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Abstract
Understanding the functional significance of morphological variation is crucial for 
investigating locomotor adaptations in fossil primates and early hominins. However, 
the nuanced form–function relationship in the upper limbs of extant apes is difficult 
to discern due to their varied locomotor behaviors, complicating the interpretation 
of similar features in fossil hominins. Trabecular bone, which responds to mechani-
cal strain, reflects the intensity and direction of forces during movement, making it 
valuable for identifying locomotor adaptations in hominoids. This study examines tra-
becular bone in the clavicle—a crucial component of shoulder biomechanics—to ex-
plore its relationship to mechanical loading patterns and bone functional adaptations 
in primate locomotion. Using a whole-bone approach, we analyzed trabecular struc-
ture in the clavicle of apes: Gorilla spp. (G. beringei: N = 28; G. gorilla: N = 29), Homo 
sapiens (N = 19), Hylobates spp. (H. lar: N = 28; H. concolor: N = 3), Pongo spp. (P. abelii: 
N = 13; P. pygmaeus: N = 24), and Pan troglodytes (N = 35), quantifying relative bone 
volume fraction (rBV/TV), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), 
and trabecular number (Tb.N) from high-resolution micro-CT scans. Aspects of the 
clavicular trabecular architecture among ape taxa appear to correspond to differences 
in locomotor behavior. In most taxa, rBV/TV is highest in regions underlying muscle 
attachment sites frequently used during upper limb activities, with differences among 
taxa predominantly reflecting variations in upper limb use and muscle attachment 
sites. Regions of high rBV/TV beneath entheses and articular surfaces result from dif-
ferent trabecular parameters—higher rBV/TV is achieved primarily via greater Tb.Th 
under entheses, while in subarticular regions, it is driven by higher Tb.N. However, 
no consistent differences in sternoclavicular subarticular trabecular bone emerge be-
tween Homo and the other apes, despite differences in shoulder positioning on the 
torso. Muscle activity appears to significantly influence trabecular bone structure in 
the clavicle of living apes, with implications for reconstructing early hominin locomo-
tor behaviors and upper limb use.
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1  |  INTRODUC TION

To effectively test hypotheses about the locomotor adaptations of 
early hominins, a detailed understanding of the form–function rela-
tionship in the pectoral girdle of extant apes is essential. The func-
tional morphology of the hominoid upper limb has been extensively 
explored, aiming to reconstruct both early hominin behaviors (Arias-
Martorell et al., 2015; Drapeau, 2004; Larson, 2013; Marzke, 1983; 
Rein,  2019; Susman et  al.,  1984; Ward,  2013), and characteristics 
of the most recent common ancestor of Pan and Homo (Almécija 
et  al.,  2021; Crompton et  al.,  2008; Thorpe et  al.,  2007; White 
et al., 2015; Young et al., 2015). Nevertheless, despite this breadth 
of research and a range of methodological approaches, conflicting 
interpretations of the same traits continue to obscure our under-
standing of the relationship between ape shoulder morphology and 
biomechanical function.

Exploring the plasticity of bony morphology may help resolve 
these ongoing issues and bring clarity to current debates. Research 
on the elements in the upper limb has already demonstrated the 
potential of investigating developmental plasticity (Barros, 2014; 
Cowgill, 2007; Green, 2013; Green & Alemseged, 2012) and inter-
nal bone structure (Bird et al., 2022; Dunmore et al., 2023; Kivell 
et  al.,  2018; Skinner et  al.,  2015; Tsegai et  al.,  2013) to deepen 
our understanding of the form-function relationship in hominins. 
For example, the juvenile Au. afarensis DIK-1-1 scapula suggests 
that the shoulder of Au. afarensis developed along a trajectory 
more similar to extant African apes than to modern humans, em-
phasizing the species' reliance on arboreal behaviors (Green & 
Alemseged, 2012). Moreover, humeral torsion has been shown to 
be developmentally plastic in modern humans (Cowgill, 2007) and 
extant hominoids (Barros, 2014), underscoring its significance as a 
functional trait in fossil hominins (Larson, 2013). In contrast, cla-
vicular morphology appears to be developmentally static, show-
ing little external plasticity (Corrigan, 1960; Farrell, 2024). Given 
the limitations of phylogenetic relatedness, which can restrict 
morphological variation through genetic factors, and anatomi-
cal constraints, such as the need for joint congruence, on exter-
nal morphology (Lieberman et al., 2001; Ruff & Runestad, 1992), 
understanding hominin shoulder adaptations may benefit from 
examining plastic morphological features, such as internal bone 
structures (Kivell, 2016; Ruff et al., 2006; Ward, 2002).

Trabecular bone, which adapts in response to strain during 
an organism's lifetime (Ehrlich & Lanyon,  2002; Eriksen,  1986; 
Eriksen,  2010), can offer valuable insights into the mechanical 
loading history of a bone, including how forces are distributed 
across the joint surface (Dunmore et  al., 2020; Kivell et  al.,  2018; 
Tsegai et al., 2013) and their orientation (Barak et al., 2011; Barak 
et  al.,  2013; Huiskes et  al.,  2000). In comparison to external mor-
phological traits, trabecular bone is thought to be more responsive 
to stress and strain compared to external aspects of morphology 
and therefore may better reflect the behaviors an animal was en-
gaged in as opposed to the full range of possible behaviors with 
a given joint or element configuration (Ruff & Runestad,  1992). 

Even in comparison to cortical bone, which remodels at a rate of 
about 2%–3% per year, trabecular bone generally remodels much 
faster, with approximately 25% turnover annually in healthy adults 
(Eriksen, 1986, Eriksen, 2010); although, the exact remodeling rate 
likely varies both phylogenetically (Currey et  al.,  2017; Wallace 
et  al.,  2012; Wallace, Judex, & Demes,  2015), through ontogeny 
(Pitfield et al., 2017; Wallace, Demes, & Judex, 2017), and even re-
gionally within the same skeletal element (Parfitt,  2002; Wallace 
et al., 2017; Wallace, Pagnotti, et al., 2015). With such a high turn-
over rate, trabecular bone is thought to be more responsive to varia-
tion in mechanical loading throughout life and therefore may better 
reflect function than cortical bone (Carter et al., 1989; Jacobs, 2000; 
Rubin et al., 2001, 2002; but see Lovejoy et al., 2003). Additionally, 
the trabecular response to loading appears to be more localized than 
that of cortical bone (Barak et al., 2011; Judex et al., 2004; Rubin 
et al., 2001; Rubin et al., 2002; Schulte et al., 2013), potentially al-
lowing for the identification of more nuanced signals of locomotor 
adaptation.

