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ABSTRACT

The lateral semicircular canal and its predicted relation to head posture have been used in
reconstructions of locomotion and posture of contemporary and extinct species, and in the
evolution of bipedalism. Inferences of head posture in fossil species sometimes assume
that the lateral semicircular canal is held near the earth’s horizontal when the head is at rest.
Despite the physiological importance of the vestibular system, the relationship between
head posture and lateral semicircular canal orientation in primates has not been explored
on a statistically significant sample, using phylogenetically corrected methods. This study
tests the hypothesised relationship between lateral semicircular canal orientation and head

posture in primates, and investigates potential links to locomotor categories.

This study finds that lateral canal orientation is not significantly correlated to positional
repertoires. Significant differences in canal orientation are detected between terrestrial and
arboreal species. Neutral head posture distinguishes several locomotor categories, and
explains a moderate proportion of the variance in positional behaviour. Brain mass is found
to correlate with positional behaviour when correcting for the effects of the phylogeny. The

implications of the evolution of head posture in fossil species are discussed.



CHAPTER 1 - INTRODUCTION

The vestibular system is crucial to autonomic behaviours, perception, orientation in space,
stabilisation of gaze during head movements, and maintenance of balance (Purves et al.,
2018). The sensory organs of the vestibular system are constituted by three semicircular
canals (see figure 1.1) and the otolith organs, the former detects angular accelerations,
while the latter detects linear accelerations (Cullen, 2012). Detection of head movements
is facilitated by a combination of signals from the semicircular canals that communicate
information along the axes of rotation in 3- dimensions (Luo, 2020). The vertical canals are
involved in controlling balance, while the lateral canals are involved in navigation
(Angelaki and Cullen, 2008). Opposite pairs of semicircular canals function in a push pull
fashion: when one side is inhibited the other is excited (Graf, 1988; David et al., 2010). The
lateral semicircular canals (Lateral SSC) are most affected during yaw movements when

the visual field is rotated about the transverse plane (Blanks et al., 1975).

The angular velocity from the semicircular canals must be integrated with gravitational
signals, which then undergo decomposition into components perpendicular and parallel to
gravity (Angelaki and Cullen, 2008). Accurate motor control is achieved via differential
processing between active and passive head movements (Angelaki and Cullen, 2008). The
importance of the vestibular is underscored by instances where its absence results in severe

vertigo, postural irregularities, and destabilisation of the visual field (Cullen, 2012).

For over a century authors have posited a functional relationship between the orientation
of the semicircular canals and head posture (Girard, 1910, 1923, 1924, 1929; Perez, 1922;
de Beer, 1947; Delattre and Anthony, 1951; Delattre and Fenart, 1957, 1958; Vidal et al.,

1986; Spoor and Zonneveld, 1998c; Fitzpatrick et al., 2006; Hullar, 2006; Coutier et al.,



2017; Schellhorn, 2018; Le Maitre, 2019). Physiological data show that changes in head
posture change how signals communicated by the semicircular canal are interpreted by the
brain (Fitzpatrick et al., 2006). To understand how these signals are transmitted, it has been
recommended that the position of each canal in relation to the rest of the skull must be

properly defined (Blanks et al., 1975).
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Figure 1.1: Right lateral view of Gorrila gorilla skull (left) with basic anatomy of the bony

labyrinth labelled (right).

Palaeontologists, anatomists, and zoologists sometimes use the orientation of the lateral
SCC of the inner ear to infer head posture of extinct species, assuming that its plane is
almost horizontal when the animal holds its head in a relaxed or alert posture
(Schoenemann, 1906; Benoit-Gonin and Lafite- Dupont, 1907; Lebedkin, 1924; Girard,
1929; Van Der Klaauw, 1952; Bull, 1969; Spoor and Zonneveld, 1998c; Spoor, 2003a;
Hullar, 2006b; Witmer et al., 2008; Le Maitre et al., 2017). However, controversy has long
persisted over what planar system should be used to determine head posture in primates,
especially when humans are included in the dataset (Anthony, 1953; Strait and Ross, 1999;

Hullar, 2006).



Given that the lateral canal is more sensitive to rotational movements in the horizontal
plane, a horizontal orientation of the plane of the lateral SCC has been justified on
theoretical grounds (de Beer, 1947). It has been deduced that quadrupedal individuals hold
their head higher than bipedal ones so that their eyes can face forward (Bullar et al., 2019).
However, these hypotheses are not properly tested, and have been repeatedly challenged
(de Beer, 1947; Blanks et al., 1975; Berlin et al., 2013; Marugan-Lobon et al., 2013; Benoit
et al., 2020). They are also directly contradicted by some anecdotal observations which
reported that if the lateral SCC of humans is aligned to the horizontal, the eyes are facing
at a 20° - 30° angle below the horizontal (de Beer, 1947; Vidal et al., 1986b; Hullar, 2006;

Taylor et al., 2009; Marugan-Lobon et al., 2013; Coutier et al., 2017; Schellhorn, 2018).

CHAPTER 2 - THE VESTIBULAR METHOD

Girard (1923) originally attempted to demonstrate that the lateral SCC aligned with earth’s
horizontal by dissecting the petrosals of a wide variety of animals and illustrating their
skulls with their lateral SCC horizontally aligned (see figure 2.1) Given the physiological
importance of the lateral SCC and presumed universality of the structures alignment to the
horizontal, this led to a research tradition called the “vestibular method”, which was argued
to be superior to the Frankfurt plane due to properly accounting for anatomical and
physiological properties (Delattre and Anthony, 1951; Anthony, 1953; Delattre and Fenart,
1957b, 1958). Since then, the lateral SCC has been argued to be an appropriate proxy for
head posture across mammals, reptiles, and birds (Hullar, 2006). Despite a range of slight
anterior tilts observed across taxa when comparing the orientation of the lateral SCC to
earth’s horizontal, Hullar (2006) argued that this standard was nonetheless consistent

enough to merit its continued use.



Fig 2.1: Cercopithecoid crania in left lateral view. From left to right : Mandrillus sphinx,
Papio ursinus, Lophocebus atterhimus. Their heads are positioned with their lateral SCC’s

parallel to earth’s horizontal plane following the vestibular method of Girard (1923).

Animals have also been theorised to align their lateral canals in parallel to the horizontal
when alert (de Beer 1947). By photographing animals against a plumb line and then
comparing these images to radiographs, de Beer (1947) inferred that animals held their heads
with their lateral semicircular canals approximately horizontal, when in alert or habitual
postures. However, when testing the hypothesis in humans, in a neutral poise, their lateral

semicircular canals were estimated to tilt at an angle of between 24° and 37°.

It was reasoned that the orientation of the foramen magnum directs an anthropoids gaze
forwards and downwards, and that it was possible that modern humans retained an
anthropoid ancestral condition in the plane of the lateral semicircular canal (Beer, 1947)
This could be related to spatial constraints of the vestibular-ocular reflex, or selection for the

stability of the planar orientation of the canals (Spoor and Zonneveld, 1998). Still today, it
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remains unclear as to whether de Beer was correct about the conservation of an anthropoid

condition.

Macaques and squirrel monkeys, for instance, are reported to exhibit an angle of 10 degrees
between the horizontal and the plane of the lateral semicircular canal (Blanks et al., 1985).
Based on video footage shot against a plumb line, it was estimated that squirrel monkeys and
crab-eating macaques held their lateral SCC’s anteriorly tilted at an angle of 18 degrees from
earth’s horizontal, and that humans held their heads at 16 degrees from the horizontal at rest
(Graf et al., 1995). Other research reports that the lateral SCC in humans is tilted at 5 degrees
from the horizontal and that a similar tilt characterises non-human primates and other

mammals (Vidal et al., 1986).

In contrast to other species, Girard (1923) originally proposed that the planes of the lateral
semicircular canal in humans would be horizontal if a person directed their gaze 1 — 2m
downwards in front of them. It was reasoned that during human bipedal locomotion the
subject would benefit from such a head posture which would enable scanning irregularities
on the ground, thereby optimising balance of multiple joints over a restricted surface area
(Jaanusson, 1987). Other researchers have suggested that this possibility ought to be explored
in the context of active locomotor states in humans specifically (Lieberman, 2011), and other
primates more generally (Urciuoli et al., 2020). While these tests are beyond the scope of
this study, testing if any relationship is apparent in resting and alert states would help

supporting or ruling out this idea, directing researchers attention to more innovative thinking.
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CHAPTER 3 - PRIMATE LOCOMOTION AND THE EVOLUTION

OF BIPEDALISM

Reconstructing locomotor repertoire in fossil species is complicated by the paucity of post-
cranial remains and footprints (rev. in Le Maitre et al., 2017, but see McPhee 2018 for
reconstruction of locomotion in sauropodomorphs). Indices of bipedalism recover
conflicting phylogenetic signals, and there is still substantial debate on the nature of the
evolutionary and developmental factors involved (eg. Young et al 2005; Young et al., 2008;
di Vicenzo et al., 2008; Mongle et al., 2018; Landi et al., 2019; Prang, 2019). Drawing
inferences about arboreality based on post-cranial morphologies alone should therefore be
done with caution. Information from the semicircular canals can be used to complement and
test locomotor reconstructions based on post- cranial remains, and provides a potential

source of evidence in the absence of postcranial remains (Walker et al., 2008).

3.1 -Hominins

Bipedal posture and locomotion are an important hominin adaptation that has shaped human
evolution (Day and Wickens, 1980; McHenry, 1982; Plomp et al., 2020; Raichlen and
Pontzer, 2021; Marino et al., 2022). Australopithecus species are widely recognized as
bipeds (Lovejoy et al., 1973; Lovejoy, 1975; Day and Wickens, 1980; White, 1980;
McHenry, 1982; Latimer and Lovejoy, 1989; Ward, 2013; Williams et al., 2021). However,
whether all Australopithecus species shared equivalent proportions of arboreal and terrestrial

behaviours in their positional repertoire remains unresolved (Ward, 2013)

12



Research on hominin feet suggests that there existed a diversity in bipedal abilities among
early hominins (e.g. Zipfel et al., 2011; DeSilva et al., 2013; McNautt et al., 2018). Evidence
from foot morphology of Australopithecus suggests that these species display a mosaic of
primitive and derived characteristics (e.g. Zipfel et al.,, 2011; DeSilva et al., 2013).
Alternatively, some of these characters could be examples of intraspecific variation shared
among Australopithecus species (e.g. Boyle et al., 2018). Australopithecus africanus, a
species considered in the present study, evinces a human-like loading pattern of the hip

(Ryan et al., 2018; Georgiou et al., 2020).

The Laetoli footprints suggest that the most probable species to have made them had a gait
that was different from both Pan and modern Homo (Hatala et al., 2016). A.L. 288-2-1, a
specimen attributed to Australopithecus afarensis, has been noted to showcase longer humeri
than femori and diaphyseal strength better approximates a great ape condition (Ruff et al.,
2016). Comparisons between Australopithecus species has suggested that limb proportions
in Australopithecus africanus to be more similar to great apes, while Australopithecus
afarensis was more human-like (e.g. McHenry and Berger, 1998 ; Green et al., 2007).
Furthermore, semicircular canal radii and size have previously been suggested to indicate
that Australopithecus species (including Sts 5) were more facultative bipeds rather than
obligate bipeds with a repertoire that included substantial swinging (Spoor et al., 1994; Spoor
and Zonneveld, 1997). A recent study found that some southern African Australopithecus
share aspects of their vestibular system with chimpanzees while others are more similar to

humans (Beaudet et al., 2019).

3.2- Cercopithecoidea
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Aside from Homo sapiens, baboons are the primates most widely (in the biogeographic
sense) adapted to a terrestrial existence, providing good comparative examples of challenges
of the landscape faced by our forebears (DeVore and Washburn, 1963). More generally,
cercopithecoids are a useful control group for uncovering evolutionary patterns and
adaptations of early hominins, given they are the most closely related group to hominins
after the great apes (Beaudet et al., 2016). The primitive condition of stem cercopithecoids
is still debated, some suggesting that they are primitively arboreal (Napier, 1970; Rollinson,
1981; Frost and Delson, 2002), and others suggesting a semi-terrestrial repertoire (Strasser,
1988; Ciochon, 1993). Under traditional discriminant function analysis, Cercopithecoid
semicircular variation is an unreliable diagnostic of taxonomic affiliation; however, they are
reliable in detecting morphological affinities that may be a product functional signals that

are under the control of locomotor activity (Beaudet et al., 2016).

