
 

i

v 

 

 

Intra and Interspecific Variation in Semicircular Canal Morphology in Primates 

and Implications for Locomotor Behavior Reconstruction Models 
by 

Lauren A. Gonzales 

Department of Evolutionary Anthropology 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Richard Kay, Supervisor 

 

___________________________ 

Blythe Williams 

 

___________________________ 

Christine Wall 

 

___________________________ 

V. Louise Roth 

 

___________________________ 

Michael Malinzak 

 

Dissertation submitted in partial fulfillment of 

the requirements for the degree of Doctor 

of Philosophy, in the Department of 

Evolutionary Anthropology in the Graduate School 

of Duke University 

 

2015 

 

 



 

i

v 

 

ABSTRACT 

Intra and Interspecific Variation in Semicircular Canal Morphology in Primates 

and Implications for Locomotor Behavior Reconstruction Models 
 

by 

Lauren A. Gonzales 

Department of Evolutionary Anthropology 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Richard Kay, Supervisor 

 

___________________________ 

Blythe Williams 

___________________________ 

Christine Wall 

 

___________________________ 

V. Louise Roth 

 

___________________________ 

Michael Malinzak 

 

An abstract of a dissertation submitted in partial 

fulfillment of the requirements for the degree 

of Doctor of Philosophy in the Department of 

Evolutionary Anthropology in the Graduate School of 

Duke University 

 

2015 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 

Lauren A. Gonzales 

2015 

 



 

 

iv 

Abstract 

The semicircular canals of the vestibular system detect angular head rotations 

and play a fundamental role in guiding motor reflexes during locomotor behaviors. 

While extensive research has documented the relationship between the semicircular 

canal shape (i.e. radius of curvature and canal length) and locomotor behaviors, levels of 

intraspecific variation in primates are relatively unknown. Predictive models using these 

metrics to reconstruct locomotion in extinct animals are generally based on one 

individual per species. Furthermore, the influence of body size and to a lesser degree 

brain size heavily influences overall canal morphology. 

This study documents intraspecific variation in the size, shape and orientation of 

the semicircular canals in relation to changes in function, brain size, and body size via 

analysis of high resolution CT scans of large samples of extant primate species. I test the 

hypothesis that the extent of intraspecific variation differs across a sample of primates, 

reflecting the intensity of selective pressure on canal shape in species that require agility 

during locomotion. I also examine whether spatial constraints resulting from the size of 

the skull (reflected by the size of the brain) affect canal radii of curvature and canal 

orthogonality more strongly than observed agility during locomotion.  

To this end, data was gathered from high-resolution CT images of museum 

specimens. For the comparative analysis, 14-matched pairs of adult extant primate 
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species were selected that contrast in agility and brain size in closely related genera. CT 

images of these specimens were used to measure functional measures of canal 

sensitivity (e.g., canal radii of curvature, orthogonality). This data was used to test 

hypotheses concerning intraspecific and interspecific variation in semicircular canal 

functional morphology. This data was then combined with a larger mammalian dataset 

culled from the literature, to further test hypotheses relating to body-size and brain size 

dependent variation in individual canal metrics.  

Evaluation of levels of intraspecific variation support the hypothesis put forth by 

Billet et al. (2012), that selection on canal morphology is relaxed in animals with slow 

locomotor behaviors, who are observed to have higher levels of intraspecific variation. 

Analyses of interspecific variation provides tentative support for the use of canal 

orthogonality in reconstructive models, most especially in canal angles that seem least 

effected by other constraints—brain size, etc. However, locomotor signals are complex 

and brain/skull interactions can potentially produce misleading results when 

reconstructing locomotor behaviors. This work highlights the importance of critically 

assessing comparative groups used for inferring behaviors in both extinct and extant 

animals. 
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1. Introduction 

1.1 Study purpose and existing problems 

The semicircular canals (organs of balance in the inner ear) play a primary role in 

gaze-stabilization during locomotion, with the pattern of locomotor agility reflected in 

canal morphology (Jones and Spells, 1963; Graf, 1988; Spoor et al., 1994; Spoor et al. 

2007). Because the membranous canal ducts are encased inside a dense bony labyrinth, it 

is possible to reconstruct aspects of canal morphology in osteological specimens and 

fossils. This attribute has made canal shape a focus of paleontologists for reconstructing 

locomotor patterns in extinct species, especially when postcranial elements are 

fragmented or missing ( Spoor et al., 2007; Walker et al., 2008;  Silcox et al., 2009; Ryan et 

al., 2012).  

Among species, differences in canal length, canal radius of curvature, and more 

recently the degree of deviation of the canals from orthogonality (90 degrees) are 

thought to reflect differences in the dominant mode of locomotion and have been 

equated with specific locomotor categories based on relative ‘agility’ (Spoor et al., 2007). 

While locomotor categories are relatively easy to recognize in the post-cranial skeleton, 

further refinement of these categories is not always possible. Consequently, assumed 

functionally-related parameters of canal morphology have been used as proxies to 

reconstruct the locomotor behaviors of extinct primates with a particular focus on basal 
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primates and early human ancestors (Spoor et al., 1994; Spoor & Zonneveld, 1998; Spoor 

et al., 2003; Silcox et al., 2009; Ryan et al., 2012). 

However, a disconnect has been reported between proposed locomotor agility as 

inferred from functional parameters like canal radii (and canal orthogonality) versus that 

based on postcranial anatomy in living, and by inference fossil taxa (Ryan et al., 2012; 

Gonzales et al., 2013), fueling concern over the accuracy with which locomotor behaviors 

can be reconstructed from canal morphology. Some of the discrepancy may be based on 

a misapprehension about how ‘agile’ living species actually are, as there are few studies 

of rotational acceleration of the head during various locomotor activities.  

On the other hand, it has recently been suggested that much of the remaining 

discrepancy can be accounted for by other factors that might influence canal shape. For 

example, canal radius of curvature is strongly influenced by body size and/or brain size 

independent of locomotion: residual canal radius of curvature, once body size is 

accounted for, is not tightly correlated with agility rankings (Malinzak et al. 2012, 

Gonzales et al., 2013). In addition, studies of non-primate mammals that incorporate 

larger sample sizes suggest varying levels of intraspecific variation in canal morphology 

among different taxonomic groups (Ekdale, 2010; Billet et al., 2012; Osipov et al., 2013). It 

is the purpose of this thesis to document intra- and interspecific variation in the size, 

shape and orientation of the semicircular canals in relation to changes in canal function 
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and brain size via analysis of high resolution CT scans of large samples of selected 

extant primate species. 

1.1.1 Investigation of intra versus interspecific variation 

While the relationship between canal size and shape variables and locomotor 

behaviors has been extensively explored using adult interspecific allometry (Spoor et al., 

2007; Walker et al., 2008; Silcox et al., 2009) the samples of each species are generally 

small-- based on one or a few individuals per species. As a result, the observed form-

behavior relationship assumes low intraspecific compared with interspecific variation. 

Recent evidence, however, suggests that canal shape may be less variable in agile than in 

less agile mammals (Billet et al., 2012). If so, the amount of adult intraspecific variation 

may itself be evidence for varying levels of selection related to agility— there being less 

selective pressure to conserve a strict functional morphological state in slow moving 

species than in more agile species. A first objective of this dissertation is to examine 

levels of intraspecific variation in functionally informative variables describing the adult 

canal.  