The architecture of primate trabecular bone, particularly in 
load-bearing joints, has been shown to reflect mechanical demands, 
offering valuable insight into variation in locomotor strategies. In 
metacarpals, trabecular bone volume fraction (BV/TV) varies with 
joint loading, with regions of high BV/TV indicating areas of habitual 
compressive loading, offering insight into joint posture during loco-
motion and distinguishing suspensory from knuckle-walking primates 
(Chirchir et  al.,  2017; Dunmore et  al.,  2020; Dunmore et  al.,  2023; 
Tsegai et al., 2013). Subarticular trabecular bone in the femoral and 
humeral heads has similarly been used to distinguish locomotor groups 
among anthropoids (Georgiou et al., 2019; Ryan & Shaw, 2012). In par-
ticular, BV/TV underlying the subarticular surface of the femoral head 
correlates with hip posture and loading across the locomotor regimes 
of humans and African apes, with humans displaying a single region 
of high BV/TV reflecting bipedal walking, while Pan and Gorilla show 
two regions corresponding to climbing and knuckle-walking (Georgiou 
et al., 2019). Additionally, features such as trabecular number, connec-
tivity density, and fabric anisotropy in the center of the femoral, and 
to a lesser extent humeral head, analyzed together appear to distin-
guish among locomotor modes in anthropoids (Ryan & Shaw, 2012). 
However, the relationship between trabecular structure and function 
is not consistent across all elements. Studies of the talus, for example, 
reveal significant overlap in trabecular patterns among hominoids with 
different locomotor behaviors, suggesting that this element does not 
simply reflect locomotor loading (DeSilva & Devlin,  2012). Similarly, 
trabecular structure in the humeral head overlaps among hominoids, 
likely due to shared arboreal behaviors, complicating its effective-
ness in distinguishing among locomotor strategies (Kivell et al., 2018). 
Broader studies of trabecular architecture across the skeleton reveal 
systemic patterns that are not always tied to locomotor differences. 
Chimpanzees, for instance, generally have slightly higher BV/TV than 
humans in most regions (Tsegai et al., 2018), and in modern humans, 
the cervical vertebrae, proximal femur, and proximal humerus con-
sistently exhibit the highest BV/TV (Ryan et al., 2019), indicating that 
trabecular variations often reflect other factors beyond locomotion.
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    |  3FARRELL et al.

Traditionally, analyses of trabecular adaptation have concen-
trated on the areas underlying joint surfaces, where trabecular 
bone is thought to manage and distribute loads to the surround-
ing cortical bone (Barak et al., 2008; Currey, 2002). However, in 
some bones, like the clavicle, trabecular structure extends beyond 
these joint regions and plays a role throughout the diaphysis. This 
extended presence suggests that trabecular bone may have ad-
ditional functions, such as supporting diaphyseal stiffness under 
regular loading or serving non-mechanical roles such as facilitat-
ing hematopoiesis, as observed in humans (Keaveny et al., 2001; 
Wang et al., 2022; Zawin and Jaramillo, 1993). Given that about 
88% of trabecular stiffness, or the Young's modulus of trabecular 
bone, can be explained by BV/TV (Stauber et al., 2006), regions of 
the diaphysis with increased BV/TV may be specifically adapted 
to resist the stresses imposed during locomotion. Moreover, en-
theses—the regions where tendons and ligaments attach to bone 
(Benjamin & McGonagle,  2009)—are commonly found along the 
diaphyses of long bones and are subject to significant tensile 
forces transmitted through these connective tissues (Benjamin 
et al., 2008; Benjamin & Ralphs, 1997). Since bones are more sus-
ceptible to failure under tensile loading compared to compres-
sion (Doube et al., 2009; Pattin et al., 1996), the trabecular and/
or cortical bone underlying these entheses would be expected 
to exhibit adaptations, such as higher bone volume fraction (BV/
TV). However, studies of cortical geometry in the hominoid clav-
icle suggest that its morphology is more strongly influenced by 
bending loads on the bone as a whole, rather than localized signals 
from muscle action (Farrell, 2024; Farrell and Alemseged, 2025). 
Thus, while cortical bone may contribute to reinforcing areas of 
high mechanical demand, in the hominoid clavicle, the trabecular 
bone underlying entheses is still likely to exhibit elevated BV/TV 
to accommodate localized tensile stresses. This increased density 
would help to accommodate the concentrated forces from muscle 
contractions, thereby enhancing the bone's structural integrity in 
response to repetitive, localized stress (Benjamin & Ralphs, 1997; 
Schlecht, 2012).

In addition to focusing on more functionally informative as-
pects of morphology, incorporating the clavicle into analyses 
alongside the scapula and humerus could help address the chal-
lenges in identifying consistent functional signals in the pectoral 
girdle. The hominoid clavicle, often understudied compared to 
these other elements, is particularly well-suited for studying bone 
functional adaptation due to its unique properties and roles. In pri-
mates, the clavicle acts as the only bony articulation between the 
thorax and upper limb (Harrington et al., 1993; Ljunggren, 1979). 
Relative to the soft tissues around it, the clavicle has the highest 
Young's modulus (Gordon, 2009), making it the most rigid struc-
ture for transferring loads between the substrate and the body 
of the locomoting animal. Moreover, analysis of cortical geome-
try suggests that the clavicle, bridging the upper limb and thorax, 
experiences varied loading patterns during different locomotor 
behaviors (Farrell,  2024; Farrell and Alemseged,  2025). Finally, 
the average primate clavicular diaphysis serves as an attachment 

site for three muscles crucial for upper limb flexion and abduc-
tion during locomotion: the clavicular head of the pectoralis 
major muscle along its sternal ventral surface (except in Pongo), 
the anterior deltoid muscle (clavicular head) on the cranioventral 
surface of the lateral third of the bone, and the cranial trapezius 
muscle along the craniodorsal surface of the same region (Diogo 
& Wood, 2012; Swindler & Wood, 1973). Alongside these muscu-
lar attachments, the presence of trabecular bone throughout the 
clavicular diaphysis (Harrington et al., 1993) makes it particularly 
suited for studying the structural role of trabecular bone beyond 
the subarticular regions.

Here, we examine whether the trabecular bone structure in the 
clavicle varies predictably between hominoids to understand the 
patterns of biomechanical loading imposed by differing locomotor 
practices. To explore these variations, we test several hypotheses: 
(1) suspensory taxa (Pongo, Hylobates) will exhibit decreased BV/
TV in the central subarticular regions of the clavicle due to tensile 
joint loading and increased BV/TV at the periphery reflecting tensile 
forces at ligamentous attachments, while more terrestrial taxa (Pan, 
Gorilla) will have higher BV/TV throughout the subarticular regions, 
reflecting compressive joint loading; (2) regions of attachment for 
the clavicular pectoralis major m., anterior deltoid m., and cranial tra-
pezius m. will have higher BV/TV than areas of the diaphysis devoid 
of muscle and/or ligament attachment (Figure 1; Doube et al., 2009; 
Pattin et al., 1996); (3) Tb.N will be highest, and BV/TV and Tb.Th 
will be lowest in the smallest non-human apes (Hylobates, Pan) and 
greatest in the larger non-human apes (Gorilla, Pongo), reflecting the 
scaling relationship reported in analyses of other skeletal elements 
(Doube et al., 2011; Ryan & Shaw, 2013); and (4) modern Homo sa-
piens will have the lowest relative BV/TV among the great apes, 
reflecting the recent gracilization of the modern human skeleton 
noted by other researchers (Chirchir et al., 2015; Ruff, 2006; Ryan 
& Shaw, 2015).