Cercopithecoids also serve as an important proxy for palaeoenvironmental reconstruction
throughout the Plio-Pleistocene (Carter, 2006; Deane et al., 2022). This is in part due to their
widespread geographic occurrence and occupation of multiple niches through-out this
period. This widespread geographic range has been used to link changes between East
African and southern African sites (Gilbert et al., 2016). Besides the work by Beaudet (2015),
Beaudet et al. (2016), and Thackeray et al. (2019), little has been done to understand the
relevance of the bony labyrinth of Plio-Pleistocene fossil cercopithecoids. Furthermore, no
work to date has attempted to estimate head posture or explore the potential association

between lateral canal orientation, locomotion and palaeoenvironment in Primates.

Fossil cercopithecoids considered in this study - Cercopithecoides williamsi, Parapapio

whitei, Parapapio jonesi, Dinopithecus ingens and Papio angusticeps, are Plio-
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Pleistocene primates that occur in many of the same deposits as Australopithecus species
(Maier, 1977; Berger et al., 2002; Williams et al., 2007; Pregibon and Williams, 2021;
Beaudet, 2023). Cercopithecoides williamsi, an extinct colobine, has variously been
considered to be highly terrestrial (Birchette, 1982), or adapted to an open mixed habitat
(Elton, 2000). One carbon isotope study showed that there were differing signals between
specimens with some specimens reflecting a mixed terrestrial/arboreal diet and others a
wholly terrestrial diet (Fourie et al., 2008). Papio angusticeps is a basal baboon species
(Adams and Rovinsky, 2018), whose incidence in the fossil record coincides with
molecular dates of the earliest divergence estimates for modern baboons (Gilbert et al.,
2015). Predicting the neutral head posture of this species would be important to
understanding the evolutionary pathways of head posture and how they have changed

with respect to the basal condition.

Elton (2001) pointed out that many of the postcranial elements found in Sterkfontein
member 4 and Bolt’s farm were indicative of a forested arboreal habitat. This evidence
was used to suggest the possibility that at least some members of Parapapio were forest
dwellers. Palaeobotanical work suggests that the deposits from Sterkfontein member 4
comprised a partially forested habitat (Bamford, 1999). This could be consistent with
Australopithecus africanus exhibiting some arboreal locomotion as part of its repertoire.
However, it is important to note that the mere presence of a woodland habitat in the
palaeoecological record does not entail that a specific taxon inhabited this habitat (Faith
et al., 2021). Inferences from lateral SCC orientation may help to clarify the behavioural

ecology of these primates.
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3.3- Spatial constraints on the morphology of the bony labyrinth

Changes in semicircular canal morphology in hominins can also be a consequence of spatial
limitations brought about by changes in the size and organisation of the brain and constraints
of the basicranium (spatial packing hypothesis) (Biegert, 1957). Labyrinthine morphology
remains partially liable to transformations in shape of surrounding structures during prenatal
development (Delattre and Fenart, 1960, 1961, 1962; Spoor and Zonneveld, 1998;
Malinzak, 2010; Lebrun et al, 2012; Le Maitre et al., 2017). For instance, changes in the
position of the lateral canals have been proposed to be linked to the rotation of the petrosals
(Delattre and Fenart, 1958, 1961, 1962), which in turn has been linked to cranial flexion
and/or encephalization (Dean, 1988), and semicircular radii have been shown to be
significantly correlated with brain size in primates (Malinzak, 2010). This is why
interactions between brain size and lateral canal orientation are investigated here too along
with lateral SCC orientation. Research in archosaurs (Benson et al., 2017, Bronzatti et al.,
2021), and turtles (Evers et at., 2022) has recently added support to the spatial packing
hypothesis, and have shown ecological signals based on labyrinthine morphology to be

inconsistent.

CHAPTER 4 - AIMS AND RATIONALE

The orientation of the lateral semicircular canal has historically been used to infer locomotor
repertoire in primates (Malinzak et al., 2012a; Ryan et al., 2012), bipedalism in hominins
(Spoor et al., 1994; Spoor and Zonneveld, 1998a; Spoor, 2003a; Le Maitre, 2019), as well

as locomotor behaviours in various other extant and extinct species (Witmer et al., 2008;

16



Bullar et al., 2019; Schade et al., 2020). However, this assumption has seldom been tested in
a statistically significant and phylogenetically corrected framework, and anecdotal evidence

strongly argues against its veracity (deBeer 1947).

The current state of knowledge calls for a critical reappraisal of the hypothesis that the
lateral SCC can be used as a reliable proxy to infer head posture at rest in primates. Such a
comparative study has yet to be conducted. The present study addresses this hypothesis on
Primates at a broad taxonomic scale, and using a statistical approach that includes
phylogenetic comparative methods (PCM’s). Predictions from this study can be used to
reconstruct head posture and infer the ecological preferences and locomotor modes in extinct

primates.

This study is an inquiry into the status of lateral semicircular canal orientation as a reliable
proxy for the reconstruction of head posture and locomotor repertoires in primates, and asks
if a statistically significant correlation between reconstructed postures and earth’s horizontal

plane holds among primates. The following main hypotheses are proposed:

1) The orientation of the LSCC aligns with earth’s horizontal plane when a primate adopts

a neutral head posture.

2) Neutral head posture is significantly correlated with LSCC orientation.

3) Neutral head postures can be used to predict locomotory behaviour.

4) Brain mass can be used to predict LSCC orientation.

5) Brain mass can be used to predict Neutral head posture.

17



The final goal of this project was to statistically determine, using modern primates, whether
using the lateral semicircular canal is a valid approach to reconstruct head posture and
bipedalism in extinct hominins. If successful, postural and locomotor repertoires of extinct
primates could be reconstructed from canal orientation. If no significant correlation is found
between the lateral semicircular canal orientation and that of the head is not significant, then
this will statistically invalidate a long-held belief in palaeontology, and implications will
have to be discussed. More particularly, the impact of the size and reorganisation of the brain
(the cranial integration hypothesis) will be one of the avenues to be explored to account for

this result.

CHAPTER 5 - MATERIALS AND METHODS

This study followed the methodology outlined in Benoit et al. (2020). CT scans of a sample
of 73 extant primate skulls covering 27 species were obtained from the open-access database
Morphosource (Boyer et al., 2016), the University of Kyoto digital primatology museum
and from the FEuropean Synchrotron Facilities vertebrate biology collection

(http://paleo.esrf.eu/index.php?/category/1783).

Scans of modern human skulls were obtained with permission from the Pretoria Bone
Collection at the Department of Anatomy of the University of Pretoria. Scans of , Sts 565
(Parapapio jonesi), MP 221 (Parapapio whitei), and KA 194 (Papio angusticeps), were
obtained with permission from the Ditsong National Museum of Natural History Collection.
Scans of Sts 5, (Australopithecus africanus), and MP3a (Cercopithecoides williamsi) were
obtained from the Evolutionary Studies Institute at Wits University in Johannesburg.
Specimens obtained from morphosource https://www.morphosource.org/ are housed at the

following institutions: Kyoto university, Museum of comparative zoology, Harvard
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university, The American Museum of Natural history, European synchrotron research
facility, Institut des Sciences de 1'Evolution den Montpellier, Stony Brook University,
Southern Illinois University, and Duke University Lemur Centre. All cranial specimens used
in this study along with their institutional abbreviations and accession numbers are listed in

Appendix (Table 1).

To establish the actual resting head posture in the corresponding primate species, photos
were taken at the Johannesburg and Pretoria National zoological gardens, and the Lory park
(Midrand). To ensure that earth’s horizon was parallel with the long borders of the
photograph, a spirit level was attached to the camera (Canon powershot SX60 HS). Animals
were photographed in lateral position when the spirit level was calibrated with all bubbles

properly aligned, thereby obtaining the desired orientation.

Zoos were deemed appropriate environments to take photographs as the animals are
accustomed to human presence. A waiver for photographing the specimens was obtained
from Wits animal ethics committee (Waiver 26-05-21-0), and permission was obtained from
the zoos. A medical ethical clearance certificate (M220381) was obtained from the Wits
medical ethics committee to digitally reconstruct human bony labyrinths, and to photograph
volunteers drawn from the scientific community at the Evolutionary Studies Institute (ESI).

Photograph measurements are listed in Appendix (Table 2).

Measurements of the angle between the horizontal axis and a modification of the Frankfurt
horizontal on the photos were performed using the software Image J (Rasband, 1997) (see
figure 5.1, left column). Measurements done parallel to the borders of the photograph (see

red dashed line on figure 5.1). Holding shift while taking a measurement on Image J results
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in line parallel with the long borders of the image (Ferreira and Rasband, 2012). Figures
ensure their equivalence to earth’s horizontal plane. The modified Frankfurt horizontal is
defined here as a line connecting the ventral most point of the orbit (orbitale) to the superior
most point on the external auditory meatus (porion). Since the traditional Frankfurt
horizontal only orients the skull in left lateral view using the left porion (White et al., 2012),
the modified definition is used so that measurements could be obtained on both sides of the
head with porion points on both right and left orbitals used (Freimann et al (2014). To correct
for intra-observer error measurements were done 3 times and values greater than 3 standard

deviations of the which are flagged in table 1, were excluded from the analyses.

The bony labyrinths were manually segmented from the CT scans at the virtual imaging
palaeontology lab of the Evolutionary Studies Institute using the software Avizo 9 (VSG,
Hillsborough, USA). Head posture was reconstructed in the same software, using the lateral
semicircular canal as a baseline (as per the literature). The angle was calculated by comparing
the plane of the lateral semicircular canal to the Frankfurt horizontal (see figure 5.1)
Coefficients of from the standard deviation for labyrinthine angles was calculated by taking

10 measurements (5 on each ear) from 2 specimens, see Appendix table 4

Statistical comparisons were then made between the reconstructed posture using lateral SSC
orientation and the actual head posture of specimens in R- statistical software version 4.2.2
(R Core Team, 2022). Preliminary correlations between variables in the dataset were assessed
using the ‘ggpairs’ function in the ‘Ggally’ package (Schloerke et al., 2021). The function
computes and charts Pearson correlations with significance levels across multiple pairs of
variables. The preliminary analysis included neutral head postures, brain mass, body mass,
locomotor diversity indices, primary locomotor category and substrate use.
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Data on brain mass and body mass for extant species was obtained from (Isler et al., 2008a),
and locomotor categories (bipedalism, brachiation, terrestrial quadrupedalism, arboreal
quadrupedalism, and vertical climbing), and diversity indices are from (Granatosky, 2018),
which contained the most comprehensive data on standardised positional repertoires
following (Hunt et al., 1996) to date. Data for endocranial volume (ECV) of fossil
cercopithecoids was obtained from (Beaudet et al., 2016b), and converted using the formula
from 1.147 x (ECV) %976 (Ruff et al., 1997). Brain mass data for Australopithecus africanus
was obtained from (de Sousa and Cunha, 2012), and data for Gorilla gorilla was taken from
(Montgomery, 2018). All values were transformed using a natural logarithm (see Appendix
table 3). Logging variables was done to bring values closer to linearity, normality and

homoscedasticity.

The locomotor diversity indices from Granotsky are based on measures taken from the
Shannon Weaver diversity index (Shannon, 1949), and applied to standardised positional
behaviour. They are denoted by the equation: % Y pi In pi, where pi is the proportion of a
particular locomotor behavior divided by the sum of all locomotor behaviours. Correlations
were then checked by subjecting ordinary least squares analysis to model fits tests using the
base ANOVA function in R to assess if interactions, co-predictors, and models besides the
main one where neutral head posture is predicted from reconstructions, could provide better

predictions for neutral head posture in fossil specimens

A phylogenetic approach was considered important to performing analysis on aspects of the

bony labyrinth, since vestibular morphology has been demonstrated to have a high
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phylogenetic signal (Lebrun et al., 2010; Benoit et al., 2020; Urciuoli, 2021). A phylogenetic
tree was estimated using nucleotide sequences from 10k trees website (Arnold et al., 2010),
while morphological data for cercopithecoids was obtained from Pugh and Gilbert (2018.
suppl). Morphological data for great ape species, Australopithecus africanus, and modern
humans was taken from Dembo et al. (2016. suppl). Nucleotide sequences were aligned
using Clustal X (Jeanmougin et al., 1998), and a rate model for each sequence were selected

using the stochastic IQ- tree algorithm (Nguyen et al., 2015).