1.1.2 Investigation of cranial interactions with canal morphology 

In addition to the effects of locomotor behavior on semicircular canal 

morphology, adult canal design may also be constrained by the size and growth of the 

skull and the brain (Jeffery et al., 2008; Malinzak, 2010). Indeed, given the physical 
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proximity of the canals to other basicranial structures, especially the brain, it is 

reasonable to suppose that canal structure may represent a compromise between 

functional fine-tuning for better gaze stabilization on one hand and spatial and 

developmental constraints on the other hand. Furthermore, it may be the case that canal 

shape is more tightly constrained in smaller versus larger animals for two reasons: 1) 

Overall canal size of primate species is strongly negatively allometric with body size 

(e.g., Spoor et al., 2007) so it takes up relatively more space in a small animal than in a 

larger one; and 2) Brain size likewise is negatively allometric with body size with the 

same size-limiting effects. A second objective of this dissertation, using osteological 

material, is to evaluate the relative contributions of locomotor agility, brain size and 

body size to semicircular canal shape and size in order to test spatial constraints and 

correlations to the general somatic growth (i.e., body size). 

1.2 Background 

1.2.1 Anatomy and biological significance of the semicircular canals 

The vestibular labyrinth of the inner ear is made up of five interconnected 

sensory organs: the utricle, the saccule, and the three semicircular canals (Fig. 1.1). This 

system plays an important role in motor planning by coordinating reflexive counter 

movements of the eyes during locomotion to stabilize images upon the retina ( Wilson & 

Melvill-Jones, 1979; Graf, 1988; Leigh & Brandt, 1993; Schwartz & Tomlinson, 1994). 

While the utricle and the saccule are designed to detect linear accelerations associated 
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with body movement and gravity, the semicircular canals detect angular acceleration 

produced by rotation of the head, and subsequently the body, during locomotion 

(Grossman et al., 1988; Sadeghi et al., 2007; Angelaki & Cullen, 2008). The information 

detected by the labyrinth results in three different vestibulo-ocular relexes. A rotational 

reflex compensates for head accelerations around a particular axis, a translational reflex 

compensates for linear head movements, and an ocular counter-rolling response 

compensates for head tilt from a vertical plane (Purves et al., 2001). While the second 

and third reflexes receive their input from both the utricle and saccule, the first reflex 

receives input predominantly from the semicircular canals (Purves et al., 2001). The 

rotational reflex is the most straightforward and simplified of the three reflexes, strictly 

taking into account information about the rate of rotation about an axis while linear 

movements pose a more complex geometric problem than does rotation, incorporating 

both viewing distance and gravitational pull. (Wilson & Melvill-Jones, 1979; Pozzo & 

Lefort, 1990; Pozzo et al., 1991). The types of rotational movements encoded by the 

semicircular canal system consist of turning or tilting motions of the head and rotary 

movements of the body during passive locomotion ( Grossman et al., 1988; Brandt, 1991; 

Leigh & Brandt, 1993; Cullen & Minor, 2002; Sadeghi et al., 2007; Angelaki & Cullen, 

2008; Xiang et al., 2008) and which are of particular importance to birds and arboreal 

mammals who navigate quickly through uncertain environments (Spoor et al., 2007).  
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1.2.2 Mechanical signaling and functional morphology 

The manner in which electrical stimuli arise from the constituent hair cells in the 

ampulla, the anatomy of the system, and endolymph fluid dynamics all dictate how 

locomotion can be reflected in canal morphology. The canals themself consist of three 

interconnected bony tubes containing an endolymph-filled membranous duct 

suspended inside a perilymph-filled space. At the base of each duct is an enlarged space, 

called the ampulla, across which extends a gelatinous fluid barrier referred to as the 

cupula. Inside the cupula, hair bundles extend from clusters of hair cells lining the 

ampullary crista (sensory epithelium) (Oman & Young, 1972) (Fig. 1). Upon rotation of 

the head, the endolymph also moves but at a much slower rate (shown by the double-

arrow curve in Fig. 2), causing the cupula (and subsequently the hair bundle within) to 

bend away from the direction of head movement. This bending elicits an electrical signal 

from the vestibular afferent neurons to the brain (Oman & Young, 1972; Purves et al., 

2001). When the endolymph finally moves away from the cupola, the cupola and hair 

cells straighten, ending the sensation of acceleration. Upon rotation of the head, the 

separate orientation of each of the three canals insure that at least one canal is maximally 

stimulated by movement in different planes (Graf, 1988). The combined information 

from all six canals (three from each side) subsequently determines the sensitivity of the 

vestibular system in three dimensions (Rabbitt et al. 2004; Yang & Hullar, 2007). 

Physiological models and comparative studies have long predicted a relationship 
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between mechanical sensitivity (sensitivity to rotational head speeds) and canal radius 

of curvature and ductal length in mammals (Curthoys et al., 1977; Wilson & Melvill-

Jones, 1979; Blanks et al., 1985; Curthoys & Oman, 1987; Spoor & Zonneveld, 1998; 

Rabbitt et al., 2004).  While angular accelerations of the head are the acting force moving 

the endolymph, the vestibular neurons encode this as angular velocity within a 

frequency cutoff range (the response time needed to attain maximum displacement and 

restoration of the cupula). The cutoff brackets (the inverse of long and short time 

constants) are controlled by canal radius of curvature and lumen radius, which directly 

influences the amount and rate of endolymph flow and ultimately cupular displacement 

(Jones & Spells, 1963; Wilson & Melvill-Jones, 1979; Spoor & Zonneveld, 1998; Muller, 

1999). As lumen radius increases, response time to cupular displacement decreases. 

Conversely, canal sensitivity increases with increases in canal radius of curvature. 

Changes in either of these dimensions are thought to fine-tune the canal system to 

capture the frequency spectrum of head movements typical to an animal in its natural 

environment (Wilson & Melvill-Jones, 1979). Experimental work by Yang and Hullar 

(2007) has recently confirmed some of these findings, demonstrating a strong positive 

correlation between increasing vestibular-nerve afferent sensitivity and larger canal 

radii of curvature.  

While endolymph fluid dynamics (and thus canal radius of curvature) influence 

the sensitivity of each canal, it is the relative orientations of the canals that influence the 
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overall sensitivity of the entire six-canal system ( Mazza & Winterson, 1984; Brichta et 

al., 1988; Day & Fitzpatrick, 2005; Calabrese & Hullar, 2006; Hullar & Williams, 2006; 

Yang & Hullar, 2007). In order for each canal to maximally sense angular rotations in a 

given direction, the canals must be oriented in such a way that the cupula achieves 

maximum displacement by the endolymph (Yang & Yang, 2007). Some hydrodynamic 

models predict that rotation of the head around a specific axis can also produce response 

signals from the other five semicircular canals, with those responses also depending 

upon canal orientation with respect to the axis of head rotation ( Rabbitt, 1999; Ifediba, et 

al., 2007). The cumulative sensitivity for a rotational direction is then greater than that 

predicted by rotation and excitement of a single canal, maximizing global sensitivity. 

This idea has been mathematically modeled in toadfish by Rabbitt (1999), in humans by 

Ifediba et al. (2007) and further tested on mice by Yang and Hullar (2007). All authors 

conclude that semicircular canal orientation plays a significant role in determining the 

sensitivity of an animal’s vestibular system and even suggest that changes in canal 

orientation may be more significant than changes in canal radii as determinates of 

overall sensitivity. 