2  |  MATERIAL S AND METHODS

2.1  |  Materials

Trabecular bone parameters were measured from microcom-
puted tomographic (micro-CT) scans of the clavicle in a sample 
of wild-origin adult apes (Homo sapiens, N = 20; Gorilla gorilla, 
N = 32; Gorilla beringei, N = 16; Pan troglodytes, N = 34; Pongo 
abelii, N = 13; Pongo pygmaeus, N = 24; Hylobates lar, N = 28; and 
Hylobates concolor, N = 3; Table  1; Table  S1). To enable generic 
comparisons, both species of Gorilla were combined, as were 
both species of Pongo and Hylobates. The extant ape sample in-
cludes specimens housed in the American Museum of Natural 
History (AMNH), Cleveland Museum of Natural History (CMNH), 
Field Museum of Natural History (FMNH), Harvard Museum of 
Comparative Zoology (MCZ), Max Planck Institute for Evolutionary 
Anthropology (MPI), and Smithsonian Institution (USNM, for-
merly National Museum of Natural History). The modern Homo 
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4  |    FARRELL et al.

sapiens sample is sourced from the Hamann-Todd Collection and 
includes post-industrial individuals of known age and sex. Non-
pathological right clavicles, free from evidence of mounting, were 
preferentially sampled. Left clavicles were occasionally sampled 
when the right one was missing or damaged but were mirrored 
prior to conducting analyses. Individuals were determined to be 
adults based on the presence of all three permanent maxillary and 

mandibular molars (Smith et al., 1994) alongside the fusion of the 
sternal clavicular epiphysis. To minimize the effects of sexual di-
morphism, adult females and males were sampled proportionally 
when possible.

Micro-CT scans of the extant individuals were generated at the 
University of Chicago using a Phoenix|x-ray Nanotom and v|tome|x 
combination (RRID:SCR_024763), the Center for Nanoscale Systems 
at Harvard University using an HMXST Micro-CT x-ray imaging sys-
tem, and the Max Planck Institute for Evolutionary Anthropology 
using a diondo d3. Due to the variation in specimen size and den-
sity, voltage ranged from 70 to 110 kV, current ranged from 150 to 
320 μA, resolution ranged from 27.38 to 89.20 μm and either no filter 
or a 0.2 or 0.5 mm copper filter was used. While some of the larger 
great apes were scanned at a lower resolution, the average trabecu-
lar thickness in these specimens exceeds 0.1 mm (100 μm), ensuring 
that the resolution remains sufficient for accurate measurements 
(also see Lukova et al., 2024). Detailed specimen information and CT 
scan parameters are provided in Table S1 within the Supplementary 
Material.

2.2  |  Methods

2.2.1  |  Segmentation and reorientation

The micro-CT data was first segmented using the MIA-Clustering 
segmentation algorithm (Dunmore et al., 2018) to reduce the num-
ber of subjective decisions and increase reproducibility. The result-
ing segmented scans were first manually inspected to confirm the 
accuracy of the segmentation. Next, the scans were binarized and 
reoriented into standardized anatomical positions using Avizo Lite 
2020.2 (Visualizations Sciences Group,  2017), with the x-axis rep-
resenting the dorsoventral plane, the y-axis representing the cranio-
caudal plane, and the long axis of the clavicle aligned with the z-axis, 
ensuring that all specimens were in the same position when defining 
the regions of interest (ROIs; Figure 2a).

Using medtool (v 4.5; www.​dr-​pahr.​at/​medtool), the cortical 
and trabecular bone were differentiated using morphological fil-
ters with an in-house script following Gross et al.  (2014). Briefly, 
first a closing filter was used to fill in any gaps in the cortex of the 
element. After the surface was closed, an outer and inner mask of 
the element were created, representing the periosteal and end-
osteal volumes of the specimens. A cortex-only mask was then 
created by subtracting the inner mask from the outer mask, and a 
trabecular bone-only mask was created by subtracting the cortical 
image from the full original image. The created masks were then 
mathematically combined such that the cortex was removed, and 
the air, inner medullary region, and trabecular bone in the image 
are assigned the grey values 0, 1, and 2, respectively (Figure 2a); 
this defined voxel data was used to quantify the trabecular pa-
rameters of interest. A volumetric mesh of the inner mask was 
created, upon which the quantified trabecular parameters were 
interpolated (Figure 2c).

F I G U R E  1  Attachment sites of the cranial trapezius muscle (pale 
yellow), anterior deltoid muscle (orange), clavicular pectoralis major 
muscle (red), sternocleidomastoid muscle (pink), trapezoiz ligament 
(grey), conoid ligament (brown), and costoclavicular ligament (gold) 
on a modern Homo sapiens clavicle, as seen in cranial view (top) and 
ventral view (bottom). Minor variations in muscle attachment do 
exist among the apes, for example, the trapezius attaches to “more 
than the lateral third” of the clavicle in Hylobates, compared to “the 
lateral third or more than the lateral third” in Pan. Most notably, 
Pongo does not have a clavicular origination of the clavicular 
pectoralis major muscle (see Diogo & Wood, 2011, 2012).

TA B L E  1  Extant adult hominoid sample.

Genus Ntotal M F U

Gorilla spp. 48 29 18 1

Homo sapiens 20 10 10 0

Hylobates spp. 31 16 14 1

Pan troglodytes 34 20 14 0

Pongo spp. 37 15 22 0

Note: Sex is indicated as M (male), F (female), or U (unknown). Detailed 
specimen information and micro-CT scanning parameters are available 
in the Supplemental Information.
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2.2.2  |  Trabecular bone quantification

First, comprehensive trabecular bone mapping was conducted 
across the entire clavicle to visualize the parameters throughout the 
element. To achieve this, a 2.5 mm square grid was overlaid onto the 
mesh representing the endosteal volume of the specimen. A 5 mm 
sampling sphere was then fitted to each node in the grid, resulting in 
many overlapping spheres. Within each of those spheres, trabecular 
bone volume fraction (BV/TV) was quantified. These BV/TV values 
were then interpolated onto the endosteal mesh, providing a global 
visualization of BV/TV.

Next, BV/TV, trabecular thickness (Tb.Th), trabecular separa-
tion (Tb.Sp), and trabecular number (Tb.N) were quantified within 
predefined 3D ROIs to enable statistical comparisons. Specifically, 
this means that BV/TV was calculated both globally for the entire 
clavicle (as described above) and locally for each of the ROIs. ROI 1 
quantified the sternal subarticular area (medial 10% of bone length), 
ROI 22 quantified the acromial subarticular area (lateral 10% of bone 
length), and the intermediate 20 regions (ROI 2 – ROI 21) each quan-
tified 4% of bone length, collectively covering the remaining 80% of 
bone (Figure 2b).

Within medtool, BV/TV is calculated as the ratio of ‘BV’ or bone 
volume (all voxels with a ‘2’ grey value) over ‘TV’ or total volume (all 
voxels with a ‘1’ and ‘2’ grey value). Tb.Th and Tb.Sp were calculated 
using the sphere fitting method of Hildebrand and Ruesegger (1997), 
and Tb.N was calculated as 1 divided by the sum of Tb.Th and separa-
tion (1/(Tb.Th + Tb.Sp)). To control for potential systemic differences 
in mean BV/TV across specimens and to allow for a more meaningful 
exploration of relative patterns, BV/TV was standardized by dividing 
the original values by the mean BV/TV for each individual specimen, 

resulting in the relative trabecular bone volume fraction (rBV/TV; 
Dunmore et al. 2020).

2.2.3  |  Comparative analyses

To qualitatively compare the distributions of the parameters across 
the clavicle, values calculated for those parameters at each node 
in the grid during the whole bone analysis were projected onto the 
nodes of the 3D mesh (Figure  2c). The interpolation of these val-
ues and projection onto the 3D mesh were visualized in Paraview 
5.11.0 (Ahrens et al., 2005). To better understand the regional vari-
ation in trabecular bone structure, this visualization was performed 
and described for the specimen with BV/TV values in each ROI clos-
est to the genus average (Gorilla, AMNH M 167336; Homo, CMNH 
HTH 0315; Hylobates, MCZ M 41455; Pan, AMNH M 174860; Pongo, 
USNM M 143596).