The phylogenetic tree was then inferred under a total evidence approach in the software
MrBayes 3.2.6 (Ronquist et al., 2012). Branch length priors were set to a fossilised birth
death prior, with a sampling probability of 1, and a diversity sampling strategy. The speciation
prior was set to exponential 1 and the extinction prior was set to a beta distribution of (1, 1).
The clock rate prior was set to a lognormal distribution (0, 1). Topological constraints on
clades consistent with the literature were assigned to the root. These were hominins,
hominoids, guenons, cercopithecoids, papionins, lemuroids and mandrills. 4 markov chains
were run with a diagonal sampling frequency of 1000, at a temperature of 0.3, and a burn in
fraction of 0.50 was discarded. A total of 60 0000 generations were sampled and all
compatible trees were summarised to obtain the final tree. Convergence of samples was
assessed by assessing that all standard deviations of split frequencies were under 0.01, and
then chains were also checked visually in Tracer (Rimbaut et al., 2018). Since the character
matrices used did not include Cercopithecus williamsi, the taxon was grafted onto the tree
using the ‘bind.tree’ function from the ape package (Paradis et al., 2004). The placement of
C. williamsi alongside Colobus guereza is consistent with the consensus that they are
colobine monkeys (Leakey 1982, Frost & Delson 2002, Frost et al., 2015). The tree is broadly
consistent with recent studies on primates (e.g. Chattergee et al., 2009, Vanderpool et al.,

2020). One notable difference, however, is that Cercopithecus ascanius and Cercopithecus
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mona branch earlier than Cercopithecus neglectus. The misspecification of branch lengths
however does little to affect the robustness in the application of phylogenetic comparative

methods (Stone, 2011).

Statistical analyses such as phylogenetic least squares regression (PGLS) were carried out
using the package ‘nlme’ (Pinheiro et al., 2017), and ‘phylolm’ (Tung Ho and Ané, 2014),
the statistical software R version 4.2.2 (R-Core team 2022). Phylolm was used to obtain the
R-squared values and in cases where there were problems with convergence in using nlme.
Phylolm was favoured as the function easily permits adjustment of upper and lower bound
of parameter. Evolutionary models tested included brownian motion (BM), I’s lambda (2),
early burst (EB), and ornstein uhlenbeck (OU). Pagels’s (1999) lambda measures
phylogenetic signal in characters while simultaneously estimating the parameter, at A = 1,

the model is equivalent to brownian motion and at O the parameter is a star-phylogeny.

All data were log transformed prior to analysis to reduce skew in the datasets, reduce
heteroscedasticity, and improve linearity. Non-normality is known to reduce statistical
power (Mundry et al., 2014), while heteroscedasticity introduces measurement bias when
relevant variables statistical contribution goes undetected (Graf and Hails 2002). Log-
transforms are one way to correct this bias (Graf and Hails 2002). Lilliefors tests using the
‘nortest’ package were used to assess if residuals were approximately normally distributed

(Gross et al., 2015).

Lilliefors test rejects the hypothesis of non-normality of the residuals at a <= 0.05. When

non-normality was detected due to outliers inter-specific regressions at across ecological
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groups and at clade levels were conducted to test if these procedures could yield better
predictions that do not violate model assumptions of phylogenetic general linear models,
since different slopes could be evident at different groups in the phylogenetic tree
(Yapuncich and Boyer, 2014; Smaers and Rohlf, 2016; Sansalone et al., 2020; Smaers et al.,

2021; Gavrilov et al., 2022).
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Fig 5.1: Images of primates from top: Cercopithecus ascanius, Varecia variegata, Papio
ursinus, and Homo sapiens, adopting a neutral poise alongside crania of comparing

Neutral head posture (blue angle) to lateral SCC orientation(pink angle).

Non phylogenetic models were diagnosed for heteroskedasticity using a Brasch-pagan test
(Breusch and Pagan, 1979). Heteroskedasticity for the phylogenetic models was diagnosed
using residual plots. model at o« <= 0.05. Heteroskedasticity is known to inflate type 1 error
rates (Yang et al., 2019), and should therefore be diagnosed before performing phylogenetic
linear regressions (Mundry et al., 2014). The most statistically stable models were used for
predictions. Sub-setting for plots was done using code modified from Bertrand et al (2021

suppl), and the ‘ggplot’ package (Wickham et al., 2016) was used to create graphs.

CHAPTER 6- RESULTS

6.1-Preliminary correlations and model selection

Varecia variegata

Lemur catta

Eulemur coronatus
= Callithrix jacchus
Symphalangus syndactylus
Hylobates lar
Gorilla gorifla
Pan troglodytes
Homo sapiens
Chlorocebus pygerythrus
Cercopithecus mona
Cercopithecus ascanius
Cercopithecus neglectus
Cercopithecus diana
Macaca silenus
Mandrillus sphinx
Mandriflus leucophaeus
Colobus guereza
Lophocebus aterrimus

!Arbmeal Papio hamadryas

Semi-terrestrial P-EP-"D ursinus
Terrestrial Papio cynocephalus
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Figure 6.1.1: phylogenetic tree of extant species considered in this study with discrete
character states (arboreal, semi-terrestrial, terrestrial) mapped using corHMM (Beaulieu et
al., 2017), and phytools (Revell, 2012).

Preliminary Pearson correlations (Fig 6.1.1) of dataset including fossil data reveals no
significant correlations between lateral canal orientation (LCO) and any of the variables in
this subset of the data Locomotor mode is best correlated with body mass and brain mass
with a coefficient of r=- 0.838 at a =0.001. Pearson’s correlations do not recover significant
correlations between neutral head posture and locomotion. These correlations are not

phylogenetically corrected nor evaluated for model assumptions.

After analysing the models in Table 6.1.1, brain mass treated as an interacting variable with
reconstructed lateral canal orientation to predict neutral head posture under a least squares
model yields the lowest, and therefore, best fitting Akaike information criterion (AIC) and
Bayesian information criterion score (BIC). However, when regressing the interaction the
lines do not fit on the graph due to extreme intercept values, suggesting a problem with model
structure due to the heteroskedasticity (see Table 6.1.3), and non-linear distribution of the

variables.

The results of the computed effect sizes (Table 6.1.2) from the models show that brain
mass has the highest effect size on the model. Lateral SCC orientation has a low,
insignificant effect size, and body mass has a low significant effect. When testing whether
reconstructed canal orientation was homoscedastic, the model fails this assumption

(Table 6.1.3). When attempting to plot the model that treats brain mass as interacting
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with canal orientation, the lines do not show on the plot due to the position of the

intercepts, suggesting that the model fit is not linear.
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Fig 6.1.2: Pearson’s preliminary (non-phylogenetically corrected) correlations across the
dataset of extant species. Abbreviations are as follows: Neutral Head Postures (NHP),
Lateral canal Orientation (LCO), Brain mass (BRAIN), Body mass (BODY) , Locomotor
Diversity Index (LDI) * = significant at a < 0.05, **, Locomotor mode= (LOCO). significant
at o < 0.01, *** significant at a = 0.001. The variables best correlated with Locomotion and
head posture are Brain mass and Body mass. These variables also correlate well with the
Locomotor diversity Index.
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Table 6.1.1: Comparison of model fits of ordinary least squares models (OLS) using AIC.
The main model Neutral head postures~Lateral canal orientation has the least predictive
value of all models. AIC = Akaike information criterion, BIC = Bayesian information
criterion, LL = Log likelihood, LR = likelihood ratio.

OLS Model

Neutral head postures ~
Lateral canal
orientation

Neutral head postures ~
Lateral canal
orientation+Brain mass

Neutral head postures
~Lateral canal
orientationxBrain
mass

Neutral head postures
~Brain mass

Neutral head
postures~Brain mass +
Body mass

—_

AIC

34.08

24.86

20.06

24.61

BIC

37.35

29.22

25.52

32.63

30

LL

-14.04

-8.43

-5.03

-11.68

8.78

Test

1vs?2

2vs3

3vs4

4vs5

LR p-value
11.22  0.0008
6.80  0.0091
13.30 0.0013

0.0126
8.78

Table 6.1.2: Computations of effect sizes for ordinary least squares models.

Sum F-
Response Df Pr(>F)
Sq value
(Intercept) 0.957 |1 9.61 0.00651
Lateral canal orientation 0.288 |1 2.89 0.107
Brain mass 1.275 1 12.80 0.00232
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Body mass 0341 |1 3.43 0.0814

Lateral canal orientation :Brain mass 0.810 |1 8.13 0.0111

Table 6.1.3: Breusch Pagan tests for heterosckedacity in the Ordinary least squares models
The only model which does not show evidence of heteroskedacity is the the first model
Neutral head postures vs lateral canal orientation. * = significant at a < 0.05.

OLS Model Breusch-Pagan test (df p-value
1

Neutral ' heaq postures Lateral 11173 0.2905
canal orientation
Neutral . heaq postures ~Lateral 9.5628 0.02267*
canal orientation*Brain mass 3
Neutral . heaq postures ~ Lateral 79075 9 0.01918*
canal orientation+Brain mass
Neutral head postures ~ Brain mass 4.7372 1 0.02952*

6.2 - Evolutionary models

Table 6.2.1: Model selection table for evolutionary models of neutral head postures ~
lateral SCC orientation. Pagel is recovered as the best fitting according to AIC. The p-
value also suggests a better model fit. Pagel has the lowest AIC value, as well as an

improved model fit given the p-value. * denotes statistical significance at o </= 0.001.

EB (Early Burst), OU (Ornstein Uhlenbeck), BROWNIAN (Brownian motion), PAGEL
(Pagel’s lambda). Df (degrees of freedom, AIC (Akaike information criterion), BIC
(Bayesian information criterion), LL (Log-likelihood), LR (Likelihood ratio).

Model Df AIC BIC L L p-value
L R

EB 1 42.57 47.41 -19.069

In (Neutral head >

postures) ~ In(LSCC

orientation)
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ou

In (Neutral head

postures) ~ In(LSCC

orientation)
BM

In (Neutral head

postures) ~ In(LSCC

orientation)

PAGEL In (Neutral

head postures) ~

In(LSCC orientation)

34.06 37.33 -14.03

41.15 44.43 -17.254

25.86 30.22 1.339 39.1 p<.0001*
854  *

Table 6.2.2: Model selection table for neutral head postures ~ brain mass. Pagel is the best
fitting model. * denotes statistical significance at o </= 0.01. EB (Early Burst), OU (Ornstein
Uhlenbeck), BROWNIAN (Brownian motion), PAGEL (Pagel’s lambda).

Df (degrees of freedom, AIC (Akaike information criterion), BIC (Bayesian information
criterion), LL (Log-likelhood), LR (Likelihood ratio).

Model

EB In(Neutral head
postures) ~ In(brain)
mass

OU In(Neutral head
postures) ~ In(brain)
mass

BROWNIAN
In(Neutral head
postures) ~ In(brain)
mass

PAGEL In(Neutral
head postures) ~
In(brain) mass

U1

AIC

38.10

29.35

36.86

5.04

BIC

41.38

32.63

40.14

9.40

LL Test LR p-value

-16.05

-11.68

-15.43

1.48 4vs 33.8  p<.0001*
5 3

Table 6.2.3: Lilliefors test for normality on the best fitting evolutionary models for
Neutral head postures ~ Lateral canal orientation and Neutral head postures ~ Brain mass.
The first listed model fails the test suggesting non-normality and the second model passes

the test at o <= 0.05.
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Test Model
Lilliefors Ornstein Uhlenbeck -
In(Neutral head postures) ~
In(Brain mass).
Lilliefors Pagel- In(Neutral head

postures) ~ In(Brain mass).

