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Abstract

The fibula, despite being traditionally overlooked compared to the femur and the tibia, has recently
received attention in primate functional morphology due to its correlation with the degree of arboreality.
Highlighting further fibular features that are associated with arboreal habits would be key to improving
palacobiological inferences in fossil specimens. Here we present the first investigation on the trabecular
bone structure of the primate fibula, focusing on the distal epiphysis, across a vast array of species. We
collected pCT data on the distal fibula for 21 species of primates, with representatives from most of the
order, and we employed a recently developed approach implemented in the R package ‘indianaBones’ to
isolate the entire trabecular bone underlying an epiphysis or articular facet. After extracting both traditional
trabecular parameters and novel topological indices, we tested for the posited relationship between
trabecular bone and degree of arboreality. To disentangle this effect from others related to body size and
phylogenetic relationship, we included a body mass proxy as covariate and employed phylogenetic
comparative methods. We ran univariate/multivariate and exploratory/inferential statistical analyses. The
trabecular structure of the fibular distal epiphysis in primates does not appear to be associated with the
degree of arboreality. Instead, it is strongly affected by body mass and phylogenetic relationships. Although
we identified some minor trends related to human bipedalism, our findings overall discourage, at this stage,
the study of distal fibula trabecular bone to infer arboreal behaviors in extinct primates. We further found
that body size distribution is strongly related to phylogeny, an issue preventing us from unravelling the
influence of the two factors and that we believe can potentially affect future comparative analyses of
primates. Overall, our results add to previous evidence of how trabecular traits show variable correlation
with locomotor aspects, size and phylogenetic history across the primate skeleton, thus outlining a complex
scenario in which a network of interconnected factors affects the morphological evolution of primates. This
work may represent a starting point for future studies, e.g. focusing on the effect of human bipedalism on
distal fibula trabecular bone, or aiming to better understand the effects of body size and phylogenetic history

on primate morphological evolution.
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1. Introduction

The study of mammal limb long bones offers compelling evidence of the disparate factors related to
anatomical diversity, such as ecology, body size and/or shared phylogenetic history (e.g. Alfieri et al., 2021,
2022, 2023; Cooper, 2019; Kilbourne and Hutchinson, 2019; Polly, 2007; Tarquini, 2021). Among
mammalian clades, primate long bone functional morphology has been widely investigated (e.g. Chiu and
Hamrick, 2002; Gebo, 1989, 2014; Ruff, 2003; Swartz, 1989) with special focus on adaptations to
biomechanical loadings deriving from different locomotor specializations (e.g. Burr et al., 1981; Demes and
Jungers, 1993; Kimura, 1995, 2003; Marchi et al., 2016; Ruff, 2002; Ruff et al., 2019; Ruff and Runestad,
1992; Runestad, 1997; Schaffler et al., 1985; Schaffler and Burr, 1984). In primates, hindlimb morphology
is key to some of the most distinctive primate locomotor adaptations, such as vertical clinging and leaping
in strepsirrhines (Gebo, 2011; Napier and Walker, 1967a) or bipedalism in hominins (O’Neill et al., 2015;
Tardieu, 2010). Hence, the long bones of the primate hindlimbs represent an optimal context in which
understand if anatomical traits are more related to the locomotor environment (Berles et al., 2024; Georgiou
et al., 2018; Harmon, 2007; Marchi, 2007; Marchi et al., 2022; Ruff, 2002; Ryan and Ketcham, 2002a;
Sylvester, 2013) or to other factors (e.g. allometric relationships, Ruff, 1987; Ryan and Shaw, 2013, or
phylogenetic signal, O’Neill and Dobson, 2008; Ryan and Shaw, 2013). In primates, the femur and tibia
have been by far the most studied hindlimb long bones, with the aim of identifying locomotor correlates
through analyses involving different approaches and anatomical levels, as external joint proportions/shape
(e.g. Godfrey, 1988; Harmon, 2007; Jungers et al., 2002; Marchi et al., 2016; Sylvester, 2013), diaphyseal
cross-sectional geometry, (CSG; e.g. Carlson, 2005; Demes and Jungers, 1993; Kimura, 2002; Marchi et
al., 2016; Polk et al., 2000; Ruff, 2002) and epiphyseal trabecular architecture (e.g. Barak et al., 2013a;
Fajardo and Miiller, 2001; Georgiou et al., 2019, 2018; MacLatchy and Miiller, 2002; Scherf, 2008). This
trend is possibly explained by the fact that the femur and tibia are the two main elements of the hindlimb

and, thus, are expected to have a prominent role in sustaining the hindlimb mechanical loads. Moreover,
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compared to other skeletal elements, the two bones are relatively abundant in the fossil record (e.g. Anemone
and Covert, 2000; DeSilva et al., 2010; Ford and Morgan, 1986; MacLatchy and Bossert, 1996; Rafferty et
al., 1995; Ryan and Ketcham, 2002b). These aspects are not independent, since the identification of
anatomical features associated with specific locomotor behaviors in extant taxa can be leveraged, in turn, to

infer locomotor habits in extinct primates for which fossil specimens are available.

1. 1. Primate fibula functional morphology

For the fibula, the other hindlimb long bone, a close relationship between fibular anatomy and the
prehensile power of the foot has long been hypothesized (Owen, 1866), and some early analyses addressed
the functional morphology of the fibula in mammals (Barnett and Napier, 1953; Carleton, 1941; Walmsley,
1918). Importantly, although these works have highlighted several fibular traits possibly related to
locomotor behaviors, many of those features (e.g. degree of distal tibia-fibula fusion, fibular robusticity
relative to the tibia) can be assessed only in association with the tibia (Barnett and Napier, 1953). This may
explain why the fibula has long been overlooked in primate comparative anatomical studies (and even
defined as ‘the forgotten bone’, Rittweger et al., 2018), being considered only the lateral strut of the ankle
with almost no role in load bearing (White et al., 2011) or even vestigial (Moore and Dalley, 2006).
Moreover, it explains why a renewed attention to the fibular functional morphology initially led to the study
of this bone only in association with the tibia. Indeed, it has been highlighted that the relative (to the tibia)
fibular diaphyseal robusticity (‘relative robusticity’ hereafter) relates to a specific aspect of locomotor
behavior: substrate preference. Specifically, fibular relative robusticity is higher in primates with higher
degree of arboreality (DOA) (Marchi, 2015a, 2007; Marchi and Borgognini-Tarli, 2004). As further detailed
below, DOA is here and hereafter meant as a discrete grouping, e.g. splitting ‘arboreal’, ‘semi-arboreal’ and
‘terrestrial” primates, defined according to the relative amount of time spent in trees (Table 1). Importantly,
it should be kept in mind that all non-human primates, however, show a minimum exploitation of arboreal
substrates/superstrates. Hence, the effects of arboreality on fibular morphology have been assumed to be

caused by frequent and repeated arboreal locomotion, not by the simple capability of performing arboreal
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behaviors. The relationship between fibular relative robusticity and DOA is possibly explained by the fact
that the distal portion of the hindlimb of arboreal species is subject to relatively more frequent laterally
oriented loadings, compared to terrestrial ones (Carlson et al. 2005, see also below) and considering that the
fibula is laterally located at this anatomical level. Moreover, a higher relative fibular diaphyseal robusticity
has been found in humans performing activities involving frequent laterally oriented loadings in the distal
segment of the hindlimb (Auerbach et al., 2017; Carlson and Marchi, 2014; Hagihara and Nara, 2016;
Marchi et al., 2011; Marchi and Shaw, 2011; Sparacello et al., 2014). These results suggest that the fibula
may not cover a negligible role in transmitting hindlimb loadings in primates, corroborating previous
observations (e.g. Funk et al., 2004; Goh et al., 1992; Lambert, 1971; Takebe et al., 1984). However, the
need to study the tibia-fibula system limits the design of comparative analyses (e.g. more demanding data
collection) and the quantification of correlates for DOA on primate fossil specimens, due to the extreme
rarity of complete associated tibiae and fibulae (Marchi et al., 2019). Thus, it appears advantageous to
identify functional traits quantifiable on the primate fibula alone. In this regard, human individuals subject
to frequent laterally oriented loadings in the distal portion of the hindlimb have been shown to exhibit a
higher fibular diaphyseal absolute (i.e., regardless of tibial measures) robusticity (Marchi and Shaw, 2011),
suggesting that a similar pattern may be present in arboreal primates. Moreover, the external morphology
of the primate fibula has been recently linked to DOA through traditional morphometrics (Marchi, 2015b)
and 3D geometric morphometrics (3D GM; Marchi et al., 2022). As of today, no interspecific comparisons
across primate fibulae have been performed based on epiphyseal internal bone structure, i.e. trabecular
architecture. This gap in the literature is surprising if we consider the potential of the trabecular architecture
of the hindlimb long bones to exhibit functional signals (e.g. Barak et al., 2013a; Fajardo and Miiller, 2001;

Georgiou et al., 2018; MacLatchy and Miiller, 2002 and see below).

1. 2. Trabecular bone architecture

It has been suggested that internal bone, both cortical and trabecular, may record bone usage and

behaviors performed during an individual’s life and that it may respond to the functional constraints set by
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a species’ ecology and environment more directly than external morphology (Kivell, 2016). Indeed, internal
bone, despite its largely genetically determined morphology at birth, is responsive to mechanical loadings
(Carter and Beaupré¢, 2007; Currey, 2002) acting through differential strains that in turn depend on bone
actual usage (Ruff et al., 2006). Trabecular bone, being more porous and typically remodeling more
frequently than cortical bone (Eriksen, 1986, 2010), likely involves a larger amount of functionally
responsive cells (also due to greater surface area) (Currey, 2002; Huiskes et al., 2000). Ultimately, trabecular
bone is expected to be even more plastic than cortical bone in responding to differential loadings that reflect

distinct locomotor habits (Currey, 2002; Jacobs, 2000; Kivell, 2016).

Several experimental works performed in vivo, e.g. applying controlled strains and measuring the
trabecular bone response, highlighted that specific trabecular properties result from certain mechanical
loads. For instance, the trabecular alignment tends to follow strain orientations, i.e. trabecular struts orient
along the main loading vectors (e.g. Biewener et al., 1996; Pontzer et al., 2006). Although not yielding the
specific direction (e.g. in degrees of arc) along which trabeculae orient, a commonly used parameter in this
regard is the degree of anisotropy (DA). This parameter informs on a more general but more
straightforwardly interpreted property, i.e. the extent to which the trabeculae tend to align toward a uniform
direction. Indeed, the more homogeneous the orientation is in the studied region, the more the latter is
anisotropic, the higher DA (as defined here) will be (Harrigan and Mann, 1984). DA is one of the most
structurally informative trabecular properties, measuring the fabric orientation, which is in turn closely
associated with the mechanical main direction (Odgaard, 1997) (i.e. the direction, if any, along which
biomechanical loadings are mainly applied), and explains 10% of trabecular stiffness (Maquer et al., 2015).
Accordingly, DA proved an informative parameter in primate interspecific analyses related to behavior, in
that species with locomotor habits involving more directionally stereotyped loadings yielded more
anisotropic trabecular structure, i.e. higher DA (e.g. leaping taxa discriminated from non-leaping ones in

strepsirrhines, Ryan and Ketcham, 2002a).
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Properties directly related to bone density are other suitable predictors of bone strength: i.e. regions
characterized by increased strength show increased density and, hence, larger values for these traits.
Although increased strength in a given anatomical region is often considered the direct consequence of
increased magnitude of the load, this specific aspect of loading patterns (e.g. measured in terms of strain
magnitude, in mm/mm) is only one of the factors contributing to trabecular remodeling. Indeed, besides
load magnitudes, one should also consider how trabecular remodeling is affected by the duration (e.g. Barak
et al. 2011; Lambers et al. 2013; Skerry and Lanyon, 1995) and frequency (e.g. Barak et al. 2011; Bassey
and Ramsdale, 1994; Pontzer et al. 2006; Simkin et al. 1989) of loadings (Kivell, 2016). Importantly,
concerning load frequency, Rubin et al. (2001; 2002) showed that even extremely low loadings when exerted
with high frequency may cause a substantial (34.2%) increase in trabecular bone density (Rubin et al. 2001;
2002). This outcome suggests that, besides or even instead of the magnitude, other characteristics of the
loading pattern acting on a specific joint, as the frequency, may be crucial in determining density related
trabecular parameters. For this reason, here and throughout (see below and Table 2), we will refer to
‘increased loadings’ (keeping in mind that they may derive from increased loading magnitude and/or
frequency and/or duration) as the factor to which some trabecular parameters may respond. Instances of
density-related traits are bone volume fraction (BV/TV) (Barak et al., 2011; Chang et al., 2008; Mittra et
al., 2005) and trabecular thickness (Tb.Th) (Barak et al., 2011; Mittra et al., 2005), with the former being
particularly informative from a biomechanical point of view (besides DA, see above), accounting for the
88% of trabecular stiffness (Stauber et al., 2006). Both BV/TV. and Tb.Th, similarly to DA, proved suitable
to discriminate locomotor categories in human and non-human primate samples (e.g. Ryan and Shaw, 2015;

Sukhdeo et al., 2020).

The computation of parameters related to density (e.g. BV/TV and Tb.Th) and orientation (e.g. DA) is
often combined with the characterization of additional features of the trabecular network, as the overall
shape. A way to quantify the latter is through measures of trabecular bone surface, as the bone surface to
total volume fraction (BS/TV, also termed ‘bone surface density’, Scherf et al., 2013). This parameter

informs on the shape complexity of the intertrabecular spaces (in life filled with marrow that, in turn, directly
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contacts the inner epiphysis bony parts through the surface of the trabeculae). Hence, a larger BS/TV
corresponds to larger trabecular surface exposed to marrow in life and to more complex trabecular shape
(Scherf et al., 2013). BS/TV has been proposed as correlated to ecological factors including locomotor
adaptations, in recent interspecific evolutionary analyses of mammals. Specifically, low BS/TV is
associated with low and/or infrequent loadings deriving from slow cautious arboreal lifestyle (Alfieri 2022)

and hence we can assume that increased loadings would be associated with higher BS/TV.

The aforementioned properties and the related parameters were abundantly employed in the last
decades, often computed on subsamples of trabecular bone virtually extracted from epiphyses of skeletal
elements represented by uCT scans (e.g. Barak et al., 2013a; DeSilva and Devlin, 2012; Fajardo and Miiller,
2001; Hébert et al., 2012; MacLatchy and Miiller, 2002; Maga et al., 2006; Ryan and Ketcham, 2002a; Ryan
and Shaw, 2015, 2012; Scherf, 2008; Scherf et al., 2013). Due to their well-established use, we can now
consider this to be the traditional approach to trabecular structure quantification and we can refer to these
traits as ‘traditional parameters.” However, alternative approaches have been developed, as the one proposed
by Veneziano et al. (2021), based on the study of trabecular bone from entire epiphyses/articulations, instead
of subsamples, and, importantly, representing the studied trabecular regions as morphological skeletons. In
other words, through a skeletonization procedure, the anatomical information is reduced to only nodes
(deriving from the trabeculae connection regions) linked by branches (deriving from the trabeculae
themselves). This minimized information provides researchers the advantage to focus only on topological
properties of the studied inner epiphysis, i.e. only the spatial arrangement of trabecular struts (through the
computation of ‘topological indices’, detailed below) (Veneziano et al. 2021), hence the skeletonized region

is termed ‘topological skeleton’ hereafter.

Despite the recent work of Veneziano et al. (2021), the trabecular generalisation by means of a
topological skeleton is not new and has been previously adopted, for example for the computation of
trabecular thickness (Garrahan et al., 1987), and for some of the traditional parameters computed with the

Bonel plugin (Doube et al., 2010) of the FIJI software package (Schneider et al., 2012, see also below).
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Wang et al. (2013) compared skeletonized and voxel-based finite element models and found that the former
accurately preserves Young’s modulus and yield strength of the latter (Wang et al. 2013). Furthermore,
skeletonization-derived indices could provide additional information about material properties, besides
those already available through bone volume fraction. For instance, Pothuaud et al. (2002) showed that
combining topological indices with bone volume fraction leads to better predictions of trabecular material
properties than using bone volume fraction alone (Pothuaud et al. 2002). This result suggests that
skeletonization-derived indices could contribute to explain part of the material properties’ variance not
addressed by bone volume fraction. This idea is supported by Liu et al. (2006), who found that the trabecular
network topology affects the cancellous mechanical properties regardless of bone volume fraction (Liu et
al. 2006). These studies suggest that, because of their topological nature, skeletonization-derived indices
could extend the mechanical significance of indices standardly adopted in the study of cancellous

architecture.

The topological skeleton of the trabecular lattice allows the computation of either geometric traits on
single trabecular elements or indices devoid of geometric features other than the topology itself. Both these
aspects are involved in the computation of the trabecular density, here intended as the number of trabecular
elements per unit volume. Trabecular density can be interpreted as a generalisation of BV/TV, and this
relationship is exemplified by a recent study: Tsegai et al., (2018) did not directly measure trabecular density
but computed BV/TV over a grid enclosing the bone, and used an interpolation to obtain a virtually
continuous map of BV/TV. When TV is expressed as a unit of volume (grid size) rather than the full volume,
then BV/TV becomes a density. Skeletonization allows to extend this generalisation further to include only
topological information in the computation of trabecular density via the computation of “node density”
(NodDen hereafter), or the number of nodes of the topological skeleton per unit volume. Veneziano et al.
(2021) have computed this density using a kernel-density estimation over a 3D grid: here, the grid size
constitutes the volume over which the trabecular bone is counted (i.e., TV). In other words, it extends the
computation of BV/TV over a virtually continuous resolution (dependent on the grid size). Considering that

NodDen can be thought of as a generalisation of BV/TV, its mechanical significance could be equivalent:
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i.e. increased loadings, as those deriving from specific bone uses, joint positions and loads borne during gait
and stance, are expected to cause higher NodDen. NodDen results from the preliminary analysis of
Veneziano et al. (2021) go in this direction, i.e. the femoral heads of Gorilla, Pan and Homo show higher
NodDen compared to quadrupeds and brachiators, compatibly with a prevalent load-bearing use of the hip
(Veneziano et al. 2021). Supporting this perspective, Cendre et al. (1999) used a similar index (i.e. node

density over total volume) and found it to correlate positively with maximum compressive strength.

Another property whose calculation is simplified by skeletonization is the trabecular length (TrabLen
hereafter), measured at each individual branch of the topological skeleton as the geodesic (or arc) length of
the branch between the nodes it contacts. Longer trabecular elements are expected within poorly dense
structures and — apart from allometric patterns highlighted in mammals (Swartz, 1989) — the length per se
is suggested to bear a relevance in terms of bone strength (Parkinson et al., 2012). Hence, we can expect
TrabLen to decrease with increased loadings, i.e. the latter cause shorter trabeculae, in association with a
denser skeleton (i.e. higher NodDen). The role of TrabLen in the stiffness-elasticity spectrum is better
quantified by trabecular tortuosity (TrabTort hereafter). This property is computed dividing the TrabLen
(measured as arc length) by the euclidean end-to-end length of each trabecular element, i.e. here being the
linear distance between two nodes delimiting one branch. TrabTort provides an intuitive way to describe
variations from straight (low tortuosity) to curved/sinuous (high tortuosity) trabeculae. Measures of
tortuosity were found to recapitulate bone mechanical properties (Fyhrie and Zauel, 2015), since tortuosity
measures the trabecular flexibility under biomechanical load. Specifically, studying the mechanical
competence of trabecular architecture, higher tortuosity was found in association with lower stiffness — i.e.
higher elasticity (Roque et al., 2012; Roque and Alberich-Bayarri, 2015). Decreased stiffness in a more
tortuous and flexible trabecular structure suggests an adaptation to increased loads. Indeed, for a given stress

exerted within a joint, a less stiff material is able to sustain higher strains derived from increased loadings.

Another index that can be computed from the topological skeleton is Fractal Dimension (FD hereafter),

a measure of structural complexity based on the concept of statistical self-similarity, i.e. an ideal fractal
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structure is similar to itself at any degree of magnification (Feder, 1988; Pornprasertsuk et al., 2001). FD
measures change in detail across changing scales (Falconer, 2004). The application of FD to trabecular bone
has been common, e.g. in studies of fracture risk level and human bone pathology (Feltrin et al., 2004;
Messent et al., 2005a, 2005b) thus suggesting a mechanical relevance. Specifically, evidence of the
mechanical significance of FD may come from studies highlighting its correlation with bone mineral
density, a proxy for bone strength (Ammann and Rizzoli, 2003), or density-related traits in general (in turn
related to biomechanical strains, see above). While the correlation between density-related variables and FD
seems well supported, it is not easy to establish if it is generally positive or negative, since both the former
(Cichanski et al., 2010; Feltrin et al., 2001; Uchiyama et al., 1999) and the latter (Garcia-Vilana et al., 2023,
Pornprasertsuk et al., 2001) arose. A positive relationship between density-related traits and FD would be
theoretically supported by the fact that FD has been shown to be inversely related to Young’s Modulus, that
in turn positively co-varies with stiffness (Sanchez-Molina et al. 2013). Accordingly, FD would be expected
to be inversely related to stiffness and, following what we suggested above for TrabTort, one should expect
a direct relationship between FD and bone strength (i.e. the higher the FD, the lower the stiffness, the more
the trabeculae can withstand the loadings). However, this framework seems overly simplistic if one
considers the many indirect and complex relationships among different variables, and, also, that the potential
relationship between FD and Young’s Modulus has been highlighted studying the cortical bone (Sanchez-
Molina et al. 2013). In this work, we instead preferred to focus on direct evidence showing that bones
experimentally subject to inactivity yield high FD combined with low density (Pornprasertsuk et al., 2001).
Indeed, FD also proved useful in studies focusing on mammals to predict mechanically relevant properties
or trabecular bone loss (e.g. Chappard et al., 2001). Following this interpretation, we expected higher FD in
regions subject to decreased biomechanical loadings. For both the traditional trabecular parameters and the
topological indices, the traits that we treated (above) and computed (in this work) (summarized in Table 2)
are only some of the available ones. For additional traits, see Kivell (2016), Veneziano et al. (2021) and

references therein.
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The potential relationships between the trabecular properties mentioned above and locomotor habits
have long been considered as adaptations occurring only during lifetime due to the high ontogenetic
plasticity of bone internal structure, i.e. a relationship traditionally known as ‘Wolff’s Law’ or, more
recently, ‘bone functional adaptation’ (Kivell, 2016; Ruff et al., 2006 and references). While this paradigm
remains a key tenet in functional morphology, it is also noticeable that recent works studying ecologically-
related trabecular bone diversity in wide phylogenetic contexts highlighted that disentangling ontogenetic
adaptations from evolutionary acquisitions is challenging, e.g. the studies of Alfieri et al. (2023) and Amson
and Bibi (2021), with the former addressing how much internal structure tends to vary following ecological
adaptations across generations and through evolutionary processes, a property termed evolvability, instead
of adaptations occurring during ontogeny. In other words, if distantly related taxa with similar locomotor
ecology show the same trabecular properties, it is challenging to discriminate ontogenetic bone functional
adaptation from repeated evolutionary acquisition of the same phenotype (i.e. convergent evolution), also
considering that developmental patterns are subject to both evolutionary and environmental pressures
(Wund, 2012). Trabecular analyses studying specimens at different ontogenetic stages from diverse
taxonomic samples may contribute to clarify the extent to which some similarities are phylogenetically
fixed. Thus far, trabecular studies with an ontogenetic dimension have only focused on few isolated taxa
(e.g. Saers, 2023; Saers et al., 2022; Tsegai et al., 2018). This issue is strictly related to the phylogenetic
signal, potentially involved in determining trabecular bone across primates and that, when studied, has
yielded contrasting results, e.g. minor phylogenetic effects (Doube et al., 2011; Ryan and Shaw, 2012a), or
complex anatomically and taxonomically variable phylogenetic influence (Ryan and Shaw, 2013). Thus,
despite the potential of studying trabecular bone to highlight locomotion-related features (see above), one
should also consider other influencing aspects, such as phylogeny. It indicates that, overall, the locomotion
of different species cannot be expected as the only factor affecting trabecular bone (as also suggested by

experimental studies not yielding the expected trabecular response, e.g. Carlson et al., 2008).

Another major non-locomotor effect potentially at the base of trabecular bone diversity is size, with

different allometric patterns found for different parameters (e.g. Barak et al., 2013b; Doube et al., 2011;
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Ryan and Shaw, 2013; Swartz et al., 1998). Further elements of complexity should be accounted for when
interspecific trabecular bone analyses are undertaken (additional details in Kivell, 2016 and references), e.g.
uncertainty on the prevalent types of loadings affecting trabecular bone (contractile forces from muscles vs.
gravitational loads from substrate reaction forces, Judex and Carlson, 2009; Robling, 2009), presence of a
loading threshold to trigger trabecular remodelling (Frost, 1987), influence on the trabecular response of
genetic (Cunningham and Black, 2009a,b), hormonal (Karlsson et al., 2001; Yeni et al., 2011) and vascular

factors (Cunningham and Black, 2010).

1. 3. Distal fibula trabecular bone, DOA and functional hypotheses

As detailed above, some studies on primate fibular external morphology yielded a relationship with the
DOA (Marchi, 2015b; Marchi et al., 2022). These works focused on the distal epiphysis. This region
conceivably bears a functional signal because it articulates with the foot, which is one of the most
informative skeletal regions in primates concerning locomotor adaptations (Su and Zeininger, 2022 and
references therein), as substrate preference. The distal fibula, together with the distal tibia and the talus,
makes up the ankle joint complex (Ding and Song, 2002; Libotte et al., 1982; Seiler, 1986). While for the
tibia and talus interspecific trabecular analyses of primates were performed (for the talus, e.g. DeSilva and
Devlin, 2012; Hébert et al., 2012; Su et al., 2013; Su and Carlson, 2017; for the distal tibia, e.g. Barak et al.,
2013a; Saers et al., 2016; Tsegai et al., 2018) no such studies addressed the fibula. This scenario, together
with evidence of a relationship between fibular morphology and locomotor activities, specifically DOA
when dealing with non-human primates (e.g. Marchi, 2007; Marchi and Borgognini-Tarli, 2004; Marchi
and Shaw, 2011), encouraged us to investigate the primate distal fibular trabecular architecture. Besides
these aspects, further investigations of the distal fibula aiming to detect features related to substrate
preference, are particularly important because fossil preservation issues concern not only the associated
tibiae and fibulae, as mentioned above, but also complete fibulae alone. Indeed, probably due to their
extremely slender proportions, fibulae are often found as fragmentary specimens in fossil contexts (even

compared to other elongate bones such as the femur and the tibia, the fibula evidently stands out in being
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particularly thin in primates, a condition that reasonably makes it more fragile and less able to be preserved
without being broken along the diaphysis). Accordingly, distal fibular segments are present in the fossil
record (e.g. Anemone and Covert, 2000; Gebo et al., 2015; Heaton et al., 2019; Marchi et al., 2017, 2022
and references therein, Ni et al., 2013; Rodriguez et al., 2018). Hence, we considered the distal epiphysis as
the most suitable region to conduct this study, based on its expected functional role and presence in the
fossil record. Identifying novel primate fibular traits diagnostic of specific locomotor habits and quantifiable
on isolated distal epiphyses, can contribute crucially to palacobiological inference. More specifically,
identifying fibular features related to DOA may contribute to long-standing debates in palacoanthropology,
e.g. the extent to which Australopithecus afarensis was an arboreal species (Marchi et al. 2022 and

references therein).