In vertebrates, the relationship between these canal dimensions and locomotor 

repertoire is thought to be related to mechanical sensitivity and improvement of the 

ability to coordinate movements (Muller, 1999; Spoor et al., 2003; Spoor et al., 2007; Yang 

& Hullar, 2007). Because the effect of a longer canal is thought to enhance mechanical 
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sensitivity, thereby improving the ability to coordinate movement, it is suggested that 

more agile species will have longer canals, at least in one canal axis, than species with 

more deliberate movements (Melvill-Jones, 1979; Spoor & Zonneveld, 1998; Spoor et al., 

2007; Wilson & Yang & Hullar, 2007). Furthermore, canal angles are not perfectly toroid 

nor do they approximate perfectly orthogonal angles and might suggest that this 

variation provides some computational benefit for encoding axes of rotation (Rabbitt, 

1999). Thus, it is reasonable to suppose that interspecific variation in morphology is 

shaped by natural selection in order to adjust vestibular sensitivity according to specific 

locomotor behaviors. 
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Figure 1: Internal view of the right membranous (dark purple) and bony 

labyrinth (light purple) in humans, shown in anterior view (drawing by AJ Guthrie). 
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Figure 2: Schematic diagram of an isolated canal and it’s associated features. 

Arrows indicate the direction of endolymph flow that is sensed by the hair cells 

inside the ampulla (drawing by AJ Guthrie). 

 

1.3 Predictive models of canal sensitivity and the fossil record 

The close association of the laminar bone and membranous canal ducts 

approximates the soft-tissue structure of this system in the bony skeleton, facilitating 

comparative analyses of canal shape in cadaveric, osteological, and fossil specimens. 

Thus, the semicircular canal system has become of interest to paleontologists for 

reconstructing locomotor behaviors in extinct animals which are often insufficiently 

preserved and have poorly preserved or ambiguous locomotor signals from postcranial 

anatomy ( Spoor et al., 2003; Silcox et al., 2009; Ryan et al., 2012). While broad locomotor 
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categories, such as arboreality, are relatively easy to recognize in the post-crania, further 

refinement of these categories is not always obvious (e.g., slow arboreal quadruped vs. 

fast arboreal quadrupeds that incorporate with varying amounts of leaping, or species 

that utilize below-branch locomotion versus above-branch movement). Studying the 

semicircular canals could lead to refinements in our understanding of head movement 

(and locomotion) in living primates and provide an important tool for the study of 

behavioral adaptations of extinct species. They also offer an alternative functional 

system (apart from that of the postcrania) from which to compare and test hypotheses 

about the evolution of locomotor behaviors.  

Currently, two competing models for reconstructing locomotor behaviors have 

achieved prominence: Spoor’s model using canal radius of curvature (Spoor et al. 2007), 

and Malinzak’s model of canal orthogonality (Malinzak et al. 2012). In Spoor’s predictive 

model, canal radius of curvature is used to infer behavioral agility and relative 

locomotor abilities (Spoor et al. 2007). This model builds upon experimental literature 

focusing on semicircular canal radius of curvature as a determinate of vestibular 

sensitivity. A relatively larger canal radius of curvature is indicative of more agile 

movements, while a relatively smaller radius reflects senstivity to slower, more 

deliberate behaviors. Differences in radii among canals are also predicted to relate to 

differences in individual canal sensitivity, indicating that the information from each 

canal is interpreted as a mutually exclusive signal by the CNS. 
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More recently, Malinzak has proposed a model of canal orthogonality, wherein 

the collective orientation of the semicircular canals is indicative of the average angular 

velocities that are experienced by the head (Malinzak et al. 2012). Animals that 

experience faster rotational head speeds have more orthogonal canal angles compared to 

animals who experience slower rotational head speeds. The underlying premise of this 

model is that the vestibular system works to maximize overall sensitivity to rotational 

head speeds, as suggested by the hydrodynamic models of Rabbitt (1999) and Ifediba et 

al., (2007).  

Both models incorporate key anatomical features that have been linked to either 

increasing vestibular afferent sensitivity (canal radii of curvature: Yang & Hullar, 2007) 

or changes in actual angular velocity speeds across different locomotor behaviors (canal 

orthogonality: Malinzak et al. 2012). However these models ultimately vary in their 

fundamental interpretation of how three-dimensional movements are encoded by the 

semicircular canals, which has important implications regarding how variation in 

vestibular morphology is interpreted. Evidence supporting and contradicting each 

model is discussed in the next several sections. 

1.3.1 Canal radius of curvature 

In a comprehensive study of canal interspecific variation, measured from CT 

scans, Spoor et al. (2007) documented a general relationship between canal radius of 

curvature and locomotor behaviors across a taxonomically diverse group of 210 extant 
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mammal species, including 91 primate species. In this study, the authors assigned 

behavioral “agility” ranks in an attempt to quantify information about locomotor 

behaviors (and, by inference, information about rotational head movements). After 

accounting for the large influence of body size on canal radius of curvature, they 

reported that the residual variation in canal arc size contained a strong locomotor 

(agility) signal separating relatively fast-moving animals from slow-moving animals. 

Furthermore, it was assumed that increased canal size in one or more directions was 

indicative of sensitivity to specific axes of fast rotational head movements. 

Subsequent research has built upon the work of Spoor et al. (2007), resulting in 

predictive equations to identify behaviors in both Paleocene and Eocene stem and crown 

primates (Silcox et al., 2009) and reconstructing locomotor adaptations in late Oligocene 

to Middle Miocene anthropoids (Kay et al., 2012; Ryan et al., 2012). In particular, the last 

two decades have shown an increased focus on using canal morphology to clarify 

controversial hypotheses for early bipedal behaviors (Bramble & Lieberman, 2004; 

Lovejoy, 2005a, 2005b, 2007). Based on both morphological and physiological evidence, 

it has been proposed that the genus Homo became fully terrestrial due to selection for 

efficient long‐distance running (Bramble & Lieberman, 2004; Lieberman et al., 2006), 

which may have aided hunting and scavenging in open terrains. Because postcranial 

anatomy from fossil evidence does not difinitively indicate adaptations to running, canal 

morphology has been used as an adjunct to test this hypothesis. Spoor et al., (1994) 
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report that both Australopithecus africanus and Paranthropus robustus display small 

anterior and posterior canals but an enlarged horizontal canal compared to that of 

modern humans, a condition similar to all four great ape species. The morphological 

evidence is interpreted to suggest that australopiths had not yet adopted obligatory 

bipedalism or the quick and agile movements associated with jumping and running in 

modern Homo. Morphological differences similar to australopiths have also been 

documented for Neanderthals and other mid-Pleistocene hominins (Spoor et al., 2003). 

Combined with interpretations of lower limb morphology, these authors suggest that 

like australopiths, Neanderthals were subject to less agile movements and that their 

semicircular canal morphology is more consistent with endurance walking than with 

agile running. Only in Homo erectus, they conclude is evidence observed for the modern 

human semicircular morphology (Spoor & Zonneveld, 1998). 

1.3.2 Canal orthogonality 

While most predictive equations for canal sensitivity (sensitivity to rotational 

head speeds) are based on subjective agility ranking scales, Malinzak et al. (2012) is the 

first study to incorporate in vivo rotational head movement into analyses of canal 

morphology, finding a significant relationship between the collective orientations of the 

semicircular canals and head acceleration (Malinzak et al., 2012). More specifically, an in 

vivo study of eleven species of strepsirrhine primates indicates that in animals that rotate 

their heads at higher accelerations the three canals are oriented in planes most closely 
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approximating 90 degrees to one another (i.e. optimizing orthogonality). The extent to 

which canal angles approach orthogonality is highly correlated with increasing 

rotational head speeds in a manner that is also independent of body size. Additionally, 

while orthogonality maximizes overall sensitivity, increased sensitivity to specific planes 

(directional senstivity) does not exist.  