D p-value
0.22951 0.001*
0.17267 0.05

When calculating the R-squared, head postures predicted from brain mass under a Pagel

correlation structure have a higher R-squared value than the lateral SCC orientation v.s

head posture model. The slope and intercept values however are the same as the ordinary

least squares model, suggesting that the phylogenetic correlation structure may not be

important for the modelling despite the slightly lower AIC score. The p-value is significant

(p-value =0.015), and the residuals are approximately normal according to the Lilliefors

test (p-value = 0.05).
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Fig 6.2.1: Neutral head postures ~ Lateral SCC orientation of extant species subsetted
according to main substrate (Arboreal and Terrestrial).

Table 6.2.4 — Lilliefors tests for normality for Neutral head postures ~ lateral SCC orientation
subsetted by substrate use (Arboreal and Terrestrial). Both results suggest that the regressions
are normal.

Model Lilliefors test p-value
statistic

Arboreal species D =0.23091 0.1037

Terrestrial species D =0.20914 0.1963

When regressing at two clade levels, hominoidae and cerocopithecoidea, no significant p-value
is recovered for hominoids, with a p =0.1. A significant relationship is, however, recovered for
cercopithecoids p = 0.0001. The lillietest results provide support that the data are approximately
normal for this clade. A phylogenetic signal of 1 is estimated for hominoids is estimated for the
hominoids, but none is present for cercopithecoidea (A = 0). This is an interesting result as no
signal could be detected in the model using all data points, and may be a consequence of noise

produced in the model when the overall tree.

Table 6.2.5: Lilliefors for the PGLS subsetted by two main clades in the sample show no
evidence for non normality in the residual structure.

Lilliefors test statistic

Data p-value
Cercopithecoids D=0.11 p=0.91
Hominoids D=0.27 p=0.22
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No phylogenetic signal is present (A = 0 when subsetting head postures v.s canal orientation
according to arboreal and terrestrial substrates. Both models are approximately normally
distributed according to the Lilliefors test. This model has a significant p-value for the slope of

species coded as terrestrial (p= 0.03), but not for arboreal species (p=0.1).

6.3 - Fossils
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Varecia vanegat:

Lemur catla

Eulemur comnatus
Callithrix jaceh,
Symphalangus syndactyius
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Pan toglodytes
Australopithecus afrcanus
Homo sapiens
Chiorocebus pygeryihus
Colobus guereza

Ci pithecaides williamsi
Cearcopithecus mona
Cercopithecus ascanius
Cercopithecus negleclus
Cercopithecus diana
Macaca silenus
Mandrilius sphing
Mandnllus leucophaeus
Parapapio whitei
Parapapio jonesi

Loph: ]
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Symphalangus syndaciyus
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Govilla gonlla
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Australopithecus afrfcanus
Homo sapiens
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Colobus guereza
Cercopithecoicles willlams/
Cercopithecus mana
Cercopithecus ascanius
Cercopithecus neglectus
Cevcopithecus diana
Macaca silenus
Mandnllus sphinx
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Parapapio jonesi
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Papio angusticeps
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Papio gynocephalus

=il

A1

5.769 In[Body mass) 11.703
[ a— ]
length=28.345

Fig 6.3.1: Phylogenetic trees inferred using total evidence methods in MrBayes used to conduct

PCM’s, with Ln(Brain mass (g)) and Ln Body mass (g) mapped onto the trees using the ‘contmap’

function in the ‘phytools’ package.

Varecia variegata
Lemur calfa
Eulemur coronatus

== Callithrix facchus

-1.432 resid(IniNHP)~In{LCO) 0516
L —— ]
length=28.345

Symphalangus syndactylus

Hylobates far

Gorilla gorilla

Pan troglodytes
stra.fopi ecus africanus

Homo sapiens
Chiorocebus pygerythrus
Colobus guereza
Cercopithecoides williamsi
Cercopithecus mona
Cercopithecus ascanius
Cercopithecus neglecius
Cercopithecus diana
Macaca silenus
Mandrilius sphinx
Mandrilius leuvcophaeus
Parapapio whitei
Parapapio jonesi

Lophocebus aterrimus
Dinopithecus ingens
FPapio hamadryas
1 Papio ursinus
Papio cynocephalus
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Figure 6.3.2: Ln( NHP) and Ln (LSCC orientation) mapped onto the phylogenetic tree using

the ‘contmap’ function from the package ‘phytools’(Revell, 2012). Blues represent lower

values, yellow, greem annd orange intermediate and blues lower values.

2 Varecia variegata
Lemur calta
Euwlemur coronatus

== Callithrix jacchus

-0.814  resid{In(NHP}~In{Brain mass) 0.853
s e— ]
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= Pan roglodytes
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! Homo sapiens
Chlorocebus pygerythrus
== Colobus guereza
Cercopithecoides williamsi
== Cercopithecus mona
= Cercopithecus ascanius
Cercopithecus neglectus
Cercopithecus diana
== Macaca silenus
Mandrillus sphinx
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Dinopithecus ingens
Papio hamadryas
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% _—[:: Parapapio whitei
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Figure: 6.3.3: Residuals of In(Neutral head postures) v.s In(Brain mass) plotted using ‘contmap
function in phytools (Revell, 2012). Red values are lower values, Red higher, Greens and yellows are

intermediate, Blues are higher.

The lateral canal orientations of the fossil cercopithecoids all fall within the mean range of extant Papio
species and Macaca silenus. Cercopithecoides williamsi has an average canal orientation slightly lower
than the mean of its closest extant relative in the sample, Colobus guereza. One of the Colobus guereza

specimens, however, has a lower canal orientation than the mean of C. williamsi (~ 17.5 3°).

Average values of these two canal orientations for C. williamsi cannot therefore be interpreted as a shift
toward a different substrate preference or a change in locomotor diversity. Australopithecus africanus
(Sts 5), has a mean orientation in the range of arboreal species and knuckle walking apes. Homo sapiens,
however, exhibit a mean canal orientation similar to that of baboons (21.73°), but have orientations that
range between 14.7° and 30°. Overall, there does appear to be a trend toward arboreal species having a
larger angle of the lateral canal relative to the Frankfurt horizontal, with the exception being Callithrix
jacchus, which exhibits the lowest lateral canal angle of all species (6.361°). Included in the discussion.
The lower canal angle makes C. jacchus a clear outlier among predominantly arboreal species. Given
that it is the only platyrrhine sampled, it would be interesting to see if this condition hold across
platyrrhini, or it emerged via multiple independent origins, a small face (Bastir et al., 2010), and a low

cranial base angle (Ross and Ravosa, 1993), or other cranial attributes.
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These results show that while there is substantial variance in canal orientation. average values are
similar for primates overall. The full model of head posture predicted from canal orientation with
predictions from the terrestrial regression values shows a moderate phylogenetic signal of A = 0.53.
The model is normal according to the lillietest (p = 0.1). When plotting a phylogenetically corrected
regression under an Pagel model of neutral head postures v.s lateral SCC orientation for the 2
locomotor modes for which more than 2 species are available, a significant correlation is recovered
within for arboreal quadrupeds while terrestrial species fail to meet significance (Table 6.3.1). The
model recovers arboreal species as having an R-squared of 0.25, and terrestrial species as having an
R-squared of 0.40 and p-values of 0.008 and 0.08 respectively. Results of the lillietest for both
terrestrial and arboreal species recover no evidence of non-normality in the residuals. The residual

plots however reveal that there is some heteroscedasticity in the models (Table 6.3.1).

Table 6.3.1: p-values for PGLS and Lilliefors tests for normality of best fitting PGLS models. Model
fits are improved when subsetting by arboreal and terrestrial substrates with no evidence for non-

normality (p > 0.05) and the p-value for arboreal species is significant at a <0.01.

Model PGLS p-value Lillietest

Full model Neutral head p=0.1 D = 0.19532, p-value = 0.007702

posture ~ Reconstructed
canal orientation

(PGLS)
Arboreal species (PGLS) p=0.008 D = 0.22736, p-value = 0.1155
Terrestrial species (PGLS) p=0.08 D =0.12084, p-value = 0.7325
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Head postures predicted from canal orientation performs best when subsetting by predominantly
terrestrial and predominantly arboreal substrate use. There is no phylogenetic signal present in the
residuals from the terrestrial (A), early burst (EB), and ornstein uhlenbeck (OU) were compared using
= 0), or the while the arboreal model as a small amount of phylogenetic signal present (A), early burst
(EB), and ornstein uhlenbeck (OU) were compared using = 0.11). This suggests that the correlation
between head posture and canal orientation is a functional one with a moderate amount explained by

substrate use.

The phylogenetic signal for canal orientation is high (A = 0.99), suggesting that the character varies
under a Brownian motion model of evolution characterised by a random walk that accrues proportional
to the branch lengths along the phylogeny (Miinkemiiller et al., 2012). The lower proportion of the
variance explained by the arboreal model may be due to the single vertical leaper. in the dataset,
Callithrix jacchus, reducing the steepness of the slope. Callthrix jacchus was included since the
exclusion of this species resulted in non-normally distributed residuals. Predicting head postures from
brain mass across the dataset performs best in that a better overall model fit is achieved which meets

model assumptions and meets the threshold for statistical significance.
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Fig 6.3.4: Residual plot of PGLS of arboreal and terrestrial species. Terrestrial species have one
outlier and arboreal species have two. Homo sapiens is the largest outlier in the terrestrial dataset
followed by Papio species. Since these species are needed to infer the evolutionary pattern of
hominins and fossil cercopithecoids they were not dropped from the dataset.

Table 6.3.3: Predicted values from PGLS model under Pagel's lambda of neutral head postures

predicted from brain mass. Australopithecus africanus and Cercopithecoides williamsi, Parapapio
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jonesi, Parapapio whitei, and Dinopithecus ingens exhibit a head posture within the range of the
terrestrial condition under the brain mass model.. No brain mass data is available for Papio
angusticeps. All Parapapio and Papio species are predicted to have similar head postures to modern

Papio cynocephalus.

Species Predicted value for head posture from PGLS

(Brain mass)

Australopithecus africanus 6.82°

Cercopithecoides williamsi 10.38°
Parapapio jonesi 12.42°
Parapapio whitei 11.02°
Dinopithecus ingens 12.30°

Papio angusticeps -
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When using head posture predicted from brain size and phylogenetic ANOVA pairwise
comparison, a number of significant values were obtained: knuckle walkers are significantly
different to bipeds, bipeds significantly different to arboreal quadrupeds and arboreal quadrupeds
are significantly different to terrestrial quadrupeds (Table 6.3.4). No significant difference is
recovered between brachiators and any other modes and bipeds do not exhibit significantly
different brain size from terrestrial quadrupeds (Table 6.3.4). This is probably due to A. africanus
displaying a brain size closer to the great ape condition, and/or the head postures of baboons

recovered in an outlying position along with H. sapiens.
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Fig 6.3.5: Results of PGLS of head postures v.s brain mass. Here fossils are treated as unknown. All
fossil species can be seen plotting closer to terrestrial ones. In contrast to the predictions from the
regression subsetted by substrate use (habitat), this model recovers A. africanus as having a similar
posture to H. sapiens. Fossil cercopithecoids all plot in the region of extant baboons (terrestrial) and
Macaca silenus (semi-terrestrial).
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Locomotor box-plots of main locomotor modes and selection of variables examined under

phylogenetic regressions in this study. Predicted values for fossils included in these plots are

estimated from PGLS prediction done on brain mass.

Fig 6.3.6
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Fig 6.3.7: PGLS sub-setted by arboreal (blue) and terrestrial species (red). Fossils (black circles)
head posture values are predicted from brain mass. Crosses (substrate factor 3) are semi-terrestrial
species.

Table 6.3.4: Kruskal-Wallis paired comparisons of residuals from Neutral head postures v.s canal

44



orientation: No significant difference is recovered between groups.

Brachiator

Bipedalism Knuckle Arboreal Terrestrial
walker quadruped quadruped

p=1 p=0.08 0.648 p=1 p=1

p=0.08 p=1 p=1 p=1 p=1

p=0.648 p=1 p=1 p=1 p=1

p=1 p=1 p=1 p=1 p=0.648

p=1 p=1 p=1 p=0.648 p=1

Table 6.3.5 Pairwise corrected p-values from phylogenetic anova with predicted values for fossils for
neutral head posture from brain mass. Significant values are recovered between all groups except for
brachiators and all other groups and bipeds and other terrestrial quadrupeds. The lack of difference
between bipeds and terrestrial quadrupeds is likely due to baboons sometimes adopting similar
postures. * = significant at a= 0.05.