2.2.4  |  Statistical analysis

Statistical comparison of the structural parameters was conducted 
using the mean rBV/TV, Tb.Th, Tb.Sp, and Tb.N values for each of 
the 22 defined ROIs. Levene's tests were used to assess for signifi-
cant differences in homogeneity of variance between groups, and 
Shapiro–Wilk tests were used to identify datasets that deviated 
from a normal distribution. Fifty-six of the defined groups showed 
differences in homogeneity of variance (p < 0.00001 to p = 0.85), and 
94 had non-normal distributions (p < 0.00001 to p = 0.63), so further 
differences between groups were investigated with non-parametric 

F I G U R E  2  Processing stages for analysis of trabecular bone structure, shown here in a modern Homo sapiens clavicle: (a) mid-plane image 
of the binarized and aligned bone (left) and final masked image (right); (b) the 22 ROIs used for statistical comparison; (c) 3D finite element 
meshes created from the outer and inner masks upon which the whole-bone data will be projected (top) and the interpolated values used to 
produce a 3D morphometric map of BV/TV with warmer tones indicating higher BV/TV and cooler tones indicating lower BV/TV (bottom).
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Kruskal–Wallis tests and post hoc Dunn's tests with Bonferroni cor-
rection to control the family-wise error rate. Adjusted p-values (p.ad-
just) are reported and range from p < 0.00001 to p = 1 (Tables S2–S6). 
Since certain trabecular parameters have been shown to scale allo-
metrically with body mass (Cotter et al., 2009; Doube et al., 2011; 
Plasse et al., 2019; Ryan & Shaw, 2013; Smith et al., 2024; Swartz 
et  al.,  1998), we explored our data for similar allometric relation-
ships. Mean values for BV/TV, Tb.Th, Tb.Sp, and Tb.N were calcu-
lated for each individual and subjected to an ordinary least squares 
linear regression using clavicle length, which scales relatively iso-
metrically with body mass in primates (Kagaya et al., 2010; Laudicina 
& Cartmill, 2023; Niskanen & Junno, 2009), as a proxy for body mass 
(Table 2) to assess how these trabecular parameters in the clavicle 
scale with variations in body size. As both Tb.Th and Tb.Sp are linear 
size variables, a slope (β) of 1 would indicate isometry, with slopes 
above 1 indicating positive allometry and those below 1 indicating 
negative allometry. In contrast, because BV/TV and Tb.N are shape 
variables, a slope (β) of 0 would indicate isometry, with positive 
values indicating positive allometry and negative values indicating 
negative allometry. All statistical analyses were carried out in R 4.3.2 
(R Core Team, 2023), with statistical significance thresholds set at 
p.adjust = 0.05 for the Kruskal–Wallis and Dunn tests and p = 0.05 
for the tests of allometry.

3  |  RESULTS

3.1  |  Trabecular bone volume fraction (BV/TV and 
rBV/TV)

The initial analysis of BV/TV reveals significant differences among 
hominoid taxa (Figure  3a; Table  S2). Hylobates is notably distinct 
from the great apes, exhibiting substantially lower BV/TV across the 
entire diaphysis. Among the great apes, Homo displays lower BV/TV 
at the acromial end compared to Gorilla, Pan, and Pongo, although 
sternal values are similar across these taxa. Gorilla is distinguished by 
having higher BV/TV at the acromial end relative to the other great 
apes, while Pan and Pongo show similar patterns of BV/TV across 
the clavicle. Allometrically, BV/TV scales positively with bone length 
across all apes (slope = 1.347; Table 2), indicating a strong relation-
ship between the two variables. In contrast, no significant allometric 
relationship is observed within the great apes, suggesting a much 
weaker association between BV/TV and bone length in this group. 
Additionally, no significant intraspecific trends in BV/TV were de-
tected across any of the ape species.

Even after normalizing the BV/TV values by individual specimen 
means (rBV/TV), significant differences persist among hominoid 
taxa (Figure 3b; Table S3). Homo now exhibits higher rBV/TV in the 
sternal half of the diaphysis compared to Pan, Pongo, and Gorilla. As 
for unscaled BV/TV, Hylobates displays lower rBV/TV than all the 
great apes between 41% and 75% of bone length. The rBV/TV distri-
butions in Pan and Gorilla largely overlap, except between 86% and 
91% of bone length, where rBV/TV in Pan is lower than in Gorilla and 

is more similar to Homo. In the same region, the rBV/TV of Gorilla 
aligns more closely with Pongo. A general trend across the great 
apes shows an increase in rBV/TV around 60%–70% of bone length. 
However, again Hylobates presents a distinct distribution, with rBV/

TA B L E  2  Ordinary least squares linear regressions of log-
transformed mean trabecular parameters against bone length as 
a proxy for body mass to test for allometric relationships in the 
dataset.

F-statistic Adjusted R2 β p-value

All Apes

BV/TV 185.4 0.5308 1.347 <0.0001

Tb.Th 160.9 0.4953 0.599 <0.0001

Tb.N 9.835 0.0514 0.147 0.002

Tb.Sp 30.72 0.1542 −0.405 <0.0001

Great Apes

BV/TV 1.842 0.0063 0.181 0.177

Tb.Th 5.34 0.0318 0.002 0.031

Tb.N 13.81 0.0885 −0.274 0.0003

Tb.Sp 6.502 0.04001 0.292 0.012

Gorilla

BV/TV 0.539 −0.0104 −0.199 0.468

Tb.Th 0.083 −0.0208 −0.056 0.775

Tb.N 1.742 0.0162 −0.221 0.192

Tb.Sp 3.183 0.0463 0.516 0.081

Homo

BV/TV 0.179 −0.0507 0.186 0.678

Tb.Th 80.48 0.8238 0.973 <0.0001

Tb.N 3.079 0.109 −0.639 0.099

Tb.Sp 1.439 0.0252 0.661 0.248

Hylobates

BV/TV 2.131 0.0363 1.370 0.155

Tb.Th 3.913 0.0885 0.696 0.058

Tb.N 1.305 0.0101 −0.487 0.263

Tb.Sp 1.095 0.0032 0.593 0.304

Pan

BV/TV 1.806 0.0246 0.763 0.189

Tb.Th 8.528 0.1905 0.636 0.0065

Tb.N 7.446 0.1677 −0.622 0.0104

Tb.Sp 1.573 0.0176 0.480 0.219

Pongo

BV/TV 0.073 −0.0272 0.089 0.789

Tb.Th 0.029 −0.0285 −0.031 0.867

Tb.N 0.027 −0.0286 0.029 0.869

Tb.Sp 0.043 −0.0281 −0.052 0.836

Note: The scaling coefficient (β) represents the slope in allometric 
analysis. For BV/TV and Tb.N, β = 0 indicates isometry, while for 
Tb.Th and Tb.Sp, β = 1 indicates isometry. Values above or below 
these thresholds suggest positive or negative allometry, respectively. 
Significance was determined at p = 0.05, with significant p-values 
bolded.
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    |  7FARRELL et al.

F I G U R E  3  Mean trabecular structure parameters along the clavicle of extant apes. The x-axis represents the position along the clavicle, 
with 0 indicating the sternal end and 100 the acromial end. The y-axis displays: (a) unscaled trabecular bone volume fraction (BV/TV), (b) 
mean relative trabecular bone volume fraction (rBV/TV), (c) trabecular thickness (Tb.Th), (d) trabecular separation (Tb.Sp), and (e) trabecular 
number (Tb.N). Lines are color-coded by genus and represent the genus-specific means, with shaded regions illustrating the standard error.
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8  |    FARRELL et al.