This being the first analysis of the internal structure of the distal fibula, we based our experimental
hypotheses on previous results from functional morphological analyses of this bone, i.e. we tested DOA as
the main locomotor factor influencing fibular anatomy (see above). Thus, we studied a set of primate species
split in three discrete categories outlining a cline from arboreal to terrestrial taxa, with semi-arboreal ones
in between (Table 1, Fig. 1). Apart from the aforementioned previous works on fibular functional
morphology in primates, the approach of categorizing primates according to their DOA in these same three
discrete categories has been used by Henderson et al. (2017). Moreover, DOA meant as the relative amount
of time spent on trees (although not formalized in discrete categories) arose as a major factor able to explain

morphological variation in the primate bone postcranial features studied in Carlson (2005).

Arboreal species are generally characterized by abducted and flexed limbs during quadrupedal
locomotion, allowing them to control the center of gravity and to grasp supports of small diameters. The
presence of small diameter supports also involves the need for supinated (i.e. inverted, adducted and
plantarflexed) foot postures. Moreover, the irregular, highly variable and discontinuous substrates
represented by the arboreal environment cause a pronounced joint mobility and range of motion in arboreal

species (Carlson, 2005). The arboreal configuration neatly contrasts with the adducted and extended limbs
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with a more everted foot posture of terrestrial taxa (Meldrum, 1991 and references therein). From these
broad differences between arboreal and terrestrial primates, it can be inferred that the ankle joint of an
arboreal primate is likely extremely mobile, especially in mediolateral (ML) direction, with associated
higher mobility of the fibula and large dorsi-plantarflexion range of the foot (Barnett and Napier, 1952). As
suggested by studies on both forelimbs and hindlimbs of lemurids, in arboreal environments primate limbs
likely exert forces that are more frequently medially directed, while during terrestrial locomotion the side-
to-side more frequent component is towards the lateral direction (Carlson et al., 2005). Substrate reaction
forces (SRFs, in their vertical, fore-aft and side-to-side components) are opposite in direction compared to
forces (in the respective component) primarily exerted by an animal’s limb. Thus, we can expect that in the
arboreal environment SRFs will be more frequently directed laterally, compared to what occurs on the
ground, since arboreal primates mainly exert medially directed forces (see above). While this pattern was
highlighted for lemurids, similar results arose for anthropoids too (although this is based on a study restricted
to the forelimb; Schmitt, 2003). Hence, since the fibula is located on the lateral side of the ankle joint, we
here hypothesize that the likely more frequent lateral SRFs in arboreal environments result in increased
loadings on the distal fibula of arboreal primates compared to terrestrial taxa. Moreover, due to the highly
variably directed loadings involved in the arboreal environment (e.g. Demes et al. 2001; Carlson, 2005) and
the extremely mobile ankle joint of arboreal primates (see above), we expect that the range of directional
variation of biomechanical loadings to which the distal fibula is subject, is larger for arboreal taxa compared
to terrestrial species. For both the hypotheses related to increased/decreased loadings and more/less variable
orientation, along the DOA range going from arboreal to terrestrial (see Table 1 and above), semi-arboreal

taxa should be characterized by intermediate conditions.

It should be noted that our functional hypothesis, based on more frequent lateral SRFs in the ankle of
arboreal compared to terrestrial primates (see above), refers to ML SRFs deriving from linear locomotion
(Carlson et al. 2005). Besides them, ML SRFs caused by turning behaviors (i.e. deriving from changes of
direction) are substantial in the primate ankle and the medial SRFs are higher than the lateral SRFs in terms

of magnitude, both on the ground and on the trees (Demes et al., 2006). It is not surprising if one considers
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the evidently higher robustness of the tibia (medially located) compared to the fibula (laterally located), a
condition that is widespread in primates and consistent with the fact that, in general and regardless of
substrate, medial SRFs are higher than lateral SRFs. However, we base our hypothesis (detailed above) on
a comparison of the SRFs on the lateral side of the ankle in arboreal vs. terrestrial environments (regardless
of SRFs acting on the tibia) and, importantly, our hypothesis is based on ankle lateral loadings that are more
frequent (and not with higher magnitude) for arboreal primates. If we consider that turning behaviors are
expected to be more frequent during arboreal locomotion (as Demes et al. 2006 suggest), it is possible that
in the resulting forces the ankle lateral SRFs in arboreal environment would be relatively more frequent
(consistent with the results of Carlson et al. [2005] on linear locomotion), even if, just as the ankle lateral
SRFs in terrestrial environment, they are characterized by relatively low magnitude. In other words, we
expect that the low magnitude but frequent loadings experienced by the fibula of arboreal mammals can
differentially affect trabecular remodeling compared to the low magnitude, but less frequent loadings,
experienced by the fibula of terrestrial species (see above and Rubin et al. 2001, 2002). Although Demes et
al. (2006) did not detect any lateral SRFs in arboreal environment, their work did not focus on SRF
frequency (which is an aspect not tested, indeed) (Demes et al. 2006) and it may be possible that the absence
of measured lateral SRFs during the arboreal behavior depends on the specific experimental setting and/or
study system (the capuchin monkey Cebus apella). Apart from this, Demes and Carlson (2009) showed that
both on arboreal and terrestrial substrates the SRF vectors are oriented medially to the segment of the distal
portion of the hindlimb. However, if we consider the extremely abducted condition of arboreal primate
limbs, the resultant SRFs in an arboreal environment tend to be relatively more laterally oriented than on
the ground (Demes and Carlson, 2009). It supports our hypothesis and the expected increased loadings on
the fibula in an arboreal environment, not only in terms of frequency but also in terms of direction. Hence,
although we recognize that the loading pattern in the primate ankle is probably more complex than how we
modeled it, we will follow the hypotheses of previous functional morphological analyses of the primate

fibula (e.g. Marchi, 2007; Marchi and Borgognini-Tarli, 2004; Marchi and Shaw, 2011).
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In summary, considering the expected functional patterns for the trabecular parameters mentioned
above and in Table 2, our hypotheses predict that, due to the expected more frequent loadings on the lateral
side of their ankle, arboreal primates should have a distal fibula trabecular structure ideally characterized
by higher values for density-related traits (i.e. BV/TV, Tb.Th, NodDen), higher BS/TV, with trabeculae that
are shorter (i.e. lower TrabLen), more curved and convoluted (higher TrabTort) and yielding lower FD.
Furthermore, the largely multidirectional nature of loadings involved in the arboreal environment should
result in lower DA for arboreal primates. For all these variables, the opposite configuration is expected for
terrestrial primates, with semi-arboreal taxa showing intermediate values, e.g. significantly higher than those
arboreal taxa but significantly lower than those of terrestrial taxa (depending on the expected pattern of co-

variation with DOA, see above).

2. Materials and Methods

2. 1. Sample

The analyzed sample is represented by pCT scans from 28 fibulae, representing 21 primate species and
including representatives of Strepsirrhini, Platyrrhini and Catarrhini (Fig. 1, Table 1). These nCT data stem
from new acquisitions (performed at the National Research Council, CNR, Pisa, Italy) on samples from
University of Florence, Italy (Florence Museal System, section La Specola and section of Anthropology and

Ethnology) or downloading from MorphoSource (https://www.morphosource.org/). Details on the analyzed

fibulae and pCT scans (e.g. resolution, museum collection from which the specimens were sampled,
catalogue numbers) are provided in Table S1. All non-human primate data derive from bones of wild-caught
individuals, with the exception of Leontocebus fuscicollis FMNH 122268 and Saguinus imperator FMNH
121551. All fibulae come from adult non-pathological individuals, with adulthood determined by evaluating
the degree of fusion of long bone epiphyses. Only one fibula, i.e. Propithecus diadema UniF1-SPEC 1505,
may belong to a sub-adult individual since the femur, present in the same collection where the fibula was

collected, shows incomplete fusion of the epiphysis. Right and left fibulac were pooled together, since
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bilateral asymmetry is regarded as a negligible factor in primate adult hindlimb analyses (Ruff and Jones,
1981, see also Auerbach and Ruff, 2006). After parameter extraction (see below), for each uCT scan we
computed the relative resolution (i.e. Tb.Th divided by the voxel size, the former computed with the Bone
J plugin, see below), yielding an average value of 8.91. We found a relative resolution ranging from 5.4 to
13.22, hence above the minimum recommended limit (i.e. 5, Kivell et al., 2011; Sode et al., 2008), with the
only exception of the uCT scan of Otolemur crassicaudatus AMNH 80801 (3.47) (Table S1). However, the

latter was visually validated, evaluating resolution and contrast.

2. 2. Data collection

2. 2. 1. Anatomical region

We focused on the fibulotalar articulation of the distal fibula. In this region, it is possible to identify a
proximal and a distal part, termed PAF (proximal articular facet) and DAF (distal articular facet),
respectively (Marchi et al., 2022 and fig. 2 therein, Fig. 2). Both are involved in important functions, e.g.
PAF/DAF surface ratio is possibly a fibula load-bearing indicator (Marchi, 2015b; Preuschoft, 1970).
Across the studied primates, we expected to find PAF and DAF as quite regular-shaped (in medial view),
i.e. PAF as approximately rectangular-elliptical and DAF as approximately triangular, based on previous
observations on hominids (Marchi, 2015b). However, DAF, albeit being approximately triangular, showed
large variation in size and proportions, preventing a repeatable extraction of anatomically homologous

trabecular bone (see below). We hence only analyzed PAF.

2. 2. 2. Orientation and crop

The orientation in standard position and the subsequent crop of the distal fibula region corresponding
to PAF were performed in VG Studio Max 3.3 (Volume Graphics, Heidelberg, Germany). First, we
positioned PAF in the coronal plane (Fig. 2A, B). Then, we positioned the major and minor sizes of the

quasi-elliptical/rectangular PAF in the sagittal and transverse plane (Fig. 2C). From oriented uCT stacks,
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we exported sub-stacks of images (16-bits in TIFF format) that in the following steps allowed us to isolate
only the trabecular structure underlying PAF (see below) but at this stage are still including both cortical
and trabecular bone (Fig. 2D, Fig. 3A). To do so, we cropped the volume between the proximal and the
distal limit of PAF. The sub-stacks were subsequently imported in FIJI, binarized and purified employing
Bone] (through the ‘Optimise Threshold > Threshold Only’ and ‘Purify’ routines) and then re-exported.

The purifying step (https://bonej.org/purify) acts on binarized stacks, identifying and removing all the

foreground particles (recognized as ‘bone’ by the binarizing algorithm) except for the largest one (i.e. the
studied anatomical element, in this case). To be recognized as not belonging to the largest particle, a
foreground voxel should not be connected (in 3D) at any point to the cortical or trabecular bone, i.e. it should
be a particle that is isolated (‘floating”) in 3D (either within the intertrabecular voids or outside the bone).
Due to the nature of trabecular bone, i.e. the material is always connected to other bone regions, such floating
particles necessarily represent an artifact (i.e. isolated voxels outside the bone fraction that are erroneously
recognized as bone) that, if not removed, may bias some trabecular parameters (e.g. they artificially increase
BV/TV). Hence, by purifying we corrected for the potential presence of small isolated particles erroneously
recognized as ‘bone’ that may derive from the binarizing algorithm and depending on the pCT scan grey

values.

2. 2. 3. Trabecular bone isolation

We imported the oriented, binarized and purified sub-stacks in R (R Core Team, 2022) (‘readTiffStack’

function, ‘indianaBones’ package, Veneziano et al., 2021, https://zenodo.org/record/7615165). To isolate

Regions of Interest representing the entire trabecular bone underlying PAF (Fig. 2D, Fig. 3B) (referred to
as ‘ROI’ hereafter), we used the ‘makeBrush’ (‘size’=11; ‘EBImage’ package, Pau et al., 2010) and the
‘splitBone’ functions (‘indianaBones’). On each specimen, we iterated the isolation procedure calibrating
the value of the ‘iterFill” argument of ‘splitBone’, i.e. increasing it and decreasing it. We visually evaluated,
for each iteration, the quality of trabecular isolation by comparing the result of the automatic procedure

(hence, the ROIs, as shown in Fig. 3B) with the trabecular network visible in the stack representing both
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compact and trabecular bone (Fig. 3A). When we considered the isolation to be optimal, we used the
corresponding ‘iterFill” value of ‘splitBone for that specimen (values used for all the specimens are listed
in Table S1). The ROIs (e.g. Fig. 2D, Fig. 3B) were exported as image stacks (‘writeTiffStack’ function,

‘indianaBones’).

2. 2. 4. Trabecular architecture quantification

We extracted traditional trabecular parameters, through the BoneJ plugin in F1JI, as well as topological
indices, computed through ‘indianaBones’ in R (Veneziano et al. 2021). For the former, we imported the
ROIs in FIJT and, through the respective BoneJ routines, we extracted degree of anisotropy (DA, no unit),
trabecular thickness (Tb.Th, mm), connectivity (Conn., no unit, computed only to evaluate trabecular
number, see below), Bone Volume (BV, mm?) and Bone Surface (BS, mm?). Conn. is assumed to be an
approximation of trabecular number and in this study yielded values greater than 146 (Table S1), allowing
us to follow the recommendation of studying only volumes with more than 50 trabeculae to reliably quantify
trabecular architecture (Mielke et al., 2018). BV and BS values were used to obtain BV/TV and BS/TV. To
do so, first we needed to compute the total volume represented by each ROI (TV, mm?). Since the ROIs are
not of regular shape (e.g. Fig. 3B), we exploited the ‘indianaBones’ function separating trabecular bone
from intertrabecular voids and from compact bone (see above). After splitting these three components, one
can add the trabecular bone volume to the total volume of intertrabecular voids, obtaining the whole inner
volume, i.e. the entire joint excluding the compact shell. This represents TV. Hence, dividing BV and BS
by TV, we obtained Bone volume fraction (BV/TV, no unit) and Bone surface density (BS/TV, mm'),

respectively.

The topological indices were computed on skeletonized substacks (‘Auto Skeleton’ tool, Amira 6.0.0,
Thermo Fisher Scientific, followed by exportation in ASCII format). We imported the skeletons in R
(‘readAmiraSkeleton’ function, ‘indianaBones’) and using the respective ‘indianaBones’ functions (as
detailed in Veneziano et al. 2021, Supplementary Material and the R code of this work), we extracted (see

also Table 2): average and median of the node density (NodDeny,., and NodDeny.g, unit: nodes per mm?),
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average of the trabecular length (TrabLen,,., untiless), average and median of the trabecular tortuosity
(TrabTortaye, TrabTortyg, unitless) and fractal dimension (FD, unitless). For the computation of FD, that
is obtained via the Box-counting algorithm (Annadhason, 2012), we used another R package, i.e.

‘Rdimtools’ (You and Shung, 2022) (see Supplementary Material).

2. 2. 5. Substrate preference

We aimed to test potential effects related to substrate preference, i.e. DOA, on distal fibular trabecular
architecture. To each analyzed species we assigned one of three discrete states, based on previous
descriptions and/or the reported amount of time spent on substrates (references in Table 1): ‘arboreal’ or
‘terrestrial” were assigned to species living almost exclusively on trees or on the ground, respectively; ‘semi-
arboreal’ was assigned to species spending a comparable amount of time on trees and ground (also defined

‘scansorial’ in other studies; e.g. Chen and Wilson, 2015).

2. 2. 6. Body mass

To estimate how distal fibular trabecular architecture is related to body mass, for each individual we
measured the superoinferior diameter of the femoral head, recognized as a reliable body mass proxy in
human and non-human primates (Ruff, 2003; Ruff et al., 2018). For fibulae collected in museums, we
extracted this measure with calipers, from the femora of the same individuals available in the collection.
When both femora were available, the right and left superoinferior diameters were measured, taking the
average of the two values. For individuals whose fibulae were included by downloading pCT scans from
MorphoSource (see above, Table S1), image stacks of the femur were available and downloaded too. We
oriented the femora in standard position (following Ruff, 2002) in VG Studio, and measured the
superoinferior diameter of the head, multiplying the uCT voxel size by the number of slices included
between the most superior and the most inferior point of the head. To cope with outliers, e.g. human values
largely lying outside the range of variation of all the other primate specimens, the body mass proxy values

were natural log-transformed (hereafter, referred to as ‘log-BMp’) (Table S1, Fig. 1).
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We are aware that the femora of the individuals from which the fibula is studied may be not available.
The anteroposterior length of PAF measured at the 50% proximodistal level (PAF AP length in Table S1),
i.e. one of the two sizes of the ellipse-rectangle which PAF resembles (e.g. the major size in Fig. 2C), when
natural log-transformed shows a strong correlation with log-BMp (Pearson’s correlation coefficient= 0.96,
p-value <0.001). Thus, in distal fibula trabecular analyses in which only fibulae are available, e.g. when

fossil fibulae are studied, this fibular metric can be used as an alternative body mass proxy.

2. 2. 7. Phylogenetic relationships

To determine the effect of phylogenetic relationships on primate distal fibular trabecular architecture
(see below), we obtained a time-calibrated phylogeny of the studied species. A Maximum Clade Credibility
DNA-only node-dated tree, including 4098 mammal species, devoid of polytomies and deriving from the
posterior distribution of Upham et al., 2019, was modified in R (‘drop.tip’ function, ‘ape’ R package, Paradis

et al., 2004) including only the studied species (Fig. 1).

2. 3. Statistical analysis

We performed all the statistical analyses in R. For each trabecular trait and log-BMp, we computed
average species values. Noticeably, most species values are those of single specimens (see Potential
Limitations, below, and Supplementary Material). The species for which we collected data from more than
one fibula (sample size > 1, see Table 1) are Ateles paniscus, Cercopithecus mitis, Colobus guereza and
Homo sapiens (for them, mean values, standard deviation and coefficient of variation for each trabecular
trait are shown in Table S2). We estimated the relative effects of DOA, body mass and phylogenetic
structure on the trabecular structure of the primate distal fibula in both a univariate and a multivariate way.
To undertake the former, we ran several Phylogenetic Generalized Least Squares (PGLS) regressions (‘gls’
function, ‘nlme’ package, Pinheiro et al., 2020; including the use of ‘corPagel’ function, ‘ape’ R package)
with morphological traits as dependent variables, DOA (‘arboreal’, ‘semi-arboreal’, ‘terrestrial’) as

independent variable and log-BMp as covariate, besides phylogenetic ANOVAs (pANOVA)
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(‘phylANOVA’ function, ‘phytools’ package, Revell, 2012). We planned to run post-hoc Tukey tests (‘glht’
function, ‘multcomp’ package, Hothorn et al., 2008) after pANOVAs only in case of significant p-value
(<0.05) from pANOVAs. For each PGLS, we log-transformed the respective morphological trait if the
PGLS residuals showed a distribution clearly deviating from normality (traits summarized in Table 3).
Importantly, we ensured that in each PGLS, DOA and body mass effects were not interacting by
preliminarily running a PGLS + pANOVA, with log-BMp and DOA as dependent and independent
variables, respectively. Since it excluded any correlation between body mass and DOA (p-value=0.17) we
were sure that the p-values resulting from each PGLS informed on separate effects of DOA and body mass.
When a parameter was significantly related to body mass (i.e. body mass p-value deriving from the
respective PGLS being <0.05) to quantify DOA effects (with the ideal exclusion of allometric effects) we
ran the pANOVA using size-corrected values for the parameter (with size-correction corresponding to

taking the residuals of a linear regression of the parameter against log-BMp).

To determine the phylogenetic signal of each variable, we estimated the Pagel’s A (‘phylosig’ function,
‘phytools’ package), testing the null hypothesis of A different from zero (‘test’=TRUE). A yields values
ranging from O (i.e. no phylogenetic effects) to 1 (i.e. trait distribution is entirely explained by a Brownian
motion model of morphological evolution and, hence, it exclusively depends on phylogenetic relationships
among taxa). Moreover, we estimated how the log-BMp distribution is related to the phylogenetic structure
through A. It was needed because, in case of significant phylogenetic signal in log-BMp, an important
implication would be that for variables related to both body mass and phylogenetic structure, it would not
be possible to disentangle the effects of the two factors. For instance, the variable may be primarily affected
by body mass and the phylogenetic structure results as a trabecular correlate only because of its interaction
with body mass (or vice versa). In such cases, a size-correction may correct for a part of the effects of the
phylogeny, too. In other words, if body mass and phylogeny are correlated, through size-correction it is
possible to obtain values partially devoid of phylogenetic effects, and not only of size ones, that can be
better studied for a relationship with DOA. Nevertheless, we have no way to determine which factor

primarily affects a given trabecular feature. To test if and to what extent size-corrected values are also
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corrected for phylogenetic effects, for variables showing a significant relationship with body mass, we
measured the phylogenetic signal both before (Table 3) and after size-correction (Table 4). To account for
problems deriving from multiple testing, all the PGLSs p-values were corrected through the Bonferroni
method (‘p-adjust’ function). We visualized how trabecular variables vary according to DOA through
boxplots (“ggplot” function, “ggplot2” R package; Wickham, 2016) (Fig. 4, Fig. S1), generating additional
boxplots with size-corrected values (as detailed above) when traits showed a significant relationship with
log-BMp (Table 3). To visualize how each trabecular variable is related to body mass we used bivariate
scatterplots (Fig. S2A, B). To visualize how traits are related to phylogeny, for each of them we mapped
average species values on the time-calibrated tree (‘contMap” function, ‘phytools’ package), also using the

size-corrected values for traits showing significant relationship with body mass (Fig. S3).

By also running a multivariate analysis, we aligned to the approach suggested by Ryan and Shaw (2012)
when one aims to analyze functional adaptations of trabecular structure: i.e. accounting for suites of possibly
intercorrelated traits (as it often occurs for trabecular variables, e.g. Cotter et al., 2009; Mittra et al., 2008,
2005), instead of isolated variables, to better identify patterns related to locomotion (Ryan and Shaw, 2012).
The multivariate part of the analysis is based on two PCAs. PCA is often used when intercorrelated variables
are analyzed together with the aim of isolating the contribution of single variables (as cranial measurements,
e.g. Frost et al., 2003; Landi et al., 2021; Nishimura et al., 2019). We ran two different PCAs in order to

follow both an inferential quantitative and an exploratory approach:

1. A first PCA was run on a data matrix of the computed trabecular variables (i.e. variables in Table
3 excluding log-BMproxy) after scaling and centering (‘scale’ function). The extent to which DOA,
body mass and phylogeny are related to the whole trabecular architecture were quantified through
a phylogenetically informed multivariate Generalized Least Squares Regression. After regressing
PC1-PC4 (chosen since cumulatively explaining more than 90%, i.e. 93%, of the variance, Table
S3) against the discrete variable, i.e. DOA, and with log-BMp as covariate (‘mvgls’ function,

‘mvMORPH’ package, Clavel et al., 2015, model= ‘lambda’, REML=FALSE), we tested for
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significance through a phylogenetic MANCOVA (‘manova.gls’ function, ‘mvMORPH’ package,
test= ‘Pillai’, type= ‘II’). As detailed above for univariate PGLSs, the absence of significant DOA-
body mass correlation allowed us to compute p-values exclusively informing on the effects of DOA
(separating them from those related to body mass) on trabecular structure. To assess the
phylogenetic signal of PC1-PC4, we estimated A through the ‘transformPhylo.ML’ function
(‘motmot’ package, Puttick et al., 2019, model= ‘lambda’).

A second PCA was run to follow an exploratory, instead of a strictly inferential, statistical
approach, i.e. to visualize patterns exploiting the decomposition of original variance into new
variables, i.e. Principal Components, performed through PCA. We wanted to exploit this second
PCA and the deriving morphospace to visualize potential effects related to DOA that may be not
detected as significant by other statistical analyses (e.g. due to sample size) and that, ideally, do
not include the potential body size effects on trabecular variables. Hence, the variables significantly
related to body mass (Table 3) were included in this second PCA in their size-corrected version
(see above). The resulting PC1-PC4 (cumulatively accounting for around 85% of the variance,
Table S4) were used to build bivariate phylo-morphospaces (Fig. 5, Fig. S4). These plots allowed
us to visualize how subsets of trabecular traits (size-corrected, if needed) relate each other, how
they relate to DOA and how they relate to phylogenetic relationships. This is possible since the
phylogeny is mapped on the plot and the phenotypes corresponding to specific taxa are shown by
means of tips and nodes positions on the plot (i.e. closer points reflect phenotypes that are more
similar each other). Specifically, actual data points (labeled in Fig. 5 and Fig. S4 and deriving from
measures extracted in this work) determine the position of the tips of the phylogeny, while the
position for the tree internal nodes (unlabeled in Fig. 5 and Fig. S4) is determined by ancestral
phenotypes reconstructed from tip values and assuming a Brownian motion model of evolution

(see ‘phylomorphospace’ R function, ‘phytools’ package).

3. Results
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3. 1. Univariate analysis

Results of PGLSs, pANOVAs and Pagel’s A are summarized in Table 3. pANOV As, including those
on size-corrected variables, did not detect any significant relationship with DOA. Hence, we did not run any
post-hoc Tukey tests. Almost no expected signal related to DOA for most of the trabecular parameters of
the primate distal fibula is evident from the distribution of species trait values: data pooled by DOA do not
reflect any pattern or, when their distribution apparently follows DOA, it involves large overlap (e.g. size-
corrected TrabLen,,.,, and TrabTort,,.). Also, when traits that appear to be partially related to DOA (e.g.
Tb.Th, log-NodDen,,.) are size-corrected, no pattern is evident anymore (Fig. S1). Two potential
exceptions are represented by the patterns shown by BV/TV and size-corrected BS/TV. Indeed, although
with some overlap and outliers (i.e. H. sapiens BV/TV value lying within the arboreal range and P.
troglodytes size-corrected BS/TV value lying within the terrestrial range) and despite their non-significant
relationship with locomotor habits (Table 3), in the two variables it seems to be involved a trend following
DOA: terrestrial species values > semi-arboreal species values > arboreal species values (Fig. 4, Fig. S1,

but see the strong phylogenetic signal of size-corrected BS/TV, Table 4 and below).