Bipedalism Knuckle Brachiator Arboreal Terrestrial
walker quadruped quadruped

Bipedalism  p=1.000 p=0.010* p=0.112 p=0.570* p=0.119
Knuckle p=0.010%* p=1.000 p=1.000 p=1.000 p=1.000
walker
Brachiator p=0.112 p=1.000 p=1.000 p=1.000 p=1.000
Arboreal p=0.570* p=1.000 p=1.000 p=1.000 p=0.045*
quadruped
Terrestrial p=0.119 p=1.000 p=1.000 p=0.045* p=1.000
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quadruped

Table 6.3.6: Phylogenetic anova pairwise comparisons between species coded as arboreal and
terrestrial. All 3 variables: canal orientation, head posture and brain size are significantly different.
Fossil predictions in this model are from brain mass.

Model Arboreal Terresrial
Lateral canal orientation ~ Terrain p=0.011%*%*
Neutral head posture ~ Terrain p=0.005**
Brain mass ~ Terrain p=0.04*
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Fig 6.3.8: Box-plots of habitat (substrate use) v.s head postures, canal orientation and brain mass.

Under this model are fossils treated as ‘unknown” in grey and values are predicted from brain mass.

Table 6.3.7: pairwise phyloanova p-values of neutral head postures subsetted by substrate with
coding ‘semi- terrestrial’ included. Fossils are coded as unknown. No significant differences are

recovered.
Arboreal | Terrestrial Semi- Unknown
terrestrial
Arboreal p=1.000 p=0.390 p=0.940 p=0.635
Terrestrial p=0.390 p=1.000 p=1.000 p=1.000
Semi-terrestrial | p=0.940 p=1.000 p=1.000 p=1.000
Unknown p=0.635 p=1.000 p=1.000 p=1.000
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Table 6.3.8: pairwise phylo anova p-values of lateral SCC orientation by substrate use. No significant
differences are recovered.

Arboreal  Terrestrial Semi- Unknown
terrestri
al
Arboreal p=1.000 p=0.23 p=0.816 p=0.816
Terrestrial p=0.230 p=1.000 p=0.120 p=0.380
Semi- p=0.816 p=0.12 p= 0.468 p=0.468
terrestrial
Unknown p=0.816 p=0.38 p=1.000 p=1.000

Table 6.3.9: Phylogenetic regressions of substrate use (terrestrial, semi-terrestrial, arboreal, unknown)
against neutral head posture (predictions for fossils from from brain mass). The model is recovers a
significant intercept at significant a< 0.001 ***,

Model Intercept p-value Slope p -value R
2
p=0.0165495 * p=0.0001895 0.40
ek

Substrate use v.s
Neutral head

postures
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CHAPTER 7 - DISCUSSION

7.1 - Neutral head posture v.s lateral canal orientation

This project’s main objective was to examine the relationship between the lateral SCC and neutral
head postures in primates, and test whether it is aligned with earth’s horizontal at rest. The lateral SCC
canals have been argued to be aligned to the yaw plane of head which is maximally sensitive when
parallel with earth’s horizontal plane (Girard, 1923; Muller and Verhagen, 2002; Fitzpatrick et al.,
2006; Hullar, 2006; David et al., 2010). However, despite suggestions that the lateral SCC’s are held
close to the horizontal at rest across taxa (Girard, 1910, 1923, 1924, 1929; Perez, 1922; de Beer, 1947,
Delattre and Anthony, 1951; Delattre and Fenart, 1957, 1958; Vidal et al., 1986; Spoor and Zonneveld,
1998c; Fitzpatrick et al., 2006; Hullar, 2006; Coutier et al., 2017; Schellhorn, 2018; Le Maitre, 2019),
the results here show that this is not consistently the case. The high phylogenetic signal ( A= 0.99)
recovered for Lateral SSC orientation reveals that the character is highly heritable and under the
constraints of phylogeny. Lateral SSC orientation varies little between species and therefore most of
the variance is exhibited in head posture (Appendix Table 3). The results of phylogenetic signal on
head posture alone is A =0. It is therefore unlikely that neutral head posture and canal orientation are
evolving in a correlated fashion. These results are therefore in broad agreement with Benoit et al.
(2020), where it is suggested caution should be exercised when trying to infer head posture in fossil
species on the basis of the lateral canal. Furthermore, the Kruskal Wallis comparisons of residuals
from PGLS of Neutral head postures ~ Lateral SCC orientation corroborate that canal orientation

alone is not useful for predicting locomotion in primates (Table 6.3.8).

49



Canal orientation approximately aligns with earth’s horizontal in Cercopithecus diana, Cercopithecus
mona, Cercopithecus ascanius, Hylobates lar, Symphalangus syndactylus, Gorilla gorilla, Pan
troglodytes, Mandrillus leucophaeus, Mandrillus sphinx, Varecia variegata, Lemur catta, and Eulemur
corantus (Appendix Table 3, Fig 6.2.1, Fig 6.3.7). However, the lack of consistency across primates
suggests that bringing the lateral canal near the horizontal is not functionally important as has been
historically argued (Girard, 1910, 1923, 1924, 1929; Perez, 1922; de Beer, 1947; Delattre and Anthony,
1951; Delattre and Fenart, 1957, 1958; Vidal et al., 1986; Spoor and Zonneveld, 1998; Fitzpatrick et
al., 2006; Hullar, 2006; Coutier et al., 2017; Schellhorn, 2018; Le Maitre, 2019). The residual mapping
of Ln(Neutral head postures v.s Ln(Lateral canal orientation) in Figure 6.3.3, show that lower values
tend to be highly terrestrial species (e.g. papio species, Homo) and higher values tend to be arboreal
(e.g. Cercopithcecus mona, Cercopithecus ascanius, Varecia variegata) , a glaring exception being

Callthrix jacchus.

When the canal is held horizontal, the head is characterised by a slight pitch forward (Figure 2.1).
Arboreal species appear to adopt less orthograde postures when resting (Appendix Table 2, Appendix
Table 3). The postural hypothesis that suggests that a more pronograde neck would need to be more
flexible to orient the orbits anteriorly and a more orthograde neck would require a more flexed base
to attain anterior orbital orientation (Strait and Ross, 1999), may explain this pattern. A head posture
characterised by a slight pitch forward may improve reaction during vigilance behaviours by
permitting quicker refuge and concealment from predators in arboreal species. This conjecture may
be tested using a combination of photographic and non-invasive eye tracking techniques (see Howard
and Lonsdorf, 2022), followed by assessing these against anatomical characteristics related to head

posture. The levels of asymmetry among some specimens detected in this study (Appendix: Table 1)
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are higher than what has been reported in other primates (Lebrun et al., 2021). In future studies it

would be important to analyse potential functional reasons for this asymmetry.

7.2- Obligate terrestriality

It is striking that the lateral canal is significantly different between two substrates (‘arboreal and
terrestrial’) as is neutral head posture (Table 6.3.6). The plots (Fig 6.2.1, Fig 6.3.7) clearly display
Papio, Parapapio, and Homo as outliers to the arboreal regression line, fitting on a completely
different, much steeper line (Fig 6.3.7). Parapapio, Papio, and hominins are widely considered to
have transitioned from wooded environments to grassland during the late-pliocene early pleistocene
(e.g. Vrba, 1985; Potts, 1998a, 1998b; Bobe and Behrensmeyer, 2004). That terrestrial and arboreal
species differ in head posture may can be accounted for by the coupling of the LSC with other aspects
of the basicranium (Spoor and Zonneveld, 1998) and with differing visual demands encountered in

an arboreal v.s terrestrial environment.

Lateral SCC orientation has already been suggested to correlate with orbital orientation (Lieberman
et al., 2000). Therefore the changes detected between head posture lateral SSC orientation may in part
be accounted for by the challenges of a 3 dimensional environment where arboreal species need to
stabilise themselves on narrow supports v.s a 2 dimensional environment in terrestrial species
(Preuschoft and Franzen, 2012). The overlap of semi-terrestrial forest dwelling taxa (Fig 6.2.1, Fig
6.3.7), suggests that these may have retained an arboreal attitude of the head in relation to the lateral

canal.

51



Among terrestrial species, Homo is an outlier (Figs. 6.2.1, Fig 6.3.5, Fig 6.3.7). The extreme outlying
position of H. sapiens, corroborates previous observations whereby H. sapiens are notably deviant in
the angle between head posture and lateral canal orientation (e.g. de Beer, 1947). The outlying position
of H. sapiens among terrestrial species hominoids may be explained by the increase in encephalization
in H. sapiens, whereby an expanding brain changes the orientation of the brain case and in turn the
lateral SCC or the reduction in size of the lateral SCC due to relaxed selection on yaw movements
being rare in H. sapiens (Lieberman, 2011). The convergence of outlying status in Homo and Papio
species is likely driven by an increasingly terrestrial habit in these clades. The results show that
hominoids exhibit a phylogenetic signal of lambda( A) = 1, which suggests that these traits are
correlated under a neutral, Brownian motion model of evolution (Revell et al., 2008). Cercopithecoids,
by contrast, exhibit no phylogenetic signal, suggesting that posture in this clade was under functional

selection for an increasingly terrestrial lifestyle.

The results of the outlying position of baboons and humans are broadly consistent with other research
that found convergence in angles of the SCC and aspects of the basicranium Spoor and Zonneveld
(1998). Papio and H. sapiens also tend to hold their heads pitched slightly upward or straightforward
(Appendix Table 2, Appendix Table 3, Figure 7.2.1). The results of the study show, that overall,
terrestriality is reflected in the relationship between neutral postures and lateral canal orientation.
This has important implications for reconstructing ecological preferences and arborealism and
terrestrialism in extinct species and bipedalism in hominins. This holds important implications on

reconstructing terrestriality in extinct hominins.
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Fig 7.2.1 : Photos of arboreal species in the top row from left to right (Cercopithecus ascanius,
Cercopithecus mona, Varecia Variegata. Predominantly terrestrial species in bottom row from left to
right (Macaca silenus, Papio hamadryas and Papio ursinus). Note the larger angle between the

Frankfurt horizontal in the arboreal species v.s smaller angle in predominantly terrestrial species.

7.3 - Can Bipedalism be inferred from Lateral SSC orientation?

Lateral SCC canal orientation is expected to correlate with locomotion due to the demands placed on
the vestibular system during movement, and when an animal needs to stabilise gaze and head posture
(Sanders and Smith, 2005; Bullar et al., 2019), and bipedalism is expected to be associated with changes
in the semicircular canals given the demands of maintaining an upright posture over a small area of

support (Spoor et al., 1994).

This study sought to address if lateral SCC orientation was correlated with locomotion using

photographs taken with a spirit level, digital segmentation techniques, and statistical methods. The
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results suggest that lateral SCC orientation is not the most important variable for inferring locomotor
behaviours (Fig 6.1.2, Fig 6.3.6, Table 6.1.2, Table 6.3.6). Indeed, neutral head posture alone is a
better overall predictor of main locomotor modes (terrestrial quadrupedalism, arboreal
quadrupedalism and knuckle walking) (Fig 6.3.6, Table 6.3.5), with no significant difference found
between brachiation and other locomotor modes (Table 6.3.5). The functional importance of the
orientation of the canal during locomotor behaviours may be better explained, like other aspects of
SCC morphology, by cranial integration as has been found in other amniote clades (Bronzati et al.,
2021b; Evers et al., 2022). Alternatively, the plane of sensitivity may be maximised and under
selection when the animal is moving or during yaw movements (Spoor and Zonneveld, 1998). During
movement an animal may pitch its head forward, bringing its canals in line with earth’s horizontal
(Urciuoli et al., 2020). Indeed, physiological data has shown that in humans the lateral SCC only
senses 62% of the angular acceleration vector at rest in contrast to 99% when pitched forward (Fetter

et al., 1986).

Overall, lateral canal orientation is not a good predictor of primary locomotor mode or positional
repertoires (as denoted by the locomotor diversity index). Neutral head posture may, however, be
predicted if information about substrate preferences is available (arboreal v.s terrestrial). However,
this study did not assume a priori that the species under consideration had a known substrate
preference. Hence, lateral canal orientation was not used to make predictions. Importantly, despite
documentation about the importance of the lateral semicircular canals in stabilising posture (e.g.
Fitzpatrick et al., 2006; Day et al., 2010), lateral canal orientation does not provide information about
bipedalism in hominins. It would be interesting to see if these methods can be investigated in
archosaurs where the lateral canal is so often claimed to be a reliable proxy for head posture (e.g.