TV being highest within the epiphyses and remaining low through-
out the diaphysis.

To better understand the regional variation in trabecular bone 
structure, the distribution of rBV/TV is described in a specimen 
with BV/TV values closest to the genus mean. These patterns are 
generally consistent across the sample, though some minor varia-
tion is observed. In Gorilla, the highest rBV/TV values are observed 
on the cranial surface of the lateral curvature and at the acromial 
end (Figure 4). Notably, Gorilla shows particularly low rBV/TV val-
ues at mid-diaphysis (Figures 4–7). Within the subarticular regions 
(Figure 8), the sternal area typically exhibits higher rBV/TV at the 
center of the articular surface, though there is variation, with some 
cases showing a slightly more cranial placement of this concentra-
tion. Conversely, the acromial subarticular area exhibits a relatively 
even distribution of rBV/TV.

In Pan, high rBV/TV values are also concentrated around the lat-
eral curvature (Figure 4); however, the signal extends more medially 
into the diaphysis than in Gorilla (Figures 4–7). Also, unlike Gorilla, 
Pan exhibits elevated rBV/TV throughout both the acromial and 
sternal subarticular regions. Acromially, Pan shows consistently high 
rBV/TV across the entire subarticular area, while sternally, it follows 
a similar pattern to Gorilla, but with a more diffuse spread of high 
rBV/TV across most of the surface (Figure 8). The specimen shown 

in Figure  8, however, lacks high BV/TV in the center of the ster-
nal epiphysis, reflecting the trabecular structure typically observed 
when pitting is present on the sternal articular surface. Additionally, 
the sternal end of the clavicular diaphysis in Pan shows particularly 
high rBV/TV around the attachment site for the sternocleidomastoid 
muscle (Figure 4).

Homo exhibits the highest rBV/TV values along the ventral 
margin of the diaphysis, particularly in the medial aspect at the at-
tachment site for the clavicular head of the pectoralis major muscle 
(Figure  5). These elevated values extend cranially in the region of 
the lateral curvature near where the anterior deltoid muscle origi-
nates. Slightly elevated rBV/TV is also observed in the region associ-
ated with the attachment of the cranial trapezius muscle (Figure 4), 
although this signal is less pronounced compared to the other de-
scribed regions. Though variable in the sample, some individuals 
also show increased rBV/TV in the region of attachment for the 
sternocleidomastoid muscle on the superior surface of the medial 
clavicle. A distinct pattern of rBV/TV is observed within the inferior 
aspect of the lateral curvature: the ventral half exhibits high rBV/TV, 
while the dorsal half shows markedly lower values (Figure 6). This 
distribution best resembles the pattern seen in Gorilla rather than 
Pan or Pongo. Moreover, the dorsal aspect of the diaphysis has gen-
erally low rBV/TV values throughout the element (Figure 7). In the 

F I G U R E  4  Intraspecific variation in BV/TV in the hominoid clavicle. Surface level patterns of BV/TV in cranial view. The color map has 
been scaled based on the mean ± 3 standard deviations of BV/TV for each specimen, with warmer tones indicating higher BV/TV and cooler 
tones indicating lower BV/TV. Generic level patterns are represented by the following specimens: Gorilla (AMNH M 167336), Pan (AMNH M 
174860), Homo (CMNH HTH 0315), Pongo (USNM M 143596), and Hylobates (MCZ M 41455).
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    |  9FARRELL et al.

subarticular regions, Homo presents high rBV/TV across the sternal 
area, with peak values concentrated along the edges, particularly in 
the ventroinferior and dorsocranial directions (Figure 8). A compa-
rable pattern is seen acromially, where a high rBV/TV is distributed 
throughout the entire region, with especially elevated concentra-
tions at the dorsoventral edges.

The rBV/TV distribution in Pongo is notably more irregular com-
pared to the other great apes (Figures  4–7). Clusters of elevated 
rBV/TV are observed around the lateral curvature and extend me-
dially into the diaphysis, similar to Pan. However, in Pongo, these 
high values are typically concentrated more on the ventral and 
caudal aspects of the diaphysis rather than cranially (Figures 4–6). 
Additionally, similar to Pan, Pongo shows a region of high rBV/TV 
on the cranial aspect of the sternal diaphysis where the sternoclei-
domastoid muscle may have attached (Figure 4). In contrast to Pan, 
Pongo displays notably low rBV/TV in the dorsal aspect of the medial 
diaphysis, aligning more closely with Homo (Figure  7). The sternal 
subarticular region of Pongo shows elevated rBV/TV around its pe-
riphery, with lower rBV/TV in the center of the area (Figure 8). In the 
acromial region, rBV/TV is relatively high compared to other areas 
of the clavicle, but the distribution of these high values appears spo-
radic across the subarticular space.

Finally, Hylobates, the only lesser ape in the sample, displays a 
distinctive rBV/TV distribution across the clavicle (Figures  4–7). 
High rBV/TV is confined to the epiphyseal regions, with minimal tra-
becular bone present in the diaphysis. Sternally, Hylobates exhibits 

particularly elevated rBV/TV on the dorsoinferior aspect of the sub-
articular region (Figure 8). At the acromial end, a concentration of 
high rBV/TV is observed cranially, just medial to the articular sur-
face, though these elevated values do not extend to the subarticu-
lar surface. The inferior aspect of the acromial region shows higher 
rBV/TV values compared to the cranial aspect, particularly where 
the coracoclavicular and acromioclavicular ligaments are expected 
to have attached.

3.2  |  Trabecular thickness, separation, and number 
(Tb.Th, Tb.Sp, Tb.N)

Tb.Th, known to scale with body mass (Doube et al., 2011; Ryan & 
Shaw, 2013), is absolutely highest in Gorilla and lowest in Hylobates 
(Figure  3c; Table  S4). With a slope of approximately 0.6 (Table  2; 
Figure 9), this relationship demonstrates negative allometry, indicat-
ing that while Tb.Th increases with bone length, the rate of increase 
is slower than proportional growth. However, when Hylobates is ex-
cluded, the relationship between Tb.Th and bone length becomes 
much weaker, with a near-flat slope of 0.002 among the great apes 
(Table 2; Figure 10). Among the great apes, Pan and Pongo exhibit 
slightly thinner trabeculae than Gorilla, while Tb.Th in Homo is com-
parable to Gorilla medially but resembles Pan and Pongo beyond 50% 
of the bone length (Figure  3c). Hylobates, by contrast, shows low 
Tb.Th in the sternal half of the clavicle, with a sharp increase around 

F I G U R E  5  Intraspecific variation in BV/TV in the hominoid clavicle. Surface level patterns of BV/TV in ventral view. The color map has 
been scaled based on the mean ± 3 standard deviations of BV/TV for each specimen, with warmer tones indicating higher BV/TV and cooler 
tones indicating lower BV/TV. Generic level patterns are represented by the following specimens: Gorilla (AMNH M 167336), Pan (AMNH M 
174860), Homo (CMNH HTH 0315), Pongo (USNM M 143596), and Hylobates (MCZ M 41455).
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10  |    FARRELL et al.

75% bone length, distinct from the more gradual increase observed 
in the great apes. Intraspecifically, Tb.Th scales with negative allom-
etry in Pan (slope = 0.636; Table 2) and approaches isometry in Homo 
(slope = 0.973; Table 2), while no significant relationship is observed 
in the other ape taxa.