Overall, the trabecular structure of primate distal fibula appears to be substantially related to body mass,
as one can evince from the fact that several trabecular traits are significantly related to log-BMp (i.e. six out
of 10). The traits that show no relationship with size are DA, BV/TV and TrabTort (both .., and y.q) (Table
3). The important effect of body mass on trabecular architecture is also clear from bivariate scatterplots of
trabecular traits vs. log-BMp, from which it is also evident that the studied trabecular traits exhibit both
direct, i.e. Tb.Th, TrabLena,., FD, and inverse proportionality, i.e. BS/TV and NodDens (both 4., and peq),
with log-BMp. To compare our results to previously identified allometric patterns (see Discussion), for
Tb.Th, we additionally ran a ‘Tb.Th ~ logBMp’ linear regression (using data on single specimens, hence
not averaging for species) and we found that its covariation with body mass can be explained by the

relationship ‘Tb.Th= (0.07+0.01) * logBMp’ (slope p-value<0.001, while the intercept estimate is not
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significantly different from 0, intercept p-value=0.44). Consistent with PGLS results, DA, BV/TV,

TrabTort,,., and TrabTortyq do not reveal any pattern related to body mass (Figs. S2A, B).

We found a strong phylogenetic signal in four out of 10 trabecular traits, i.e. Tb.Th, NodDen, both 4.,
and e, and TrabLenga,e, for which A is very close to 1.0, i.e., 0.94-0.99, and the related p-values yield
significance. For another trait, i.e., FD, A is quite high but not extremely close to 1.0 (0.81) with a significant
related p-value (Table 3). For these parameters, from the species values mapped on the time-tree it is evident
that the strong relationship with phylogeny may be due to the fact that trabecular values often range in
between two extremes represented by some/all platyrrhines, on the one hand, and catarrhines (especially
hominids), on the other hand (Fig. S3). It should be noted that the traits not significantly affected by
phylogeny are those that are not significantly related to body mass too, i.e., DA, BV/TV, TrabTort,,., and
TrabTortyq, with the only exception of BS/TV that, despite showing a significant relationship with body
mass does not exhibit a significant phylogenetic signal (Table 3). It likely derives from an important
outcome of this work: the body mass proxy is significantly related to phylogenetic relationships itself (A =
0.99, p-value < 0.001). Hence, for the five traits that are correlated to both body-mass and phylogeny, i.e.
Tb.Th, NodDen (both Ay and yeq), TrabLeng, and FD, it is not possible to disentangle the body mass and
phylogenetic effects. In support of this, for almost all the traits, size-correction results in a sharply weakened
phylogenetic signal, i.e. phylogenetic effects that are not significant anymore for Tb.Th, NodDen (both Ay,
and y.q) and FD, with only TrabLen,,., retaining a significant phylogenetic signal but through a decreased
A, i.e. from 0.98 to 0.78 (Tables 3 and 4). Again, a particular case is represented by BS/TV, unique in
showing raw values significantly related to body mass but without any phylogenetic signal (Table 3) and

size-corrected values involving strong phylogenetic effects (Table 4).

3. 2. Multivariate analysis

The multivariate PGLS and pMANCOVA performed on PC1-PC4 extracted from the first PCA
(including raw trabecular variables) suggests that, overall, the trabecular architecture of the primate distal

fibula is not correlated to DOA (p-value = 0.5). Instead, PC1-PC4 result to be significantly related to body
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mass (p-value <0.001) and/or they involve a strong phylogenetic signal (A=0.95: lower 95%CI = 0.73, upper
95%CI = 0.99), with the impossibility of determining which of the two factors exclusively/mostly relates to

primate distal fibula trabecular structure (see also above).

The exploratory multivariate analysis was based on a visual assessment on bivariate phylo-
morphospaces built with PC1-PC4 deriving from the second PCA, that included size-corrected values for
variables related to log-BMp. As detailed above, since log-BMp is correlated to phylogeny, size-correction
expectedly removed a part of the phylogenetic signal included in primate distal fibula trabecular structure
too (even if we expected that the PCs still involve minor phylogenetic effects, as suggested by the significant
phylogenetic signal of size-corrected TrabLen,,.-and size-corrected BS/TV; Tables 3 and 4; see also below).
Accordingly, the observations on morphospaces built with PCs deriving from the second PCA, detailed as

follows, allowed us to focus on other effects than allometry and phylogeny.

On all the biplots built with PC1-PC4, arboreal species occupy a larger region, compared to the one
occupied by semi-arboreal and terrestrial taxa. PC1 (explaining 33.6% of the variance), yields a separation
between two species, i.e. H. sapiens and C. jacchus, showing lower PC1 scores, and the rest of the taxa,
showing higher PC1 scores. As suggested by vector orientations and lengths in the variable loading plots,
the trend of H. sapiens and C. jacchus to be set apart with lower PC1 from the other studied primates,
appears to be explained by higher NodDen (both .., and y.q) and FD, and lower TrabTort (both .., and
Med)- Other variables seem to contribute to PC1 scores (e.g. DA oriented at around 45° in the PC1-PC2 or
PC1-PC4 plots or Tb.Th oriented at around 45° in the PC1-PC4 plot, both suggesting similar contributions
to PC1 and other PCs) but the shorter related vector length also indicates a probable lower importance
compared to the other variables mentioned above (Fig. 5, Fig. S4). PC2, explaining 27.4% of the variance
and apparently driven by lower BS/TV, BV/TV, Tb.Th and TrabLen,,.,, yields a pattern that, although with
extensive overlap and with the outlying H. sapiens (see below), suggests a gradient going from terrestrial
species, (lower PC2 scores) to arboreal species (higher PC2 scores) with semi-arboreal species occupying

the lower range of the arboreal region and yielding slightly higher PC2 than terrestrial species (pattern
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highlighted univariately in Fig. 5D, see also Fig. S4). Remarkably, it is also evident that PC2 separates
platyrrhines (higher scores) from catarrhines and strepsirrhines (lower scores) and that, if we exclude H.
sapiens and C. jacchus, the smaller taxa (e.g. Mico spp., L. rosalia) yield higher PC2 scores and the larger
taxa (e.g. Papio spp., P. troglodytes) yield lower PC2 scores. PC3 and PC4, cumulatively explaining 24%
of the variance, when plotted together show the relative isolation of Oftolemur crassicaudatus from all the
other taxa, toward the morphospace region corresponding to lower PC3 and PC4 scores and that appear to
be explained by higher DA and TrabLen,,., (Fig. 5, Fig. S4). Interestingly, in the PC1-PC3 plot, C. jacchus
tends to occupy the morphospace region corresponding to lower PC1 scores and higher PC3 scores,
potentially driven by a low TrabLena,.; (While higher values of this parameter seem to contribute to set apart
O. crassicaudatus, as mentioned above) and H. sapiens tends to occupy the region corresponding to lower
PC1 and lower PC3 scores, potentially driven by higher DA and low TrabTort (both yq and ave). A
remarkable result is represented by H. sapiens never clustering close to P. hamadryas, P. cynocephalus and

M. nemestrina, the other terrestrial taxa, in all the phylo-morphospaces.

4. Discussion

In primate functional morphology, the fibula has long been neglected and, when addressed, it has been
initially studied only in association with the tibia. The analysis of the tibia-fibula complex has highlighted
a positive relationship between fibular relative diaphyseal robusticity and the frequency of laterally oriented
loadings in the distal portion of the hindlimb, in turn suggested to be related to the DOA (e.g., Marchi,
2015b, 2007; Marchi and Borgognini-Tarli, 2004), hence providing a valuable tool to infer arboreal
adaptations in extinct primates. However, the use of this proxy to reconstruct DOA of extinct primates is
limited by the paucity of associated fossil tibiae and fibulae. Recent works, performed with different
methodological approaches (e.g., diaphyseal CSG, functional indices and 3D GM, Marchi, 2015b; Marchi
et al., 2022; Marchi and Shaw, 2011), have also shown that some traits of the fibula alone may relate to

DOA. To identify further fibular characteristics potentially reflecting DOA and applicable for



722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

Journal of Anatomy

palaeobiological inferences, in this work we addressed the distal epiphyseal trabecular architecture, an

anatomical level never studied before in a primate comparative sample.

4. 1. Effects of different factors on primate distal fibula trabecular bone

4.1.1. Degree of arboreality (DOA)

The analyses performed in this study (Table 3, Figs. 4-5, Figs S1, S4) seem to indicate an overall
absence of a relationship between the trabecular architecture of primate distal fibula and DOA. Indeed, no
quantitative evidence arises from either univariate or multivariate PGLSs (even after size-correcting
variables strongly related to body mass, in the case of univariate PGLSs). Moreover, a visual assessment of
interspecific variation, in general does not yield any pattern related to DOA. Interestingly, some traits as
BV/TV and BS/TV (the latter with size-corrected values) seem to follow a trend directly related to DOA
(Fig. 4). However, we would not interpret these patterns as reflecting loadings related to DOA. Indeed, for
the two parameters the trend is opposite to our expectations, since we expected higher BV/TV and BS/TV
in arboreal primates, due to the hypothesized more frequent loadings on their distal fibula (see above), while,
for both the traits terrestrial taxa show higher values. Instead, the patterns of BV/TV and size-corrected
BS/TV are likely explained by phylogenetic effects. As for BS/TV, it is already clear from the strong and
significant phylogenetic signal detected after size-correction (Table 4). As for BV/TV, although it does not
show a significant p-value for A (Table 3), the presence of a strong phylogenetic signal is clear from the trait
values mapped on the phylogeny (Fig. 4A). Indeed, the higher BV/TV in terrestrial taxa is driven by higher
values in baboons (Papio spp.,) and the southern pig-tailed macaque (Macaca nemestrina) which represent
a clade in the phylogeny used in this work. The other terrestrial taxon, H. sapiens, instead shows a value
comparable to the one of its sister taxon P. froglodytes, here categorized as semi-arboreal, a pattern
supporting again the absence of an effect related to DOA on BV/TV. The BV/TV ancestral states
(reconstructed to map BV/TV values on the phylogeny) would even suggest that a quite high BV/TV is

plesiomorphic in cercopithecids (i.e. the group represented by Chlorocebus spp., Cercopithecus mitis.,
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Papio spp., M. nemestrina, Colobus guereza) with an apomorphic BV/TV decrease in Chlorocebus spp.
However, caution is needed in proposing evolutionary patterns, since the species here sampled are far from
being a sufficient representation of cercopithecid diversity and efforts are still needed to clarify how
trabecular variables vary in ontogeny vs. phylogeny. Apart from this, the relatively low BV/TV in
Chlorocebus spp. is, together with other isolated non-phylogenetically related patterns (e.g. the very low
BV/TV in Mico spp., and L. fuscicollis within platyrrhines, Fig. 4A), probably the reason behind the absence

of significant phylogenetic signal for BV/TV.

From the multivariate visual assessment, a weak apparent pattern potentially related to DOA arose from
PC2 deriving from the second PCA (that was run with size-corrected variables, where needed). This PC is
inversely related to BV/TV, size-corrected BS/TV, size-corrected Tb.Th and, although with minor
contribution, size-corrected TrabLen, and yields a weak gradient going from terrestrial taxa (lower PC2
scores) to arboreal primates (higher PC2 scores) with semi-arboreal taxa showing an intermediate mean and
median (in the boxplots shown by triangles and vertical lines, respectively) (Fig. 5). As well as for BV/TV
and size-corrected BS/TV (discussed above and that are, not surprisingly, two of the four main driving
variables for PC2), we interpret the PC2 pattern as related to other factors, instead of DOA. It would be
suggested by the fact that three of the four variables mainly driving PC2, i.e. BV/TV, BS/TV (see discussion
above) and Tb.Th, yield a pattern that is opposite to what we expected in terms of biomechanical loadings.
Indeed, we hypothesized that arboreal species would show higher Tb.Th but since Tb.Th inversely correlates
to PC2 and terrestrial taxa show lower PC2 scores, it means that terrestrial primates are those that show
higher Tb.Th As for TrabLen, it would show a pattern consistent with the expectations, i.e. terrestrial taxa
exhibit longer trabeculae, i.e. higher TrabLen, due to the expected less frequent loadings. However, we do
not believe it is sufficient evidence in support of a DOA signal in the studied trabecular structure,
considering the lower contribution of TrabLen to PC2 (see the shorter vector length compared to the other
three variables driving PC2, Fig. 5A) and the fact that TrabLen was expected to negatively correlate with
NodDen. NodDen, instead mainly contributes to another PC (i.e. PC1, see discussion below). Apart from

these considerations, it is clear that PC2 mainly separates playthrrines (higher PC2 scores) from catarrhines
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and strepsirrhines (lower PC2 scores). Furthermore, it is clear that there is a residual effect of body mass on
this PC, i.e. PC2 separates larger taxa, as baboons and the chimpanzee, from smaller taxa, as Mico spp., L.
rosalia (once the largest and the smallest taxa, H. sapiens and C. jacchus respectively, are excluded). It
means that, despite the fact that the PCA from which PC2 derives was run on values corrected for body
mass (and partially from phylogenetic effects, see above and Table 4), both the effects are instead still
present and drive PC2, in turn representing 27.4% of the whole variability. Concerning the remaining effect
of body mass, a possibility is that it depends on the procedure of size-correction that we used, i.e. taking the
residuals of a variable-logBMp linear regression. Further dedicated investigation on this topic is needed to
confirm this hypothesis or may put efforts into properly design samples to control for body mass (e.g.
studying primate species with similar body sizes and different locomotor behaviors). The phylogenetic
signal of PC2 can also be inferred from the fact that two of the four variables mainly driving PC2 are those
that after size-correction showed a significant phylogenetic signal, i.e. BS/TV and TrabLenp,.,. We
quantitatively confirmed that PC2 is driven by body mass and/or phylogeny, by running a PC2 vs. log-BMp
regression (p-value=0.005) and computing the PC2 phylogenetic signal (A=0.77, p-value=0.008). With both
univariate (with BV/TV and size corrected BS/TV, Fig. 4) and multivariate (with PC2, Fig. 5) analyses, we
found some apparent patterns related to DOA that were better ascribed to phylogeny and body mass. This
reveals one potential limitation of this work. Although the distribution of DOA categories potentially
allowed us to disentangle the effect of DOA from phylogenetic ones (e.g. in case of similar distinctive values
shown by the terrestrial baboons, macaque and humans, or by the semi-arboreal Cercopithecus spp., C. mitis
and chimpanzee), there is a tendency for taxa assigned to the same locomotor category to cluster in specific
parts of the phylogeny (e.g. terrestrial baboons, arboreal platyrrhines). It limited our possibility to
disentangle DOA effects from phylogenetic ones. Future works aiming to investigate the factors to which
primate distal fibula trabecular structure relates and also testing the effect of DOA should overcome this

limitation (besides others, discussed below) of this study.

According to our results, no obvious signal attributable to DOA 1is present in the trabecular bone of the

distal fibula of primates. This finding is in contrast with previous evidence obtained on the relative
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robusticity of the fibular diaphysis (e.g. Marchi, 2007, 2015a; Marchi and Borgognini-Tarli, 2004; Marchi
and Shaw, 2011). The discrepant patterns between distal epiphyseal trabecular architecture and diaphyseal
structure possibly suggest that diaphyseal and epiphyseal variables do not strongly co-vary (Shaw and Ryan,
2012; Saers et al., 2016). One possible explanation is linked to the different biomechanical environments to
which these two anatomical regions are subjected, i.e., bending/torsion loadings are dominant in the
diaphysis (Carter and Beaupré, 2007) while the epiphyses mainly adapt to axial loads (Barak et al., 2011;
Biewener et al.,, 1996). In this framework it is plausible that bending/torsion predominate over
tension/compression (i.e., the axial regime) in the biomechanical loadings acting on the primate fibula.
Specifically, bending seems to be the main loading regime acting on the fibula. It is supported by SRF vector
orientation in the hindlimb of capuchin monkeys during arboreal and terrestrial behaviors that, in turn,
suggests the presence of substantial bending moments, with bending occurring around oblique axes of the
hindlimb segments (Demes and Carlson, 2009). Specifically, since the SRF resultant is forced to pass
through the foot when the limb contacts the substrate (Demes and Carlson, 2009), it is likely closer to the
fibula distally than proximally, where the discrepancy angle between the SRF resultant and the limb segment
increases (e.g. at the mid-shaft level, where CSG parameters are often quantified). A consequence of
increased SRF resultant-limb segment discrepancy angles would be that the bending moments to which the
fibular diaphysis is subject are probably larger than those to which the distal fibular epiphysis is subject. If
it was true, it would be however challenging to place the evidence that external morphology of primate
distal fibula relates to DOA (Marchi, 2015b; Marchi et al., 2022) in this scenario. Indeed, if the bending
regime is assumed as dominant to justify the stronger signal due to arboreality detected in the diaphysis, the
epiphyseal morphology, both external and internal, should consistently be poorly related to this factor.
Hence, the fact that, instead, in the distal fibula external anatomy the effects of DOA are detectable, in
contrast with internal architecture, is striking. We can hypothesize that, in the specific case of the ankle
joint, loadings acting at this level influence the distal fibula external shape and the distal fibular internal
structure to different extents. Moreover, since previous studies of trabecular bone in the other elements of

the ankle joint mostly found significant relationships with locomotor habits (distal tibia; Barak et al., 2013a,
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talus; Hebert et al., 2012; Su et al., 2013), we can assume that the transfer of loads reasonably occurring in
a functional unit as the ankle joint, results in the functional signal to be present in the internal structure of
other elements, but not in the distal fibula. In this direction, clinical studies have recently suggested
differential effects of loadings in human distal fibular vs. distal tibial trabecular architectures, with the
former proposed to be less sensitive (Ghasem-Zadeh et al., 2021; Stiirznickel et al., 2021). If this condition
is widespread in primates, it may justify the apparently low functional locomotor signal borne by the
trabecular bone of the distal fibula. Further work is needed to better understand these discrepant trends
followed by the distal fibula internal and external anatomy, e.g., by comparing the evolutionary patterns in
the external shape and internal structure in the same sample of primate species. Related to this, one should
note that a relationship between DOA and the distal fibula external morphology has been detected in
hominids, i.e., hominins and great apes (Marchi, 2015b; Marchi et al., 2022). While the sample studied by
Marchi and colleagues is suitable to explore the range of arboreal habits from fully terrestrial to fully
arboreal, it is not taxonomically as wide as our sample, and does not include species that are terrestrial but
not bipedal, as in this work (e.g. baboons). These two aspects may have hidden large-scale phylogenetic
effects in analyses of distal fibula external morphology (despite phylogenetic relationships in hominids
being accounted for in Marchi et al., 2022) and a role potentially played by the distinctive hominin bipedal
locomotion (see discussion below on the influence of phylogeny and bipedalism). This emphasizes the
importance of studying how ecology is reflected by different anatomical levels on the same sample of

species (e.g. Alfieri et al., 2022, 2023).

While many of the studied trabecular properties yielded a strong relationship with body mass and/or
phylogenetic structure (but with the impossibility to disentangle these two effects; see discussion below),
trabecular anisotropy (i.e. DA), bone volume fraction (i.e. BV/TV) and tortuosity (i.e. TrabTort, both Ay
and y.q) do not significantly correlate with any of the factors here addressed, i.e. DOA, body mass and
phylogeny (Table 3). It makes the interpretation of the overall patterns related to these traits on multivariate
phylo-morphospaces particularly interesting. As discussed above, BV/TV shows a pattern that only

apparently discriminates terrestrial from arboreal taxa, with semi-arboreal in between (and the same occurs
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for the PC to which BV/TV primarily contributes, i.e. PC2). Indeed, although not yielding a significant

phylogenetic signal (Table 3), this trait has a distribution that is mainly driven by phylogeny (Fig. 4).

TrabTort negatively correlates to PC1, that is also positively associated with NodDen and FD (apart
from minor contributions deriving from other variables). PC1 sets apart H. sapiens and C. jacchus from the
other species. Although PC1 reveals a pattern that is very likely not affected by allometric and phylogenetic
effects (H. sapiens and C. jacchus are the largest and the smallest in the sample, respectively, and they are
a hominid and a platyrrhine), the very different locomotor habits of H. sapiens and C. jacchus (not only in
terms of DOA) make this axis of variation very unlikely to be associated with locomotor behavioral aspects
too. Also, there is not consistency in the way through which the three variables mainly driving PC1 are
expected to relate to loads (Table 2 and above). For instance, if NodDen varied as expected according to the
experienced loads and strains, i.e. positively, NodDen and TrabTort should have been positively associated
with each other, but they do not follow this pattern in affecting PC1; similarly, FD is expected to be
negatively related to NodDen, but again it is not confirmed (Fig. 5). All of this suggests that the
discrimination revealed by PCI1 is challenging to explain in terms of locomotion, body mass and phylogeny

and that probably the effect of other factors (e.g. genetic, developmental, hormonal) should be investigated.

Another portion of TrabTort variance is captured by PC3 and, interestingly, TrabTort together with DA
contribute to set apart H. sapiens from all the other primates on the PC1-PC3 plot (Fig. 5). Specifically, H.
sapiens is apparently set apart for relatively higher DA and relatively lower TrabTort. This pattern arising
from our multivariate visual assessment opens up the possibility that at least the peculiar hominin bipedalism
may relate to distal fibula trabecular structure. Indeed, the fact that H. sapiens is partially distinct from all
the other primates because of its higher anisotropy value could have a functional explanation. As detailed
above, DA is commonly associated with the extent to which movements in a joint follow repeated directions
and a highly anisotropic trabecular structure is expected in highly stereotypically loaded joints. It led us to
expect higher DA in terrestrial taxa (see above). It is possible, however, that the infrequent but not absent

arboreal behaviors (not absent in any living non-human primates, as we specified defining DOA in this
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work) of terrestrial but not bipedal primates (e.g. baboons) prevent their distal fibula trabecular bone to
develop a particularly anisotropic structure. In this framework, higher anisotropy would be instead shown
by H. sapiens which never experiences arboreal habits and obligatorily performs bipedalism, involving
strong antero-posterior movements in the sagittal plane. From the distribution of DA values of the studied
specimens, three of the five H. sapiens fibulae yielded the highest DA values in the entire sample, with a
fourth H. sapiens fibula yielding the fifth highest DA value (Table S1). We used single specimens results
distribution also to better interpret TrabTort outcomes, since this parameter yielded unclear trends in the
PC1-PC2 plot (see above) but, similarly to DA, seems to set apart H. sapiens from all the other primates in
the PC1-PC3 plot. Strikingly, the five H. sapiens fibulae yield the lowest TrabTorty,, of the entire sample
(also after log-transforming the values in Table S1, since TrabTort was log-transformed for the univariate
tests, see Table 3). It supports the presence of this additional distinctive feature in the human distal fibula.
As for DA, a functional interpretation is possible for TrabTort, too. We expected TrabTort to directly relate
to load frequency (Table 2) and we hypothesized that load frequency on the fibula would be proportional to
the extent to which arboreal substrates are used. If, as suggested above, the infrequent but still present
arboreal behaviors of baboons affect their distal fibula trabecular bone, H. sapiens would be distinctive since
almost never experiencing, in its ankle, the frequent laterally directed SRFs of the arboreal environment (see
above). It would explain the evidently less tortuous human trabecular structure in the distal fibula. Hence,
raw results for DA and TrabTort fully support the hypothesis of a functionally higher DA and lower
TrabTort in the distal fibula of H. sapiens. It may stimulate future dedicated works with properly built
samples to test this pattern and exclude other factors (see for instance the fact that for TrabTortyea,, the sixth
lowest value is of the H. sapiens’ sister taxon, P. troglodytes, Table S2, hence phylogenetic effects should
also be tested). The raw DA value measured for O. crassicaudatus is not outstanding (Table S2), suggesting
that the portion of DA variance contributing to set apart this species from the other primates in the PC3-PC4
plot (Fig. S4) is negligible. On the other hand, what mainly drives the morphospaces position of O.
crassicaudatus (in PC1-PC3, PC2-PC3 and PC3-PC4 plots, Fig. 5, Fig. S4) is TrabLen, for which the species

show the highest value, and the same is true for C. jacchus, yielding the lowest TrabLen value (Table S1
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data after size-correction, to comply with results in Table 3). The fact that these two species are both arboreal
and leapers (see discussion below) makes it challenging to relate such a pattern to locomotion. Since this
trait is the only one that showed a significant phylogenetic signal both before and after size-correction (Table
3 and Table 4), the observed TrabLen pattern follows the phylogeny (e.g. a quite low TrabLen is shown by
C. jacchus sister taxon too, i.e. Mico spp., and a pretty high TrabLen is shown by O. crassicaudatus sister

taxon too, i.e. P. diadema; Fig. S3).

4.1.2. Body mass and phylogenetic relationships

Apart from minor trends potentially related to human bipedalism (see above), primate distal fibula
trabecular architecture is overall strongly affected by body size and phylogenetic structure, as evinced from
inferential univariate and multivariate analyses, and visualization of trait variability relative to body mass
and phylogenetic relationship (Table 3, Table 4, Fig. 4, Fig. S2A, B, Fig. S3, Fig. S4). The particularly
strong relationship of morphology with allometry and phylogeny, more than ecology, that we found here,
mirrors the outcomes of previous works comparing primate anatomy across wide phylogenetic frameworks
(e.g. studying mandibular shape, Plomp et al. 2024, Veneziano et al. 2019) (see also discussion above on
large-scale phylogenetic effects). Before discussing the potential implications of body mass and phylogeny
and their correlation with primate distal fibula trabecular structure, it is important to stress that in the sample
that we studied, body mass and phylogenetic structure are highly correlated (Table 3), i.e. the distribution
of body mass proxy is strongly related to phylogeny. A consequence of this outcome is that we did not
separate the effects of these two factors. Hence, it is possible that only one of the two factors is primarily
related to primate distal fibula trabecular structure, with the other factor that rather yielded significant
correlation with morphology only because of significant correlation between size and phylogeny. With the
data collected in this study, it is not possible to disentangle the effects of body mass and phylogenetic
structure. As a supplementary analysis, we wanted to test if this issue is a limitation related to our sample
or it may be a general problem in clade-wise comparative studies in primates. Using body mass estimates

for 742 species of extinct and extant primates plus plesiadapiforms (Tillquist et al., 2016), we log-
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transformed them and we matched body mass data to the mammal phylogeny of Upham et al., (2019),
excluding all the taxa that are not represented by both phylogeny and the body mass dataset. We obtained a
phylogenetically informed body mass dataset of 250 primate species. It allowed us to test how body mass
is related to phylogeny on a wide taxonomic scale, computing the phylogenetic signal through Pagel’s A
(see Methods). We obtained a A = 0.99 with a p-value < 0.001, suggesting that the limitation of body mass
- phylogenetic structure correlation is not depending on our studied sample but may be unavoidable for most
of the comparative morphological studies in primates. We suggest researchers aiming to disentangle how

different factors relate to primate anatomical evolution to account for this potential bias.