Sanders and Smith, 2005; Bullar et al., 2019).
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7.4- Brain mass

Surprisingly, brain mass is found to be a good predictor of neutral head posture (Fig 6.1.1, Fig 6.1.2,
Fig 6.3.6). Additionally, the results of the regression of neutral head postures v.s brain mass, using
brain mass as a predictor of for fossil values f(Fig 6.3.3), supports brain mass as explaining a
significant proportion of the variance (R? = 0.32, p=0.0001). Smaller brained primates generally adopt
a posture where their heads are more tilted (Fig 7.2.1, Appendix Table 2). The relationship is not
entirely straightforward, however, as chimpanzees have more ventrally tilted neutral head postures
than baboons (Appendix Table 2, Appendix Figure 1). This is also displayed in the character mapping
of neutral head postures v.s lateral SCC orientation (Figure 6.3.3). Differences in brain shape and
proportions may account for these differences. Changes in brain shape are characterised by lateral and

posterior expansion in Papionins, and an anterior expansion in hominoids (Sansalone et al., 2020).

Allometrically driven evolutionary accelerations in brain shape in hominoids and papionins have been
suggested to account for complex behaviours which, in turn, are reflected in ecological and positional
behaviours (Sansalone et al., 2020). It would be interesting to explore these changes in relation to

locomotion and posture in the future.

Aspects of brain development have long been associated with bony labyrinth morphology (Werner,
1933; Spoor and Zonneveld, 1998).The results of the present study are consistent with these studies
and provide support to relationships recovered between labyrinthine morphology and brain size
(Morimoto et al., 2020). These results may be explained by the spatial packing hypothesis

(Bieger1957; Gould, 1977; Moss, 1958; Ross and Ravosa, 1993; Spoor, 1997; Lesciotto and
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Richtsmeier, 2019). This hypothesis proposes encephalization plays on basicranial architecture and
orientation (Gould, 1975; Spoor and Zonneveld, 1998; Jeffery and Spoor, 2006; Lebrun et al., 2012;
Malinzak et al., 2012b; Bastir and Rosas, 2016; Neaux et al., 2019). It has been noted that if
labyrinthine angles are expected to be correlated with the rotation of the tentorium cerebelli during
ontogeny, relative brain size may correlate with labyrinthine orientation (Spoor and Zonneveld, 1998;
Spoor, 2003). In addition to brain size, facial orientation has been demonstrated to explain a proportion
of variance in basicranial morphology (Bastir et al., 2010). The position of Homo sapiens, in particular,
may be a consequence of flexion along the midline of the basicranium (Strait and Ross, 1999;

Lieberman et al., 2002; Bastir et al., 2010).

Overall, the results of this study show that brain mass is a good predictor of neutral head posture in

fossil species, and shows significant differences between primary locomotor modes. Given that brain
mass has been studied extensively in hominins (e.g. Wolpoff, 1981; Jeffery and Spoor, 2002; Deaner

et al., 2007; de Sousa and Cunha, 2012; Schoenemann, 2013; Zollikofer and De Leé6n, 2013;

Grabowski, 2016; Du et al., 2018; Gonzalez-Forero and Gardner, 2018; Montgomery, 2018; Beaudet

et al., 2019, 2021; Cofran, 2019), and primates (eg Sawaguchi, 1990; Ross and Henneberg, 1995;

Deaner et al., 2007; Isler et al., 2008; Van Woerden et al., 2010; Herculano-Houzel and Kaas, 2011;
Montgomery, 2013; Beaudet et al., 2016; Halley and Deacon, 2017; Powell et al., 2017; Beaudet and
Gilissen, 2018; Ni et al., 2019) , the suggested relationship between brain mass and head posture

opens up new opportunities for research into this area.
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7.5 - Implications for fossil data and the evolution of hominin terrestralisation

As discussed in the previous sections, neutral head postures can be predicted from brain mass in fossil
species and Lateral SSC orientation can be extracted directly from fossils. The combination of these
data can be used to corroborate whether or not a selected sample of fossils were predominantly
terrestrial or arboreal. The results of this study suggests that A. africanus (Sts 5) was a predominantly
terrestrial species (Fig 6.3.7). These results are consistent with studies which suggest that
Australopithecus species were committed terrestrial bipeds (e.g. Green et al., 2007; Ward et al., 2011;

Ryan et al., 2018).

Additionally, the results for the fossil cercopithecoids analysed in this study (P. Jonesi, P. whitei, C.
williamsi, and D. ingens) are consistent with a body of research that has argued that these species are
all highly terrestrial (e.g. Codron et al., 2005; Gommery et al., 2014; Williams and Geissler, 2014).
These results are also not surprising given the relationship that body mass has in hindering arboreal
activities (e.g. Delson et al., 2000). Overall, the technique of using brain mass to reconstruct head
posture and then projecting these points back into regression space of neutral head postures v.s lateral
canal orientation, offers a promising method for inferring whether an extinct species was arboreal or

terrestrial.

7.6 - Potential drawbacks
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This study did not account for intraspecific or interspecific variation, nor was sexual dimorphism
included as a potentially confounding aspect upon neutral head postures, LSCC orienation or brain
mass. Primate that have high levels of dimorphism in this study include hominoidae (Schaefer et al.,
2004; Higgins et al., 2004), and papionini (Singleton et al., 2012; Singleton et al., 2017). Intra and
Interspecific variability can be investigated between brain mass and canal orientation in future studies.
However associations between canal orientations in ct-scans and photographs in the same specimens
is not feasible without sacrificing the animal. Thus, this study sought to do extensive sampling to

achieve statistical power to attain substantial accuracy in a non-invasive manner.

CONCLUSION

Contrary to expectations that bipedalism can be reconstructed on the basis of the plane of the lateral
canal in relation to head posture, this study reveals that this is not the case. However, brain mass and
head posture are correlated and correlations between neutral head postures and lateral SCC orientation
are detected when considered arboreality and terrestriality. A new method is introduced when
reconstructing the evolution of terrestriality using brain mass to predict head posture and then
comparing these to Lateral SCC orientation, when subsetted by substrate type. The results are
consistent with research that suggests that Parapapio, C. williamsi, and A. africanus were all highly
terrestrial. These results open up future prospects for studying locomotion using aspects of the

cranium, including the brain and the bony labyrinth.
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APPENDIX

Table 1: Specimens used in this study to extract lateral canal orientation. L= left R = Right lateral
canal orientation in degrees. Abbreviations: PRICT — Kyoto university digital museum; MCZ -
Museum of comparative zoology, Harvard university; AMNH — American Museum of Natural history;
ESRF- European synchrotron research facility; Isem - Institut des Sciences de 1'Evolution de
Montpellier; sbu — Stony Brook University. SIU — Southern Illinois University; DLC — Duke
University Lemur Centre; PBC — Pretoria bone collection — University of Pretoria; Dnmnh- Ditsong

natural history museum.

Taxon

Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Australopithecus africanus
Pan troglodytes
Pan troglodytes
Pan troglodytes
Pan troglodytes
Pan troglodytes
Gorilla gorilla
Gorilla gorilla
Gorilla gorilla
Gorilla gorilla
Gorilla gorilla

Hylobates lar

Specimen

PBC 2615

PBC 2452

PBC 3866

PBC 3669

PBC 4253

Wits- Sts 5

PRICT 22

MCZ: mamm 15312
MCZ:mamm:bom-6244
Isem: AG 06
PRICT 147

PRICT 1345
MCZ:mamm:26850
PRICT 145

ESRF 50001988
PRICT 2774

PRICT 1287

22.8°
30.5°
18.2°
18.9°
15.3°
25.7°
24°
21.6°
21.5°
20.9°
22.7°
20.64°
22.3°
22.22°
27.4°
26.5°

19.96°

29.3°
14.7°
21.4°
22.3°
20.3°
27.4°
19.7°
19.2°
21.3°
31.2°
36.35°
20.313°
19.5°
17.9°
30.4°
31.4°
19.449°
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Hylobates lar

Symphalangus syndactyalus
Symphalangus syndactyalus

Symphalangus synadactyalus

Papio angusticeps
Dinopithecus ingens
Parapapio jonesi

Parapapio whitei

Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio cynocephalus
Papio hamadyras
Papio hamadyras

Papio hamadryas
Lophocebus aterrimus

Lophocebus aterrimus
Lophocebus aterrimus
Mandrillus sphinx

Mandrillus sphinx

Mandrillus leucophaeus
Mandrillus leucophaeus

Mandrillus leucophaeus

Macaca silenus
Macaca silenus
Macaca silenus

Macaca silenus

ESRF 500114

PRICT 1083
MCZ:mamm:36031

MCZ:mamm:36032
Dnmnh-KA 194

Dnmnh- SK 554
Dnmnh- Sts 565

Dnmnh-MP-221

sbu: RS PU-B
sbu: RS PU-F
sbu: RS PU-C
sbu: RS PU-E
AMNH 54227
PRICT 93
PRICT 256

PRICT 424
AMNH 82428

AMNH 86705

AMNH 55013
AMNH:anth:99.1-2056
AMNH:anth:99.1-1296
MCZ:mamm:19986
MCZ:mamm:23169
MCZ:mamm:23168
PRICT 1150

PRICT 1148

PRICT 424

PRICT 1121

19.3°

26.3°
20.3°

21.3°

20.1°
24.7°

18.4°

21.1°
9.3°
26°
16.74°
17.5°
13.81°
21.1°

16.98°
32.22°

17.3°
20.6°
24.5°
27.1°
21.5°
32.4°
26.8°
25.04°
25°
20.2°
29.2°

22.1°

22.3°
26.6°

18.8°
19.8°

21.7°

16.7°

14.9°
15.3°
23.9°
15.32°
16.7°
13.008°
19.3°

NA
27.81°

13.9°
20.5°
27.8°
15.6°
31.5°
28.8°
17.6°
31.2°
28°

20.2°
15.2°
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Cercopithecus neglectus
Cercopithecus neglectus
Cercopithecus neglectus
Cercopithecus mona
Cercopithecus mona
Cercopithecus ascanius
Cercopithecus ascanius
Cercopithecus ascanius
Cercopithecus diana
Cercopithecus diana
Cercopithecus mona
Chlorocebus pygerythrus
Chlorocebus pygerythrus
Chlorocebus pygerythrus
Colobus guereza
Colobus guereza
Colobus guereza

Cercopithecoides Williamsi

Lemur catta

Lemur catta
Lemur catta
Eulemur coranatus
Eulemur coranatus
Eulemur coranatus
Eulemur coranatus
Varecia variegata

Varecia variegata

PRICT 254
sbu:RS 85 3
sbu:RS 819
OCR6

sbu: RS 93 1
sbu: RS8 5
sbu: RS8 6
sbu: RS8 13
sbu:YPM 006020
PRICT 1509
PRICT 969
SIU 5591

SIU 4817

SIU 4815
PRICT 938
PRICT 55
AMNH 52249

Wits- MP 3a

DLC 7142

MCZ 44903
DLC6267f
DLC 5937
DLC 6034
DLC 6177F
DLC 6035
AMNH 201395
AMNH 10050

24.6°
17.74°
28.8°
36.4°
29.2°
26.56°
29.9°
26°
25.3°
21.7°
21.26°
21.1°
25°
23.43°
32.8°
17.4°

19.2°

20.196

o

23.8°
24.1°
38°
32°
31.2°
28.5°
27.2°
33°

17.75°
24.56°
27.6°
28.7°
29.69°
21.1°
31.29°
30.8°
27.7°
21.6°
22°
24.1°
24.1°
21.8°
24.12°
30.26°
17.7°

20.2°

20.204°

27.3°
25.7°
30.8°
35.2°
31.7°
22.9°
23.8°
27.4°
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Varecia variegata AMNH 100511 32° 25.4°
Callithrix jacchus MCZ:mamm:37823 6.3° 5.1°
Callithrix jacchus USNM:mammals:503885 6.47° 6.9°

Callithrix jacchus AMNH:Mammals:M-200525 5° 8.4°



Table 2: Measurements of photographs of neutral head postures. A1, A2 and A3 refer to the the
same measurement done 3 times to correct for intra-observer error. Measurements above 3 standard
deviations are flagged below and were excluded from the analysis. This was done since inter and
intraspecific variation could not be compared across the photographs and ct-scans due to these

different individuals analysed in each data-set.

