: res-
olution =90 um; kV =110; wA =100. Since only one rib per costal
level was analyzed, potential effects of bilateral thoracic asym-
metry, which could affect bone cross-sectional properties (e.g.,
Wilson and Humphrey 2015), were not addressed.

The final rib volumes were reconstructed and saved in DICOM
format to extract their cross sections at the midshaft using Slicer
v. 5.6.2 (Fedorov et al. 2012) following the protocol previously
published by Lopez-Rey et al. (2022). First, we drew a straight
line from the lateral (sternal) margin of the costal tubercle to the
most ventral point of the sternal end of the rib (tuberculo-ventral
chord; Franciscus and Churchill 2002). Next, we determined its
bisection and extracted the cross section at the point where that
bisection crossed the rib corpus, which we considered as the
midshaft. This approach represents an approximation, as the
ribs, although exceptionally preserved, were not entirely com-
plete in some cases. Images containing these cross sections were
subsequently saved in TIFF format.

We adopted the approach proposed by Andronowski and
Crowder (2019) and studied the entire rib cross sections, as dis-
tinguishing cortical from trabecular bone can be subjective,
particularly due to age-related trabecularization of the endos-
teal region. By including both cortical and trabecular bone in
a single measure, observer-dependent variability is minimized,
improving the repeatability and robustness of the measurement.
Importantly, this approach captures the full mineralized frac-
tion of the rib cross section, which is directly relevant for our
study of ontogenetic patterns and evolutionary comparisons.

Once we extracted all the rib cross sections, we calculated rela-
tive bone area (Andronowski and Crowder 2019) as the percentage
of mineralized area (% Min. Ar.) using Fiji-Image J v. 2.1.0/1.53s
(Schindelin et al. 2012). For that purpose, this software provides
a threshold that allows differentiation between mineralized area
(including both cortical and trabecular components, regardless of
whether it has undergone diagenetic replacement of the original
organic matrix) and non-mineralized spaces (which in life would
have been occupied by marrow and vascular structures). In our
case, we provided a brightness threshold of 50 (out of 255) to RGB
color images in the module Adjust => Color threshold. Knowing the
total area of each cross section, we determined the % Min. Ar. of
the sample (Table 2, Supplementary Table S1) and then studied its
graphical distribution using line plots with error bars (Figure 1).
Unfortunately, the extracted cross section of fossil rib ATD6-108
(costal level 1) was fragmented. Taking into consideration that its
preserved epiphysis (articular tubercle) is fused (Gomez-Olivencia
et al. 2010), we decided to complete its missing part using the first
rib cross sections of individuals ID 87 and 120.1 of our comparative
sample as they respectively had the highest and lowest % Min. Ar.
among all adult H. sapiens first ribs. From the selected rib cross
section of ATD6-108 we subsequently obtained two estimations
(ATD6-108a and ATD6-108b), depicted in Figure 1.
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TABLE1 | Expanded information about the comparative H. sapiens sample.

ID Collection (UAM) Sex Age Stage
471 Veranes (Asturias, Spain) Indeterminate 10 Pre-pubescent
164 10
310 9
328 11
451 10
481 10
539 8
176 Marialba de la Ribera (Le6n, Spain) Male 15-20 Post-pubescent
195 Male 15-20
197 Female 15-20
137 Veranes (Asturias, Spain) Male 20-25 Post-pubescent
249 Female 17
295 Male 20-25
320 Male 20-25
489 Female 20-21
586 Female 18
601 Female 19
70.1 Marialba de la Ribera (Leo6n, Spain) Male >30 Adult
87 Female
102 Female
120.1 Male
143 Male
149 Female
150 Female
153 Female
178 Male
221 Female
Although we had a consistent comparative sample of n>7 ribs 3 | Results

per group and costal level, fossil ribs are unique, which required
the use of a sufficiently robust statistical approach to interpret
the results correctly. Therefore, we implemented a nonparamet-
ric bootstrap test to ensure reliable inferences from the available
data (Dwivedi et al. 2017). This approach consists of calculating
95% confidence intervals (CIs) of the mean by resampling 1000
times the data of the control sample per costal level. Then the
test checks whether fossil values fall within these CIs. For fossil
ribs that could potentially be assigned to different costal levels
(e.g., ATD6-85), comparisons were made with all correspond-
ing ribs from the control sample. Statistical analyses were per-
formed in RStudio v. 2023.12.1-402 (R Core Team 2023) using
the packages “boot” v. 1.3-31 (Canty and Ripley 2024), “dplyr” v.
1.1.4 (Wickham et al. 2023), “ggplot2” v. 3.3.3 (Wickham 2016),
and “tidyr” v. 1.3.1 (Wickham et al. 2024). The full R script is
included in the Supporting Information.