Concerning the effect of body mass on trabecular traits, numerous studies on different skeletal elements
have proposed different trends in mammals and in primates (e.g. Bird et al., 2021; Christen et al., 2015;
Cotter et al., 2009; Doube et al., 2011; Fajardo et al., 2013; Hernandez et al., 2009; Kivell, 2016; Kivell et
al., 2018; Komza and Skinner, 2019; Ryan and Shaw, 2013; Scherf, 2008; Schilling et al., 2014; Swartz et
al., 1998; Tsegai et al., 2017). For instance, it has been found that DA is often independent from body mass,
that BV/TV scales with positive allometry (Barak et al., 2013b; Christen et al., 2015; Doube et al., 2011)
and that Tb.Th frequently scales with negative allometry (Barak et al., 2013b; Doube et al., 2011; Ryan and
Shaw, 2013; Swartz et al., 1998). For DA and Tb.Th, the distal fibula seems to align with other skeletal
elements in primates. Indeed, we found that DA does not relate to body mass. As for the allometric pattern
shown by Tb.Th, with a regression slope that is positive but lower than 1 (i.e. 0.07) , it apparently confirms
that trabecular thickness scales with negative allometry in the distal fibula, too. On the other hand, our
results for BV/TV, i.e. no significant relationship with body mass, apparently contrast what was found in
some previous works. One should note that, however, exceptions to the proposed patterns of primate
trabecular traits-body mass covariation have been found (e.g. Fajardo et al., 2013; Komza and Skinner,
2019; Ryan and Shaw, 2013; Tsegai et al., 2017), and that likely a bone and taxon-dependency exists (Bird
et al., 2021; Cotter et al., 2009; Fajardo et al., 2013; Kivell, 2016; Ryan and Shaw, 2013). Hence, our
outcomes add to the information on how trabecular traits relate to body size across the primate skeletal

elements. Furthermore, we provide the first evidence for patterns of body size covariation concerning the
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topological indices recently proposed by Veneziano et al. (2021). For both traditional trabecular parameters

and topological indices, future analyses of allometric scaling patterns are needed.

As for the phylogenetic effect on primate trabecular structure, it is likewise challenging to outline
general patterns (Kivell, 2016). Several works investigated how trabecular traits relate to the phylogenetic
structure (Doube et al., 2011; Ryan and Shaw, 2012, 2013; Smaers and Vinicius, 2009; Tsegai et al., 2013)
with some of them yielding a weak phylogenetic signal and others finding a complex scenario of anatomical
variation (e.g. Doube et al., 2011, Ryan and Shaw, 2012, 2013). The pattern of differential evolutionary
influence on different skeletal regions, i.e. mosaic evolution, is now recognized as a major factor to explain
morphological diversity in primates (e.g. Bastir and Rosas, 2009), mammals (e.g. Barton and Harvey, 2000),
and in other vertebrates (e.g. Navalon et al., 2022). With this work, we suggest that the distal fibula
trabecular bone in primates may be strongly affected by the phylogenetic structure (but see discussion above
on body mass-phylogeny correlation). Importantly, it was shown that the strength of the phylogenetic effect
not only varies among anatomical regions but also among taxonomic groups (Kivell, 2016; Ryan and Shaw,
2013). Hence, although the results of this work led us to discourage the use of distal fibula trabecular
structure to infer DOA in extinct primates due to the presence of phylogenetic signal, it is also possible that
the effects of phylogeny may be less important if more restricted primate taxonomic contexts are studied
(Marchi, 2007, 2015b; Marchi et al., 2022). Thus, it is still possible that if the fibula is compared among
closely related primate species, as often occurs with the study of hominids in an anthropological context
(e.g. see also Berles et al., 2024, studying closely related tamarins), a functional signal related to DOA can
be detected because large scale phylogenetic effects would be minimized. It can also explain the discrepant
patterns found for internal and external anatomy of the distal fibula in relation to DOA (see discussion
above). Since we only included two hominids in this work, this very small sample prevents any assessment
of trabecular structure diversity restricted to only hominids and, hence, we cannot here discuss on such short
phylogenetic scale. However, the aforementioned potential relationships shown by DA and TrabTort with
human bipedalism (representing the terrestrial extreme of the DOA range in hominids) should encourage

future studies to address this aspect.
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4. 2. Potential limitations

Some methodological and theoretical aspects potentially represent limitations of this work. First, we only
focused on the proximal articular facet (here termed PAF) of the fibulotalar articulation of the distal fibula,
not including the trabecular bone underlying the distal articular facet (DAF) of the same articulation (Fig.
2). Since the external morphology (e.g. surface area, morphometric indices) of DAF, similar to that of PAF,
proved to be related to different locomotor behaviors (Marchi, 2015b), one may expect a locomotor signal
in DAF internal bone, too. As mentioned in the Materials and Methods, one of the reasons behind our choice
to exclude DAF was the overly wide variability in external morphology of this articular facet. Based on
Marchi (2015b), we expected DAF to be approximately triangular in the studied sample but, probably due
to the taxonomical diversity considered here, we found it challenging to reliably recognize a homologous
region in all the specimens. Several works addressed bone inner structure by studying the regional variation
of trabecular traits within specific joints/epiphyses (both using multiple regularly shaped ROIs; e.g. Su et
al., 2013; Sylvester and Terhune, 2017, and mapping the variability within entire epiphyses, e.g. Georgiou
et al., 2019; Sukhdeo et al., 2020). Hence, it is possible that a regional variability in trabecular properties
exists across PAF and DAF and that, by excluding inner bone related to DAF, we hid some potentially
informative locomotor signal. Indeed, the same wide variability in DAF external morphology that prevented
us from extracting trabecular bone may reflect adaptations to different locomotor behaviors. However, it
should be noted that our approach of studying the entire trabecular bone volume underlying PAF already
represents an advance compared to the traditional approach based on the extraction of regularly-shaped
ROIs. The latter was tested at a preliminary stage of this work, but it proved challenging to be applied due
to the irregular 3D morphology of the distal fibula region corresponding to DAF (see Fig. 2D), e.g. humeral
head and femoral head are easily studied through spherical ROIs due to the approximately spherical 3D
shape of the entire articulation itself, but this does not apply to the region we were interested in. While the
issue of sampling complexly shaped joints through regularly shaped ROIs may be fixed by using multiple
smaller volumes instead of a single larger one (e.g. Barak et al. 2013a; Su et al. 2013, Su and Carlson, 2017),

in our particular case this approach would have been problematic due to another practical issue, that
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additionally motivated our choice to exclude DAF and is partially related to the high morphological
variability of DAF mentioned above. Indeed, due to the highly variable DAF shape, some species showed
a DAF that is a dramatically wide and short ‘triangle’, i.e. with an extremely small proximodistal size. In
such cases, the stack representing the trabecular bone underlying DAF is compounded by too few trabeculae
(often fewer than the minimum recommended limit of 50, see Methods). If this issue prevented us from
extracting a single informative stack for all trabecular bone underlying DAF, it is easy to imagine how this
limitation would have been even more severe if multiple smaller volumes would have been used. Finally, it
is remarkable that PAF, studied in this work, represents most of the trabecular bone of the fibulotalar
articulation (as one can see from PAF and DAF size proportions in Fig. 2). A possible solution for future
works is studying the trabecular bone underlying the entire fibulotalar articulation (PAF + DAF), developing
another ad-hoc orientation protocol, and investigating variation in trabecular parameters in the whole region

(e.g. using a heat-map approach, available in Veneziano et al., 2021).

Another potential limitation of this work may derive from the fact that testing the relationship between
distal fibula trabecular bone and DOA may involve pooling in the same discrete state species that are quite
different concerning other aspects of their locomotor behavior (e.g. forelimb vs. hindlimb reliance, presence
of distinctive habits as leaping) that, in turn, reasonably involve different functional demands. Although
these aspects were not the main focus of this work, one should consider the possibility that primate distal
fibula trabecular bone does not vary according to DOA, as fibula CSG or distal fibula external morphology
(see above), but instead it follows other locomotor factors. This issue is particularly exacerbated for taxa
that in this work were categorized as ‘arboreal’, e.g. spider monkeys (4. paniscus) and sifakas (P. diadema),
that are more specialized in their locomotor habits compared to more generalized arboreal quadrupeds as
colobines (C. guereza) and howler monkeys (4. seniculus) (Fleagle, 2013b). To further evaluate potential
locomotor effects undetected in this work, we ran a supplementary analysis accounting for the frequency of
specific locomotor behaviors of the studied taxa, instead of their DOA. As detailed in Supplementary Note
1 and Fig. S5, we highlighted that, mirroring what we found for DOA, the primate distal fibula trabecular

structure probably does not relate to other locomotor aspects.
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Another issue partially related to locomotor categorization is the possibility that pooling H. sapiens -
whose bipedalism involves a greater predominance of loads in the hindlimbs - with terrestrial baboons may
skew the results. Also, pooling P. troglodytes - which shows dominant quadrupedal walking - with
unspecialized taxa such as Chlorocebus spp. (Supplementary Note 1 and Fig. S5) may cause the same
problem. To evaluate effects potentially deriving from this bias, we re-ran the PCA used to visualize
interspecific patterns after excluding H. sapiens and then after excluding both H. sapiens and P. troglodytes.
As shown by these additional PCAs (Figs. S6-S7) and as discussed in Supplementary Note 2, these
exclusions do not change the main outcome of this work. Namely, the primate distal fibula trabecular bone
does not appear to be associated with locomotor behaviors, neither DOA nor other locomotor aspects (see
above and Supplementary Note 1), with the only possible exception represented by minor trends related to

bipedalism in hominins (see discussion above).

Finally, while we studied interspecific patterns of distal fibula trabecular bone variation, our data are
mostly based on single specimens for each species. Hence, in this work the effects related to intraspecific
variability are not accounted for. Since for four of the studied taxa we sampled more than one fibula (Table
1), we were however able to assess potential biases deriving from intraspecific variability. To do so, we ran
an additional PCA with the observations being the single specimens instead of the taxa (Fig. S8) and we
measured the coefficient of variation (Table S2). As discussed in Supplementary Note 3, the intraspecific

variability can be generally considered low to moderate.

5. Conclusions

In this study, we carried out the first three-dimensional quantitative interspecific analysis of distal fibula
trabecular structure in primates, in order to test for a functional signal related to the degree of arboreality.
We expected for such a signal to be present based on results from studies on other fibular traits (diaphyseal
cross-sectional properties and distal epiphyseal external morphology). Contrasting previously highlighted
trends, the internal trabecular bone in primate distal fibula does not correlate with the degree of arboreality.

Although we identified some trends potentially related to alternative locomotor factors not strictly related
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to DOA as defined in this work (i.e. human bipedalism), we found that body mass and phylogenetic
relationships primarily and strongly affect the trabecular network in primate distal fibula. We provided
evidence for the factors mainly associated with the previously unstudied primate distal fibula internal
structure. We encourage future studies to address some critical aspects arisen from this work, e.g. the
potential relationship between human bipedalism and specific trabecular traits of the distal fibula, i.e. degree
of anisotropy and tortuosity, the strong correlation between primate body mass and phylogenetic structure

in comparative analyses on a wide taxonomic scale.
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Figure captions

Fig. 1. Primate species studied in this work. The three factors potentially associated with their distal
fibular trabecular architecture that were addressed in this work, are summarized: 1. phylogenetic
relationships, shown through the time-calibrated tree; 2. locomotor habits, detailed with the color legend; 3.
body mass, through the proxy used in this work, shown with bar plots. See Methods for details.

Fig. 2. The steps performed to orient all the fibulae in a standard position are exemplified on the distal
fibula of Cercopithecus mitis UniFI-SPEC 3011. In both A (anterior view) and B (distal view) PAF, i.e.
proximal part of the fibulotalar articulation of the distal fibula, is oriented to be parallel to the coronal plane
(shown with a blue line in 2A and 2B). C. The bone is then oriented so that the two axes of PAF (visually
recognized and highlighted in red, due to the quasi-regular shape of the articular facet) lie in the sagittal
(shown in orange) and the transverse (shown in green) planes. DAF, i.e. distal part of the fibulotalar
articulation of the distal fibula, is shown but was not studied in this work. D. The Region of Interest (ROI)
ultimately analyzed is here shown in the context of the entire distal epiphysis. A sub-region of the distal
fibula corresponding to the PAF cortical bone + trabecular bone was cropped (highlighted in aqua green,
also shown in Fig. 3A) and from it a ROI representing only the PAF trabecular bone was extracted
(highlighted in purple, also shown in Fig. 3B).

Fig. 3. Isolation of the whole articular trabecular architecture, exemplified on the distal fibula of
Cercopithecus mitis UniFI-SPEC 3011. A. The oriented sub-stack corresponding to the isolated PAF. PAF
is shown in red and its proximal and distal limits, used to isolate PAF, are highlighted. B. Exploiting the
‘indianaBones’ R package, the trabecular bone is isolated and used to compute BoneJ parameters. C. The
trabecular network of B. is skeletonized in Amira. The skeleton is used to compute the topological indices
of ‘indianaBones’.

Fig. 4. A. Boxplots highlighting the univariate pattern of variation of BV/TV from the distal fibular
trabecular architecture. Terrestrial taxa are shown in blue, semi-arboreal in green and arboreal in purple,
and taxa yielding the maximum and minimum value for each category of the Degree of Arboreality are
indicated. B. The BV/TV values for the studied species are mapped on the phylogeny used in this work,
with ancestral states reconstructed. Here, the color legend instead indicates the variable values. C. Boxplots
highlighting the univariate pattern of variation of size-corrected BS/TV from the distal fibular trabecular
architecture. Terrestrial taxa are shown in blue, semi-arboreal in green and arboreal in red, and taxa yielding
the maximum and minimum value for each category of the Degree of Arboreality are indicated. D. The size-
corrected BS/TV values for the studied species are mapped on the phylogeny used in this work, with
ancestral states reconstructed. Here, the color legend instead indicates the variable values.

Fig. 5. Multivariate patterns of variation in distal fibular trabecular architecture. A, B and C. Upper panels:
phylomorphospaces built with PC1-PC2 (A), PC1-PC3 (B) and PC2-PC3 (C) resulting from a PCA on all
the studied trabecular traits (using size-corrected values in case of variables significantly related to body
mass, as detailed in Table 3). Abbreviations: Cj for Callithrix jacchus, Hs for Homo sapiens, Pt for Pan
troglodytes, Oc for Otolemur crassicaudatus. Bottom panels: variable loading plots summarizing how single
traits contribute to species distribution on the corresponding morphospaces in the upper panels. In A, B and
C: Degree of arboreality categories are shown with colors: arboreal in purple, semi-arboreal in green,
terrestrial in blue. Abbreviations for variables in the loading plots: DA (degree of anisotropy), BV/TV (bone
volume fraction), BS/TV (bone surface density), Tb.Th (trabecular thickness), NodDeng,., (average node
density), NodDenyq (median node density), TrabLen,,., (average trabecular length), TrabTort,,. (average
trabecular tortouosity), TrabTorty.s (median trabecular tortuosity), FD (fractal dimension). D. Boxplot
highlighting the univariate pattern of variation of PC2 (used to build the bivariate scatterplots in A and C).
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1696  Terrestrial taxa are shown in blue, semi-arboreal in green and arboreal in red. The position of Homo sapiens,
1697  outlying other terrestrial taxa, is shown.
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Abstract

The fibula, despite being traditionally overlooked compared to the femur and the tibia, has recently
received attention in primate functional morphology due to its correlation with the degree of arboreality.
Highlighting further fibular features that are associated with arboreal habits would be key to
impreveimproving palaeobiological inferenee-eninferences in fossil specimens. Here we present the first
investigation on the trabecular bone structure of the primate fibula, focusing on the distal epiphysis, across
a vast array of species. We collected nCT data on the distal fibula for 21 species of primates, with
representatives from most of the order, and we employed a recently developed approach implemented in the
R package ‘indianaBones’ to isolate the entire trabecular bone underlying an epiphysis or articular facet.
After extracting both traditional trabecular parameters and novel topological indices, we tested for the
posited relationship between trabecular bone and degree of arboreality. To disentangle this effect from
others related to body size and phylogenetic relationship, we included a body mass proxy as covariate and
employed phylogenetic comparative methods. We ran univariate/multivariate and exploratory/inferential
statistical analyses. The trabecular structure of the fibular distal epiphysis in primates does not appear to be
associated with the degree of arboreality. Instead, it results—asis strongly affected by body mass and
phylogenetic relationships. AlbeitAlthough we identified some minor trends related to human bipedalism,
our findings overall discourage, at this stage, the study of distal fibula trabecular bone to infer arboreal
behaviors in extinct primates. We further found that body size distribution is strongly related to phylogeny,
an issue preventing us te-unravelfrom unravelling the influence of the two factors and that we believe can
potentially affect future comparative analyses of primates. Overall, our results add to previous evidence of
how trabecular traits show variable correlation with locomotor aspects, size and phylogenetic history across
the primate skeleton, thus outlining a complex scenario in which a network of interconnected factors affects
the morphological evolution of primates. This work may represent a starting point for future studies, e.g.
focusing on the effect of human bipedalism on distal fibula trabecular bone, or aiming to better understand

the effects of body size and phylogenetic history on primate morphological evolution.
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1. Introduction

The study of mammal }imbs*limb long bones offers compelling evidence of the disparate factors related
to anatomical diversity, such as ecology, body size and/or shared phylogenetic history (e.g. Alfieri et al.,
2021, 2022, 2023; Cooper, 2019; Kilbourne and Hutchinson, 2019; Polly, 2007; Tarquini, 2021). Among
mammalian clades, primate long bone functional morphology has been widely investigated (e.g. Chiu and
Hamrick, 2002; Gebo, 1989, 2014; Ruff, 2003; Swartz, 1989) with special focus on adaptations to
biomechanical loadings deriving from different locomotor specializations (e.g. Burr et al., 1981; Demes and
Jungers, 1993; Kimura, 1995, 2003; Marchi et al., 2016; Ruff, 2002; Ruff et al., 2019; Ruff and Runestad,
1992; Runestad, 1997; Schaffler et al., 1985; Schaffler and Burr, 1984). In primates, hindlimb morphology
is key to some of the most distinctive primate locomotor adaptations, such as vertical clinging and leaping
in strepsirrhines (Gebo, 2011; Napier and Walker, 1967a) or bipedalism in hominins (O’Neill et al., 2015;
Tardieu, 2010). Hence, the long bones of the primate hindlimbs represent an optimal context tein which
understand if anatomical traits are more related to the locomotor environment (Berles et al., 2024; Georgiou
et al., 2018; Harmon, 2007; Marchi, 2007; Marchi et al., 2022; Ruff, 2002; Ryan and Ketcham, 2002a;
Sylvester, 2013) or to other factors (e.g. allometric relationships, Ruff, 1987; Ryan and Shaw, 2013, or
phylogenetic signal, O’Neill and Dobson, 2008; Ryan and Shaw, 2013). In primates, the femur and tibia
have been by far the most studied hindlimb long bones, with the aim of identifying locomotor correlates
through analyses involving different approaches and anatomical levels, as external joint proportions/shape
(e.g. Godfrey, 1988; Harmon, 2007; Jungers et al., 2002; Marchi et al., 2016; Sylvester, 2013), diaphyseal
cross-sectional geometry, (CSG; e.g. Carlson, 2005; Demes and Jungers, 1993; Kimura, 2002; Marchi et
al., 2016; Polk et al., 2000; Ruff, 2002) and epiphyseal trabecular architecture (e.g. Barak et al., 2013a;
Fajardo and Miiller, 2001; Georgiou et al., 2019, 2018; MacLatchy and Miiller, 2002; Scherf, 2008). This
trend is possibly explained by the fact that the femur and tibia are the two main elements of the hindlimb

and, thus, are expected to have a prominent role in sustaining the hindlimb mechanical loads. Moreover,
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compared to other skeletal elements, the two bones are relatively abundant in the fossil record (e.g. Anemone
and Covert, 2000; DeSilva et al., 2010; Ford and Morgan, 1986; MacLatchy and Bossert, 1996; Rafferty et
al., 1995; Ryan and Ketcham, 2002b). These aspects are not independent, since the identification of
anatomical features associated with specific locomotor behaviors in extant taxa can be leveraged, in turn, to

infer locomotor habits in extinct primates for which fossil specimens are available.

1. 1. Primate fibula functional morphology

For the fibula, the other hindlimb long bone, a close relationship between fibular anatomy and the
prehensile power of the foot has long been hypothesized (Owen, 1866), and some early analyses addressed
the functional morphology of the fibula in mammals (Barnett and Napier, 1953; Carleton, 1941; Walmsley,
1918). Importantly, although these works have highlighted several fibular traits possibly related to
locomotor behaviors, many of those features (e.g. degree of distal tibia-fibula fusion, fibular robusticity
relative to the tibia) can be assessed only in association with the tibia (Barnett and Napier, 1953). This may
explain why the fibula has long been overlooked in primate comparative anatomical studies (and even
defined as ‘the forgotten bone’, Rittweger et al., 2018), being considered only the lateral strut of the ankle
with almost no role in load bearing (White et al., 2011) or even vestigial (Moore and Dalley, 2006).
Moreover, it explains why a renewed attention to the fibular functional morphology initially led to
addressthe study of this bone only in association with the tibia. Indeed, it has been highlighted that the
relative (to the tibia) fibular diaphyseal robusticity (‘relative robusticity’ hereafter) relates to a specific
aspect of locomotor behavior: substrate preference. Specifically, fibular relative robusticity is higher in
primates with higher degree of arboreality (DOA) (Marchi, 2015a, 2007; Marchi and Borgognini-Tarli,
2004). As further detailed below, DOA is here and hereafter meant as a discrete grouping, e.g. splitting
‘arboreal’, ‘semi-arboreal’ and ‘terrestrial’ primates, defined according to the relative amount of time spent

enin trees (Table 1);—and-keeping). Importantly, it should be kept in mind that all non-human primates,

however, show a minimum exploitation of arboreal substrates/superstrates. Hence, the effects of arboreality

on fibular morphology have been assumed to be caused by frequent and repeated arboreal locomotion, not
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by the simple capability of performing arboreal behaviors. The relationship between fibular relative
robusticity and DOA is possibly explained by the fact that the distal portion of the hindlimb of arboreal
species is subject to relatively more frequent laterally oriented loadings, compared to terrestrial ones
(Carlson et al. 2005, see also below) and considering that the fibula is laterally located at this anatomical
level. Moreover, a higher relative fibular diaphyseal robusticity has been found in humans performing
activities involving frequent laterally oriented loadings in the distal segment of the hindlimb (Auerbach et
al., 2017; Carlson and Marchi, 2014; Hagihara and Nara, 2016; Marchi et al., 2011; Marchi and Shaw, 2011;
Sparacello et al., 2014). These results suggest that the fibula may not cover a negligible role in transmitting
hindlimb loadings in primates, corroborating previous observations (e.g. Funk et al., 2004; Goh et al., 1992;
Lambert, 1971; Takebe et al., 1984). However, the need to study the tibia-fibula system limits the design of
comparative analyses (e.g. more demanding data collection) and the quantification of correlates for DOA
on primate fossil specimens, due to the extreme rarity of complete associated tibiae and fibulae (Marchi et
al., 2019). Thus, it appears advantageous to identify functional traits quantifiable on the primate fibula alone.
In this regard, human individuals subject to frequent laterally oriented loadings in the distal portion of the
hindlimb have been shown to exhibit a higher fibular diaphyseal absolute (i.e., regardless of tibial measures)
robusticity (Marchi and Shaw, 2011), suggesting that a similar pattern may be present in arboreal primates.
Moreover, the external morphology of the primate fibula has been recently linked to DOA through
traditional morphometrics (Marchi, 2015b) and 3D geometric morphometrics (3D GM; Marchi et al., 2022).
As of today, no interspecific comparisons across primate fibulae have been performed based on
diaphysealepiphyseal internal bone structure, i.e. trabecular architecture. This gap in the literature is
surprising if we consider the potential of the trabecular architecture of the hindlimbs hindlimb long bones
to exhibit functional signals (e.g. Barak et al., 2013a; Fajardo and Miiller, 2001; Georgiou et al., 2018;

MacLatchy and Miiller, 2002 and see below).

1. 2. Trabecular bone architecture
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It has been suggested that internal bone, both cortical and trabecular, may record bone usage and
behaviors performed during thean individual’s life and that it may respond to the functional constraints set
by a species’ ecology and environment more directly than external morphology (Kivell, 2016). Indeed,
internal bone, despite its largely genetically determined morphology at birth, is responsive to mechanical
loadings (Carter and Beaupré, 2007; Currey, 2002) acting through differential strains that in turn depend on
bone actual usage (Ruff et al., 2006). Trabecular bone, being more porous and typically remodeling more
frequently than cortical bone (Eriksen, 1986, 2010), #-likely involves a larger amount of functionally
responsive cells (also due to greater surface area) (Currey, 2002; Huiskes et al., 2000)-and;-altimateby-itis

expeetedhy). Ultimately, trabecular bone is expected to be even more plastic than cortical bone in responding

to differential loadings that reflect distinct locomotor habits (Currey, 2002; Jacobs, 2000; Kivell, 2016).

Several experimental works performed in vivo, e.g. applying controlled strains and measuring the
trabecular bone response, highlighted that specific trabecular properties result from certain mechanical
loads. For instance, the trabecular alignment tends to follow strain orientations, i.e. trabecular struts orient
along the main loading vectors (e.g. Biewener et al., 1996; Pontzer et al., 2006). Although not yielding the
specific direction (e.g. in degrees of arc) along which trabeculae orient, a commonly used parameter in this

regard is the degree of anisotropy (DA),-inferming). This parameter informs on a more general but more

straightforwardly interpreted property, i.e. the extent to which the trabeculae tend to align toward a uniform
direction:. Indeed, the more homogeneous the orientation is in the studied region, the more the latter is
anisotropic, the higher DA (as defined here) will be (Harrigan and Mann, 1984). DA is one of the most
structurally informative trabecular properties, i#-measuring the fabric orientation, which is in turn closely
associated with the mechanical main direction (Odgaard, 1997) (i.e. the direction, if any, along which
biomechanical loadings are mainly applied), and explainingtheexplains 10% of trabecular stiffness (Maquer
et al., 2015). Accordingly, DA proved an informative parameter in primate interspecific analyses related to
behavior, in that species with locomotor habits involving more directionally stereotyped loadings yielded
more anisotropic trabecular structure, i.e. higher DA (e.g. leaping taxa discriminated from non-leaping ones

in strepsirrhines, Ryan and Ketcham, 2002a). Alse;properties
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Properties directly related to bone density are other suitable predictors of bone strength: i.e. regions
characterized by increased strength show increased density and, hence, larger values for these traits.
Although increased strength in a given anatomical region is often considered the direct consequence of
increased magnitude of the load, this specific aspect of loading patterns (e.g. measured in terms of strain
magnitude, in mm/mm) is only one of the factors contributing to trabecular remodeling. Indeed, besides
load magnitudes, one should also consider how trabecular remodeling is affected by the duration (e.g. Barak
et al. 2011; Lambers et al. 2013; Skerry and Lanyon, 1995) and frequency (e.g. Barak et al. 2011; Bassey
and Ramsdale, 1994; Pontzer et al. 2006; Simkin et al. 1989) of loadings (Kivell, 2016). Importantly,
concerning load frequency, Rubin et al. (2001; 2002) showed that even extremely low loadings when exerted
with high frequency may cause a substantial (34.2%) increase in trabecular bone density (Rubin et al. 2001;
2002). This outcome suggests that, besides or even instead of the magnitude, other characteristics of the
loading pattern acting on a specific joint, as the frequency, may be crucial in determining density related
trabecular parameters. For this reason, here and throughout (see below and Table 2), we will refer to
‘increased loadings’ (keeping in mind that they may derive from increased loading magnitude and/or
frequency and/or duration) as the factor to which some trabecular parameters may respond. Instances of
density-related traits are bone volume fraction (BV/TV) (Barak et al., 2011; Chang et al., 2008; Mittra et
al., 2005) and trabecular thickness (Tb.Th) (Barak et al., 2011; Mittra et al., 2005), with the former being
particularly informative from a biomechanical point of view (besides DA, see above), accounting for the
88% of trabecular stiffness (Stauber et al., 2006). Both BV/TV. and Tb.Th, similarly to DA, proved suitable
to discriminate locomotor categories in human and non-human primate samples (e.g. Ryan and Shaw, 2015;

Sukhdeo et al., 2020).