Tb.Sp exhibits distinct scaling patterns across apes. In all apes, 
Tb.Sp has a decreasing relationship with bone length, scaling with 
negative allometry (slope = −0.405; Table  2; Figure  9). However, 
among only the great apes, Tb.Sp shows an increasing relationship 
with bone length, also scaling with negative allometry (slope = 0.29; 
Table 2; Figure 10). No significant intraspecific scaling relationships 
are observed within any of the ape taxa. Looking at interspecific 
trends across the clavicle, Hylobates again stands out from the other 
apes, exhibiting a parabolic distribution with the highest trabecular 
separation in the diaphysis and lowest in the epiphyses (Figure 3d; 
Table  S5). In contrast, all great apes show higher separation me-
dially and lower separation laterally, with minor variations. Homo 
uniquely displays an increase in trabecular separation beyond 75% 
bone length, whereas the other apes exhibit decreasing separation 
in this region (Figure  3d). Among non-human great apes, Gorilla 
shows slightly more separation medially compared to Pan and Pongo, 
though these differences are not significant (Figure  3d; Table  S5). 
Notably, Pan exhibits significantly lower separation than all other 
apes in the medial 20% of bone length (Table S5).

Tb.N exhibits relatively weak allometric relationships across 
the ape species. In all apes, there is a weak positive allometry 
(slope = 0.147; Table  2; Figure  9), while in the great apes, a weak 
negative allometry is observed (slope = − 0.274; Table 2; Figure 10). 
Generally, Pan and Pongo have higher Tb.N values compared to 
Gorilla and Homo (Figure 3e). Homo has significantly fewer trabecu-
lae than Pan and Pongo in the acromial half of the clavicle (Table S6). 
Like rBV/TV, great apes exhibit a trend where Tb.N begins increas-
ing around mid-diaphysis and peaks at approximately 75% bone 
length. Hylobates again differs by showing increased Tb.N only in 
the epiphyseal regions (Figure 3e). Despite these variations, all apes 
have more trabeculae per unit area in the epiphyses compared to the 
diaphyses, even in regions of the diaphysis with high rBV/TV. Pan 
uniquely exhibits an intraspecific allometric relationship between 
Tb.N and bone length (slope = − 0.622; Table 2), where larger indi-
viduals have fewer trabecular struts per unit area.

4  |  DISCUSSION

This study aimed to explore the relationship between variation in 
trabecular bone distribution within the clavicle and the differing 
mechanical demands placed on the shoulder girdle across apes and 
modern humans. By investigating both subarticular regions and 

F I G U R E  6  Intraspecific variation in BV/TV in the hominoid clavicle. Surface-level patterns of BV/TV in caudal view. The color map has 
been scaled based on the mean ± 3 standard deviations of BV/TV for each specimen, with warmer tones indicating higher BV/TV and cooler 
tones indicating lower BV/TV. Generic-level patterns are represented by the following specimens: Gorilla (AMNH M 167336), Pan (AMNH M 
174860), Homo (CMNH HTH 0315), Pongo (USNM M 143596), and Hylobates (MCZ M 41455).
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    |  11FARRELL et al.

muscle attachment sites, we seek to clarify the relationship between 
internal bone architecture and the habitual behaviors that define 
each species' unique locomotor and postural adaptations.

Among the apes, a clear distinction was found between the great 
apes (Pan, Pongo, Gorilla, and Homo) and the lesser apes (Hylobates) 
based on rBV/TV and related microstructural parameters such as 
trabecular number, separation, and thickness. Hylobates, in partic-
ular, displays a unique parabolic distribution of Tb.N and Tb.Sp, re-
sulting in a low rBV/TV in the diaphysis that increases toward the 
epiphyses. In contrast, the great apes, while sharing general trends 
in trabecular structure, exhibit generic variations that reflect their 
distinct locomotor behaviors and functional demands. By examining 
these differences in trabecular structure, we can better understand 
the evolutionary adaptations that distinguish the apes.

4.1  |  Differential patterns of BV/TV in Subarticular 
Regions

Our initial hypothesis predicted that suspensory taxa (Pongo, 
Hylobates) would exhibit decreased BV/TV in the subarticular re-
gions of the clavicle due to tensile joint loading, whereas more terres-
trial taxa (Pan, Gorilla) would show higher BV/TV due to compressive 
joint loading. This hypothesis was partially supported. Acromially, 
Pan and Gorilla exhibit higher BV/TV than Pongo, Hylobates, and 

Homo, aligning with expectations. However, these differences were 
not mirrored in the sternal subarticular region, where Pan displayed 
higher BV/TV than Hylobates and Pongo, but no significant differ-
ences were found between Gorilla and Pongo. This suggests that 
loading at the sternoclavicular joint may not conform strictly to the 
terrestrial–suspensory division initially proposed.

Additionally, the use of a whole-bone analysis to visualize rBV/
TV throughout the clavicle revealed that the distribution of rBV/TV 
in the subarticular regions reflects the habitual range of motion at 
the sternoclavicular joint, rather than the orientation of the clavicle 
relative to the manubrium. This differs from findings in other skeletal 
elements, such as the first metacarpal in apes, where patterns of 
high BV/TV have been shown to correspond with regions experi-
encing the greatest joint reaction forces, driven by the distinct ori-
entations of suspensory versus terrestrial hand postures (Dunmore 
et al., 2020; Tsegai et al., 2013). In Homo, high rBV/TV along the dor-
soventral margins of the sternoclavicular subarticular area suggests 
an emphasis on dorsoventral rotation at the joint, likely facilitating 
scapular protraction and retraction to move the shoulder (Levangie 
& Norkin,  2001). This interpretation is supported by kinematic 
studies highlighting the importance of such scapular movements 
in high-velocity throwing (Kibler,  1998; Myers et  al.,  2005; Roach 
& Lieberman,  2014) and in various daily manipulative activities 
(Sheikhzadeh et  al.,  2008). Moreover, this distribution aligns with 
evidence of increased dorsoventral cortical reinforcement observed 

F I G U R E  7  Intraspecific variation in BV/TV in the hominoid clavicle. Surface-level patterns of BV/TV in dorsal view. The color map has 
been scaled based on the mean ± 3 standard deviations of BV/TV for each specimen, with warmer tones indicating higher BV/TV and cooler 
tones indicating lower BV/TV. Generic-level patterns are represented by the following specimens: Gorilla (AMNH M 167336), Pan (AMNH M 
174860), Homo (CMNH HTH 0315), Pongo (USNM M 143596), and Hylobates (MCZ M 41455).
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12  |    FARRELL et al.

in modern human clavicles, which suggests habitual dorsoventral 
bending loads (Farrell, 2024; Farrell and Alemseged, 2025). In Pongo, 
similarly high rBV/TV is present in the sternal epiphysis; however, 
trabecular bone is more distributed along the margins rather than 
concentrated centrally, likely reflecting a broader range of postures 
at the sternoclavicular joint compared to Homo. Gorilla shows a dis-
tinct pattern of high rBV/TV in the sternal subarticular region where 
increased rBV/TV is concentrated centrally and spreads variably 
cranioventrally among individuals. This likely reflects the stereotypic 
loading of the joint during knuckle walking and limited engagement 
in other behaviors that load the clavicle. However, this pattern does 
not fully align with expectations of protraction and retraction of 
the humeral head and scapula during knuckle walking (Hunt, 1991; 
Inouye, 1994). It is possible that the sternoclavicular joint in African 
apes, particularly Gorilla, exhibits reduced range of motion as an ad-
aptation to stabilize the shoulder against shearing forces that could 
occur during knuckle walking due to the scapula's position and the 
thoracic shape (Inouye,  1994; Roberts,  1974). This supports the 
hypothesis that the inferiorly convex curvature of the medial clav-
icle in great apes, a feature largely absent in modern humans, helps 
maintain tension in the costoclavicular ligament, thereby restricting 
mobility at the sternoclavicular joint (Voisin, 2006). However, Pan, 
which exhibits the greatest degree of medial clavicular curvature 
(Farrell,  2024; Squyres & DeLeon,  2015; Voisin,  2006), shows a 
broader distribution of high rBV/TV across the sternal subarticular 

region, sharing similarities with both Gorilla and Pongo. This pat-
tern may reflect Pan's more arboreal lifestyle compared to Gorilla 
(Doran, 1997).