Rib cross sections of adult H. sapiens have a lower percent-
age of mineralized area (% Min. Ar.) compared to pre- and
post-pubescents. While all H. antecessor rib cross sections fall
within the current human range of variation (most of them
exclusively within the subadult range), more than half of the
studied H. erectus s. 1. rib cross sections have a higher % Min.
Ar. than that of any H. sapiens (Figure 1, Table 2). Moreover,
most % Min. Ar. of both H. antecessor and H. erectus s. 1. ex-
ceed the 95% confidence intervals of the mean % Min. Ar. cal-
culated for H. sapiens (Table 3). The graphical distribution of
the data is similar between H. antecessor and H. sapiens, with
maximum values at the extreme costal levels and minimum
values at the central ones (Figure 1). This trend is maintained
when the % Min. Ar. of rib ATD6-108 is considered between
the two estimations (ATD6-108a and ATD6-108b). Curiously,
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FIGURE1 | Plotdepicting the percentage of mineralized area (% Min. Ar.) of the studied rib cross sections, as well as the selected rib cross sections
of KNM-WT 15000, TD6, and a random individual of each H. sapiens age group. The relative size relationship among the ribs of each individual is

proportional, but the cross sections have been scaled to better illustrate differences in % Min. Ar. For ribs 1 and 2, the upper part of the image corre-

sponds to the cranial direction, whereas for the remaining ribs it corresponds to the cutaneous surface.

the U-shaped trend found in H. antecessor and H. sapiens is
not shared by specimen KNM-WT 15000. Although the pat-
tern of % Min. Ar. on the upper thorax resembles that of the
rest of the sample (levels 1-3), it is extremely high in central
ribs (levels 5 and 6), and relatively low in rib cross sections
from levels 11 and 12 (Figure 1).

4 | Discussion

The distribution of the data in the comparative H. sapiens sam-
ple is consistent with previous studies in current populations

(e.g., Bonicelli et al. 2022; Holcombe and Derstine 2022) and
shows that adult H. sapiens have a lower percentage of miner-
alized area (% Min. Ar.) in their rib cross sections compared to
pre- and post-pubescents (Figure 1, Table 2). While we cannot
exclude the possibility that some adult individuals reached ad-
vanced ages, which could theoretically influence their % Min.
Ar., this scenario is likely uncommon in the rural, medieval
populations represented in our sample (Candelas Gonzélez
et al. 2016; Rascén Pérez et al. 2013). Historical demographic
data suggest that survival to very old age was relatively rare,
with life expectancy after adulthood typically remaining
well below modern values, even in nobles (Cummins 2017).
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TABLE 3 | Results of the nonparametric bootstrap test (1000 resampling iterations).

Within CI??
Costal KNM-WT ATD6- ATD6- ATD6- ATD6- ATD6- ATD6- ATD6-
level Group CI* (95%) 15000 108a 108b 79 89+206 85 39 97
1 Pre- 77.31-88.31 No No Yes
pubescent
Post- 81.49-88.21 Yes
pubescent
Adult 73.22-80.44 No
2 Pre- 70.27-76.61 No No
pubescent
Post- 67.38-79.84 Yes
pubescent
Adult 58.63-69 No
3 Pre- 66.76-76.37 Yes
pubescent
Post- 66.60-77.17 Yes
pubescent
Adult 54.21-67.58 No
5 Pre- 63.25-73.03 No
pubescent
Post- 63.93-75.57
pubescent
Adult 54.96-62.42
6 Pre- 64.04-74.36 No
pubescent
Post- 68.07-76.40
pubescent
Adult 58.55-65.54
7 Pre- 67.93-75.43 No
pubescent
Post- 69.93-79.31
pubescent
Adult 58.34-67.30
8 Pre- 66.80-74.57 No No
pubescent
Post- 71.38-78
pubescent
Adult 57.33-71.06
9 Pre- 71.03-81.17 No No
pubescent
Post- 71.88-77.94
pubescent
Adult 62.16-72.45
(Continues)
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TABLE 3 | (Continued)

Within CI??

Costal KNM-WT ATD6- ATD6- ATD6- ATD6- ATD6- ATD6- ATD6-
level Group CI* (95%) 15000 108a 108b 79 89+206 85 39 97
10 Pre- 76.66-84.77 No Yes No No

pubescent

Post- 75.8-83.24 Yes

pubescent

Adult 66.82-75.11 No
11 Pre- 77.65-87.82 Yes Yes

pubescent

Post- 78.96-86.03 Yes No

pubescent

Adult 71.23-76.58 No No
12 Pre- 78.71-92.07 No

pubescent

Post- 84.44-89.69 No

pubescent

Adult 74.91-83.11 Yes

aConfidence interval.

Consequently, although age-related osteopenia could reduce
the % Min. Ar. in some cases (Bonicelli et al. 2022; Holcombe
and Derstine 2022), the probability that a substantial portion
of the sample consisted of senescent individuals is consid-
ered low.