The computation of parameters related to density (e.g. BV/TV and Tb.Th) and orientation (e.g. DA) is
often combined with the characterization of additional features of the trabecular network, as the overall
shape. A way to quantify the latter is through measures of trabecular bone surface, as the bone surface to
total volume fraction (BS/TV, also termed ‘bone surface density’, Scherf et al., 2013). This parameter

informs on the shape complexity of the intertrabecular spaces (in life filled with marrow that, in turn, directly
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contacts the inner epiphysis bony parts through the surface of the trabeculae). Hence, a larger BS/TV
corresponds to larger trabecular surface exposed to marrow in life and to more complex trabecular shape
(Scherf et al., 2013). BS/TV has been proposed as correlated to ecological factors including locomotor
adaptations, in recent interspecific evolutionary analyses of mammals;—e-;. Specifically, low BS/TV is
associated with low and/or infrequent loadings deriving from slow cautious arboreal lifestyle (Alfieri 2022)

and hence we can assume that increased loadings would be associated with higher BS/TV.

The aforementioned properties and the related parameters were abundantly employed in the last
decades, often computed on subsamples of trabecular bone virtually extracted from epiphyses of skeletal
elements represented by uCT scans (e.g. Barak et al., 2013a; DeSilva and Devlin, 2012; Fajardo and Miiller,
2001; Hébert et al., 2012; MacLatchy and Miiller, 2002; Maga et al., 2006; Ryan and Ketcham, 2002a; Ryan
and Shaw, 2015, 2012; Scherf, 2008; Scherf et al., 2013). Due to thetheir well-established use, we can now
consider this to be the traditional approach to trabecular structure quantification and we can refer to these
traits as ‘traditional parameters.” However, alternative approaches have been developed, as the one proposed
by Veneziano et al. (2021), based on the study of trabecular bone from entire epiphyses/articulations, instead
of subsamples, and, importantly, representing the studied trabecular regions as morphological skeletons. In
other words, through a skeletonization procedure, the anatomical information is reduced to only nodes
(deriving from the trabeculae connection regions) linked by branches (deriving from the trabeculae
themselves). This minimized information provides researchers the advantage to focus only on topological
properties of the studied inner epiphysis, i.e. only the spatial arrangement of trabecular struts (through the
computation of ‘topological indices’, detailed below) (Veneziano et al. 2021), hence the skeletonized region

is termed ‘topological skeleton’ hereafter.

Despite the recent work of Veneziano et al. (2021), the trabecular generalisation by means of a
topological skeleton is not new and has been previously adopted, for example for the computation of
trabecular thickness (Garrahan et al., 1987), and for some of the traditional parameters computed with the

Bonel plugin (Doube et al., 2010) of the FIJI software package (Schneider et al., 2012, see also below).
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Wang et al. (2013) compared skeletonized and voxel-based finite element models and found that the former
accurately preserves Young’s modulus and yield strength of the latter (Wang et al. 2013). Furthermore,
skeletonization-derived indices could provide additional information about material properties, besides
those already available through bone volume fraction. For instance, Pothuaud et al. (2002) showed that
combining topological indices with bone volume fraction leads to better predictions of trabecular material
properties than using bone volume fraction alone (Pothuaud et al. 2002). This result suggests that
skeletonization-derived indices could contribute to explain part of the material properties’ variance not
addressed by bone volume fraction. This idea is supported by Liu et al. (2006), who found that the trabecular
network topology affects the cancellous mechanical properties regardless of bone volume fraction (Liu et
al. 2006). These studies suggest that, because of their topological nature, skeletonization-derived indices
could extend the mechanical significance of indices standardly adopted in the study of cancellous

architecture.

The topological skeleton of the trabecular lattice allows eemputingthe computation of either geometric

traits on single trabecular elements or indices devoid of geometric features other than the topology itself.
Both these aspects are involved in the computation of the trabecular density, here intended as the number
of trabecular elements per unit volume. Trabecular density can be interpreted as a generalisation of BV/TV,

and this relationship is exemplified by a recent study: Tsegai et al., (2018) --did not directly measure

NedPentrabecular density but computed BV/TV over a grid enclosing the bone, and used an interpolation
to obtain a virtually continuous map of BV/TV. When TV is expressed as a unit of volume (grid size) rather
than the full volume, then BV/TV becomes a density. Skeletonization allows to extend this generalisation
further to include only topological information in the computation of trabecular density via the computation
of “node density” (NodDen hereafter), or the number of nodes of the topological skeleton per unit volume.
Veneziano et al. (2021) have computed this density using a kernel-density estimation over a 3D grid: here,
the grid size constitutes the volume over which the trabecular bone is counted (i.e., TV). In other words, it
extends the computation of BV/TV over a virtually continuous resolution (dependent on the grid size).

Considering that NodDen can be thought of as a generalisation of BV/TV, its mechanical significance could
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be equivalent: i.e. increased loadings, as those deriving from specific bone uses, joint positions and loads
borne during gait and stance, are expected to cause higher NodDen. NodDen results from the preliminary
analysis of Veneziano et al. (2021) go in this direction, i.e. the femoral heads of Gorilla, Pan and Homo
show higher NodDen compared to quadrupeds and brachiators, compatibly with a prevalent load-bearing
use of the hip (Veneziano et al. 2021). Supporting this perspective, Cendre et al. (1999) used a similar index
(i.e. node density over total volume) and found it to correlate positively with maximum compressive

strength.

Another property whose calculation is simplified by skeletonization is the trabecular length (TrabLen
hereafter), measured at each individual branch of the topological skeleton as the geodesic (or arc) length of
the branch between the nodes it contacts. SineetongerLonger trabecular elements are expected within poorly
dense structures and — apart from allometric patterns highlighted in mammals (Swartz, 1989) — the length
per se is suggested to bear a relevance in terms of bone strength (Parkinson et al., 20123;). Hence, we can

expect TrabLen to decrease with increased loadings, i.e. the latter cause shorter trabeculae, in association

with a denser skeleton (i.e. higher NodDen).-Censistently—with—this—expeectation;—thelength-of rod-like

that-shert-trabeeulae providestiffness-and-Jonger-ones-offerelastieity= The role of TrabLen in the stiffness-

elasticity spectrum is better quantified by trabecular tortuosity (TrabTort hereafter). This property is
computed dividing the TrabLen (measured as arc length) by the euclidean end-to-end length of each
trabecular element, i.e. here being the linear distance between two nodes delimiting one branch. TrabTort
provides an intuitive way to describe variations from straight (low tortuosity) to curved/sinuous (high
tortuosity) trabeculae. Measures of tortuosity were found to recapitulate bone mechanical properties (Fyhrie
and Zauel, 2015), since tortuosity measures the trabecular flexibility under biomechanical load. Specifically,
studying the mechanical competence of trabecular architecture, higher tortuosity was found in association
with lower stiffness — i.e. higher elasticity (Roque et al., 2012; Roque and Alberich-Bayarri, 2015).

Decreased stiffness in a more tortuous and flexible trabecular structure suggests an adaptation to increased



252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

Journal of Anatomy

loads. Indeed, for a given stress exerted within a joint, a less stiff material is able to sustain higher strains

derived from increased loadings.

Another index that can be computed from the topological skeleton is Fractal Dimension (FD hereafter),
a measure of structural complexity based on the concept of statistical self-similarity, i.e. an ideal fractal
structure is similar to itself at any degree of magnification (Feder, 1988; Pornprasertsuk et al., 2001). FD
measures change in detail across changing scales (Falconer, 2004). The application of FD to trabecular bone
has been common, e.g. in studies of fracture risk level and human bone pathology (Feltrin et al., 2004;
Messent et al., 2005a, 2005b) thus suggesting a mechanical relevance. Specifically, evidence of the
mechanical significance of FD may come from studies highlighting its correlation with bone mineral
density, a proxy for bone strength (Ammann and Rizzoli, 2003), or density-related traits in general (in turn
related to biomechanical strains, see above). While the correlation between density-related variables and FD
seems well supported, it is not easy to establish if it is generally positive or negative, since both the former
(Cichanski et al., 2010; Feltrin et al., 2001; Uchiyama et al., 1999) and the latter (Garcia-Vilana et al., 2023,
Pornprasertsuk et al., 2001) arose. A positive relationship between density-related traits and FD would be
theoretically supported by the fact that FD has been shown to be inversely related to Young’s Modulus, that
in turn positively co-varies with stiffness (Sanchez-Molina et al. 2013). Accordingly, FD would be expected
to be inversely related to stiffness and, following what we suggested above for TrabTort, one should expect
a direct relationship between FD and bone strength (i.e. the higher isthe FD, the lower-is the stiffness, the
more the trabeculae can withstand the loadings). However, this framework seems overly simplistic if one
considers the many indirect and complex relationships among different variables, and, also, that the potential
relationship between FD and Young’s Modulus has been highlighted studying the cortical bone (Sanchez-
Molina et al. 2013). In this work, we instead preferred to focus on direct evidence showing that bones
experimentally subject to inactivity yield high FD combined with low density (Pornprasertsuk et al., 2001).
Indeed, FD also proved useful in studies focusing on mammals to predict mechanically relevant properties
or trabecular bone loss (e.g. Chappard et al., 2001). Following this interpretation, we expected higher FD in

regions subject to decreased biomechanical loadings. For both the traditional trabecular parameters and the
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topological indices, the traits that we treated (above) and computed (in this work) (summarized in Table 2)
are only some of the available ones. For additional traits, see Kivell (2016), Veneziano et al. (2021) and

references therein.

The potential relationships between the trabecular properties mentioned above and locomotor habits
have long been considered as adaptations occurring only during lifetime due to the high ontogenetic
plasticity of bone internal structure, i.e. a relationship traditionally known as ‘Wolff’s Law’ or, more
recently, ‘bone functional adaptation’ (Kivell, 2016; Ruff et al., 2006 and references). While this paradigm
remains a key tenet in functional morphology, it is also noticeable that recent works studying ecologically-
related trabecular bone diversity in wide phylogenetic contexts highlighted that disentangling ontogenetic
adaptations from evolutionary acquisitions is challenging—, e.g. the studies of Alfieri et al5-. (2023:) and
Amson and Bibi;- (20213), with the former addressing how much internal structure tends to vary following
ecological adaptations across generations and through evolutionary processes, a property termed
evolvability, instead of adaptations occurring during ontogeny)-. In other words, if distantly related taxa
with similar locomotor ecology show the same trabecular properties, it is challenging to discriminate
ontogenetic bone functional adaptation from repeated evolutionary acquisition of the same phenotype (i.e.
convergent evolution), also considering that developmental patterns are subject to both evolutionary and
environmental pressures (Wund, 2012). Trabecular analyses studying specimens at different ontogenetic
stages from diverse taxonomic samples may contribute to clarify the extent to which some similarities are
phylogenetically fixed. Thus far, trabecular studies with an ontogenetic dimension have only focused on
few isolated taxa (e.g. Saers, 2023; Saers et al., 2022; Tsegai et al., 2018). This issue is strictly related to
the phylogenetic signal, potentially involved in determining trabecular bone across primates and that, when

studied, has yielded contrasting results, e.g. minor phylogenetic effects (Doube et al., 2011; Ryan and Shaw,

2012a), or complex anatomically and taxonomically variable phylogenetic influence (Ryan and Shaw,
2013). Thus, despite the potential of studying trabecular bone to highlight locomotion-related features (see

above), one should also consider other influencing aspects, such as phylogeny. It indicates that, overall, the
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locomotion of different species cannot be expected as the only factor affecting trabecular bone (as also

suggested by experimental studies not yielding the expected trabecular response, e.g. Carlson et al., 2008).

Another major non-locomotor effect potentially at the base of trabecular bone diversity is size, with
different allometric patterns found for different parameters (e.g. Barak et al., 2013b; Doube et al., 2011;
Ryan and Shaw, 2013; Swartz et al., 1998). Further elements of complexity should be accounted for when
interspecific trabecular bone analyses are undertaken (additional details in Kivell, 2016 and references), e.g.
uncertainty on the prevalent types of loadings affecting trabecular bone (contractile forces from muscles vs.
gravitational loads from substrate reaction forces, Judex and Carlson, 2009; Robling, 2009), presence of a
loading threshold to trigger trabecular remodelling (Frost, 1987), influence on the trabecular response of
genetic (Cunningham and Black, 2009a,b), hormonal (Karlsson et al., 2001; Yeni et al., 2011) and vascular

factors (Cunningham and Black, 2010).

1. 23. Distal fibula trabecular bone, DOA and functional hypotheses

As detailed above, some studies on primate fibular external morphology yielded a relationship with the
DOA (Marchi, 2015b; Marchi et al., 2022). These works focused on the distal epiphysis. This region
conceivably bears a functional signal because it articulates with the foot, which is one of the most
informative skeletal regions in primates concerning locomotor adaptations (Su and Zeininger, 2022 and
references therein), as substrate preference. The distal fibula, together with the distal tibia and the talus,
makes up the ankle joint complex (Ding and Song, 2002; Libotte et al., 1982; Seiler, 1986). While for the
tibia and talus interspecific trabecular analyses of primates were performed (for the talus, e.g. DeSilva and
Devlin, 2012; Hébert et al., 2012; Su et al., 2013; Su and Carlson, 2017; for the distal tibia, e.g. Barak et al.,
2013a; Saers et al., 2016; Tsegai et al., 2018) no such studies addressed the fibula. This scenario, together
with evidence of a relationship between fibular morphology and locomotor activities, specifically DOA
when dealing with non-human primates (e.g. Marchi, 2007; Marchi and Borgognini-Tarli, 2004; Marchi
and Shaw, 2011), eneeurageencouraged us to investigate the primate distal fibular trabecular architecture.

Besides these aspects, further investigations of the distal fibula aiming to detect features related to substrate
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preference, are particularly important because fossil preservation issues concern not only the associated
tibiae and fibulae, as mentioned above, but also complete fibulae alone. Indeed, probably due to their
extremely slender proportions, fibulae are often found as fragmentary specimens in fossil contexts (even
compared to other elongate bones such as the femur and the tibia, the fibula evidently stands out in being
particularly thin in primates, a condition that reasonably makes it more fragile and less able to be preserved
without being broken along the diaphysis). Accordingly, distal fibular segments are present in the fossil
record (e.g. Anemone and Covert, 2000; Gebo et al., 2015; Heaton et al., 2019; Marchi et al., 2017, 2022
and references therein, Ni et al., 2013; Rodriguez et al., 2018). Hence, we considered the distal epiphysis as
the most suitable region to conduct this study, based on its expected functional role and presence in the
fossil record. Identifying novel primate fibular traits diagnostic of specific locomotor habits and quantifiable
on isolated distal epiphyses, can contribute crucially to palacobiological inference. More specifically,
identifying fibular features related to DOA may contribute to long-standing debates in palacoanthropology,
e.g. the extent to which Australopithecus afarensis was an arboreal species (Marchi et al. 2022 and

references therein).

This being the first analysis of the internal structure of the distal fibula, we based our experimental
hypotheses on previous results from functional morphological analyses of this bone, i.e. we tested DOA as
the main locomotor factor influencing fibular anatomy (see above). Thus, we studied a set of primate species
split in three discrete categories outlining a cline from arboreal to terrestrial taxa, with semi-arboreal ones
in between (Table 1, Fig. 1). Apart from the aforementioned previous works on fibular functional
morphology in primates, the approach of categorizing primates according to their DOA in these same three
discrete categories has been used by Henderson et al. (2017-). Moreover, DOA meant as the relative amount
of time spent on trees (although not formalized in discrete categories) arose as a major factor able to explain

morphological variation in the primate bone postcranial features studied in Carlson (2005).

Arboreal species are generally characterized by abducted and flexed limbs during quadrupedal

locomotion, allowing them to control the center of gravity and to grasp supports of small diameters. The
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presence of small diameter supports also involves the need for supinated (i.e. inverted, adducted and
plantarflexed) foot postures. Moreover, the irregular, highly variable and discontinuous substrates
represented by the arboreal environment cause a pronounced joint mobility and range of motion in arboreal
species (Carlson, 2005). The arboreal configuration neatly contrasts with the adducted and extended limbs
with a more everted foot posture of terrestrial taxa (Meldrum, 1991 and references therein). From these
broad differences between arboreal and terrestrial primates, it derivescan be inferred that the ankle joint of

an arboreal primate is likely extremely mobile, especially medio-tateralhyin mediolateral (ML) direction,

with associated higher mobility of the fibula and large dorsi-plantarflexion range of the foot (Barnett and
Napier, 1952). As suggested by studies on both forelimbs and hindlimbs of lemurids, in arboreal
environments primate limbs likely exert forces that are more frequently medially directed, while during
terrestrial locomotion the side-to-side more frequent component is towards the lateral direction (Carlson et
al., 2005). Censidering-thatsubstrateSubstrate reaction forces (SRFs, in their vertical, fore-aft and side-to-
side components) are opposite in direction compared to forces (in the respective component) primarily
exerted by an animal’s limb. Thus, we can expect that in the arboreal environment SRFs will be more
frequently directed laterally, compared to what occurs on the ground, since arboreal primates mainly exert
medially directed forces (see above). While this pattern was highlighted for lemurids, similar results arose
for anthropoids too (although this is based on a study restricted to the forelimb; Schmitt, 2003). Hence, since
the fibula is located on the lateral side of the ankle joint, we here hypothesize that the likely more frequent
lateral SRFs in arboreal environments result in increased loadings on the distal fibula of arboreal primates
compared to terrestrial taxa. Moreover, due to the highly variably directed loadings involved in the arboreal
environment (e.g. Demes et al. 2001; Carlson, 2005) and the extremely mobile ankle joint of arboreal
primates (see above), we expect that the range of directional variation of biomechanical loadings to which
the distal fibula is subject, is larger for arboreal taxa compared to terrestrial species. For both the hypotheses
related to increased/decreased loadings and more/less variable orientation, along the DOA range going from
arboreal to terrestrial (see Table 1 and above), semi-arboreal taxa should be characterized by intermediate

conditions.
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It should be noted that our functional hypothesis, based on more frequent lateral SRFs in the ankle of
arboreal compared to terrestrial primates (see above), refers to ML SRFs deriving from linear locomotion
(Carlson et al. 2005). Besides them, ML SRFs caused by turning behaviors (i.e. deriving from changes of
direction) are substantial in the primate ankle and the medial SRFs are higher than the lateral SRFs in terms
of magnitude, both on the ground and on the trees (Demes et al., 2006). It is not surprising if one considers
the evidently higher robustness of the tibia (medially located) compared to the fibula (laterally located), a
condition that is widespread in primates and consistent with the fact that, in general and regardless of
substrate, medial SRFs are higher than lateral SRFs. However, we base our hypothesis (detailed above) on
a comparison of the SRFs on the lateral side of the ankle in arboreal vs. terrestrial environments (regardless
of SRFs acting on the tibia) and, importantly, our hypothesis is based on ankle lateral loadings that are more
frequent (and not with higher magnitude) for arboreal primates. If we consider that turning behaviors are
expected to be more frequent during arboreal locomotion (as Demes et al. 2006 suggest), it is possible that
in the resulting forces the ankle lateral SRFs in arboreal environment would be relatively more frequent

(eonsistentlyconsistent with the results of Carlson et al. 2005 sresults[2005] on linear locomotion), even if,

just as the ankle lateral SRFs in terrestrial environment, they are characterized by relatively low magnitude.
In other words, we expect that the low magnitude but frequent loadings experienced by the fibula of arboreal
mammals can differentially affect trabecular remodeling compared to the low magnitude, but less frequent
enesloadings, experienced by the fibula of terrestrial species (see above and Rubin et al. 2001, 2002).
Although Demes et al. (2006) did not detect any lateral SRFs in arboreal environment, their work swasdid
not feeusingfocus on SREsSRF frequency (which is an aspect not tested, indeed) (Demes et al. 2006) and it
may be possible that the absence of measured lateral SRFs during the arboreal behavior depends on the
specific experimental setting and/or study system (the capuchin monkey Cebus apella). Apart from this,
while-Demes and Carlson (2009) showed that both on arboreal and terrestrial substrates the SREsSRF
vectors are oriented medially to the segment of the distal portion of the hindlimb. However, if we consider
the extremely abducted condition of arboreal primates’primate limbs, the resultant SRFs in_an arboreal

environment tend to be relatively more laterally oriented than on the ground (Demes and Carlson, 2009). It
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supports our hypothesis and the expected increased loadings on the fibula in an arboreal environment, not
only in terms of frequency but also in terms of direction. Hence, although we recognize that the loading
pattern in the primate ankle is probably more complex than how we modeled it, we will follow the
hypotheses of previous functional morphological analyses of the primate fibula (e.g. Marchi, 2007; Marchi

and Borgognini-Tarli, 2004; Marchi and Shaw, 2011).

In summary, considering the expected functional patterns for the trabecular parameters mentioned
above and in Table 2, our hypotheses invelvepredict that, due to the expected more frequent loadings on the
lateral side of their ankle, arboreal primates should have a distal fibula trabecular structure ideally
characterized by higher values for density-related traits (i.e. BV/TV, Tb.Th, NodDen), higher BS/TV, with
trabeculae that are shorter (i.e. lower TrabLen), more curved and convoluted (higher TrabTort) and yielding
lower FD. Furthermore, the largely multidirectional nature of loadings involved in the arboreal environment
should result in lower DA for arboreal primates. For all these variables, the opposite configuration is
expected for terrestrial primates, with semi-arboreal taxa showing intermediate values, e.g. significantly

higher than those arboreal taxa but significantly lower than those of terrestrial taxa (depending on the

expected pattern of co-variation with DOA, see above).
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2. Materials and Methods

2. 1. Sample

The analyzed sample is represented by uCT scans from 28 fibulae, representing 21 primate species and
including representatives of Strepsirrhini, Platyrrhini and Catarrhini (Fig. 1, Table 1). These pCT data stem
from new acquisitions (performed at the National Research Council, CNR, Pisa, Italy) on samples from
University of Florence, Italy (Florence Museal System, section La Specola and section of Anthropology and

Ethnology) or downloading from MorphoSource (https://www.morphosource.org/). Details on the analyzed

fibulae and pCT scans (e.g. resolution, museum collection from which the specimens were sampled,
catalogue numbers) are provided in Table S1. All non-human primate data derive from bones of wild-caught
individuals, with the exception of Leontocebus fuscicollis FMNH 122268 and Saguinus imperator FMNH
121551. All fibulae come from adult non-pathological individuals, with adulthood determined by evaluating
the degree of fusion of long bone epiphyses. Only one fibula, i.e. Propithecus diadema UniF1-SPEC 1505,
may belong to a sub-adult individual since the femur, present in the same collection where the fibula was
collected, shows incomplete fusion of the epiphysis. Right and left fibulae were pooled together, since
bilateral asymmetry is regarded as a negligible factor in primate adult hindlimb analyses (Ruff and Jones,
1981, see also Auerbach and Ruff, 2006). After parameter extraction (see below), for each nCT scan we

computed the relative resolution (i.e. Tb.Th divided by the voxel size, the former computed with the Bone


https://www.morphosource.org/
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454 ] plugin, see below), yielding an average value of 8.91. We found a relative resolution ranging from 5.4 to
455 13.22, hence above the minimum recommended limit (i.e. 5, Kivell et al., 2011; Sode et al., 2008), with the
456  only exception of the uCT scan of Otolemur crassicaudatus AMNH 80801 (3.47) (Table S1). However, the

457  latter was visually validated, evaluating resolution and contrast.

458 2. 2. Data collection
459 2. 2. 1. Anatomical region
460 We focused on the fibulotalar articulation of the distal fibula. In this region, it is possible to identify a

461  proximal and a distal part, termed PAF (proximal articular facet) and DAF (distal articular facet),
462  respectively (Marchi et al., 2022 and fig. 2 therein, Fig. 2). Both are involved in important functions, e.g.
463  PAF/DAF surface ratio is possibly a fibula load-bearing indicator (Marchi, 2015b; Preuschoft, 1970).
464  Across the studied primates, we expected to find PAF and DAF as quite regular-shaped (in medial view),
465  i.e. PAF as approximately rectangular-elliptical and DAF as approximately triangular, based on previous
466  observations on hominids (Marchi, 2015b). However, DAF, albeit being approximately triangular, showed
467  large variation in size and proportions, preventing a repeatable extraction of anatomically homologous

468  trabecular bone (see below). We hence only analyzed PAF.

469 2. 2. 2. Orientation and crop

470 The orientation in standard position and the subsequent crop of the distal fibula region corresponding
471  to PAF were performed in VG Studio Max 3.3 (Volume Graphics, Heidelberg, Germany). First, we
472  positioned PAF in the coronal plane (Fig. 2A, B). Then, we positioned the major and minor sizes of the
473  quasi-elliptical/rectangular PAF in the sagittal and transverse plane (Fig. 2C). From oriented nCT stacks,
474  we exported sub-stacks of images (16-bits in TIFF format) that in the following steps allowed us to isolate
475  only the trabecular structure underlying PAF (see below) but at this stage are still including both cortical

476  and trabecular bone (Fig. 2D, Fig. 3A). To do so, we cropped the volume between the proximal and the
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distal limit of PAF. The sub-stacks were subsequently imported in FI1JI, binarized and purified employing
BonelJ (through the ‘Optimise Threshold > Threshold Only’ and ‘Purify’ routines) and then re-exported.