Additionally, Berlin, et al., (2013) has documented extensive deviations from 

orthogonality across a broad sample of mammals. These authors similarly found that the 

degree to which canals deviated from orthogonality appeared to be correlated with both 

estimated vestibular sensitivity (based on mathematical models) as well as published 

assessments of relative agility. These changes also appear to occur in a somewhat 

predictable manner, as Malinzak suggested. While Malinzak et al. (2012) found that 

changes in canal orientation (not radius of curvature) coincide with changes in actual 

angular velocities of the head during locomotion for a small group of primates, Berlin et 

al. (2013) have established that this pattern may be generalizable across mammals even 

when using more subjective means to quantify locomotion. However until recently, 

canal angles have been largely been ignored by comparative morphologists. 

1.4 Problems with behavioral reconstructions 

Resulting from the recent interest in vestibular-based models, a series of studies 

have questioned the accuracy with which these models can reconstruct locomotor 

behaviors and even suggest that vestibular morphology may not reflect a purely 
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functional signal. In particular, canal radius of curvature has been problematic for 

reconstructions. First, for several extinct taxa, the results of locomotor reconstructions 

based solely on canal radii conflicts with the results of locomotor reconstructions based 

on post-cranial elements (Silcox et al. 2009; Ryan et al., 2012). This is evident for the 

Early Oligocene anthropoid Apidium, whose syndesmosed tibia and fibula, talar 

morphology, and limb porportions would suggest adaptions for leaping (Fleagle, 1980; 

Fleagle & Simons, 1983; Gebo & Simons, 1987; Seiffert & Simons, 2001) while small canal 

radii indicate a more slow-moving animal (Ryan et al. 2012). Similarly, stem primates 

(Plesiadapiforms) were also found to have much smaller canal radii than most extant 

animals, resulting in the reconstruction of locomotor behaviors far slower than those 

predicted by numerous postcranial elements (Silcox et al. 2009). 

Additionally, two preliminary studies examining the predictive strength of canal 

radius of curvature for reconstructing locomotion in platyrrhines and strepsirrhines 

have found this measure to be more strongly influenced by body size per se than relative 

agility ( Malinzak et. al., 2012; Gonzales et. al., 2013).  Even after taking body size into 

account, residual canal variation was still not found to be tightly correlated with agility 

ranking (Gonzales et. al., 2013), in contrast to the claims of Spoor et al. (2007).  

Moreover, the second major finding by Malinzak et al. (2012), that directional 

sensitivity to one or a few planes does not appear to exist, strongly suggests that 

behavioral reconstructions relying solely on variation in canal radii of curvature should 
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be re-evaluated in light of evidence pertaining to canal orthogonality to parse out true 

locomotor signal. This is particularly important for the hominin record, where locomotor 

behaviors have largely been reconstructed based on similarities in canal radii of 

curvature to great apes and an assumption of directed sensitivity based on differences in 

canal radius of curvature within an individual. 

However, models incorporating canal angles have also resulted in some 

problematic interpretations. While the Malinzak et al. study is restricted to 

strepsirrhines, the conservative nature of the vestibular system theoretically predicts 

that the functional association between canal orthogonality and actual rotational head 

movements should exist across primates and other mammals. Yet preliminary results 

reported in Gonzales et al. (2013) have found that these patterns are not easily 

extrapolated to a similarly-sized platyrrhine sample.  Using canal orthogonality as a 

surrogate for angular velocity in extant platyrrhines, titi and saki monkeys Callicebus 

torquatus and Pithecia monachus were predicted to experience the most head angular 

acceleration, similar to that of the bush baby Galago moholi. At the opposite extreme the 

wooly monkey Lagothrix lagotricha was predicted to exhibit the least—most closely 

resembling Daubentonia madagascarensis and Eulemur fulvus.  The linking of these taxa 

seems is peculiar—wooly monkeys climb and suspend themselves below branches 

whereas E. fulvus is mostly an above-branch quadruped (Gebo, 1987; Dagosto, 1994; 

Dagosto & Yamashita, 1998; Cant, et al., 2001; Cant, et al., 2003). In particular, the 
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relatively slow-moving Alouatta fusca, has been shown to have the most orthogonal canal 

orientation out of the sampled species. This evidence is indicative of either sensitivity to 

fast head movements not previously identified for this species, or greater biological 

variation in the vestibular system than previously recognized.  

1.4.1 Deficiencies in behavioral data  

The most widespread shortcoming of these studies is the categorization of broad, 

complex locomotor behaviors into simplistic agility scores, assigned without sufficient 

knowledge of head movements during locomotion. Any interpretation of functional 

morphological variation based solely on descriptive patterns of locomotion, and without 

incorporating experimental evidence, is problematic for a number of reasons. First, 

functional anatomy is most appropriately addressed from a biomechanical perspective 

(Sellers & Crompton, 2004), and ideally, locomotor behaviors should be categorized as a 

spectrum of angular velocities experienced by the head. Spoor’s assessment of agility, on 

the other hand, is based on qualitative impressions of locomotion and expressed as a 

categorical, variable ‘agility rank’. Unfortunately, the types of data required for 

assessment of biomechanical variables are very difficult to quantify observationally. For 

example, it may be relatively easy to identify when an animal is leaping but nearly 

impossible to accurately gage how fast or how far. Additionally, changes in locomotor 

behaviors can occur very rapidly, and movements (specifically of the head) might be 

difficult to record or to even perceive, particularly in small arboreal animals in natural 
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settings. These problems can easily result in observational bias and very likely a 

misinterpretation about how agile living species actually are. 

This being said, experimental equipment capable of measuring head velocities 

and accelerations is presently extremely expensive, unwieldy and restricted to a 

laboratory setting, thus limiting the availability of kinematic head data. Interestingly, the 

popularity of home computer gaming devices has resulted in the miniaturization and 

reduced price of technology capable of measuring head velocity and acceleration. It is 

possible that in the near future, this technology could be used to collect behavioral data 

on both captive and wild species. Until then, however, most studies of vestibular 

morphology, including my own approach, will need to heavily rely upon behavioral 

literature. 

1.4.2 Alternative sources of canal variation 

Although there is a need for more accurate information regarding rotational 

head movements, it is likely that much of the remaining discrepancy can be attributed to 

other factors that influence canal shape. Recently, the idea has been introduced that the 

vestibular system contains more variation than previously recognized (Ekdale, 2010; 

Billet et al. 2012; Osipov et al. 2013), in contrast to common assumptions inherent in 

canonical models of vestibular sensitivity. Existing models assume that levels of 

intraspecific variation in vestibular morphology are low, and probably the result of 

adaptive constraints. Conservative systems are generally assumed to contain little 
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intraspecific variation, with deviant variants quickly selected out of the gene pool. In 

fact, both Spoor and Malinzak’s models are based on relatively few individuals per 

species, thus automatically assuming little vestibular variation within populations. A 

recent study by Billet et al. (2012) contradicts this assumption, showing that within a 

group of slow-moving xenarthrans, semicircular canal variation is exceedingly high, 

particularly for canal angles. While the study was limited in the number of species that 

were examined, the authors hypothesize that this increase in variation is part of a larger 

pattern exhibited across animals and tied to differences in the relative speed of 

movements— there being less selective pressure to conserve a strict functional 

morphological state in slow moving species than in more agile species.  

Likewise, canal functional morphology may not strictly reflect locomotor signals, 

which has been suggested by several recent studies after examining the relationship 

between semicircular canal morphology and the cranium (Jeffery and Spoor, 2006; 

Jeffery et al. 2008; Malinzak et al. 2012). Jeffery & Spoor and Jeffery et al. have both noted 

a significant interdependent relationship between the paraflocculus of the brain and the 

shape and size of at least two semicircular canals. Additionally, Malinzak (2010) 

suggests that canal morphology actually scales more closely with brain size than it does 

with body size, an idea that deserves more consideration. Given the physical proximity 

of the canals to other basicranial structures, especially the brain, it is reasonable to 

suppose that canal structure may be constrained by the size and growth of the skull and 
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the brain (Jeffery et al., 2008; Malinzak, 2010). It may be the case that canal shape is more 

tightly constrained in smaller animals versus larger animals due to restrictions in skull 

size (Muller, 1999). 