Regarding H. antecessor, although most ribs are above the 95% con-
fidence interval (CI) of the H. sapiens comparative sample mean
(Table 3), their % Min. Ar. is encompassed within the H. sapiens
range of variation, especially in subadults (Figure 1, Table 2). This
pattern contrasts with that of H. erectus s. 1., whose cross-sectional
% Min. Ar. is distinctly higher than those observed in H. sapiens
(Figure 1, Table 2, Table 3). Such results are not surprising given
the generally higher relative bone cross-sectional area proposed
for fossil Homo (Chirchir et al. 2015; Ryan and Shaw 2015), the
immaturity of the KNM-WT 15000 remains, and also the imma-
turity of, at least, part of the TD6 sample (Dean and Smith 2009;
Gomez-Olivencia et al. 2010).

Additionally, these findings support the hypothesis of
Schmid (1983) and Garcia-Martinez et al. (2017), which pro-
posed that cross-sectional variables would be linked to over-
all rib and even thorax morphology: rib cross sections with
higher % Min. Ar. are linked to medio-laterally wider and
antero-posteriorly deeper thoraces, such as the one described
for the Nariokotome Boy (Bastir et al. 2020) and the one pro-
posed for H. antecessor based on clavicular morphology and
proportions (Garcia-Gonzalez et al. 2009).

Looking more closely at the distribution of data across costal lev-
els (Figure 1), the three H. sapiens ontogenetic groups present
a U-shaped trend, with maximum values at costal levels 1 and
12 and minimum values at costal levels 4-5. With the available
data, the pattern observed in H. antecessor is similar to that of H.

sapiens. It must be acknowledged, however, that a medial por-
tion of the cross section of fossil rib ATD6-108 (costal level 1)
was missing, and ATD6-108a and ATD6-108b are estimations.
Although this represents a methodological limitation, the over-
all trend is maintained when considering the % Min. Ar. of rib
ATD6-108 between these two reconstructions.

Lopez-Rey et al. (2022) and Lépez-Rey, Doe, et al. (2025) sug-
gested that this U-shaped distribution might reflect mechan-
ical stress associated with muscular attachments in these
regions. In particular, the activity of the scalene muscles (ribs
1-2) and the diaphragm (ribs 7-12) during respiration might
be associated with a higher % Min. Ar. in these rib cross sec-
tions (De Troyer and Boriek 2011; Lopez-Rey et al. 2022, 2023).
Although other muscles such as the levatores costarum, ex-
ternal intercostals, or serratus anterior also contribute to tho-
racic expansion during inspiration, these either span all costal
levels or act across all the upper thorax (Gray 1878), making
it difficult to attribute differential mineralization patterns to
their action. In contrast, the scalenes and the diaphragm in-
sert specifically at the rib levels showing higher % Min. Ar. in
our dataset, making them the most biomechanically parsimo-
nious explanation for the observed distribution.

Costal levels 4-5 have the lowest % Min. Ar. possibly because
they are less actively involved in breathing kinematics (Graeber
and Nazim 2007; De Troyer and Boriek 2011; Lopez-Rey
et al. 2022). Notably, the four costal levels whose cross sections
have larger % Min. Ar. are those traditionally labeled “atypical”
by the literature (levels 1, 2, 11, 12; Graeber and Nazim 2007).
These ribs, which are significantly smaller and have a distinct
shape compared to the rest of the ribcage, might require higher
% Min. Ar. to maintain structural integrity under the stress pro-
duced by their muscle attachments.
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Curiously, the tendency observed in KNM-WT 15000 is dif-
ferent from that reported by the comparative H. sapiens
sample since the % Min. Ar. calculated for the central costal
levels is higher than that of the extremes. This pattern could
be driven by several factors. The first is the different resolu-
tion of the scans, which may have affected the precision of
the measurements due to an underestimation of bone porosity
(Garcia-Martinez et al. 2023). The potential effects of tapho-
nomic distortion on these fossil rib cross sections must also be
taken into consideration (Walker 1993). Beyond weathering,
these ribs might have been exposed to diagenetic processes
such as recrystallization, which can alter the density and ap-
pearance of bone in CT scans and potentially lead to overes-
timation of % Min. Ar. (Collins et al. 2002; Turner-Walker
and Syversen 2002; Manifold 2012; Schotsmans et al. 2017).
Although the impact of diagenetic alteration on the results
may be beyond the scope of the present study to assess, it
should be highlighted as an important caveat when interpret-
ing the % Min. Ar. in fossil specimens.