Taxon Measurement 1 Measurement 2 Measurement 3
Homo sapiens 10.773° 12.366° 11.104°
Homo sapiens 8.497° 8.873° 11.008°
Homo sapiens 10.072° 10.429° 11.872°
Homo sapiens 9.866° 4.664° 8.537°
Homo sapiens 7.727° 5.693° 4.249°
Homo sapiens 6.041° 5.641° 6.056°
Homo sapiens 1.936° 5.332° 5.999°
Homo sapiens 2.991° 6.85° 4.804°
Homo sapiens 12.02° 10.999° 11.705°
Homo sapiens 12.433° 12.095° 13.57°
Homo sapiens 6.305° 6.287° 1.336°
Homo sapiens 1.009° 1.838° 1.7°
Homo sapiens 1.575° 0.202° 1.432°
Homo sapiens 1.874° 3.066° 0.642°
Homo sapiens 3.77° 0.813° 10.412°
Homo sapiens 0° 4.942° 5.359°
Homo sapiens 2.717° 4.751° 6.25°
Homo sapiens 5.227° 8.13° 6.039°
Homo sapiens 3.769° 6.116° 3.343°
Homo sapiens 3.145° 1.718° 2.556°
Homo sapiens 3.19° 1.718° 2.558°
Homo sapiens 4.618° 0.429° 2.81°
Homo sapiens 0.29° 7.716° 2.298°
Homo sapiens 2.397° 2.252° 4.255°
Homo sapiens 3.691° 2.006° 5.823°
Homo sapiens 3.537° 4.163° 4.32°
Homo sapiens 0.739° 1.666° 1.38°
Homo sapiens 1.87° 2° 2.396°
Homo sapiens 4.055° 0.789° 1.41°
Homo sapiens 3.357° 1.172° 0.185°
Homo sapiens 5.563° 1.73° 2.842°
Homo sapiens 3.945° 1.522° 1.538°
Homo sapiens 10.154° 6.772° 7.918°
Homo sapiens 0.64° 1.74° 1.966°
Homo sapiens 0.166° 0.773° 1.292°
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Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens

0.6°
2.085°
2.445°
2.991°
0°
3.345°
2.971°
2.422°
10.467°
9.759°
10.193°
3.18°
0.633°
12.066°
7.06°
0.412°
0.697°
4.905°
8.489°
4.653°
4.671°
13.134°
0.245°
6.301°
1.665°
4.639°
3.501°
2.61°
2.441°
0.61°
2.379°
3.638°
3.576°
1.41°
1.584°
0.814°
3.489°
11.842°
5.637°
10.62°
5.859°
5.29°
3.31°
2.694°
2.679°
8.722°

3.384°
0.924°
0.879°
1.281°
0°
1.166°
3.567°
5.586°
9.462°
10.87°
8.489°
2.27°
1.909°
9.942°
5.1°
1.277°
1.76°
6.697°
6.132°
2.09°
5.785°
11.877°
1.944°
6.468°
5.485°
1.481°
4.793°
00
0.167°
0.643°
0°
0.732°
1.498°
0°
3.209°
2.472°
4.59°
4.938°
5.406°
12.187°
5.227°
6.367°
5.097°
4.487°
3.347°
9.055°

2.355°
1.573°
1.249°
0.756°
1.078°
2.082°
3.93°
4.05°
8.243°
9.462°
10.249°
0.648°
0.499°
8.287°
6.943°
0.467°
2.413°
7.253°
7.155°
5.44°
6.695°
11.944°
2.592°
4.181°
3.33°
3.166°
2.072°
1.716°
1.105°
0°
1.54°
1.107°
1.823°
1.49°
1.063°
3.076°
1.02°
7.76°
5.492°
12.698°
5.634°
6.285°
5.387°
4.657°
1.412°
9.296°
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Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Pan troglodytes
Pan trogodytes
Pan troglodytes
Pan troglodytes
Pan troglodytes
Pan troglodytes
Pan troglodytes
Pan troglodytes

10.965°
10.064°
3.826°
6.176°
0.644°
11.518°
14.231°
0.46°
2.888°
6.998°
0.741°
2.987°
4.781°
2.61°
3.147°
4.086°
7.331°
7.604°
4.399°
5.141°
5.181°
3.229°
2.529°
6.934°
10.864°
9.926°
16.765°
15.376°
6.511°
0.085°
5.517°
13.03°
2.42°
2.667°
14.258°
16.334°
0.815°
0.693°
37.036°
11.13°
11.497°
22.294°
16.327°
27.525°
16.109°
26.837°

12.011°
10.7°
4.608°
7.584°
4.909°
15.415°
15.518°
0.966°
1.825°
10.216°
0.402°
2.759°
3.827°
4.485°
3.845°
4.683°
6.746°
4.97°
4.864°
4.889°
7.186°
3.039°
2.222°
9.337°
6.934°
7.534°
13.963°
13.321°
0.501°
2.981°
3.082°
15.969°
3.945°
5.097°
12.106°
15.327°
4.669°
2.716°
32.692°
13.081°
15.0347°
26.64°
15.54°
27.626°
20.635°
30.382°

11.986°
7.202°
2.9°
6.78°
6.219°
16.189°
17.182°
0.268°
0.156°
9.529°
0.405°
1.848°
3.386°
5.481°
5.28°
5.238°
4.467°
3.992°
6.661°
6.83°
4.154°
5.01°
2.012°
7.788°
7.34°
7.934°
13.927°
15.054°
1.718°
1.361°
4.109°

15.667°

3.888°
4.22°
13.167°
14.708°
2.429°
3.219°
33.465°
13.987°
13.476°
24.736°
14.889°
25.525°
15.346°
26.565°
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Gorilla gorilla

Gorilla gorilla

Gorilla gorilla

Gorilla gorilla

Gorilla gorilla

Gorilla gorilla

Hylobates lar

Hylobates lar

Hylobates lar

Hylobates lar

Hylobates lar

Hylobates lar

Hylobates lar

Hylobates lar

Hylobates lar

Hylobates lar

Hylobates lar

Hylobates lar

Hylobates lar

Hylobates lar

Hylobates lar
Symphalangus syndactylus
Symphalangus syndactylus
Symphalangus syndactylus
Symphalangus syndactylus
Symphalangus syndactylus
Symphalangus syndactylus
Symphalangus syndactylus
Symphalangus syndactylus
Symphalangus syndactylus
Symphalangus syndactylus
Papio ursinus

Papio ursinus

Papio ursinus

Papio ursinus

Papio ursinus

Papio ursinus

Papio ursinus

Papio ursinus

Papio ursinus

Papio ursinus

Papio ursinus

Papio ursinus

Papio ursinus

Papio ursinus

Papio ursinus

25.626°
28.179°
19.97°
24.274°
28.691°
23.454°
18.172°
28.196°
23.741°
15.583°
4.675°
22.642°
16.538°
8.427°
28.432°
26.565°
27.619°
24.102°
22.852°
30.245°
19.536°
18.902°
21.146°
17.459°
21.187°
28.757°
27.824°
32.362°
34.472°
18.159°
24.42°
12.605°
10.219°
10.164°
5.728°
0.616°
5.37°
4.475°
0.93°
12.913°
4.399°
9.067°
3.915°
8.288°
19.946°
17.674°

25.58°
29.418°
20.141°
25.734°
28.667°
22.759°
22.985°
25.244°
26.707°
14.916°
10.516°
23.358°
15.104°
7.616°
25.287°
25.463°
28.278°
22.891°
21.94°
34.563°
22.951°
17.398°
22.689°
19.058°
19.51°
28.122°
29.163°
30.152°
32.735°
21.443°
28.894°
14.721°
8.572°
10.835°
4.511°
1.348°
7.326°
6.429°
8.259°
12.441°
5.778°
8.034°
0.415°
5.675°
18.864°
16.918°

25.201°
29.851°
19.747°
26.755°
31.343°
22.116°
25.033°
25.768°
24.215°
14.583°
6.719°
23°
19.523°
6.128°
25.274°
26.311°
27.364°
23.035°
22.006°
34.592°
24.882°
18.387°
21.982°
17.056°
23.555°
27.262°
30.33°
33.155°
35.446°
20.35°
29.187°
12.996°
7.534°
11.83°
1.252°
3.202°
6.937°
5.912°
9.139°
12.413°
5.194°
0.756°
1.521°
8.055°
17.923°
17.978°
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Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus
Papio ursinus

Papio cynocephalus
Papio cynocephalus

5.389°
4.656°
2.458°
2.515°
21.762°
2.261°
9.802°
8.641°
8.881°
7.872°
6.134°
14.353°
2.689°
6.82°
0.34°
12.605°
5.728°
7.595°
5.37°
4.475°
14.381°
8.099°
18.017°
1.723°
2.905°
6.68°
16.161°
10.228°
2.066°
7.204°
12.23°
6.054°
3.736°
0.436°
5.793°
7.779°
12.875°
2.242°
0.547°
0.169°
1.532°
8.746°
9.462°
0.159°
23.229°
23.229°

2.02°
2.779°
5.08°
0.592°
21.4°
4.1°
9.025°
8.885°
2.447°
8.893°
6.258°
11.026°
7.294°
0.224°
0.419°
11.08°
5.589°
6.789°
0°
2.417°
14.759°
7.663°
15.124°
3.969°
4.764°
9.462°
14.392°
9.62°
3.639°
5.654°
6.694°
5.303°
4.312°
1.089°
7.444°
8.091°
14.498°
3.289°
0°
1.234°
0.714°
10.485°
8.746°
1.526°
20.514°
20.514°

2.808°
6.229°
7.291°
0.174°
21.981°
1.193°
9.435°
7.853°
8.629°
8.973°
10.147°
17.199°
7.663°
6.733°
2.571°
9.134°
5.801°
7.584°
0.174°
5.21°
16.365°
7.693°
14.673°
3.988°
6.603°
8.596°
15.136°
10.026°
3.038°
6.165°
9.101°
5.906°
4.219°
2.804°
7.779°
10.396°
12.015°
2.802°
0°

OO
1.532°
11.077°
7.195°
2.374°
21.224°
21.224°



Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cyanocephalus
Papio cyanocephalus
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas
Papio hamadryas

18.194°
21.801°
21.839°
18.166°
16.372°
18.638°
18.538°
15.276°
20.523°
12.6°
7.102°
16.99°
18.939°
16.999°
5.899°
6.483°
6.134°
6.034°
6.34°
7.93°
5.225°
5.117°
4.919°
2.695°
13.771°
7.269°
5.64°
7.912°
6.71°
1.219°
0.457°
2.774°
1.975°
3.627°
1.253°
0.641°
0.929°
4.764°
4.011°
11.046°
13.319°
9.369°
9.595°
9.694°
13.901°
6.054°

17.669°
18.268°
19.708°
19.455°
17.678°
16.377°
17.696°
15.491°
17.946°
10.886°
5.951°
15.023°
15.046°
15.232°
7.217°
4.553°
7.629°
5.575°
5.602°
9.201°
6.811°
6.667°
3.933°
4.783°
14.191°
11.921°
6.378°
11.83°
5.098°
3.108°
4.882°
1.558°
3.519°
2.549°
2.305°
4.559°
0.901°
1.79°
2.921°
10.594°
11.502°
12.688°
6.95°
6.778°
12.721°
4.049°

18.304°
19.497°
19.805°
19.029°
17.482°
17.934°
17.061°
14.4°
17.784°
9.598°
6.649°
11.952°
17.934°
12.391°
8.842°
8.64°
6.911°
6.65°
5.434°
7.251°
5.809°
6.371°
3.489°
4.544°
15.997°
12.619°
5.16°
5.315°
2.209°
1.209°
0.434°
0°
5.207°
3.991°
0.348°
4.557°
0.234°
3.761°
3.221°
9.248°
9.693°
11.54°
8.768°
8.514°
13.861°
2.904°
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Papio hamadryas