The evidence presented above indicates a large gap in our understanding of the 

variation that both contributes to and defines living populations. The vestibular system 

has been used extensively to reconstruct behaviors of extinct species, yet without 

comprehensive understanding of the variation that exists naturally in living 

populations, it is impossible to gauge the accuracy of these reconstructions. 

Furthermore, a better understanding of the selections and constraints acting upon canal 

morphology is needed to refine existing behavioral models and to inform comparative 

analyses. Thus, analyses of functional vestibular morphology should be further 

improved upon by: 1) investigating interspecific variation in regards to intraspecific 

variation and 2) considering the possibility of competing demands on the functional 

design of canal structures.  

This dissertation expands upon the works presented here, documenting 

variation in semicircular canal dimensions associated functionally with vestibular 

sensitivity and locomotion to elucidate the roles of selection and constraints influencing 

inner ear structure.  

1.5 Dissertation overview 

The following chapters of this dissertation present the results of my 
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investigations into the variation exhibited by the semicircular canals, as well as the 

sources of observed variations affecting canal morphology in a select group of 

strepsirrhine and platyrrhine primates. This work highlights the complexity of 

functional vestibular morphology compared to the simplicity assumed by predictive 

models reconstructing behavior in extant and extinct animals. 

Chapter 2 examines levels of intraspecific variation in canal radius of curvature 

and canal angles for each canal pair. The extent of intraspecific variation differs across a 

sample of strepsirrhines and platyrrhines, reflecting the intensity of selective pressure on 

canal shape in agile species. Larger ranges of intraspecific variation are observed for 

slower moving species than faster moving species, consistent with the findings of Billet 

et al., 2012. A second objective in Chapter 2 is to document patterns of interspecific 

variation incorporating both canal angles and radii of curvature. Despite significant 

levels of intraspecific variation, taxa that are classified as relatively agile can to some 

extent be separated from those who are slower-moving, but only when comparing 

similarly sized animals with more extreme forms of locomotion. These results identify 

only one canal metric, the angle between the horizontal and anterior canal, as giving a 

consistent functional signal across taxa. 

In chapter 3, using osteological material, I evaluate the relative contributions of 

locomotor agility, brain size, and body size to semicircular canal shape and size in order 

to test spatial constraints and correlations to the general somatic growth (i.e., body size), 
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comparing adult and perinatal individuals. Spatial constraints resulting from the size of 

the skull (reflected by the relative sizes of the brain and subarcuate fossa) are found to 

affect canal radii of curvature and canal orthogonality more strongly than observed 

agility during locomotion across mammals. In particular, animals with relatively larger 

brains exhibit larger radii of curvature and vice versa. Brain size similarly influences 

canal angles, but only within my select group of primates, and does not have general 

applicability across mammals. These results indicate that certain features thought to be 

important in functional interpretations utilizing the ear region do not convey a purely 

functional signal. 
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2. Intraspecific variation, interspecific variation, and 
biological relevance 

While the relationship between semicircular canal size and shape and locomotor 

behaviors has been explored extensively using adult interspecific allometry (Spoor et al., 

2007; Walker et al., 2008; Silcox et al., 2009), the samples are generally small—based on 

one or a few individuals per species. As a result, any conclusions about a function-

behavior relationship assumes that the intraspecific variation is low when compared 

with interspecific variation. Recent evidence, however, suggests that the variability itself 

may be an important indicator of function: Canal shape may be less variable in agile 

than in less agile mammals (Billet et al., 2012). If so, the amount of adult intraspecific 

variation may itself be evidence for varying levels of selection related to agility—the 

hypothesis being that there is weaker selective pressure to conserve a strict functional 

morphological state in a slow-moving species than fast-moving species because of the 

reduced need to accurately interpret jerky locomotor behaviors. In this study, I examine 

the ranges of variation in canal radii of curvature and canal orthogonality in larger 

samples of size-matched platyrrhine and strepsirrhine species. The adult intraspecific 

variation is investigated with a particular focus on: 1) right versus left intra-individual 

asymmetry; 2) males versus females and 3) slow moving species versus fast moving 

species. Furthermore, patterns of interspecific variation are re-examined in light of 
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intraspecific variation to better understand the resolution at which locomotion can be 

reconstructed from single individuals. 

2.1 Background 

A thorough understanding of intraspecific variation in traits is important for 

understanding the “natural” limits of variation within a recognized species and is 

particularly critical when working with fossils when often only limited numbers of 

specimens are available. Thus, without knowledge of intraspecific variability, confidence 

cannot be placed on the value of predictive models for extrapolation to extinct species. 

While interspecific differences in labyrinth functional morphology have been widely 

documented in primates and other mammals (Spoor et al. 2007; Berlin et al. 2012; 

Malinzak et al. 2012), the extent of canal variation within species is largely unexplored. 

A common but untested assumption in all comparative models and which is inherent to 

experimental work and biophysical hypotheses (Graf, 1988; Rabbitt et al., 2004; Yang & 

Hullar, 2007) is that intraspecific variation should be relatively low compared to 

interspecific variation. Therefore, the proposition has been advanced that within-species 

variation in semicircular canal dimensions is limited (Welker et al., 2009) and justifies 

the use of comparative models for inferring locomotor behavior in single specimens of 

extinct species based on single or small numbers of individuals per species in extant 

animals (Spoor et al. 2007; Berlin et al. 2012; Malinzak et al. 2012). 
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With the recent increased feasibility of obtaining larger samples of high-

resolution CT scans, sample sizes large enough to evaluate this assumption are now 

attainable. A few studies have taken advantage of this increase in data to test 

assumptions used in comparative analyses and have reported more variability in traits 

associated with function and phylogeny than was previously suspected (Welker et al., 

2009; Ekdale, 2010; Billet et al. 2012; Osipov et al., 2013). For example, previous 

assumptions inherent to physiological models included 1) low variation in canal 

dimensions between the right and left sides within an individual and 2) low variation 

between males and females belonging to species with low sexual dimorphism in size 

(R.D. Rabbitt et al., 2004; Yang & Hullar, 2007). These assumptions are supported by 

observations in short-tailed shrews in which less than 5% variation was reported 

between left and right canal dimensions within individuals and no significant canal size 

differences exist between males and females despite slight differences in body size 

(females are slightly larger) (Welker et al., 2009). However, a recent study in humans 

(Osipov et al., 2013) has noted significant bilateral asymmetry in some canal features 

(e.g., radii of the anterior canal) and significant differences between males and females 

(particularly in the radii of the posterior canal). Additionally, Ekdale (2010) has 

cautioned against the use of categorizing vestibular characters as discrete traits in 

phylogenetic analyses after discovering significant variation in the vestibular anatomy 

of Monodelphis domestica. 
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Moreover, the extent of intraspecific variation may well differ across primates 

subjected to differing selective pressures. While the system is highly conserved, 

interspecific variation is associated with both functional (as pertaining to levels of 

relative agility) and phylogenetic attributes (Spoor and Zonneveld, 1998; Schmelzle et 

al., 2007; Lebrun et al., 2010). It is reasonable to suppose that such information is 

associated with intraspecific variation as well. Billet et al. (2012) recently addressed this 

idea by comparing levels of intraspecific variation in canal measurements in xenarthrans 

(armadillos and sloths) and a few other placental mammals, documenting larger ranges 

of intraspecific variation in canal angles in slower-moving species than in faster-moving 

ones (Billet et al., 2012). The results are most apparent in sloths, though the authors 

attribute their findings to a release of selective constraints and hypothesize that this may 

be representative of a more general pattern across Mammalia. In another experimental 

study Schutz, et al., (2014) found that mice selected for increased running capabilities 

(thus increasing agility) show corresponding changes in aspects of canal shape but not 

radii of curvature after just a few generations. This added morphological variation, 

occurring within the same species and over a relatively short time scale, highlights 

sensitivity to changing selective pressures at a population level.  