The purifying step (https://bonej.org/purify) acts on binarized stacks, identifying and removing all the

foreground particles (recognized as ‘bone’ by the binarizing algorithm) except for the largest one (i.e. the
studied anatomical element, in this case). To be recognized as not belonging to the largest particle, a
foreground voxel should not be connected (in 3D) at any point to the cortical or trabecular bone, i.e. it should
be a particle that is isolated (‘floating’) in 3D (either within the intertrabecular voids or outside the bone).
Due to the nature of trabecular bone, i.e. the material is always connected to other bone regions, such floating
particles necessarily represent an artifact (i.e. isolated voxels outside the bone fraction that are erroneously
recognized as bone) that, if not removed, may bias some trabecular parameters (e.g. they artificially increase
BV/TV). Hence, by purifying we corrected for the potential presence of small isolated particles erroneously
recognized as ‘bone’ that may derive from the binarizing algorithm and depending on the uCT scan grey

values.

2. 2. 3. Trabecular bone isolation

We imported the oriented, binarized and purified sub-stacks in R (R Core Team, 2022) (‘readTiffStack’

function, ‘indianaBones’ package, Veneziano et al., 2021, https://zenodo.org/record/7615165). To isolate
Regions of Interest representing the entire trabecular bone underlying PAF (Fig. 2D, Fig. 3B) (referred to
as ‘ROI’ hereafter), we used the ‘makeBrush’ (‘size’=11; ‘EBImage’ package, Pau et al., 2010) and the
‘splitBone’ functions (‘indianaBones’). On each specimen, we iterated the isolation procedure calibrating
the value of the ‘iterFill” argument of ‘splitBone’, i.e. increasing it and decreasing it. We visually evaluated,
for each iteration, the quality of trabecular isolation by comparing the result of the automatic procedure
(hence, the ROIs, as shown in Fig. 3B) with the trabecular network visible in the stack representing both
compact and trabecular bone (Fig. 3A). When we considered the isolation to be optimal, we used the

corresponding ‘iterFill” value of ‘splitBone for that specimen (values used for all the specimens are listed
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in Table S1). The ROIs (e.g. Fig. 2D, Fig. 3B) were exported as image stacks (‘writeTiffStack’ function,

‘indianaBones’).

2. 2. 4. Trabecular architecture quantification

We extracted traditional trabecular parameters, through the BonelJ plugin in F1JI, as well as topological
indices, computed through ‘indianaBones’ in R (Veneziano et al. 2021). For the former, we imported the
ROIs in FIJI and, through the respective BonelJ routines, we extracted degree of anisotropy (DA, no unit),
trabecular thickness (Tb.Th, mm), connectivity (Conn., no unit, computed only to evaluate trabecular
number, see below), Bone Volume (BV, mm?) and Bone Surface (BS, mm?). Conn. is assumed to be an
approximation of trabecular number and in this study yielded values greater than 146 (Table S1), allowing
us to follow Mielke-et-al>sthe recommendation of studying only volumes with more than 50 trabeculae to
reliably quantify trabecular architecture (Mielke et al., 2018). BV and BS values were used to obtain BV/TV
and BS/TV. To do so, first we needed to compute the total volume represented by each ROI (TV, mm?).
Since the ROIs are not of regular shape (e.g. Fig. 3B), we exploited the ‘indianaBones’ function separating
trabecular bone from intertrabecular voids and from compact bone (see above). After splitting these three
components, one can add the trabecular bone volume to the total volume of intertrabecular voids, obtaining
the whole inner volume, i.e. the entire joint excluding the compact shell. ¥This represents TV. Hence,
dividing BV and BS by TV, we obtained Bone volume fraction (BV/TV, no unit) and Bone surface density

(BS/TV, mm™'), respectively.

The topological indices were computed on skeletonized substacks (‘Auto Skeleton’ tool, Amira 6.0.0,
Thermo Fisher Scientific, followed by exportation in ASCII format). We imported the skeletons in R
(‘readAmiraSkeleton’ function, ‘indianaBones’) and using the respective ‘indianaBones’ functions (as
detailed in Veneziano et al. 2021, Supplementary materialMaterial and the R code of this work), we
extracted (see also Table 2): average and median of the node density (NodDen,,., and NodDeny,e4, unit:
nodes per mm?), average of the trabecular length (TrabLeny,., untiless), average and median of the

trabecular tortuosity (TrabTorts,e, TrabTortyes, unitless) and fractal dimension (FD, unitless). For the
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computation of FD, that is obtained via the Box-counting algorithm (Annadhason, 2012), we neededused

another R package, i.e. ‘Rdimtools’ (You and Shung, 2022) (see Supplementary materialMaterial).

2. 2. 5. Substrate preference

We aimed to test potential effects related to substrate preference, i.e. DOA, on distal fibular trabecular
architecture. To each analyzed species we assigned one of three discrete states, based on previous
descriptions and/or the reported amount of time spent on substrates (references in Table 1): ‘arboreal’ or
‘terrestrial” were assigned to species living almost exclusively on trees or on the ground, respectively; ‘semi-
arboreal’ was assigned to species spending a comparable amount of time on trees and ground (also defined

‘scansorial’ in other studies; e.g. Chen and Wilson, 2015).

2. 2. 6. Body mass

To estimate how distal fibular trabecular architecture is related to body mass, for each individual we
measured the superoinferior diameter of the femoral head, recognized as a reliable body mass proxy in
human and non-human primates (Ruff, 2003; Ruff et al., 2018). For fibulae collected in museums, we
extracted this measure with a—ealipercalipers, from the femora of the same individuals available in the
collection. When both femora were available, the right and left superoinferior diameters were measured,
taking the average of the two values. For individuals whose fibulae were included_by downloading pCT
scans from MorphoSource (see above, Table S1), image stacks of the femur were available and downloaded
too. We oriented the femora in standard position (following Ruff, 2002) in VG Studio, and measured the
superoinferior diameter of the head, multiplying the pCT voxel size by the number of slices included
between the most superior and the most inferior point of the head. To cope with outliers, e.g. human values
largely lying outside the range of variation of all the other primate specimens, the body mass proxy values

were natural log-transformed (hereafter, referred to as ‘log-BMp”’) (Table S1, Fig. 1).
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We are aware that the femora of the individuals from which the fibula is studied may be not available;
as-instead-itoceurredfor-this-study-. The anteroposterior length of PAF measured at the 50% proximodistal
level (PAF AP length in Table S1), i.e. one of the two sizes of the ellipse-rectangle which PAF resembles
(e.g. the major size in Fig. 2C), when natural log-transformed shows a strong correlation with log-BMp
(Pearson’s correlation coefficient= 0.96, p-value <0.001). Thus, in distal fibula trabecular analyses in which
only fibulae are available, e.g. when fossil fibulae are studied, this fibular metric can be used as an alternative

body mass proxy.

2. 2.7. Phylogenetic relationships

To determine the effect of phylogenetic relationships on primate distal fibular trabecular architecture
(see below), we obtained a time-calibrated phylogeny of the studied species. A Maximum Clade Credibility
DNA-only node-dated tree, including 4098 mammal species, devoid of polytomies and deriving from the
posterior distribution of Upham et al., 2019, was modified in R (‘drop.tip’ function, ‘ape’ R package, Paradis

et al., 2004) including only the studied species (Fig. 1).

2. 3. Statistical analysis

We performed all the statistical analyses in R. For each trabecular trait and log-BMp, we computed
average species values. Noticeably, most species values are those of single specimens (see Potential

Limitations, below)., and Supplementary Material). The species for which we collected data from more than

one fibula (sample size > 1, see Table 1) are Ateles paniscus, Cercopithecus mitis, Colobus guereza and
Homo sapiens (for them, mean values, standard deviation and coefficient of variation for each trabecular
trait are shown in Table S2). We estimated the relative effects of DOA, body mass and phylogenetic
structure on the trabecular structure of the primate distal fibula in both a univariate and a multivariate way.
To undertake the former, we ran several Phylogenetic Generalized Least Squares (PGLS) regressions (‘gls’
function, ‘nlme’ package, Pinheiro et al., 2020; including the use of ‘corPagel’ function, ‘ape’ R package)

with morphological traits as dependent variables, DOA (‘arboreal’, ‘semi-arboreal’, ‘terrestrial’) as
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independent variable and log-BMp as covariate, besides phylogenetic ANOVAs (pANOVA)
(‘phylANOVA’ function, ‘phytools’ package, Revell, 2012). We planned to run post-hoc Tukey tests (‘glht’
function, ‘multcomp’ package, Hothorn et al., 2008) after pANOVAs only in case of significant p-value
(<0.05) from pANOVAs. For each PGLS, we log-transformed the respective morphological trait if the
PGLS residuals showed a distribution clearly deviating from normality (traits summarized in Table 3).
Importantly, we ensured that in each PGLS, DOA and body mass effects were not interacting by
preliminarily running a PGLS + pANOVA, with log-BMp and DOA as dependent and independent
variables, respectively. Since it excluded any correlation between body mass and DOA (p-value=0.17) we
were sure that the p-values resulting from each PGLS informed on separatedseparate effects of DOA and
body mass. When a parameter was significantly related to body mass (i.e. body mass p-value deriving from
the respective PGLS being <0.05) to quantify DOA effects (with the ideal exclusion of allometric effects)
we ran the pANOV A using size-corrected values for the parameter (with size-correction corresponding to

taking the residuals of a linear regression of the parameter against log-BMp).

To determine the phylogenetic signal of each variable, we estimated the Pagel’s A (‘phylosig’ function,
‘phytools’ package), testing the null hypothesis of A different from zero (‘test’=TRUE). A yields values
ranging from 0 (i.e. no phylogenetic effects) to 1 (i.e. trait distribution is entirely explained by a Brownian
motion model of morphological evolution and, hence, it exclusively depends on phylogenetic relationships
among taxa). Moreover, we estimated how the log-BMp distribution is related to the phylogenetic structure
through A. It was needed because, in case of significant phylogenetic signal in log-BMp, an important
implication would be that for variables resulting-as-related to both body mass and phylogenetic structure, it
iswould not be possible to disentangle the effects of the two factors;-e-g-. For instance, the variable may be
primarily affected by body mass and the phylogenetic structure results as a trabecular correlate only because
of its interaction with body mass (or vice versa). In such cases, a size-correction may correct for a part of

the effects of the phylogeny, too.
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In other words, if body mass and phylogeny are correlated, through size-correction it is possible to obtain
values partially devoid of phylogenetic effects, and not only of size ones, that can be better studied for a
relationship with DOA. Nevertheless, we have no waysway to understanddetermine which is—factor
primarily affects a given trabecular feature. To test if and to whiehwhat extent size-corrected values are also
corrected for phylogenetic effects, for variables showing a significant relationship with body mass, we
measured the phylogenetic signal both before (Table 3) and after size-correction (Table 4). To account for
problems deriving from multiple testing, all the PGLSs p-values were corrected through the Bonferroni
method (‘p-adjust’ function). We visualized how trabecular variables vary according to DOA through
boxplots (“ggplot” function, “ggplot2” R package; Wickham, 2016) (Fig. 4, Fig. S1), generating additional
boxplots with size-corrected values (as detailed above) when traits showed a significant relationship with
log-BMp (Table 3). To visualize how each trabecular variable is related to body mass we used bivariate
scatterplots (Fig. S2A, B). To visualize how traits are related to phylogeny, for each of them we mapped
average species values on the time-calibrated tree (‘contMap” function, ‘phytools’ package), also using the

size-corrected values for traits showing significant relationship with body mass (Fig. S3).

By also running a multivariate analysis-tee, we aligned to the approach suggested by Ryan and Shaw
(2012) when one aims to analyze functional adaptations of trabecular structure: i.e. accounting for suites of
possibly intercorrelated traits (as it often occurs for trabecular variables, e.g. Cotter et al., 2009; Mittra et
al., 2008, 2005), instead of isolated variables, to better identify patterns related to locomotion (Ryan and
Shaw, 2012). The multivariate part of the analysis is based on two PCAs. PCA is often used when
intercorrelated variables are analyzed together with the aim of isolating the contribution of single variables
(as cranial measurements, e.g. Frost et al., 2003; Landi et al., 2021; Nishimura et al., 2019). We ran two

different PCAs in order to follow both an inferential quantitative and an exploratory approach:

1. A first PCA was run on a data matrix of the computed trabecular variables (i.e. variables in Table
3 excluding log-BMproxy) after scaling and centering (‘scale’ function). The extent to which DOA,

body mass and phylogeny are related to the whole trabecular architecture were quantified through
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a phylogenetically informed multivariate Generalized Least Squares Regression. After regressing
PC1-PC4 (chosen since cumulatively explaining more than 90%, i.e. 93%, of the variance, Table
S3) against the discrete variable, i.e. DOA, and with log-BMp as covariate (‘mvgls’ function,
‘mvMORPH’ package, Clavel et al., 2015, model= ‘lambda’, REML=FALSE), we tested for
significance through a phylogenetic MANCOVA (‘manova.gls’ function, ‘mvMORPH’ package,
test= ‘Pillai’, type= ‘II’). As detailed above for univariate PGLSs, the absence of significant DOA-
body mass correlation allowed us to compute p-values exclusively informing on the effects of DOA
(separating them from those related to body mass) on trabecular structure. To assess the
phylogenetic signal of PCI1-PC4, we estimated A through the ‘transformPhylo.ML’ function
(‘motmot’ package, Puttick et al., 2019, model= ‘lambda’).

A second PCA was run to follow an exploratory, instead of a strictly inferential, statistical
approach, i.e. to visualize patterns exploiting the decomposition of original variance into new
variables, i.e. Principal Components, performed through PCA. We wanted to exploit this second
PCA and the deriving morphospace to visualize potential effects related to DOA that may be not
detected as significant by other statistical analyses (e.g. due to sample size) and that, ideally, do
not include the potential body size effects on trabecular variables. Hence, the variables significantly
related to body mass (Table 3) were included in this second PCA in their size-corrected version
(see above). The resulting PC1-PC4 (cumulatively accounting for around 85% of the variance,
Table S4) were used to build bivariate phylo-morphospaces (Fig. 5, Fig. S4). These plots allowed
us to visualize how subsets of trabecular traits (size-corrected, if needed) relate each other, how

they relate to DOA and how they relate to phylogenetic relationships;. This is possible since the

latter-arephylogeny is mapped on the plot and the phenotypes corresponding phenetypes-to specific

taxa are shown by means of tips and nodes positions on the plot (i.e. closer points reflect phenotypes
that are more similar each other). Specifically, actual data points (labeled in Fig. 5 and Fig. S4 and
deriving from measures extracted in this work) determine the position of the tips of the phylogeny,

while the position for the tree internal nodes (unlabeled in Fig. 5 and Fig. S4) is determined by
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ancestral phenotypes reconstructed from tip values and assuming a Brownian motion model of

evolution (see ‘phylomorphospace’ R function, ‘phytools’ package).

3. Results

3. 1. Univariate analysis

Results of PGLSs, pANOVAs and Pagel’s A are summarized in Table 3. pANOV As, including those
on size-corrected variables, did not detect any significant relationship with DOA. Hence, we did not run any
post-hoc Tukey testtests. Almost no expected signal related to DOA for most of the trabecular parameters
of the primate distal fibula is evident from the distribution of species trait values: data pooled by DOA do
not reflect any pattern or, when their distribution apparently follows DOA, it involves large overlap (e.g.
size-corrected TrabLen,,e, and TrabTort,y.). Also, when traits that appear to be partially related to DOA
(e.g. Tb.Th, log-NodDeng,.,) are size-corrected, no pattern is evident anymore (Fig. S1). Two potential
exceptions are represented by the patterns shown by BV/TV and size-corrected BS/TV. Indeed, although
with some overlap and outliers (i.e. H. sapiens>sapiens BV/TV value lying within the arboreal range and P.
troglodytes troglodytes size-corrected BS/TV value lying within the terrestrial range) and despite their non-
significant relationship with locomotor habits (Table 3), in the two variables it seems to be involved a trend
following DOA: terrestrial speeies’species values > semi-arboreal speeies’species values > arboreal
speetes’species values (Fig. 4, Fig. S1, but see the strong phylogenetic signal of size-corrected BS/TV, Table

4 and below).

Overall, the trabecular structure of primate distal fibula appears to be substantially related to body mass,
as one can evince from the fact that several trabecular traits are significantly related to log-BMp (i.e. six out
of 10). The traits that show no relationship with size are DA, BV/TV and TrabTort (both A, and y.q) (Table
3). The important effect of body mass on trabecular architecture is also clear from bivariate scatterplots of
trabecular traits vs. log-BMp, from which it is also evident that the studied trabecular traits exhibit both

direct, i.e. Tb.Th, TrabLen,,, FD, and inverse proportionality, i.e. BS/TV and NodDens (both Ay, and yeq),
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with log-BMprexy—Censistently—with-PGESsBMp. To compare our results to previously identified

allometric patterns (see Discussion), for Tb.Th, we additionally ran a ‘Tb.Th ~ logBMp’ linear regression

(using data on single specimens, hence not averaging for species) and we found that its covariation with

body mass can be explained by the relationship ‘Tb.Th= (0.07+0.01) * logBMp’ (slope p-value<0.001,

while the intercept estimate is not significantly different from 0, intercept p-value=0.44). Consistent with

PGLS results, DA, BV/TV, TrabTort,,. and TrabTorty.q do not reveal any pattern related to body mass

(Figs. S2A, B).

We found a strong phylogenetic signal in four out of 10 trabecular traits, i.e. Tb.Th, NodDen, both .
and peq, and TrabLenga,e, for which A is very close to 1.0, i.e., 0.94-0.99, and the related p-values yield
significance. For another trait, i.e., FD, A is quite high but not extremely close to 1.0 (0.81) with a significant
related p-value (Table 3). For these parameters, from the species values mapped on the time-tree it is evident
that the strong relationship with phylogeny may be due to the fact that trabecular values often range in
between two extremes represented by some/all platyrrhines, on the one hand, and catarrhines (especially
hominids), on the other hand (Fig. S3). It should be noted that the traits not significantly affected by
phylogeny are those that are not significantly related to body mass too, i.e., DA, BV/TV, TrabTorta,., and
TrabTortyq, with the only exception of BS/TV that, despite showing a significant relationship with body
mass does not exhibit a significant phylogenetic signal (Table 3). It likely derives from an important
outcome of this work: the body mass proxy is significantly related to phylogenetic relationships itself (A =
0.99, p-value < 0.001). Hence, for the five traits that are correlated to both body-mass and phylogeny, i.e.
Tb.Th, NodDen (both Ay and yeq), TrabLeng, and FD, it is not possible to disentangle the body mass and
phylogenetic effects. In support of this, for almost all the traits, size-correction results in a sharply weakened
phylogenetic signal, i.e. phylogenetic effects that are not significant anymore for Tb.Th, NodDen (both Ay,
and yq) and FD, with only TrabLen,,., thatinstead-retainsretaining a significant phylogenetic signal but
through a decreased A, i.e. from 0.98 to 0.78 (Tables 3 and 4). Again, a particular case is represented by
BS/TV, unique in showing raw values significantly related to body mass but without any phylogenetic signal

(Table 3) and size-corrected values involving strong phylogenetic effects (Table 4).
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3. 2. Multivariate analysis

The multivariate PGLS and pMANCOVA performed on PC1-PC4 extracted from the first PCA
(including raw trabecular variables) suggests that, overall, the trabecular architecture of the primate distal
fibula is not correlated to DOA (p-value = 0.5). Instead, PC1-PC4 result to be significantly related to body
mass (p-value <0.001) and/or they involve a strong phylogenetic signal (A=0.95: lower 95%CI = 0.73, upper
95%CI = 0.99), with the impossibility te—determineof determining which of the two factors

exclusively/mostly relates to primate distal fibula trabecular structure (see also above).

The exploratory multivariate analysis was based on a visual assessment on bivariate phylo-
morphospaces built with PC1-PC4 deriving from the second PCA, that included size-corrected values for
variables related to log-BMprexyBMp. As detailed above, since log-BMprexyBMp is correlated to
phylogeny, size-correction expectedly removed a part of the phylogenetic signal included in primate distal
fibula trabecular structure too (even if we expected that the PCs still involve minor phylogenetic effects, as
suggested by the significant phylogenetic signal of size-corrected TrabLen,,., and size-corrected BS/TV;
Tables 3 and 4; see also below). Accordingly, the observations on morphospaces built with PCs deriving

from the second PCA, detailed as foeewingfollows, allowed us to focus on other effects than allometry and

phylogeny.

On all the biplots built with PC1-PC4, arboreal species occupy a widely-larger region, compared to the
one occupied by semi-arboreal and terrestrial taxa. Fhe PE-PC1 (explaining sest33.6% of the variancesi-e-
PC133-6%);), yields a separation between two species, i.e. H. sapiens and C. jacchus, showing lower PC1
scores, and the rest of the taxa, showing higher PC1 scores. As suggested by vector orientations and lengths
in the variable loading plots, the trend of H. sapiens and C. jacchus to be set apart with lower PC1 from the
other studied primates, appears to be explained by higher NodDen (both 4., and \q) and FD, and lower
TrabTort (both sy and yeq). Other variables seem to contribute to PC1 scores (e.g. DA oriented at around
45° in the PC1-PC2 or PC1-PC4 plots or Tb.Th oriented at around 45° in the PC1-PC4 plot, both suggesting

similar contributions to PC1 and other PCs) but the shorter related vector length also indicates a probable
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lower importance compared to the other variables mentioned above (Fig. 5, Fig. S4). PC2, explaining 27.4%
of the variance and apparently driven by lower BS/TV, BV/TV, Tb.Th and TrabLen,,., yields a pattern
that, although with extensive overlap and with the outlying H. sapiens (see below), suggests a gradient going
from terrestrial species, (lower PC2 scores) to arboreal species (higher PC2 scores) with semi-arboreal
species occupying the lower range of the arboreal region and yielding slightly higher PC2 than terrestrial
species (pattern highlighted univariately in Fig. 5D, see also Fig. S4). Remarkably, it is also evident that
PC2 separates platyrrhines (higher scores) from catarrhines and strepsirrhines (lower scores) and that, if we
exclude H. sapiens and C. jacchus, the smaller taxa (e.g. Mico spp., L. rosalia) yield higher PC2 scores and
the larger taxa (e.g. Papio spp., P. troglodytes) yield lower PC2 scores. PC3 and PC4, cumulatively
explaining 24% of the variance, when plotted together show the relative isolation of Otolemur
crassicaudatus from all the other taxa, toward the morphospace region corresponding to lower PC3 and PC4
scores and that appear to be explained by higher DA and TrabLeny,. (Fig. 5, Fig. S4). Interestingly, in the
PC1-PC3 plot, C. jacchus tends to occupy the morphospace region corresponding to lower PC1 scores and
higher PC3 scores, potentially driven by a low TrabLen,,.. (while higher values of this parameter seem to
contribute to set apart O. crassicaudatus, as mentioned above) and H. sapiens tends to occupy the region
corresponding to lower PC1 and lower PC3 scores, potentially driven by higher DA and low TrabTort (both
Med and aver). A remarkable result is represented by H. sapiens never clustering close to P. hamadryas, P.

cynocephalus and M. nemestrina, the other terrestrial taxa, in all the phylo-morphospaces.

4. Discussion

In primate functional morphology, the fibula has long been neglected and, when addressed, it has been
initially studied only in association with the tibia. The analysis of the tibia-fibula complex has highlighted
a positive relationship between fibular relative diaphyseal robusticity and the frequency of laterally oriented
loadings in the distal portion of the hindlimb, in turn suggested to be related to the DOA (e.g., Marchi,
2015b, 2007; Marchi and Borgognini-Tarli, 2004), hence providing a valuable tool to infer arboreal

adaptations in extinct primates. However, the use of this proxy to reconstruct DOA of extinct primates is
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limited by the paucity of associated fossil tibiae and fibulae. Recent works, performed with different
methodological approaches (e.g., diaphyseal CSG, functional indices and 3D GM, Marchi, 2015b; Marchi
et al., 2022; Marchi and Shaw, 2011), have also shown that some traits of the fibula alone may relate to
DOA. To identify further fibular characteristics potentially reflecting DOA and applicable for

palaeobiological inferences, in this work we addressed the distal epiphyseal trabecular architecture, an

anatomical level never studied before in a primate comparative sample.
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788 4. 1. Effects of different factors on primate distal fibula trabecular bone

789 4.1.1. Degree of arboreality (DOA)

790 The analyses performed in this study (Table 3, Figs. 4-5, Figs S1, S4) seem to indicate an overall
791  absence of a relationship between the trabecular architecture of primate distal fibula and DOA. Indeed, no
792  quantitative evidence aresearises from betheither univariate andor multivariate PGLSs (even after size-
793  correcting variables strongly related to body mass, in the case of univariate PGLSs). Moreover, a visual
794  assessment of interspecific variation, in general does not yield any pattern related to DOA. Interestingly,
795  some traits as BV/TV and BS/TV (the latter with size-corrected values) seem to follow a trend directly
796  related to DOA (Fig. 4). However, we would not interpret these patterns as reflecting loadings related to
797  DOA. Indeed, for the two parameters the trend is opposite to our expectations, since we expected higher

798 BV/TV and BS/TV in arboreal primates, due to the hypothesized more frequent loadings on their distal
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fibula (see above), while, for both the traits terrestrial taxa show higher values. Instead, the patterns of
BV/TV and size-corrected BS/TV are likely explained by phylogenetic effects. As for BS/TV, it is already
clear from the strong and significant phylogenetic signal detected after size-correction (Table 4). As for

BV/TV, although it does not show a significant p-value for A (Table 3), #the presence of a strong

phylogenetic signal is clear from the trait values mapped on the phylogeny (Fig. 4A). Indeed, the higher

BV/TV in terrestrial taxa is driven by higher values in baboons (Papio spp.,) and the southern pig-tailed
macaque (Macaca nemestrina) which represent a clade in the phylogeny used in this work. The other
terrestrial taxon, H. sapiens, instead shows a value comparable to the one of its sister taxon P. troglodytes,
here categorized as semi-arboreal, a pattern supporting again the absence of an effect related to DOA on
BV/TV. The BV/TV ancestral states (reconstructed to map BV/TV values on the phylogeny) would even
suggest that a quite high BV/TV is plesiomorphic in cercopithecids (i.e. the group represented by
Chlorocebus spp., Cercopithecus mitis., Papio spp., M. nemestrina, Colobus guereza) with an apomorphic
BV/TV decrease in Chlorocebus spp. However, caution is needed in proposing evolutionary patterns, since
the species here sampled are far from being a sufficient representation of cercopithecid diversity and efforts
are still needed to clarify how trabecular variables vary in ontogeny vs. phylogeny. Apart from this, the
relatively low BV/TV in Chlorocebus spp. is, together with other isolated non-phylogenetically related
patterns (e.g. the very low BV/TV in Mico spp., and L. fuscicollis within platyrrhines, Fig. 4A), probably

the reason behind the absence of significant phylogenetic signal for BV/TV.