Papio hamadryas

Papio hamadryas

Papio hamadryas

Papio hamadryas
Lophocebus atterhimus
Lophocebus atterhimus
Lophocebus atterhimus
Lophocebus atterhimus
Papio hamadryas
Mandrillus sphinx
Mandrillus sphinx
Mandrillus sphinx
Mandrillus sphinx
Mandrillus sphinx
Mandrillus sphinx
Mandrillus leucophaeus
Mandrillus leucophaeus
Mandrillus leucophaeus
Mandrillus leucophaeus
Mandrillus leucophaeus
Mandrillus leucophaeus
Mandrillus leucophaeus
Mandrillus leucophaeus
Mandrillus leucophaeus
Mandrillus leucophaeus
Mandrillus leucophaeus
Mandrillus leucophaeus
Mandrillus leucophaeus
Macaca silenus

Macaca silenus

Macaca silenus

Macaca silenus

Macaca silenus

Macaca silenus

Macaca silenus
Cercopithecus neglectus
Cercopithecus neglectus
Cercopithecus neglectus
Cercopithecus neglectus
Cercopithecus neglectus
Cercopithecus neglectus
Cercopithecus neglectus
Cercopithecus neglectus
Cercopithecus neglectus
Cercopithecus neglectus

3.908°

8.332°

11.232°
10.008°
13.312°
16.431°
18.362°
16.584°
21.894°
12.105°
24.503°
14.767°
12.758°
16.043°
19.689°
21.151°
26.135°
26.775°
24.112°
25.665°
24.413°
26.889°
26.136°
28.535°
27.832°
28.091°
28.518°
28.488°
31.989°
2.055°

18.392°
15.077°
12.607°
16.47°

17.103°
14.632°
20.395°
24.945°
20.459°
23.029°
16.015°
8.588°

15.499°
19.161°
22.951°
20.014°

4.955°
8.34°
15.852°
11.424°
9.406°
17.228°
15.117°
12.928°
21.705°
13.449°
24.837°
17.459°
17.268°
11.796°
15.446°
21.592°
23.872°
24.85°
24.572°
24.711°
25.897°
24.575°
25.427°
27.842°
25.816°
26.263°
27.165°
28.224°
31.683°
4.002°
17.14°
14.814°
15.048°
16.656°
18.728°
13.551°
16.157°
22.893°
20.556°
22.856°
17.624°
7.889°
13.021°
18.837°
22.598°
21.176°

5.423°

7.863°

14.519°
11.747°
11.011°
17.914°
14.158°
16.348°
22.338°
12.339°
23.367°
16.054°
17.659°
14.469°
14.826°
22.273°
24.567°
25.201°
25.08°

22.455°
25.683°
25.321°
23.814°
25.297°
26.042°
25.762°
28.173°
26.565°
32.687°
0.315°

17.557°
15.225°
13.118°
16.436°
19.775°
12.431°
15.18°

21.434°
22.348°
23.714°
18.619°
7.817°

12.168°
17.518°
22.181°
21.249°
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Cercopithecus mona
Cercopithecus mona
Cercopithecus mona
Cercopithecus mona
Cercopithecus mona
Cercopithecus mona
Cercopithecus mona
Cercopithecus mona
Cercopithecus mona
Cercopithecus mona
Cercopithecus mona
Cercopithecus mona
Cercopithecus mona
Cercopithecus mona
Cercopithecus mona

Cercopithecus ascanius
Cercopithecus ascanius

Cercopithecus diana
Cercopithecus diana
Cercopithecus diana
Cercopithecus diana
Cercopithecus diana
Cercopithecus diana
Cercopithecus diana
Cercopithecus diana
Cercopithecus diana
Cercopithecus diana

Chlorocebus pygerythrus

Colobus guereza
Colobus guereza
Colobus guereza
Colobus guereza
Colobus guereza
Colobus guereza
Colobus guereza
Colobus guereza
Colobus guereza
Colobus guereza
Colobus guereza
Colobus guereza
Colobus guereza
Colobus guereza
Colobus guereza
Colobus guereza

Chlorocebus pygerythrus
Chlorocebus pygerythrus

26.653°
25.005°
14.424°
12.655°
14.158°
21.265°
17.103°
6.71°
13.668°
14.831°
18.631°
25.645°
17.343°
19.465°
20.056°
20.785°
31.342°
21.86°
7.64°
24.91°
21.45°
20.48°
23.88°
22°
28.8°
17.1°
24.62°
20.505°
18.61°
29.859°
28.329°
30.374°
26.267°
30.036°
31.82°
29.975°
32.33°
34.101°
15.661°
22.206°
21.194°
22.555°
21.847°
15.969°
19°
21.976°

25.56°
24.775°
13.403°
12.003°
15.894°
17.745°
20.335°
4.399°
14.612°
16.474°
22.026°
24.52°
22.084°
19.162°
17.275°
18.992°
32.005°
24.84°
7.5°
22.5°
23.47°
22.01°
25.76°
23.36°
30.15°
11.99°
26.87°
23.279°
22.778°
30.824°
27.001°
30.24°
25.081°
30.448°
30.141°
27.939°
35.083°
35.455°
12.944°
20.256°
21.187°
23.145°
22.769°
16.515°
23.279°
26.947°

26.072°
27.036°
14.676°
15.391°
16.426°
18.853°
22.008°
7.731°
17.503°
16.39°
18.559°
24.088°
25.57°
18.001°
17.853°
22.473°
30.474°
23.42°
7.09°
21.77°
25.67°
43.65°
24.36°
26.17°
29.42°
8.92°
28.22°
19.718°
18.435°
31.78°
28.74°
28.73°
24.859°
30.915°
31.284°
28.878°
35.577°
35.319°
13.856°
21.801°
20.36°
22.999°
22.971°
15.803°
23.097°
24.193°



Chlorocebus pygerythrus 21.837° 24.842° 21.872°

Chlorocebus pygerythrus 20.966° 26.667° 24.979°
Chlorocebus pygerythrus 24.121° 19.822° 22.422°
Chlorocebus pygerythrus 21.371° 25.586° 22.6°
Chlorocebus pygerythrus 17.536° 14.612° 14.641°
Lemur catta 24.672° 24.17° 22.495°
Lemur catta 30.619° 27.89° 29.71°
Lemur catta 25.852° 28.235° 30.763°
Lemur catta 21.495° 21.697° 19.523°
Lemur catta 16.319° 19.654° 19.928°
Lemur catta 21.438° 20.404° 19.73°
Lemur catta 24.075° 22.999° 21.604°
Lemur catta 34.674° 34.224° 34.885°
Lemur catta 30.111° 32.002° 33.558°
Lemur catta 18.375° 17.585° 19.569°
Lemur catta 32.307° 30.196° 31.888°
Lemur catta 28.61° 27.532° 29.038°
Eulemur coranatus 32.4° 29.3° 33.3°
Eulemur coranatus 20.1° 14.0° 17.1°
Eulemur coranatus 17.1° 12.0° 11.7°
Eulemur coranatus 11.3° 12.4° 11.5°
Eulemur coranatus 34.8° 36.3° 35.5°
Eulemur coranatus 37.3° 34.2° 33.9°
Eulemur coranatus 37.6° 37.2° 33.7°
Eulemur coranatus 1.81° 6.70° 6.34°
Eulemur coranatus 32.8° 32.0° 31.0°
Varecia variegata 21.624° 22.682° 23.234°
Varecia variegata 27.806° 27.845° 28.963°
Varecia variegata 26.686° 28.452° 28.978°
Varecia variegata 30.76° 35.548° 32.922°
Varecia variegata 29.219° 32.368° 32.719°
Varecia variegata 29.285° 31.307° 31.334°
Callithrix jacchus 26.728° 23.687° 24.834°
Callithrix jacchus 31.659° 32.912° 32.415°
Callithrix jacchus 10.869° 8.621° 9.634°
Callithrix jacchus 11.757° 9.308° 12.197°

Table 3: Mean values calculated from the specimens used in this study. NH = Neutral head posture,
LCO = Lateral canal orientation, LDI = Locomotor diversity index. LDI for Lophocebus atterhimus
is taken from closely related Lophocebus albigena Values for LDI and Locomotor mode are from
Granatosky (2018).ML = Main locomotor mode (1 = Bipedalism, 2 = knuckle walking, 3 =
emaciation, 4 = arboreal quadrupedalism, 5 = terrestrial quadrupedalism, 6 = vertical climber) All
values are log-transformed using a natural logarithm. Masses are in grams.
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Taxon

Homo sapiens
Australopithecus

africanus

Pan troglodytes
Gorilla gorilla
Hylobates lar

Symphalangus

syndactylus

Papio angusticeps

Dinopithecus ingens
Parapapio jonesi
Parapapio whitei

Papio ursinus

Papio cynocephalus
Papio hamadryas
Lophocebus aterrimus
Mandrillus sphinx
Mandrillus leucophaeus
Macaca silenus
Cercopithecus neglectus
Cercopithecus mona
Cercopithecus ascanius
Cercopithecus diana
Chlorocebus

pygerythrus
Colobus guereza

Cercopithecoides

williamsi

Lemur catta

Eulemur coronatus
Varecia variegata
Callithrix jacchus

In(NH)

1.63

3.07
3.24

3.07
3.22

1.97
2.55
1.91
2.87
2.9

3.27
2.63
2.92
3.31
3.26
3.11
3.09

3.25

3.25
3.22
3.38
2.97

In(LCO)

3.08
3.28

3.17
3.19

2.96
3.01

2.98

3.04
3.03
2.98
2.92
2.84
2.82
3.13
3.02
3.26
3.19
3.08
3.3
3.3
3
3.12

3.19

2.98

3.11
3.44
3.34
1.85

Ln(Body
mass)
11.18
8.13

10.87
11.7

8.67
9.33

8

8.43
7.31
7.54
10.01
9.75
9.56
8.83
10.07
9.62
8.92
8.6
8.22
8.22
8.74
8.37

9.06

9.9

7.7

7.07
8.18
5.77

In(Brain LDI

mass)
7.19
6.12

5.88
6.21

4.62
4.86

4.77
4.75
5.03
5.13
5.02
4.94
4.69
5.05
4.82
4.44
4.23
4.15
4.12
4.18
4.14

4.29

5.17

3.13
3.09
3.41
2.05

04
0.18

1.11
0.79

1.11
1.77

1.37

1.35
1.3
1.3

LM
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Table 4: Coefficient of variation (% error) of 10 LSCC orientation measurements (5 on each
ear) of two specimens. SD = Standard deviation.

Pan troglodytes AG-06

Papio ursinus

sbu: RS PU-E
21.5° 17.3°
21.7° 17.5°
22.0° 20.9°
21.9° 17.00°
19.00° 20.3°
23.1° 14.00°
23.3° 15.2°
23.8° 13.00°
24.0° 14.5°
22.3° 15.1°
SD=14 SD =2.6

% error = 6%

% error =16%

Table 5: Randomly selected sets of measurements of neutral head postures taken from photos used

to estimates the coefficient of variation (CV) in the measurement process. SD = Standard

deviation.

Measurement 1 Measurement 2 Measurement 3 SD cv
24.50 24.83 23.36 0.77 0
3 7 9 3%
12.60 15.04 13.11 1.28 o
7 8 8 0%
24.94 22.89 21.43 1.76 .
5 3 4 7%
16.31 19.65 19.92 0.77 o
9 4 8 8%
17.10 20.33 22.00 2.49 o
3 5 8 12%
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Figure 1. Residuals plot of Ln(Neutral head posture) v.s Ln(LSCC orientation) v.s Ln (Brain mass

in grams). Species reconstructed as terrestrial and extant predominantly terrestrial species are in
pink and predominantly arboreal species are in blue.

Table 7. LSC orientation v.s Ln(Brain mass) +Ln(Body mass) +Ln(Neutral head postures)+ Terrain

(Arboreal and Terrestrial). * = significant at p < 0.05. Correlations are modelled under

a Brownian motion model.

Coefficients Value Std.Error t-value p-value

(Intercept) 2.21  0.507 4.373 0.0002
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Ln(Brain mass) 0.268

Ln(Body mass) -
0.102

Ln(NHP) 0.192

Terrain -
0.090

0.115
0.052

0.101
0.110

2.31
-1.97

1.899
-0.819

0.0300*
0.06

0.07
0.42
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