In the acromial subarticular region, rBV/TV displays a relatively 
consistent pattern across most apes, which is expected due to the 
limited range of motion at the acromioclavicular joint (Levangie & 
Norkin,  2001). Homo, however, stands out with increased rBV/TV 
along the dorsoventral margins, highlighting the clavicle's involve-
ment in habitual and repetitive scapular movements, consistent with 
behaviors such as high-velocity throwing and daily manipulatory ac-
tivities (Levangie & Norkin, 2001; Sheikhzadeh et al., 2008). Overall, 
the overlap in subarticular rBV/TV patterns among great apes paral-
lels findings in the humeral head, where similar trabecular structures 
are observed across taxa (Kivell et  al., 2018). Nevertheless, in the 
clavicle, these subarticular concentrations of high rBV/TV do not 
extend as deeply into the epiphysis in terrestrial apes as they do in 
their more suspensory relatives.

4.2  |  Muscle and ligament attachment sites show 
higher BV/TV

In line with initial predictions, all great apes exhibit increased 
rBV/TV, to varying extents, in the dorsal region of the lateral cur-
vature. This increase potentially reflects the recruitment of the 

F I G U R E  8  Intraspecific variation in trabecular bone volume fraction (BV/TV) within the sternal subarticular region of the hominoid 
clavicle. The figure displays surface-level patterns of BV/TV, with clavicles oriented such that the viewer is looking directly at the sternal 
subarticular surface. The orientation is as follows: Ventral to the left, dorsal to the right, cranial at the top, and caudal at the bottom. Warmer 
colors represent higher BV/TV, while cooler colors indicate lower BV/TV. Generic level patterns are represented by the following specimens: 
Gorilla (AMNH M 167336), Pan (AMNH M 174860), Homo (CMNH HTH 0315), Pongo (USNM M 143596), and Hylobates (MCZ M 41455).
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    |  13FARRELL et al.

cranial trapezius muscle during overhead arm swinging (Larson 
et al., 1991) and vertical climbing (Preuschoft et al., 2010). It may 
also be associated with the habitual use of the anterior deltoid 
muscle during behaviors such as arm elevation in climbing and 
arm retraction in knuckle walking (Larson & Stern, 1986; Larson & 
Stern, 1987). Although modern humans display overall lower BV/
TV in this region compared to great apes, they still show a rela-
tive increase in rBV/TV in the lateral curvature compared to other 
parts of the clavicle. This pattern supports the findings of Wallace 
et al.  (2017), who found that while elevated physical activity af-
fects cortical and trabecular bone structure in the distal femoral 
epiphysis, it does not significantly alter entheseal surface topog-
raphy. Similarly, studies by Zumwalt  (2006), Rabey et  al.  (2015), 
and Djukic et  al.  (2015) failed to establish a direct link between 
entheseal morphology and physical activity. Notably, although 
muscle use signals were identified in the clavicle of great apes, 
the trabecular architecture of Hylobates clavicles does not re-
flect similar muscle recruitment patterns (Jungers & Stern, 1981; 

Stern et al., 1980), attachment sites (Diogo et al., 2012; Diogo & 
Wood, 2012), or muscle size (Michilsens et al., 2009) along the dia-
physis. This lack of correspondence suggests that Hylobates tra-
becular structure does not align with the expected adaptations for 
brachiation. Overall, these results suggest that trabecular struc-
ture is a more reliable indicator of habitual physical activity than 
entheseal morphology, as it more accurately reflects changes in 
bone structure associated with mechanical loading.

All apes also show a concentration of increased rBV/TV on the 
inferior side of the acromial end near the attachment of the trap-
ezoid ligament, which, along with the conoid ligament, connects 
the clavicle to the coronoid process of the scapula. This increase is 
particularly prominent in Gorilla and Homo, whereas in Pan, Pongo, 
and Hylobates, the elevated rBV/TV is present but more diffuse. The 
coracoclavicular ligaments, including the trapezoid ligament, are 
typically stretched or tightened during shoulder abduction, as the 
scapula rotates upward and externally, and the clavicle rotates pos-
teriorly and retracts (Izadpanah et al., 2012; Lawrence et al., 2014; 

F I G U R E  9  Allometric scaling trends of trabecular parameters relative to clavicular bone length, serving as a proxy for body mass across 
all apes. The x-axis shows log-transformed clavicular bone length, and the y-axis represents the log-transformed average value of each 
trabecular parameter across the entire clavicle for each individual. Data points are color-coded by genus. The R-squared value and slope for 
each linear regression is shown in the top left corner of each graph. For Tb.Th and Tb.Sp regressed against clavicular length, a slope (β) of 1 
indicates isometry, with slopes above 1 indicating positive allometry and those below 1 indicating negative allometry. For BV/TV and Tb.N, a 
slope (β) of 0 indicates isometry, with positive values indicating positive allometry and negative values indicating negative allometry. Dashed 
lines indicate a statistically significant relationship.
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Ludewig et al., 2009; Teece et al., 2008). Specifically, the trapezoid 
ligament acts to limit the internal rotation of the scapula in humans 
(Oki et  al.,  2012) and has been shown to experience more elastic 
strain than the acromioclavicular ligaments during humeral elevation 
and adduction, with peak strain occurring between 90–120 degrees 
of elevation and 80–100 degrees of adduction (Velasquez Garcia 
et al., 2023).

Bones subjected to tensile stress generally have a lower fail-
ure point than those subjected to compressive stress (Caler & 
Carter, 1989; Pattin et al., 1996). Consequently, greater trabecular 
bone volume fraction (BV/TV) or cortical thickness is required to 
prevent failure at ligament attachment sites (Doube et al., 2009). The 
observed patterns of increased rBV/TV in these regions likely reflect 
adaptation to high tensile forces, particularly in taxa with frequent 
arm use in specific ranges of motion. Supporting this interpretation, 
similar patterns of higher BV/TV associated with regions of ligament 
attachment have been observed in other skeletal elements, includ-
ing the calcaneus (Biewener et al., 1996), the disto-radial flange of 

the first metacarpal (Dunmore et al., 2023), and the distal capitate 
(Bird et al., 2021).