The idea that canal functional morphology may exhibit higher levels of 

intraspecific variation than previously thought has interesting implications: 1) that the 

strength of selective constraints on canal shape may vary across animals who engage in 
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varying levels of head movement or inhabit different ecological niches and 2) that 

reduced selection to maintain a functional canal shape may result in canal morphology 

that is more representative of interactions with other biological systems and not 

necessarily related to agility. The first objective of the present study is to provide data on 

the levels of variation found in canal radius of curvature and canal angles—two 

measures associated functionally with the vestibular system—to elucidate the roles of 

selection and constraint influencing inner ear structure. I hypothesize that the extent of 

intraspecific variation will differ across a sample of strepsirrhines and platyrrhines, 

reflecting the intensity of selective pressure on canal shape in species that require agility 

during locomotion extending the findings of Billet et al. (2012). Larger ranges of 

intraspecific variation should be observed for slower-moving species than faster-moving 

species as a result of the decreasing adaptive significance of reliably interpreting jerky 

head movements and risky locomotor decisions that would otherwise maintain a 

narrower range of variation in more agile populations. 

A second objective is to document patterns of interspecific variation found in 

canal angles and radii of curvature while taking into account intraspecific variation. This 

will allow me to determine whether canal morphology that has been deemed 

functionally relevant separates fast and slow animals across different taxonomic and 

body-size groups in a consistent “functional” manner. It also will provide a unique 

opportunity to estimate parameters of variability from which more effective predictive 
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models can be built and interpreted, thus allowing researchers to more accurately 

identify and track functional design.  

Ultimately, the goal of this chapter is to provide a framework for better 

understanding the differences in intraspecific variation as it relates to locomotion and to 

reevaluate the accuracy and the limitations of reconstructing behaviors in extinct 

animals when we have one or a few specimens in hand.  

2.2 Materials and methods 

2.2.1 Sample selection 

For this study, species were selected to represent a dichotomy of habitually fast- 

versus habitually slow-moving animals based on a general consensus from the 

behavioral literature and/or recorded differences in rotational head movements from 

experimental work (Table 1). Currently, the only existing comparative data on rotational 

head movement is for strepsirrhines (Malinzak et al., 2012), highlighting the importance 

of this taxonomic group for validation of the agility categories assigned by Spoor et al. 

(2007). Because the correlation between behavior and morphology can be more 

confidently extrapolated to a comparative group of similar body size, platyrrhines have 

also been included due to their overlapping ranges in body size. In both strepsirrhine 

and platyrrhine comparisons, species pairings were selected to maximize differences in 

locomotor agility at a similar body size (small, medium, or large) in order to minimize 
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body size effects that are known to influence statistical analyses when using canal radius 

of curvature (Jones & Spells, 1963). 

Semicircular canal measurements were calculated from osteological specimens of 

seven extant strepsirrhine species and seven extant platyrrhine species. Computed 

Tomography (CT) scans of museum specimens were collected for a range of 10 to 16 

individuals per species with roughly equal numbers of males and females (five to eight 

males and five to eight females). Due to sexual dimorphism in body size for Alouatta 

palliata, five additional male and female specimens were included for this species to 

increase statistical robusticity for examination of sexual dimorphism. Specimens were 

scanned at Duke University while on loan from the National Museum of Natural 

History (USNM) and the American Museum of Natural History (AMNH). Access to CT 

scans of specimens housed at the Museum of Comparative Zoology (MCZ) at Harvard 

was granted by Dr. Lynn Copes at Quinnipiac University. Additional scans were 

borrowed from various research institutes across the United States. A full list of 

specimens (with Museum and donor attributions) can be found in Appendix A. 
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Table 1: Taxonomic comparative groups investigated in this study. 

Table Notes: Size groups refers to the body size category that each comparative group was 

assigned to. The source(s) for each body mass estimate are denoted by an asterisk. Sources for 

classifying agility are unmarked. For Lepilemur mustelinus, only the species mean for combined 

male and female body weight estimates was available. Behavioral data was not available for all 

species. Locomotor budgets for Saimiri oersetedii and Saimiri boliviensis were used to infer relative 

agility for Saimiri sciureus and Chiropotes satanas to infer agility for Chiropotes chiropotes. 
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2.2.2 Data collection 

2.2.2.1 CT scanning and digital image preparation 

The majority of specimens included in this study were scanned using a Nikon 

Xth 225ST high resolution CT scanner that is housed at the Shared Material 

Instrumentation Facility (SMIF) at Duke University. Resulting Tagged Image File Format 

(TIFF) images were converted to Joint Photographic Experts Group (JPEG) images and 

rotated, translated, and cropped to maximally distinguish all six semicircular canals in 

each specimen. Post-scan processing was completed using the digital imaging software 

ImageJ (NIH) and Avizo (Visualization Sciences Group). 

2.2.2.2 Data Collection: Canal radii of curvature and canal angles  

Radii of curvature and canal angles (metrics used for behavioral reconstructions) 

were calculated from landmark data collected in MATLAB (r2012a) following the 

protocol outlined by Malinzak et al. (2012). In this procedure, landmarks were manually 

selected on each CT slice at the center of each canal lumen. Radius of curvature and 

orientation for each canal were reconstructed in MATLAB by fitting both a plane and a 

circle to scaled and rotated landmark data using script developed by Malinzak and 

Hullar (Kandel & Hullar, 2010; Malinzak et al., 2012). These methods were repeated for 

all six canals to allow for calculation of angles between ipsilateral canal pairs. A list of 

canal measurements included in this study can be found in Table 2. 
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To standardize measurements of radius of curvature so that comparisons across 

animals with differing body size can be made, radii for each canal were divided by the 

geometric mean for the left and right sides respectively. The geometric mean (GM) 

consists of the nth root of the product of n numbers and normalizes the values being 

averaged such that no value dominates the weighting (Sokal & Rohlf, 2009). 

 

Table 2: Definitions and abbreviations of canal measurements 

 

Table Notes: abbreviations: AC: anterior canal; HC: horizontal canal; PC: posterior canal. 

 

2.2.2.3 Behavioral categories 

Species were categorized according to Spoor’s agility ranks (fast, slow, and 

medium fast).  These agility ranks are based on locomotor and behavioral information 

compiled from the literature (Table 3). Strepsirrhine agility ranks were further adjusted 

after comparison with experimental data collected by Malinzak et al. (2012). These 

authors report the actual average angular velocity means (AVM) experienced for 11 

species in controlled locomotion trials. Six species from Malinzak’s study are 

incorporated here that exhibit marked differences (very high values compared to very 

Variable Description 

HCvAC Horizontal Canal vs Anterior Canal 
HCvPC Horizontal Canal vs Posterior Canal 

PCvAC Posterior Canal vs Anterior Canal 

AC/GM Anterior Canal/Geomean 
HC/GM Horizontal Canal/Geomean 

PC/GM Posterior Canal/Geomean 
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low values) in AVM. Behavioral studies of Aotus lemurinus are limited to anecdotal 

stories of behavior (describing moderate amounts of leaping) and to predictions based 

on postcranial anatomy (Wright, 1989), so an agility score of six (medium to fast 

moving) was assigned following Spoor et al. (2007). 
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Table 3: Percentages of major locomotor modes observed for extant 

strepsirrhine and platyrrhine species included in this study. 