From the multivariate visual assessment, a weak apparent pattern potentially related to DOA arose from
PC2 deriving from the second PCA (that was run with size-corrected variables, where needed). This PC is
inversely related to BV/TV, size-corrected BS/TV, size-corrected Tb.Th and, although with minor
contribution, size-corrected TrabLen, and yields a weak gradient going from terrestrial taxa (lower PC2
scores) to arboreal primates (higher PC2 scores) with semi-arboreal taxa showing an intermediate mean and
median (in the boxplots shown by triangles and vertical lines, respectively) (Fig. 5). As well as for BV/TV
and size-corrected BS/TV (discussed above and that are, not surprisingly, two of the four main driving

variables for PC2), we interpret the PC2 pattern as related to other factors, instead of DOA. It would be
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suggested by the fact that three of the four variables mainly driving PC2, i.e. BV/TV, BS/TV (see discussion
above) and Tb.Th, yield a pattern that is opposite to what we expected in terms of biomechanical loadings.
Indeed, we hypothesized that arboreal species would show higher Tb.Th but since Tb.Th inversely correlates
to PC2 and terrestrial taxa show lower PC2 scores, it means that terrestrial primates are those that show
higher Tb.Th As for TrabLen, it would show a pattern consistent tewith the expectations, i.e. terrestrial taxa
exhibit longer trabeculae, i.e. higher TrabLen, due to the expected less frequent loadings. However, we do
not believe it is sufficient evidence in support of a DOA signal in the studied trabecular structure,
considering the lower contribution of TrabLen to PC2 (see the shorter vector length compared to the other
three variables driving PC2, Fig. 5SA) and the fact that TrabLen was expected to negatively correlate with
NodDen. NodDen, instead mainly contributes to another PC (i.e. PC1, see discussion below). Apart from
these considerations, it is clear that PC2 mainly separates playthrrines (higher PC2 scores) from catarrhines
and strepsirrhines (lower PC2 scores). Furthermore, it is clear that there is a residual effect of body mass on
this PC, i.e. PC2 separates larger taxa, as baboons and the chimpanzee, from smaller taxa, as Mico spp., L.
rosalia (once the largest and the smallest taxa, H. sapiens and C. jacchus respectively, are excluded). It
means that, despite the fact that the PCA from which PC2 derives was run on values corrected for body
mass (and partially from phylogenetic effects, see above and Table 4), both the effects are instead still
present and drive PC2, in turn representing 27.4% of the whole variability. Concerning the remaining effect
of body mass, a possibility is that it depends on the procedure of size-correction that we used, i.e. taking the
residuals of a variable-logBMp linear regression. Further dedicated investigation on this topic is needed to
confirm this hypothesis or may put efforts into properly design samples to control for body mass (e.g.
studying primate species with similar body sizes and different locomotor behaviors). The phylogenetic
signal of PC2 can also be evineed-byinferred from the fact that two of the four variables mainly driving PC2
are those that after size-correction showed a significant phylogenetic signal, i.e. BS/TV and TrabLenae;.
We quantitatively confirmed that PC2 is driven by body mass and/or phylogeny, by running a PC2 vs. log-
BMp regression (p-value=0.005) and computing the PC2 phylogenetic signal (A=0.77, p-value=0.008). With

both univariate (with BV/TV and size corrected BS/TV, Fig. 4) and multivariate (with PC2, Fig. 5) analyses,
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we found some apparent patterns related to DOA that were moretikelyto-bebetter ascribed to phylogeny
and body mass. This reveals one potential limitation of this work. Although the distribution of DOA
categories potentially allowed us to disentangle the effect of DOA from phylogenetic ones (e.g. in case of
similar distinctive values shown by the terrestrial baboons, macaque and humans, or by the semi-arboreal
Cercopithecus spp., C. mitis and chimpanzee), there is a tendency for taxa assigned to the same locomotor
category to cluster in specific parts of the phylogeny (e.g. terrestrial baboons, arboreal platyrrhines). It
limited our possibility to disentangle DOA effects from phylogenetic ones. Future works aiming to
investigate the factors to which primate distal fibula trabecular structure relates and also testing the effect

of DOA should overcome this limitation (besides others, discussed below) of this study.

According to our results, no obvious signal attributable to DOA is present in the trabecular bone of the
distal fibula of primates. This finding is in contrast with previous evidence obtained on the relative
robusticity of the fibular diaphysis (e.g. Marchi, 2007, 2015a; Marchi and Borgognini-Tarli, 2004; Marchi
and Shaw, 2011). The discrepant patterns between distal epiphyseal trabecular architecture and diaphyseal
structure possibly suggest that diaphyseal and epiphyseal variables do not strongly co-vary (Shaw and Ryan,
2012; Saers et al., 2016). One possible explanation is linked to the different biomechanical environments to
which these two anatomical regions are subjected, i.e., bending/torsion loadings are dominant in the
diaphysis (Carter and Beaupré, 2007) while the epiphyses mainly adapt to axial loads (Barak et al., 2011;
Biewener et al., 1996). In this framework it is plausible that bending/torsion predominate over
tension/compression (i.e., the axial regime) in the biomechanical loadings acting on the primate fibula.
Specifically, bending seems to be the main loading regime acting on the fibula. It is supported by SREsSRF
vector orientation in the hindlimb of capuchin monkeys during arboreal and terrestrial behaviors that, in
turn, suggests the presence of substantial bending moments, with bending occurring around oblique axes of
the hindlimb segments (Demes and Carlson, 2009). Specifically, since the SREsSRF resultant is forced to
pass through the foot when the limb contacts the substrate (Demes and Carlson, 2009), it is likely closer to
the fibula distally than proximally, where the discrepancy angle between the SRF resultant and the limb

segment increases (e.g. at the mid-shaft level, where CSG parameters are often quantified). A consequence

Page 92 of 139



Page 93 of 139

877
878
879
880
881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

Journal of Anatomy

of increased SRF resultant-limb segment discrepancy angles would be that the bending moments to which

the fibular diaphysis is subject are probably larger than those to which the distal fibular epiphysis is subject.

preximo-distal-direction-of-loads—If it was true, it would be however challenging to place the evidence that

external morphology of primate distal fibula relates to DOA (Marchi, 2015b; Marchi et al., 2022) in this

scenario. Indeed, if the bending regime is assumed as dominant to justify the stronger signal due to
arboreality detected in the diaphysis, the epiphyseal morphology, both external and internal, should
consistently be poorly related to this factor. Hence, the fact that, instead, in the distal fibula external anatomy
the effects of DOA are detectable, in contrast with internal architecture, is striking. We can hypothesize that,
in the specific case of the ankle joint, loadings acting at this level influence the distal fibula external shape
and the distal fibular internal structure to different extents. Moreover, since previous studies of trabecular
bone in the other elements of the ankle joint mostly found significant relationships with locomotor habits
(distal tibia; Barak et al., 2013a, talus; Hébert et al., 2012; Su et al., 2013), we can assume that the transfer
of loads reasonably occurring in a functional unit as the ankle joint, results in the functional signal to be
present in the internal structure of other elements, but not in the distal fibula. In this direction, clinical studies
have recently suggested differential effects of loadings in human distal fibular vs. distal tibial trabecular
architectures, with the former proposed to be less sensitive (Ghasem-Zadeh et al., 2021; Stiirznickel et al.,
2021). If this condition is widespread in primates, it may justify the apparently low functional locomotor
signal borne by the trabecular bone of the distal fibula. Further work is needed to better understand these
discrepant trends followed by the distal fibula’sfibula internal and external anatomy, e.g., by comparing the
evolutionary patterns in the external shape and internal structure in the same sample of primate species.
Related to this, one should note that a relationship between DOA and the distal fibula’sfibula external
morphology has been detected in hominids, i.e., hominins and great apes (Marchi, 2015b; Marchi et al.,

2022). While the sample studied by Marchi and colleagues is suitable to explore the range of arboreal habits
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from fully terrestrial to fully arboreal, it is not taxonomically as wide as our sample, and does not include
species that are terrestrial but not bipedal, as in this work (e.g. baboons). These two aspects may have hidden
large-scale phylogenetic effects in analyses of distal fibula’sfibula external morphology (despite
phylogenetic relationships in hominids werebeing accounted for in Marchi et al., 2022) and a role potentially
played by the distinctive hominin bipedal locomotion (see discussion below on the influence of phylogeny
and bipedalism). This emphasizes the importance of studying how ecology is reflected by different

anatomical levels on the same sample of species (e.g. Alfieri et al., 2022, 2023).

While many of the studied trabecular properties yielded a strong relationship with body mass and/or
phylogenetic structure (but with the impossibility to disentangle these two effects; see discussion below),
trabecular anisotropy (i.e. DA), bone volume fraction (i.e. BV/TV) and tortuosity (i.e. TrabTort, both Ay
and yq) do not significantly correlate with any of the factors here addressed, i.e. DOA, body mass and
phylogeny (Table 3). It makes the interpretation of the overall patterns related to these traits on multivariate
phylo-morphospaces particularly interesting. As discussed above, BV/TV shows a pattern that is—only
apparently diseriminatingdiscriminates terrestrial from arboreal taxa, with semi-arboreal in between (and
the same occurs for the PC to which BV/TV primarily contributes, i.e. PC2). Indeed, although not yielding
a significant phylogenetic signal (Table 3), this trait has a distribution that is mainly driven by phylogeny

(Fig. 4).

TrabTort negatively correlates to PC1, that is also positively associated with NodDen and FD (apart
from minor contributions deriving from other variables). PC1 sets apart H. sapiens and C. jacchus from the
other species. Although PC1 reveals a pattern that is very likely not affected by allometric and phylogenetic
effects (H. sapiens and C. jacchus are the largest and the smallest in the sample, respectively, and they are
a hominid and a platyrrhine), the very different locomotor habits of H. sapiens and C. jacchus (not only in
terms of DOA) make this axis of variation very unlikely to be associated with locomotor behavioral aspects
too. Also, there is not consistency in the way through which the three variables mainly driving PC1 are

expected to relate to loads (Table 2 and above). For instance, if NodDen varied as expected according to the
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experienced loads and strains, i.e. positively, NodDen and TrabTort should have been positively associated
with each other, but they do not follow this pattern in affecting PC1; similarly, FD is expected to be
negatively related to NodDen, but again it is not confirmed (Fig. 5). All of this suggests that the
discrimination revealed by PC1 is challenging to explain in terms of locomotion, body mass and phylogeny

and that probably the effect of other factors (e.g. genetic, developmental, hormonal) should be investigated.

Another portion of TrabTort variance is captured by PC3 and, interestingly, TrabTort together with DA
contribute to set apart H. sapiens from all the other primates on the PC1-PC3 plot (Fig. 5). Specifically, H.
sapiens is apparently set apart for relatively higher DA and relatively lower TrabTort. This pattern arising
from our multivariate visual assessment opens up the possibility that at least the peculiar hominin bipedalism
may relate to distal fibula trabecular structure. Indeed, the fact that H. sapiens is partially distinct from all
the other primates because of its higher anisotropy value could have a functional explanation. As detailed
above, DA is commonly associated with the extent to which movements in a joint follow repeated directions
and a highly anisotropic trabecular structure is expected in highly stereotypically loaded joints. It led us to
expect higher DA in terrestrial taxa- (see above). It is possible, however, that the infrequent but not absent
arboreal behaviors (not absent in any living non-human primates, as we specified defining DOA in this
work) of terrestrial but not bipedal primates (e.g. baboons) prevent their distal fibula trabecular bone to
develop a particularly anisotropic structure. In this framework, higher anisotropy would be instead shown
by H. sapiens thatwhich never experiences arboreal habits and obligatorily performs bipedalism, involving
strong antero-posterior movements in the sagittal plane. From the distribution of DA values of the studied
specimens, three of the five H. sapiens sapiens fibulae yielded the highest DA values in the entire sample,
with a fourth H. sapiens’sapiens fibula yielding the fifth highest DA value (Table S1). We used single
speeimens specimens results distribution also to better interpret TrabTort outcomes, since this parameter
yielded unclear trends in the PC1-PC2 plot (see above) but, similarly to DA, seem-te-contributeseems to set
apart H. sapiens from all the other primates in the PC1-PC3 plot. Strikingly, the five H. sapiens fibulae yield
the lowest TrabTorty.., of the entire sample (also after log-transforming the values in Table S1, since

TrabTort was log-transformed for the univariate tests, see Table 3). It supports the presence of this additional
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distinctive featuresfeature in the human distal fibula. As for DA, a functional interpretation is possible for
TrabTort, too. We expected TrabTort to directly relate to load frequency (Table 2) and we hypothesized that
load frequency on the fibula would be proportional to the extent to which arboreal substrates are used. If, as
suggested above, the infrequent but still present arboreal behaviors of baboons affect their distal fibula
trabecular bone, H. sapiens would be distinctive since almost never experiencing, in its ankle, the frequent
laterally directed SRFs of the arboreal environment (see above). It would explain the evidently less tortuous
human trabecular structure in the distal fibula. Hence, raw results for DA and TrabTort fully support the
hypothesis of a functionally higher DA and lower TrabTort in the distal fibula of H. sapiens. It may stimulate
future dedicated works with properly built samples to test this pattern and exclude other factors (see for
instance the fact that for TrabTortyc.,, the sixth lowest value is of the H. sapiens’ sister taxon, P. troglodytes,
Table S2, hence phylogenetic effects should also be tested). The raw DA value measured for O.
crassicaudatus is not outstanding (Table S2), suggesting that the portion of DA variance contributing to set
apart this species from the other primates in the PC3-PC4 plot (Fig. S4) is negligible. On the other hand,
what mainly drives the morphospaces position of O. crassicaudatus (in PC1-PC3, PC2-PC3 and PC3-PC4
plots, Fig. 5, Fig. S4) is TrabLen, for which the species show the highest value, and the same is true for C.
Jjacchus, yielding the lowest TrabLen value (Table S1 data after size-correction, to comply with results in
Table 3). The fact that these two species are both arboreal and leaperleapers (see discussion below) makes
it challenging to relate such a pattern to locomotion. Since this trait is the only one that showed a significant
phylogenetic signal both before and after size-correction (Table 3 and Table 4), the observed TrabLen
pattern follows the phylogeny (e.g. a quite low TrabLen is shown by C. jaechus’jacchus sister taxon too,
i.e. Mico spp., and a pretty high TrabLen is shown by O. erassicandatns crassicaudatus sister taxon too,

i.e. P. diadema; Fig. S3).

4.1.2. Body mass and phylogenetic relationships

Apart from minor trends potentially related to human bipedalism (see above), primate distal fibula

trabecular architecture is overall strongly affected by body size and phylogenetic structure, as evinced from
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inferential univariate and multivariate analyses, and visualization of trait variability relative to body mass
and phylogenetic relationship (Table 3, Table 4, Fig. 4, Fig. S2A, B, Fig. S3, Fig. S4). The particularly
strong relationship of morphology with allometry and phylogeny, more than ecology, that we found here,
mirrors the outcomes of previous works comparing primate anatomy across wide phylogenetic frameworks
(e.g. studying mandibular shape, PlembPlomp et al. 2024, Veneziano et al. 2019) (see also discussion above
on large-scale phylogenetic effects). Before discussing the potential implications of body mass and
phylogeny and their correlation with primate distal fibula trabecular structure, it is important to stress that
in the sample that we studied, body mass and phylogenetic structure are highly correlated (Table 3), i.e. the
distribution of body mass proxy is strongly related to phylogeny. A consequence of this outcome is that we
did not separate the effects of these two factors. Hence, it is possible that only one of the two factors is
primarily related to primate distal fibula trabecular structure, with the other factor that rather yielded
significant correlation with morphology only because of significant correlation between size and phylogeny.
With the data collected in this study, it is not possible to disentangle the effects of body mass and
phylogenetic structure. As a supplementary analysis, we wanted to test if this issue is a limitation related to
our sample or it may be a general problem in clade-wise comparative studies in primates. Using body mass
estimates for 742 species of extinct and extant primates plus plesiadapiforms (Tillquist et al., 2016), we log-
transformed them and we matched body mass data to the mammal phylogeny of Upham et al., (2019),
excluding all the taxa that are not represented by both phylogeny and the body mass dataset. We obtained a
phylogenetically informed body mass dataset of 250 primate species. It allowed us to test how body mass
is related to phylogeny on a wide taxonomic scale, computing the phylogenetic signal through Pagel’s A
(see Methods). We obtained a A = 0.99 with a p-value < 0.001, suggesting that the limitation of body mass
- phylogenetic structure correlation is not depending on our studied sample but may be unavoidable for most
of the comparative morphological studies in primates. We suggest researchers aiming to disentangle how

different factors relate to primate anatomical evolution to account for this potential bias.

Concerning the effect of body mass on trabecular traits, numerous studies on different skeletal elements

have proposed different trends in mammals and in primates (e.g. Bird et al., 2021; Christen et al., 2015;
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Cotter et al., 2009; Doube et al., 2011; Fajardo et al., 2013; Hernandez et al., 2009; Kivell, 2016; Kivell et
al., 2018; Komza and Skinner, 2019; Ryan and Shaw, 2013; Scherf, 2008; Schilling et al., 2014; Swartz et
al., 1998; Tsegai et al., 2017). For instance, it has been found that DA is often independent from body mass,
that BV/TV scales with positive allometry (Barak et al., 2013b; Christen et al., 2015; Doube et al., 2011)
and that Tb.Th frequently scales with negative allometry (Barak et al., 2013b; Doube et al., 2011; Ryan and
Shaw, 2013; Swartz et al., 1998). For DA and Tb.Th,_the distal fibula seems to align with other skeletal

elements in primates. Indeed, we found that DA does not relate to body mass. As for the allometric pattern

shown by Tb.Th, we-additionallyran-with a “Fb-Th~—legBMproxylinearregression (using-data-on-single

estimate-is-notsignificantly-differentfrom-O-intereceptp—value=0-44)With-a-slope that is positive but lower

than 1 _(i.e. 0.07) , it apparently confirms that trabecular thickness scales with negative allometry in the distal
fibula, too. On the other hand, our results for BV/TV, i.e. no significant relationship with body mass,
apparently contrast what was found in some previous works. One should note that, however, exceptions to
the proposed patterns of primate trabecular traits-body mass covariation have been found (e.g. Fajardo et
al., 2013; Komza and Skinner, 2019; Ryan and Shaw, 2013; Tsegai et al., 2017), and that likely a bone and
taxon-dependency exists (Bird et al., 2021; Cotter et al., 2009; Fajardo et al., 2013; Kivell, 2016; Ryan and
Shaw, 2013). Hence, our outcomes add to the information on how trabecular traits relate to body size across
the primate skeletal elements. Furthermore, we provide the first evidence for patterns of body size
covariation concerning the topological indices recently proposed by Veneziano et al. (2021). For both
traditional trabecular parameters and topological indices, future analyses of allometric scaling patterns are

needed.

As for the phylogenetic effect on primate trabecular structure, it is likewise challenging to outline
general patterns (Kivell, 2016). Several works investigated how trabecular traits relate to the phylogenetic
structure (Doube et al., 2011; Ryan and Shaw, 2012, 2013; Smaers and Vinicius, 2009; Tsegai et al., 2013)

with some of them yielding a weak phylogenetic signal and others finding a complex scenario of anatomical
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variation (e.g. Doube et al., 2011, Ryan and Shaw, 2012, 2013). The pattern of differential evolutionary
influence on different skeletal regions, i.e. mosaic evolution, is now recognized as a major factor to explain
morphological diversity in primates (e.g. Bastir and Rosas, 2009), mammals (e.g. Barton and Harvey, 2000),
and in other vertebrates (e.g. Navalon et al., 2022). With this work, we suggest that the distal fibula
trabecular bone in primates may be strongly affected by the phylogenetic structure (but see discussion above
on body mass-phylogeny correlation). Importantly, it was shown that the strength of the phylogenetic effect
not only varies among anatomical regions but also among taxonomic groups (Kivell, 2016; Ryan and Shaw,
2013). Hence, although the results of this work led us to discourage the use of distal fibula trabecular
structure to infer DOA in extinct primates due to the presence of phylogenetic signal, it is also possible that
the effects of phylogeny may be less important if more restricted primate taxonomic contexts are studied
(Marchi, 2007, 2015b; Marchi et al., 2022). Thus, it is still possible that if the fibula is compared among
closely related primate species, as often occurs with the study of hominids in an anthropological context
(e.g. see also Berles et al., 2024, studying closely related tamarins), a functional signal related to DOA can
be detected because large scale phylogenetic effects would be minimized. It can also explain the discrepant
patterns found for internal and external anatomy of the distal fibula in relation to DOA (see discussion
above). Since we only included two hominids in this work, this very small sample prevents any assessment
of trabecular structure diversity restricted to only hominids and, hence, we cannot here discuss on such short
phylogenetic scale. However, the aforementioned potential relationships shown by DA and TrabTort with

human bipedalism (that-within-heminidsrepresentsrepresenting the terrestrial extreme of the DOA range in

hominids) should encourage future studies to address this aspect.

4. 2. Potential limitations

Some methodological and theoretical aspects potentially represent limitations of this work. First, we only
focused on the proximal articular facet (here termed PAF) of the fibulotalar articulation of the distal fibula,
not including the trabecular bone underlying the distal articular facet (DAF) of the same articulation (Fig.

2). Since the external morphology (e.g. surface area, morphometric indices) of DAF, similarbysimilar to the
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056  enethat of PAF, proved to be related to different locomotor behaviors (Marchi, 2015b), one may expect a

057 locomotor signal in DAF internal bone, too. As mentioned in_the Materials and Methods, one of the reasons
1058  behind our choice to exclude DAF was the overly wide variability in external morphology of this articular
1059  facet. Based on Marchi (2015b), we expected DAF to be approximately triangular in the studied sample but,
1060  probably due to the taxonomical diversity considered here, we found it challenging to reliably recognize a
1061  homologous region in all the specimens. Several works addressed bone inner structure by studying the
1‘062 regional variation of trabecular traits within specific joints/epiphyses (ithas-been-done-both using multiple
1063  regularly shaped ROIs; e.g. Su et al., 2013; Sylvester and Terhune, 2017, and mapping the variability within
1064  entire epiphyses, e.g. Georgiou et al., 2019; Sukhdeo et al., 2020). Hence, it is possible that a regional
1065  wvariability in trabecular properties exists across PAF and DAF and that, by excluding inner bone related to
1066  DAF, we hid some potentially informative locomotor signal. Indeed, the same wide variability in DAF
1‘067 external morphology that prevented us te-extraetfrom extracting trabecular bone may reflect adaptations to
1068  different locomotor behaviors. However, it should be noted that our approach of studying the entire
1069  trabecular bone volume underlying PAF already represents an advance compared to the traditional approach
1070  based on the extraction of regularly-shaped ROIs. The latter was tested at a preliminary stage of this work,
21071  but it proved challenging to be applied due to the netregularirregular 3D morphology of the distal fibula
1072  region corresponding to DAF (see Fig. 2D), e.g. humeral head erand femoral head are easily studied through

1073  spherical ROIs due to the approximately spherical 3D shape of the entire articulation itself, but #this does

1074  not apply to the region we were interested in. While the issue of sampling complexly shaped joints through
1075  regularly shaped ROIs may be fixed by using multiple smaller volumes instead of a single larger one (e.g.
1076  Barak et al. 2013a; Su et al. 2013, Su and Carlson, 2017), in our particular case this approach would have
1077  been problematic due to another practical issue, that additionally motivated our choice to exclude DAF and
%078 it-is partially related to the high morphological variability of DAF mentioned above. Indeed, due to_the
1079  highly variable DAF shape, some species showed a DAF that is a dramatically wide and short ‘triangle’, i.e.
1080  with an extremely small proximodistal size. In such cases, the stack representing the trabecular bone

ﬂ081 underlying DAF is compounded by too few trabeculae (often lessfewer than the minimum recommended
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limit of 50, see Methods). If this issue prevented us from extracting a single informative-(-e—with-mere-than
ea—50-trabeeulae) stack for all trabecular bone underlying DAF, it is easy to imagine how this limitation
would have been even more severe if multiple smaller volumes would have been used. Finally, it is
remarkable that PAF, studied in this work, represents most of the trabecular bone of the fibulotalar
articulation (as one can see from PAF and DAF size proportions in Fig. 2). A possible solution for future
works is studying the trabecular bone underlying the entire fibulotalar articulation (PAF + DAF), developing
another ad-hoc orientation protocol, and investigating variation in trabecular parameters in the whole region

(e.g. using a heat-map approach, available in Veneziano et al., 2021).

Another potential limitation of this work may derive from the fact that testing the relationship between
distal fibula trabecular bone and DOA may involve pooling in the same discrete state species that are quite
different concerning other aspects of their locomotor behavior (e.g. forelimb vs. hindlimb reliance, presence
of distinctive habits as leaping) that, in turn, reasonably involve different functional demands. Although
these aspects were not the main focus of this work, one should consider the possibility that primate distal
fibula trabecular bone does not vary according to DOA, as fibula CSG or distal fibula external morphology
(see above), but instead it follows other locomotor factors. This issue is particularly exacerbated for taxa
that in this work were categorized as ‘arboreal’, e.g. spider monkeys (4. paniscus) and sifakas (P. diadema),

that are more specialized in their locomotor habits compared to more generalized arboreal quadrupeds as

colobines (C. guereza) and howler monkeys (4. seniculus) (Fleagle, 2013b). Fe-further-evaluate-potential
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Fleagle; 2043)-(Fig—S5).To further evaluate potential locomotor effects undetected in this work, we ran a

supplementary analysis accounting for the frequency of specific locomotor behaviors of the studied taxa,

instead of their DOA. As detailed in Supplementary Note 1 and Fig. S5, we highlighted that, mirroring what
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we found for DOA., the primate distal fibula trabecular structure probably does not relate to other locomotor

aspects.

Another issue partially related to locomotor categorization is the possibility that pooling H. sapiens -
whose bipedalism involves a greater predominance of loads in the hindlimbs - with terrestrial baboons may
skew the results. Also, pooling P. troglodytes - which shows dominant quadrupedal walking (Fig—S5-and

abeve)- with unspecialized taxa such as Chlorocebus spp. (Supplementary Note 1 and Fig. S5) may cause

the same problem. To evaluate effects potentially deriving from this bias, we re-ran the PCA used to
visualize interspecific patterns after excluding H. sapiens-(Fig—S6) and then after excluding both H. sapiens

ted. As shown
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1169 ndicative-ofthefaetthatin Supplementary Note 2, these exclusions do not change the main outcome of this

1170  work. Namely, the primate distal fibula trabecular bone maydoes not appear to be associated with locomotor

1171 behaviors, neither with-DOA;-as-defined-in-this-wetls nor with-other locomotor aspects asleaping-ortower

1172  hindlimbreliance-insuspensory-speeies—The-only-potential-(see above and Supplementary Note 1), with the
1173  only possible exception arisingfrom-this-woerk-is-represented by the-pessible-effeetminor trends related to

1174  heminin-bipedalism in hominins (see discussion above).