Beyond variation in overall trabecular bone volume fraction, 
consistent patterns in trabecular number and thickness across great 
apes suggest a shared mechanism driving trabecular bone adapta-
tion. In regions of muscle attachment, increased relative trabecular 
bone volume fraction (rBV/TV) results from a combination of greater 
trabecular number and thickness, along with reduced trabecular 
separation (Schwartz et al., 2024). This aligns with findings of thicker 
trabecular bone in the distal femur of exercised animals compared 
to controls (Wallace et al., 2017) and reduced trabecular thickness 
in tenotomized calcanei (Biewener et al., 1996). The increased tra-
becular thickness in these regions likely reinforces the cortical bone, 
enhancing structural support and stability. Conversely, in subartic-
ular regions, the elevated rBV/TV is mainly due to a higher trabec-
ular number and decreased separation (Schwartz et al., 2024). This 
pattern suggests that increased trabecular number in these regions 
helps better distribute forces across a larger area, optimizing the 

F I G U R E  1 0  Allometric scaling trends of trabecular parameters relative to clavicular bone length, serving as a proxy for body mass 
across great apes. The x-axis shows log-transformed clavicular bone length, and the y-axis represents the log-transformed average value of 
each trabecular parameter across the entire clavicle for each individual. Data points are color-coded by genus. The R2 value and slope for 
each linear regression is shown in the top left corner of each graph. For Tb.Th and Tb.Sp regressed against clavicular length, a slope (β) of 1 
indicates isometry, with slopes above 1 indicating positive allometry and those below 1 indicating negative allometry. For BV/TV and Tb.N, a 
slope (β) of 0 indicates isometry, with positive values indicating positive allometry and negative values indicating negative allometry. Dashed 
lines indicate a statistically significant relationship.
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bone's ability to manage the stresses associated with substrate reac-
tion forces at the joint. This contrast highlights different responses 
to the compressive forces within joints versus the tensile stresses 
from muscle contractions.

Collectively, these findings underscore that trabecular bone 
structure serves as a reliable indicator of mechanical loading, partic-
ularly in regions subjected to significant tensile stress.

4.3  |  Unique trabecular trend in Homo sapiens

The trabecular bone structure of the modern human clavicle pre-
sents distinct characteristics that set it apart from other great apes. 
Notably, modern humans exhibit increased BV/TV in the ventral 
portion of the medial diaphysis relative to the other apes, where 
the clavicular pectoralis major muscle originates. This muscle is 
essential for arm flexion up to 90°, adduction, and medial rotation 
(Barberini,  2014), playing a significant role in object manipulation. 
Although modern humans exhibit lower BV/TV in the lateral half of 
the clavicle compared to non-human great apes, the elevated BV/
TV in the medial diaphysis means that the overall bone volume frac-
tion in the medial clavicle remains relatively consistent across great 
apes. While this initially appears in contrast with previous research 
suggesting recent gracilization of the modern human trabecular 
structure (Chirchir et al., 2015; Ryan & Shaw, 2015), the increased 
BV/TV in the medial diaphysis supports the hypothesis that a sed-
entary lifestyle in modern humans contributes to a lower BV/TV 
in other regions (Chirchir et al., 2015; Ryan & Shaw, 2015), as the 
pectoralis major is likely engaged more frequently and intensely in 
modern humans than in extant apes (Larson & Stern, 1986; Larson 
& Stern,  1987; Lulic-Kuryllo et  al.,  2021). Further, when BV/TV is 
standardized across taxa, modern humans show comparable rBV/
TV values throughout the clavicle relative to great apes. In combi-
nation with observations of reduced BV/TV in the humerus (Kivell 
et al., 2018) and carpals (Bird et al., 2021; Bird et al., 2022) of modern 
humans, this pattern may suggest a similar proximodistal gradient of 
BV/TV reduction in the upper limb as seen in the lower limb (Saers 
et al., 2016).

Even though modern humans show lower mean values of BV/TV 
and rBV/TV compared to great apes through the lateral diaphysis, 
the whole-bone visualization of trabecular trends reveals that Homo 
exhibits increased rBV/TV around the lateral curvature in regions 
similar to those seen in non-human great apes. Notably, modern hu-
mans display a distinctive pattern with high rBV/TV concentrated 
more ventrally on the clavicle's lateral curvature, in contrast to the 
more cranial orientation observed in Pan and Gorilla. This variation 
is likely related to the more ventral attachment of the anterior del-
toid muscle in modern humans (Diogo & Wood, 2012; Larson, 2007; 
Swindler & Wood, 1973), which is involved in flexing and internally 
rotating the arm during object manipulation.

Interestingly, the increased rBV/TV in the region of the cra-
nial trapezius in modern humans was unexpected, given that in 
non-human apes this pattern is potentially linked to the muscle's 

involvement in overhead arm swinging and climbing. In humans, 
however, this elevated rBV/TV appears to be more related to pos-
tural stabilization. In modern humans, the cranial trapezius passively 
stabilizes the pectoral girdle against the downward load imposed 
by the pendular upper limb and transmits forces to the sternocla-
vicular joint through its attachment on the lateral clavicle (Gaffney 
et al., 2014; Gonçalves et al., 2017; Johnson et al., 1994), rather than 
chiefly contributing to head stabilization or movement (Keshner 
et al., 1989). This increased loading relative to non-human apes likely 
contributes to the elevated rBV/TV observed in the dorsal region 
of the lateral clavicle. The increase in rBV/TV may be due to the 
combination of near-continuous background activation required to 
support the shoulder girdle in bipedal posture, along with habitual 
activation for upper limb movements and head flexion. It is also im-
portant to consider the composition of the representative modern 
human sample, which predominantly represents poor post-industrial 
individuals, likely factory workers or laborers. This group may have 
experienced higher trapezius activation due to increased physical 
stress and repetitive, less-rested movements (Jensen et al., 1993).

In sum, examining trabecular bone distribution in both the diaph-
ysis and subarticular epiphysis of the clavicle reveals insights into the 
locomotor behaviors and functional adaptations of apes. For Pongo, 
the trabecular morphology suggests extensive mobility at the ster-
noclavicular joint, supporting diverse arboreal activities such as arm 
flexion facilitated by the anterior deltoid and head stabilization pro-
vided by the cranial trapezius. In Gorilla, the trabecular pattern indi-
cates significant forelimb retraction during knuckle walking, driven 
by the anterior deltoid. Pan shows an intermediate trabecular struc-
ture, reflecting a blend of arboreal and terrestrial activities. In Homo, 
the trabecular distribution suggests a primary use of the forelimb in 
the dorsoventral plane, with the clavicular pectoralis major and an-
terior deltoid playing key roles in arm flexion, adduction, and medial 
rotation during object manipulation.

5  |  CONCLUSION

Ultimately, this study demonstrates that the trabecular architecture 
of the clavicle across different ape taxa provides critical insights into 
their distinct locomotor behaviors and functional adaptations. As 
the first analysis to directly investigate trabecular bone distribution 
patterns in relation to muscle insertion within a comparative frame-
work, it reveals key patterns such as generally higher trabecular 
number in the epiphyses and increased trabecular thickness under-
lying muscle entheses. Additionally, the study shows that in extant 
apes, increased trabecular bone volume fraction is concentrated in 
areas associated with the attachment of muscles frequently engaged 
during locomotion, supporting hypotheses that bone deposition can 
be more responsive to tensile forces than compressive ones (Bird 
et al., 2021; Bird et al., 2022; Doube et al., 2009; Pattin et al., 1996). 
This pattern not only demonstrates how muscle activity influences 
bone structure in living apes, but also offers a framework for inter-
preting muscle use in fossil hominins. For instance, elevated BV/TV 
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in the region associated with the pectoralis major may signify a shift 
toward greater reliance on the arms for manipulation and reduced 
use of the arboreal environment. Similarly, a ventrally located con-
centration of high BV/TV at the lateral end may indicate a shift in the 
anterior deltoid attachment site, highlighting adaptations in shoul-
der function and upper limb use. By highlighting differences in tra-
becular architecture across hominoid taxa, this study advances our 
understanding of primate shoulder evolution and lays the ground-
work for future research into the adaptive significance of bone mi-
crostructure in relation to locomotor behavior and muscle function.
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