 

Table Notes: QWR: arboreal quadrupedal walk, bound, run; CL clamber, vertical climb; L: leap, drop, hop; 

S: bridge and suspensory locomotion. Agility ranks for strepsirrhines have been adjusted to more accurately 

reflect AVM values. Locomotor budgets for Saimiri oersetedii and Saimiri boliviensis were used to infer 

relative agility for Saimiri sciureus and Chiropotes satanas to infer agility for Chiropotes chiropotes. 
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2.2.2.4 Statistical Analyses 

Prior to comparative analyses all data was tested for normality, and the standard 

deviation, species mean, and species ranges (including minimum and maximum values) 

were calculated (Appendix C-D). The variation (% difference) between the right and left 

sides of the head within individuals was first calculated to assess bilateral symmetry in 

canal angles and radii of curvature and to determine whether information provided by a 

single side adequately captures vestibular morphology. Variation between males and 

females of the same species was also calculated to examine the effects of sexual 

dimorphism on vestibular morphology. To visualize and assess the level of variation for 

each metric across species, the variance of each unlogged measurement was calculated 

in JMP Pro (v11.0) for Mac, SAS Institute Inc. and exported to and graphed in Excel. The 

significance of the differences in levels of variance between species was tested using a 

Brown-Forsythe Unequal Variances test in JPM (SAS Institute Inc., Cary NC); this statistic 

tests for the equality of deviation from the median of two or more samples. Unlike an F-

test or Levene’s test, a Brown-Forsythe test is a nonparametric test that retains high 

statistical power and robustness even when the data is heavily skewed and when 

sample size is unequal (Sokal & Rohlf, 2009). A criteria of <0.05 was used to determine 

statistical signficance and a bonferroni correction was applied to adjust the significance 

level for multiple pair-wise comparisons (Sokal & Rohlf, 2009). 
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The second objective (to explore taxonomic and locomotor specific patterns in 

vestibular morphology) was accomplished using Principal Component Analysis (PCA).  

PCA was the preferred multivariate technique because the goal of the analysis was to 

explore variation in the metric data as well as to examine the distribution of sample taxa 

in multidimensional morphospace (Neff & Marcus, 1980; de Queiroz & Good, 1997).  All 

angular and linear variables were included in the PCA. To normalize the distribution 

data for each species sample, linear and angular variables included in the PCA were log 

transformed to create a log shape variable (Jungers et al., 1995). The PCA was carried out 

on the correlation matrix using JMP (SAS Institute Inc., Cary NC). PC species means were 

also calculated for each axis by averaging PC scores computed for individuals. Canal 

angles and radii of curvature were plotted in standard box-and-whiskers plots in JMP to 

more accurately visualize changes in linear and angular metrics across different taxa  

(Appendix E-J). 

2.3 Results 

2.3.1 Intra-individual comparisons 

The percentage difference between values obtained from the right and left sides 

of the head were calculated for all vestibular characters. A difference of less than 1% was 

found for all variables (Table 4). Due to the low amount of variation within individuals, 

subsequent analyses focused on measurements from only the left side of the head. 

Restriction of analyses to one side of the head reduces the number of pair-wise 
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comparisons, ultimately providing more robust statistical results by reducing the 

inclusion of Type 1 errors. Furthermore, concentration on canal measurements from the 

left side allowed for the inclusion of more specimens in further comparative analyses. 

 

Table 4: The percent difference between radius of curvature for each canal from the 

left and right sides for species means. This difference was calculated as the absolute value of 

the difference between the left and right canals divided by the mean of both sides and 

multiplied by 100. Missing values indicate species with data collected for only one side of the 

head. 

Species N 
% Diff 
HCvsAC 

% Diff 
HCvsPC 

% Diff 
PCvsAC % Diff AC % Diff HC % Diff PC 

Galago senegalensis 10 0.38 0.39 0.41 0.32 0.57 0.41 

Nycticebus coucang 11 0.44 0.43 0.35 0.72 0.93 0.64 

Eulemur fulvus 16 0.28 0.26 0.34 0.23 0.24 0.31 

Hapalemur griseus 
       Lepilemur mustelinus  
       Propithecus 

verreauxi 
       Varecia variegata 15 0.33 0.40 0.32 0.26 0.31 0.27 

Aotus lemurinus 14 0.56 0.19 0.35 0.27 0.24 0.18 

Saimiri sciureus 10 0.49 0.30 0.41 0.17 0.19 0.22 

Pithecia pithecia 15 0.38 0.29 0.33 0.23 0.25 0.22 
Chiropotes 
chiropotes 15 0.49 0.43 0.38 0.22 0.24 0.26 

Lagothrix lagotricha 15 0.80 0.50 0.29 0.49 0.81 0.51 

Alouatta palliata 21 0.55 0.47 0.47 0.27 0.33 0.32 

Ateles geoffroyi 16 0.55 0.55 0.28 0.36 0.47 0.50 

 

 

2.3.2 Male versus female comparisons 

The percentage difference between values obtained for males and females (left 

side of the head only) were also calculated for all vestibular characters. Despite marked 
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sexual dimorphism in such species as Lagothrix lagotricha and Alouatta palliata, variation 

was not found to be higher than that found in species where males and females are more 

similar in size (i.e. Ateles geoffroyi). In fact, differences between sexes were found to be 

small (<2.2%) (Table 5). Given this evidence, species means are used in all subsequent 

analyses and thus allow for increased sample sizes. 

 

Table 5: The percent difference between radius of curvature for each canal from the 

male and female species means. The percent difference was calculated as the absolute value 

of the difference between male and female means divided by the combined species means 

and multiplied by 100. Species were only included if the sex of more than five individuals 

(f=5, m=5) could be identified. 

 

Species Sex N 
% Diff 

HCvsAC 
% Diff 

HCvsPC 
% Diff 

PCvsAC 
% Diff 

AC 
% Diff 

HC 
% Diff 

PC 

Lepilemur mustelinus  F 8 0.76 0.38 0.40 0.73 0.35 0.45 

 
M 5 

      Aotus lemurinus F 7 0.60 0.12 0.34 0.35 1.05 0.54 

 
M 7 

      Chiropotes chiropotes F 6 0.14 0.31 0.33 0.73 0.57 1.17 

 
M 7 

      Lagothrix lagotricha F 8 0.30 0.79 0.08 1.39 0.48 1.12 

 
M 7 

      Alouatta palliata F 9 0.96 0.68 0.53 0.69 0.43 1.61 

 
M 8 

      Ateles geoffroyi F 7 1.31 0.22 0.01 2.16 0.57 0.74 

  M 5             
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2.3.3 Fast (agile) versus slow (deliberate) strepsirrhine comparisons 

Comparisons were divided up into three body size groupings: small 

strepsirrhines (Nycticebus coucang and Galago senegalensis), medium strepsirrhines 

(Lepilemur mustelinus, Eulemur fulvus, and Hapalemur griseus) and large strepsirrhines 

(Varecia variegata and Propithecus verreauxi). Each body size group was examined 

separately to limit potential variation introduced by body size differences. Data for the 

Brown-Forsythe pairwise comparisons are summarized in Tables 6-11.  