1175 Finally, while we studied interspecific patterns of distal fibula trabecular bone variation, our data are
1176  mostly based on single specimens for each species. Hence, in this work the effects related to intraspecific

1177  wvariability are not accounted for.
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0-119-Since for four of the studied taxa we sampled more than one fibula (Table 1), we were however able

to assess potential biases deriving from intraspecific variability. To do so. we ran an additional PCA with

the observations being the single specimens instead of the taxa (Fig. S8) and we measured the coefficient

of variation (Table S2). As discussed in Supplementary Note 3, the intraspecific variability can be generally

considered low to moderate.

5. Conclusions
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1209 In this study, we carried out the first three-dimensional quantitative interspecific analysis of distal fibula
1210  trabecular structure in primates, in order to test for a functional signal related to the degree of arboreality.
1211  We expected for such a signal to be present based on results from studies on other fibular traits (diaphyseal
1212 cross-sectional properties and distal epiphyseal external morphology). Contrasting previously highlighted
1213  trends, the internal trabecular bone in primate distal fibula does not correlate with the degree of arboreality.
1214  Although we identified some trends potentially related to alternative locomotor factors not strictly related
1215 to DOA as defined in this work (i.e. human bipedalism), we found that body mass and phylogenetic
1216  relationships primarily and strongly affect the trabecular network in primate distal fibula. We provided
1217  evidence for the factors mainly associated with the previously unstudied primate distal fibula internal
1218  structure. We encourage future studies to address some critical aspects arisen from this work, e.g. the
1219  potential relationship between human bipedalism and specific trabecular traits of the distal fibula, i.e. degree
1220  of anisotropy and tortuosity, the strong correlation between primate body mass and phylogenetic structure

1‘221 in comparative analyses on a wide taxenemiealtaxonomic scale.
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Fig. 1. Primate species studied in this work. The three factors potentially associated with their distal
fibular trabecular architecture that were addressed in this work, are summarized: 1. phylogenetic
relationships, shown through the time-calibrated tree; 2. locomotor habits, detailed with the color legend; 3.
body mass, through the proxy used in this work, shown with bar plots. See Methods for details.

Fig. 2. The steps performed to orient all the fibulae in a standard position are exemplified on the distal
fibula of Cercopithecus mitis UniFI-SPEC 3011. In both A (anterior view) and B (distal view) PAF, i.e.
proximal part of the fibulotalar articulation of the distal fibula, is oriented to be parallel to the coronal plane
(shown with a blue line in 2A and 2B). C. The bone is then oriented so that the two axes of PAF (visually
recognized and highlighted in red, due to the quasi-regular shape of the articular facet) lie in the sagittal
(shown in orange) and the transverse (shown in green) planes. DAF, i.e. distal part of the fibulotalar
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1842 articulation of the distal fibula, is shown but was not studied in this work. D. The Region of Interest (ROI)
1843  ultimately analyzed is here shown in the context of the entire distal epiphysis. A sub-region of the distal
1844  fibula corresponding to the PAF cortical bone + trabecular bone was cropped (highlighted in aqua green,
1845  also shown in Fig. 3A) and from it a ROI representing only the PAF trabecular bone was extracted
1846  (highlighted in purple, also shown in Fig. 3B).

1847 Fig. 3. Isolation of the whole articular trabecular architecture, exemplified on the distal fibula of
1848  Cercopithecus mitis UniFI-SPEC 3011. A. The oriented sub-stack corresponding to the isolated PAF. PAF
1849  is shown in red and its proximal and distal limits, used to isolate PAF, are highlighted. B. Exploiting the
1850  ‘indianaBones’ R package, the trabecular bone is isolated and used to compute BoneJ parameters. C. The
1851  trabecular network of B. is skeletonized in Amira. The skeleton is used to compute the topological indices
1852  of ‘indianaBones’.

1853 Fig. 4. A. Boxplots highlighting the univariate pattern of variation of BV/TV from the distal fibular
1854  trabecular architecture. Terrestrial taxa are shown in blue, semi-arboreal in green and arboreal in purple,
1855  and taxa yielding the maximum and minimum value for each category of the Degree of Arboreality are
1856  indicated. B. The BV/TV values for the studied species are mapped on the phylogeny used in this work,
ﬂ857 with ancestral states reconstructed. Here, the color legend instead indicates the variable values. BC.
1858  Boxplots highlighting the univariate pattern of variation of size-corrected BS/TV from the distal fibular
1859 trabecular architecture. Terrestrial taxa are shown in blue, semi-arboreal in green and arboreal in red, and
1860  taxayielding the maximum and minimum value for each category of the Degree of Arboreality are indicated.
1861  €D. The size-corrected BS/TV values for the studied species are mapped on the phylogeny used in this
1862  work, with ancestral states reconstructed. Here, the color legend instead indicates the variable values.

1863  Fig. 5. Multivariate patterns of variation in distal fibular trabecular architecture. A, B and C. Upper panels:
1864  phylomorphospaces built with PC1-PC2 (A), PC1-PC3 (B) and PC2-PC3 (C) resulting from a PCA on all
1865  the studied trabecular traits (using size-corrected values in case of variables significantly related to body
1‘866 mass, as detailed in Table 3). Abbreviations: Cj for Callithrix jacchus, Hs for Homo sapiens, Pt for Pan

867  troglodytes, Oc for Otolemur crassicaudatus. Bottom panels: variable loading plots summarizing how single
1868 traits contribute to species distribution on the corresponding morphospaces in the upper panels. In A, B and
1869  C: Degree of arboreality categories are shown with colors: arboreal in purple, semi-arboreal in green,
1870 terrestrial in blue. Abbreviations for variables in the loading plots: DA (degree of anisotropy), BV/TV (bone
1871  volume fraction), BS/TV (bone surface density), Tb.Th (trabecular thickness), NodDen,,., (average node
1872 density), NodDenyq (median node density), TrabLen,,,, (average trabecular length), TrabTort,,. (average
1873  trabecular tortouosity), TrabTortyq (median trabecular tortuosity), FD (fractal dimension). D. Boxplot
1874  highlighting the univariate pattern of variation of PC2 (used to build the bivariate scatterplots in A and C).
1875  Terrestrial taxa are shown in blue, semi-arboreal in green and arboreal in red. The position of Homo sapiens,
1876  outlying other terrestrial taxa, is shown.
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Additional methods

Extraction of the topological indices of complexity

For each trabecular skeleton imported in R, we extracted the following datasets:

- Node Density (‘skelDensity’ function, ‘indianaBones R package, Veneziano et al. 2021), unit:
nodes per mm?, termed NodDen, is returned as a 3D distribution of values corresponding to
the trabecular volume. From this matrix, we computed average (NodDenaver) and median
(NodDenweg) values.

- Trabecular Length (‘skelLength’, function, ‘indianaBones R package), unitless, termed
TrabLen, is returned as a 3D distribution of values corresponding to the trabecular volume.
From this matrix, we computed average values (TrabLenaver)

- Trabecular Tortuosity (‘skelTortuosity’ function, ‘indianaBones R package), unitless, termed
TrabTort, is returned as a 3D distribution of values corresponding to the trabecular volume.
From this matrix, we computed average (TrabTortaver) and median values (TrabTortweq)

- Fractal Dimension, unitless, termed FD, is represented by a value corresponding to the ‘estdim’

item, deriving from the ‘est.boxcount’ function (‘Rdimtools’ package, You and Shung 2022)
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Additional results

Ateles paniscus | Cercopithecus mitis | Colobus guereza | Homo sapiens

Mean 0,41 0,2355 0,3855 0,523
DA SD 0,066468037 0,053033009 0,147785317 0,057266919
Cv 0,162117164 0,225193242 0,383360097 0,109496977

Mean 0,2335 0,2465 0,2615 0,2446
Tb.Th SD 0,028991378 0,055861436 0,055861436 0,034092521
Cv 0,124160077 0,2266184 0,213619257 0,139380708
Mean 0,303670043 0,404825635 0,409740277 0,29728171
BVITV SD 0,020845874 0,026904958 0,043890686 0,074895289
CV 0,068646463 0,066460608 0,107118311 0,251933726
Mean 3,535940993 4,498408087 4,097106185 2,241101202
BS/TV SD 0,18733188 0,434174239 0,360551972 0,677985798
CVv 0,052979357 0,096517308 0,088001618 0,302523508
Mean 0,002162819 0,016509235 0,003174778 0,000202589
NodDenaver SD 0,000466742 0,004277054 0,000587006 3,36301E-05
CVv 0,215802522 0,259070398 0,184896763 0,166001208
Mean 0,002133644 0,015902645 0,00313306 0,000195014
NodDenmed SD 0,000446296 0,004086497 0,000587984 3,6981E-05
CVv 0,209170849 0,256969635 0,187670747 0,189632788
Mean 0,343610972 0,328193961 0,320826513 0,403325357
TrabLenaver SD 0,014019287 0,045619767 0,027345511 0,017005238
CVv 0,040799883 0,139002457 0,085234573 0,042162581
Mean 1,100034231 1,111598961 1,11645701 1,081448361
SD 0,016340938 0,013202172 0,02367794 0,004719293
TrabTortaver CV 0,014854936 0,01187674 0,021208107 0,004363864
Mean 1,053929561 1,056767123 1,060701548 1,048028197
SD 0,006011882 0,004482764 0,008282433 0,001784651
TrabTortwmed CV 0,005704254 0,00424196 0,007808448 0,001702866
Mean 2,284168728 2,166133666 2,334246513 2,540686634
SD 0,08112744 0,033079592 0,069801618 0,024839923
FD CVv 0,035517271 0,015271261 0,029903276 0,009776854

Table S2. For the four species with sample size >1 (i.e. Ateles paniscus, Cercopithecus mitis, Colobus
guereza and Homo sapiens) for each trabecular variable we computed mean, standard deviation (SD)
and coefficient of variation (CV=SD/Mean).
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Fig. S1. Boxplots showing, for the primate species here studied, the variation of body mass (accounted
for through the proxy log-BMp) and distal fibula trabecular traits, in relation to locomotion, i.e. degree
of arboreality (terrestrial in blue, semi-arboreal in green, arboreal in red). For trabecular variables that
are significantly correlated with log-BMp (see Table 3), additional boxplots with size-corrected values
were generated (see details in the main text). In all the boxplots, species yielding outlying and extreme

values are labelled.
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Fig. S2A, B. Through bivariate scatterplots ‘variable vs. log-BMp’ (i.e. the body mass proxy here
employed) it is shown how, for each distal fibula trabecular trait, the values yielded by the analyzed
primate species relate to body mass.
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Fig. S3. The phylogenetic signal present in the distribution of body mass (i.e. log-BMp) and distal fibula
trabecular traits’ values, is visualized mapping primate species values on the time-calibrated phylogeny
used in this work (see details in the main text).
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Proportion

Standard | of Cumulative

deviation | Variance | Proportion
PC1 2.254744 | 0.50839 0.50839
PC2 1.355543 | 0.18375 0.69214
PC3 1.295712| 0.16789 0.86002
PC4 0.863086 | 0.07449 0.93452
PC5 0.458556 | 0.02103 0.95554
PC6 0.4487| 0.02013 0.97568
PC7 0.387401| 0.01501 0.99068
PC8 0.256222| 0.00656 0.99725
PC9 0.165674| 0.00274 0.99999
PC10 0.00801| 0.00001 1

Table S3. Summary statistics of the PCs generated through PCA on the trabecular variables. The
first 4 PCs, explaining more than 90% of the total variance, i.e. 93%, were used to run a multivariate
generalized least square regression against degree of arboreality, with logBMproxy as a covariate, to
estimate locomotor, body mass and phylogenetic effects on primate distal fibula trabecular structure,
analyzed multivariately.

Proportion

Standard | of Cumulative

deviation | Variance | Proportion
PC1 1.832475 0.3358 0.3358
PC2 1.65416 | 0.27362 0.60942
PC3 1.252008 | 0.15675 0.76617
PC4 0.910586 | 0.08292 0.84909
PC5 0.87788| 0.07707 0.92616
PC6 0.697867 0.0487 0.97486
PC7 0.329092| 0.01083 0.98569
PC8 0.302833| 0.00917 0.99486
PC9 0.226327 | 0.00512 0.99998
PC10 0.013265| 0.00002 1

Table S4. Summary statistics of the PCs generated through PCA on the trabecular variables which
were preliminarily size-corrected (see details in the main text) only if they resulted to be significantly
related to logBMproxy through univariate PGLS regressions (Table 3). The first 4 PCs, cumulatively
explaining the 85% of the total variance, were used to build bivariate phylo-morphospaces, allowing to
visualize potential locomotor effects without the major influence of body mass.
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Fig. S4. Multivariate patterns of variation in distal fibular trabecular architecture. The left plots (in each of the six quadrants) represent phylomorphospaces
built with PC1-PC2 (upper left quadrant), PC1-PC3 (middle left quadrant), PC2-PC3 (bottom left quadrant), PC1-PC4 (upper right quadrant), PC2-PC4 (middle
right quadrant) and PC3-PC4 (bottom right quadrant) resulting from a PCA on all the studied trabecular traits (using size-corrected values in case of variables
significantly related to body mass, as detailed in Table 3). The right plots (in each of the six quadrants) represent the variable loading plots summarizing how
single traits contribute to species distribution on the corresponding morphospaces. Degree of arboreality categories are shown with colors: arboreal in purple,
semi-arboreal in green, terrestrial in blue. Abbreviations for variables in the loading plots: DA (degree of anisotropy), BV/TV (bone volume fraction), BS/TV
(bone surface density), Th.Th (trabecular thickness), NodDenaver (average node density), NodDenmes (median node density), TrabLenaver (average trabecular
length), TrabTortaver (average trabecular tortouosity), TrabTortmes (Mmedian trabecular tortuosity), FD (fractal dimension).
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Fig. S6. Multivariate patterns of variation in distal fibular trabecular architecture after the exclusion of H. sapiens. The left plots (in each of the six quadrants)
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right quadrant), PC2-PC4 (middle right quadrant) and PC3-PC4 (bottom right quadrant) resulting from a PCA on all the studied trabecular traits (using size-
corrected values in case of variables significantly related to body mass, as detailed in Table 3). The right plots (in each of the six quadrants) represent the
variable loading plots summarizing how single traits contribute to species distribution on the corresponding morphospaces. Degree of arboreality categories are
shown with colors: arboreal in purple, semi-arboreal in green, terrestrial in blue. Abbreviations for variables in the loading plots: DA (degree of anisotropy),
BV/TV (bone volume fraction), BS/TV (bone surface density), Th.Th (trabecular thickness), NodDenaver (average node density), NodDenmes (median node
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Fig. S7. Multivariate patterns of variation in distal fibular trabecular architecture after the exclusion of H. sapiens and P. troglodytes. The left plots (in each of
the six quadrants) represent phylomorphospaces built with PC1-PC2 (upper left quadrant), PC1-PC3 (middle left quadrant), PC2-PC3 (bottom left quadrant),
PC1-PC4 (upper right quadrant), PC2-PC4 (middle right quadrant) and PC3-PC4 (bottom right quadrant) resulting from a PCA on all the studied trabecular
traits (using size-corrected values in case of variables significantly related to body mass, as detailed in Table 3). The right plots (in each of the six quadrants)
represent the variable loading plots summarizing how single traits contribute to species distribution on the corresponding morphospaces. Degree of arboreality
categories are shown with colors: arboreal in purple, semi-arboreal in green, terrestrial in blue. Abbreviations for variables in the loading plots: DA (degree of
anisotropy), BV/TV (bone volume fraction), BS/TV (bone surface density), Th.Th (trabecular thickness), NodDenaver (average node density), NodDenmeq
(median node density), TrabLenaver (average trabecular length), TrabTortaver (average trabecular tortouosity), TrabTortwes (median trabecular tortuosity), FD
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Page 133 of 139 Journal of Anatomy

Supplementary Note 1

For a subset of the studied taxa (n=10, 7 of which were classified as ‘arboreal’ in this work) we
collected quantitative data on locomotor behaviors from Granatosky (2018) (data for the remaining taxa
of our sample are not present in Granatosky 2018). The collected data, provided as percentages in the
original work, were transformed through an arcsine square root transformation (common procedure in
the analysis of proportional ecological data, in order to minimize variance and normalize the
distribution, Monclus-Gonzalo et al., 2023; Sokal and Rohlf, 1995). Then, data from multiple
observations for the same species were averaged, obtaining a single value for each behavior for each
taxon, and a PCA was run, building a PC1-PC3 (cumulatively explaining 64.2% of the total variance)
3D scatterplot based on behavioral data, i.e. an ‘ethospace’ (Fig. S5). This plot confirmed that A.
paniscus and P. diadema occupy extreme positions in the explored range of locomotor diversity,
corresponding to regions related to predominant leaping (for P. diadema, region 1 in Fig. S5) and
bimanual suspension/climbing (for A. paniscus, region 3 in Fig. S5). Other potential clusters may be
represented by: species with predominant quadrupedal suspension/bounding (the taxon closer to this
condition is L. rosalia, region 2 in Fig. S5), species with predominant quadrupedal walking as P.
troglodytes (region 4 in Fig. S5) and two potential clusters of quite unspecialized species with arboreal
habits (one of which shows less quadrupedal walking, including L. fuscicollis and S. midas and shown
with region 5 in Fig. S5, compared to the other, including e.g. A. seniculus or C. guereza, and shown
with region 6 in Fig. S5). A straightforward assessment of potential relationships between these
differences and major trabecular features of primate distal fibula is checking if taxa with more derived
and discrepant locomotor behaviors (e.g. leapers, bimanual suspensory) occupy distinct and peripheral
regions of the morphospace, contrasting taxa with more similar behaviors instead expected to occupy
the central regions of the scatterplot (following e.g. Ryan and Shaw, 2012). Exploring the
morphological variability found in this work, it is clear that no patterns related to the frequency of
specific locomotor behaviors arose. For instance, P. diadema and the other strepsirrhine leaper O.

crassicaudatus, are close each other in some plots but also close to taxa with quite distinct locomotor
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behaviors (e.g. unspecialized C. mitis and A. seniculus or the prevalently terrestrial quadrupedal P.
hamadryas in PC1-PC2 plot, Fig. 5), or they occupy different areas of the morphospaces (e.g. PC2-PC3
plot, Fig. 5). Also, A. paniscus, expected to occupy another peripheral position of the morphospace due
to hindlimb lower activities deriving from its prevalent bimanual suspensory habits, is instead often
occupying central regions of the plot, e.g. often close to C. pygerythrus (PC1-PC2, PC2-PC3 and PC1-
PC3 plots, Fig. 5) that, in turn, is a relatively unspecialized taxon (since it largely mirrors its sister taxon

C. aethiops, Fleagle, 2013) (Fig. S5).

Supplementary Note 2

The exclusion of H. sapiens causes the morphospace area occupied by the remaining terrestrial taxa
(Papio spp., + M. nemestrina) to be smaller. It, in turn causes terrestrial taxa to be discriminated from
all the other primates with minor overlap (in PC1-PC2 and PC1-PC3 plots, Fig. S6). However, it should
be noted that this condition may be related to phylogeny, since the exclusion of H. sapiens causes the
terrestrial taxa to be represented by a clade in the phylogeny (Fig. 1) with the impossibility to
disentangle locomotor and phylogenetic effects. In both PC1-PC2 and PC1-PC3 plots, terrestrial taxa
tend to be discriminated from other primates for high BV/TV and BS/TV (and also high Th.Th only in
the PC1-PC2 plot) (Fig. S6). Since these patterns go against our expectations (Table 2 and main text),
the presence of a phylogenetic effect seems more likely. The same occurs to semi-arboreal taxa after
the exclusion of P. troglodytes (besides H. sapiens, Fig. S7), since the remaining taxa in the category
form the clade (Chlorocebus spp. + C. mitis) (Fig. 1). Although it is here impossible to disentangle
locomotor from phylogenetic effects, it is interesting that a gradient from terrestrial taxa (higher PC1
and PC3 scores) to arboreal taxa (lower PC1 and PC3 scores) is yielded by this new PCA. However, it
is again driven by high BV/TV and BS/TV in terrestrial taxa (hence, contrasting biomechanical
expectations). Strikingly, terrestrial taxa are set apart also for their lower DA values, which clearly
contrasts the biomechanical properties associated with this parameter (expected to be higher in
terrestrial environments, where loadings are more directionally stereotyped, e.g. Alfieri et al., 2022;

Amson et al., 2017) (Fig. S7). The exclusion of H. sapiens and P. troglodytes does not affect the overall
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apparent absence of relationships between the frequency of different locomotor behaviors and distal
fibula trabecular structure (see above and main text). Indeed, a taxon with derived behavior such as A.
paniscus (Fig. S5) occupies non-peripheral positions of the morphospace, often close to unspecialized
taxa as C. guereza and/or C. pygerythrus (PC1-PC2, PC1-PC3, PC2-PC3 in both Fig. S6 and Fig. S7).
Likewise, P. diadema, a specialized leaper (Fig. S5), frequently clusters close to unspecialized taxa (e.g.
C. aethiops in PC1-PC2, PC1-PC3 plot, Fig. S6; and in PC2-PC3 plot, Fig. S7) or far from another
leaper as O. crassicaudatus that, in turn, clusters close to unspecialized taxa (e.g. C. aethiops and C.
mitis in PC1-PC2 plot, Fig. S7). We recognize that future works may address potential relationships
between distal fibula trabecular structure and finer locomotor categorizations (as those arising from Fig.
S5) building proper samples and running inferential statistical tests with larger sample sizes.
Nevertheless, we interpret the trends discussed above as indicative of the fact that distal fibula trabecular
bone may be associated neither with DOA, as defined in this work, nor with other locomotor aspects as
leaping or lower hindlimb reliance in suspensory species. The only potential exception arising from this

work is represented by the possible effect related to hominin bipedalism (see discussion above).

Supplementary Note 3

Not accounting for intraspecific variability is a common problem in phylogenetically informed
analyses (see Garamszegi, 2014 for a discussion of potential solutions). Indeed, the introduction of
phylogenetic data in comparative analyses (started with the work of Felsenstein, 1985) had several
implications for zoological/anthropological comparative studies, including the fact that statistical
observations are now represented by taxa, instead of specimens/individuals. It is a requirement of many
statistical toolkits (e.g. those provided by the R packages mentioned in the Materials and Methods, in
the main text) needed to apply phylogenetic comparative methods. Including multiple specimens for a
single species (as we did for four taxa, Table 1), may represent a partial solution but, noticeably, even
in this case before performing statistical analyses as PGLS or phylogenetic ANOVA, data for all the
specimens belonging to a single species should be averaged and minimized to a single value per trait

per taxon. Keeping in mind this limitation, it should also be noticed that one of the main problems
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deriving from not taking intraspecific variability into account is the underestimation of potential overlap
among species that, in turn, may inflate interspecific differences, e.g. causing significant p-values in
phylogenetic ANOVAs, resulting in false-positives. Since we did not find confirmation for most of the
expected differences related to locomotor aspects, we assume that accounting for intraspecific
variability would have not changed the main result of this work, i.e. distal fibula trabecular structure
does not relate to DOA. To observe the intraspecific variability for the four taxa for which we sampled
more than one individual (A. paniscus, C. mitis, C. guereza and H. sapiens), we built a bivariate
scatterplot with PC1-PC2 from a PCA having the observations represented by single specimens, instead
of taxa (Fig. S8). Moreover, for these four taxa we summarized standard deviation (SD) and coefficient
of variation (CVV=SD/mean) for each trait (Table S2). On the morphospace, C. mitis, C. guereza and A.
paniscus show a low to moderate intraspecific variability, since the specimens belonging to the same
species show very similar PC2 scores while the variation along PC1 is wider. Specifically, the
specimens belonging to C. mitis and C. guereza fall in the same quadrant, while the specimens
belonging to A. paniscus fall in two different quadrants due to the PC1 scores variability. A low
variability is shown by H. sapiens, since four out of five specimens lie in the same restricted region of
the morphospace, with a single specimen instead likely representing an outlier (Fig. S8). The traits for

the four species show an average CV of 0.119.
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Referee: 1
Comments to the Author

I have no additional comments on the manuscript. As in my previous review, I do still think many of
measures of trabecular structure likely reflect genetic and developmental processes, and not
mechanical loading. However, the authors have provided extensive explanation of why they think
these variables are indicators of the mechanical environment.

Referee: 2
Comments to the Author

Thank you for thoughtfully considering reviewer comments and suggestions again. I acknowledge and
appreciate your responses.

The revisions incorporated in this version of the manuscript are more effective in conveying the
authors’ due diligence for contextualizing their work in relevant literature. Specifically, important
assumptions have been made clearer for the readers in how the authors justify the theoretical loading
model (L390-419) and the interpretive value of the topological variables (L196-289). I look forward
to future work by the authors as they continue to evaluate more morphological results in this line of
investigation. I also encourage the authors to continue evaluating the underlying assumptions of the
loading model too. There has been substantial relevant experimental work published since the
formulation of the loading model by Marchi (2007), and it is helpful for readers that the current
manuscript begins to acknowledge the complexity that exists in how bones of the primate leg are
presumably loaded (L416-419).

We thank both the Referees for the positive feedbacks and the precious suggestions provided
during the entire peer-review process. This manuscript is greatly improved thanks to them

Regarding the presentation of new results in the Discussion section (e.g., the “supplementary
analysis” beginning on L998; and also L1106-1123), it could be worth considering the supplementary
information section for these results rather than moving them to the Results section. This would not
impact how the current version of the Results section is organized, and it would still permit discussing
the implications of these results in the Discussion section. It could also shorten the length of the main
text.

The long discussion section in Potential limitations, concerning additional supplementary
analyses was largely moved to Supplementary Information (creating three Supplementary
Notes, one for each of the issues discussed there), following the Referee’s suggestion. In the
Discussion, we just let a short section (divided in three small paragraphs, L. 1016-1047),
summarizing the three issues and summarizing the main finding derived from the
supplementary analyses

Figure 4 caption: Please correct typos in panel labels (e.g., “B” appears twice, and “D” is omitted).
We thank the Referee for noticing it, we edited accordingly.

The manuscript is clearly written, but it would still benefit from proof-reading for language. I have
not noted all instances of awkward phrasing. Examples of typos and grammatical issues include:

We thank the Referee for suggesting some changes to fix grammatical issues. The edits
suggested below were performted accordingly. This, together with the precious full language
edit provided by the Editor should improve the language of the entire MS.

L840: For grammatical reasons, change to “Furthermore, it is clear that there is a residual ...”
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L960: feature

L1023: For grammatical reasons, change to “what was found”