If we assume that the aforementioned factors have not signifi-
cantly affected our results, we might think that the observed
pattern in KNM-WT 15000 could be a matter of ontogeny since
human rib maturation occurs from the extreme to the central
costal levels (Cunningham et al. 2016). Even so, the U-shaped
trend in subadult H. sapiens—although less pronounced com-
pared to adults—is evidently different from that of KNM-WT
15000. The only precedent to these results is the one found by
Loépez-Rey et al. (2022) for the rib cross sections of the immature
Australopithecus africanus specimen Sts 14, whose tendency re-
sembles the one found for KNM-WT 15000 in the present ar-
ticle. Future studies should further investigate rib maturation
in Australopithecus and early Homo to determine what shared
ontogenetic patterns or biomechanical constraints underlie sim-
ilarities between these species.

Our results on the rib cross sections of H. erectuss. 1. and H. ante-
cessor open a new avenue of discussion within the already com-
plex and controversial scenario surrounding hominin evolution
during the Early Pleistocene. The present investigation shows
that the hominin ribs recovered from the Gran Dolina-TD6 level
have less cross-sectional % Min. Ar. than those of KNM-WT
15000, but what are the implications of these findings? On the
one hand, it could be hypothesized that H. antecessor had differ-
ent growth patterns compared to H. erectus s. 1. This would not
be unexpected since their fossil record is separated by more than
half a million years. Moreover, these results would align with
dental analyses conducted by Bermudez de Castro et al. (1999,
2010), which suggest that developmental patterns in H. an-
tecessor are more aligned to H. sapiens than to H. erectus s. 1.
Nonetheless, the only well-preserved rib series attributed to H.
erectus s. 1. comes from KNM-WT 15000, whose age at death
has been estimated to correspond approximately to early pubes-
cence (Dean and Smith 2009). In this context, the H. antecessor
ribs studied here (estimated to belong to pubescent/young adult
individuals (Gémez-Olivencia et al. 2010)) may represent more
advanced ontogenetic stages with postcranial maturation pat-
terns broadly aligned with that of H. erectus s. 1.

However, such interpretations must be approached with cau-
tion since these exploratory results were obtained using a

single, relative variable (% Min. Ar.), and it remains to be deter-
mined whether the observed patterns are also reflected in other
cross-sectional properties, including absolute measurements
(Andronowski and Crowder 2019). Beyond this, it has to be ac-
knowledged that data from H. antecessor are inherently difficult
to interpret. First, mid-thoracic ribs from H. antecessor individ-
uals with an age-at-death comparable to that of the Nariokotome
Boy should be found and studied to confirm the hypothesis pre-
sented in the previous paragraph. Second, the available costal
remains of H. antecessor belong to different individuals with dif-
ferent ages-at-death, making it challenging to isolate a consis-
tent developmental signal. Third, although it is proposed that H.
antecessor had a more derived growth pattern than H. erectus s.
1. (Bermudez de Castro et al. 1999, 2010), the former might have
exhibited faster maturation than H. sapiens, which complicates
direct ontogenetic comparisons (Smith 2004).

In addition, it has to be taken into consideration that the H. sapi-
ens comparative sample belongs to medieval populations from the
Iberian Peninsula (Rascén Pérez et al. 2013; Candelas Gonzalez
et al. 2016). This entails certain inherent limitations. For instance,
as noted in previous studies, adolescent growth in Iberian, medi-
eval populations show significant variation depending on the site,
likely due to differences in nutrition, health, and environmental
conditions (e.g., Cardoso and Garcia 2009; Kors et al. 2025). This
variability could lead to underestimation of age in the compar-
ative sample, particularly for the most immature individuals.
Furthermore, although these individuals likely engaged in reg-
ular physical activity due to their preindustrial lifestyle, they are
not directly comparable to hunter-gatherer populations (Chirchir
et al. 2015; Ryan and Shaw 2015). In the latter, daily biomechan-
ical demands were presumably higher, which may have resulted
in greater % Min. Ar. in their rib cross sections. Future research
on Upper Paleolithic H. sapiens would be particularly interesting
in this context, both for assessing intra-specific variability and for
providing comparative samples with extinct hominins who exhib-
ited more similar lifestyles.

5 | Conclusions

Homo antecessor and subadult H. sapiens share a similar per-
centage of mineralized area (% Min. Ar.) in their rib cross
sections, as well as a similar U-shaped trend on these values
along the costal series. Contrary, rib cross sections from H.
erectus s. 1. have a higher % Min. Ar. and the resulting data
display a different trend. We hypothesize that both H. erectus
s. 1. and H. antecessor had different ontogenetic patterns re-
garding their rib cross sections. However, we cannot exclude
the possibility that the ribs of H. antecessor belong to individ-
uals exhibiting a postcranial growth pattern similar to that of
H. erectus s. 1., but at a later developmental stage. Importantly,
potential diagenetic alterations could also interfere with the
interpretation of % Min. Ar. in fossil specimens, and thus cau-
tion is warranted when drawing ontogenetic inferences.
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