2.3.3.1 Variance measures in small-bodied strepsirrhines (Nycticebus coucang vs 

Galago senegalensis) (Fig. 3-4, Table 6, 9) 

The calculated variance for canal angles demonstrates that the slow moving 

Nycticebus coucang consistently displays more intraspecific variation in all angles than 

the more agile Galago senegalensis. This variation is significantly different in the angle 

between PC and AC and also between HC v PC (p<0.05). For both species, more 

variation is found in the angle between HC and AC than for any other canal angle and is 

most obvious in G. senegalensis. For radii of curvature, the difference in levels of 

intraspecific variation (variance) among these species is not statistically significant, 

although N. coucang still shows an amount of variation nearly twice that of G. 

senegalensis for all canals.  
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2.3.3.2 Medium-bodied strepsirrhines (Lepilemur mustelinus, Eulemur fulvus, and 

Hapalemur griseus) (Fig. 3-4, Table 7, 10) 

Among the medium-sized strepsirrhines, the level of variation for canal angles is 

very similar across species and does not vary significantly between slower-moving 

species (Eulemur fulvus) and faster-moving species (Hapalemur griseus and Lepilemur 

mustelinus). For all species, more variation occurs in the angle between HC and AC has a 

higher variance than that between other canal angles and is most obvious in both L. 

mustelinus and H. griseus. In E. fulvus, the variance appears to be more similar across 

canal angles. As with the findings for canal angles, the difference in variances for radii of 

curvature are not statistically significant and do not differentiate fast- from slow-moving 

animals.  

2.3.3.3 Large-bodied strepsirrhines (Varecia variegata and Propithecus verreauxi) (Fig. 

3-4, Table 8, 11) 

Among the larger-sized strepsirhines, Varecia variegata and the more agile 

Propithecus verreauxi do not have significant differences in levels of variation for canal 

angles. Like both small- and medium-sized strepsirrhines, the most variation occurs in 

the angle between HC and AC for both species, although levels of variation appear to be 

more similar across canal angles in P. verreauxi. Similar to measures of canal angles, the 

levels of variation in radii of curvature are not statistically significant.  
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2.3.3.4 Summary of strepsirrhine variation statistics and overall patterns of canal 

morphology (Fig. 3-4; Tables 6-11) 

In strepsirrhine species, the calculated variance for canal angles indicates that 

Nycticebus coucang presents significantly higher levels of variation than other similarly 

small-sized strepsirrhine species. There are no significant differences in levels of 

variation in canal angles among medium- or large-bodied strepsirrhines despite 

substantial differences in ‘agility’.  Although it is categorized as comparatively slower-

moving, Eulemur fulvus does not exhibit higher levels of variation than either Hapalemur 

griseus or Lepilemur mustelinus. The same is true for Varecia variegata when compared to 

the faster-moving Propithecus verreauxi. When looking across angular measurements, the 

angle between HC and AC has far more variation than other canal angles.  This trend is 

consistent across species. The disparity in levels of variation is much less for animals 

that are categorized as faster-moving than those that are categorized as slow-moving. 

Compared to canal angles, canal radii have much lower levels of variation, with 

no significant differences found among any species pair. Unlike canal angles, levels of 

variation across canal radii of curvature do not conform to the hypothesis that the radii 

should be less variable in fast-moving compared with slow-moving species: no single 

canal consistently shows more (or less) variation than any other. 
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Figure 3: Calculated variance for canal angles in strepsirrhines. 
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Table 6: Brown-Forsythe test for equality of variances for canal angles (small-

bodied strepsirrhines). 

Group 1 Group 2 
HCvAC  
p-value 

HCvPC  
p-value 

PCvAC 
p-value 

Galago Nycticebus 0.3351 0.0204 0.0037 

 

 

Table 7: Brown-Forsythe test for equality of variances for canal angles (medium-

bodied strepsirrhines). 

Group 1 Group 2 
HCvAC  
p-value 

HCvPC  
p-value 

PCvAC  
p-value 

Lepilemur Eulemur 0.0657 0.3075 0.5495 
Lepilemur Hapalemur 0.7122 0.9485 0.2808 
Eulemur Hapalemur 0.1394 0.3786 0.531 

 

 

Table 8: Brown-Forsythe test for equality of variances for canal angles (large-

bodied strepsirrhines). 

Group 1 Group 2 
HCvAC  
p-value 

HCvPC  
p-value 

PCvAC  
p-value 

Varecia Propithecus 0.7972 0.1137 0.1235 
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Figure 4: Calculated variance for canal radii of curvature divided by GM in 

strepsirrhines. 
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Table 9: Brown-Forsythe test for equality of variances for canal radii of curvature 

(small-bodied strepsirrhines). 

Group 1 Group 2 AC p-value HC p-value PC p-value 

Galago Nycticebus 0.1336 0.1282 0.8775 

 

 

Table 10: Brown-Forsythe test for equality of variances for canal radii of curvature 

(medium-bodied strepsirrhines). 

Group 1 Group 2 AC p-value HC p-value PC p-value 

Lepilemur Eulemur 0.326 0.8207 0.9981 
Lepilemur Hapalemur 0.6344 0.157 0.9802 
Eulemur Hapalemur 0.1278 0.2052 0.9857 

 

 

Table 11: Brown-Forsythe test for equality of variances for canal radii of curvature 

(large-bodied strepsirrhines). 

Group 1 Group 2 AC p-value HC p-value PC p-value 

Varecia Propithecus 0.7291 0.97 0.2463 
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2.3.4 Fast (agile) versus slow (deliberate) platyrrhine comparisons 

Comparisons were divided up into three groupings: small platyrrhines (Aotus 

lemurinus and Saimiri sciureus), medium-sized platyrrhines (Chiropotes chiropotes and 

Pithecia pithecia) and large platyrrhines (Alouatta palliata, Ateles geoffroyi, and Lagothrix 

lagotricha). As with the strepsirrhines, each body size group was examined separately to 

limit variation introduced by body size differences. Data for Brown-Forsythe pairwise 

comparisons are summarized in Tables 12-17.  

2.3.4.1 Small-bodied platyrrhines (Aotus lemurinus and Saimiri sciureus) (Fig. 5-6, 

Table 12, 15) 

For the small-size platyrrhine grouping, Aotus lemurinus has a much higher level 

of variation for all canal angles and is significantly different from the very agile Saimiri 

sciureus for HC vs AC (p<0.05) and approaches significance for HC v PC (p=0.0724). Like 

other species examined in this study, A. lemurinus exhibits more variation in the angle 

between HC and AC than between other canal angle pairs, however, this variation 

appears to be very low relative to other canal angles in S. sciureus. A. lemurinus also 

demonstrates visibly higher levels of variation in canal radii than S. sciureus.  Although 

this variation is not significantly different, it does approach significance for PC 

(p=0.0989). 
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2.3.4.2 Medium-bodied platyrrhines (Chiropotes chiropotes and Pithecia pithecia) (Fig. 

5-6, Table 13, 16) 

Among the medium-sized platyrrhines, the level of variation in canal angles is 

very similar between Chiropotes chiropotes and Pithecia pithecia, despite documentation of 

more saltatory behaviors for P. pithecia than for C. chiropotes (Fleagle & Mittermeier, 

1980; Fleagle & Meldrum, 1988). For both species, more variation occurs in the angle 

between HC and AC than for other canal angles. Unlike canal angles, variation in canal 

radii is significantly different between C. chiropotes and P. pithecia. This variation is 

significantly different for AC and HC (p<0.05) and near significance for PC (p=0.0748), 

with C. chiropotes having much larger variation for all measurements. 

2.3.4.3 Large-bodied platyrrhines (Alouatta palliatta, Ateles geoffroyi, and Lagothrix 

lagotricha) (Fig. 5-6, Table 14, 17) 

For the large-sized platyrrhines (all members of the Atelidae), the slow moving 

Lagothrix lagotricha has the highest variance for all canal angles. Surprisingly Alouatta 

palliata, which has been documented as even slower moving than L. lagotricha, shows the 

least amount of variation in all canal angles, with significantly less variation than L. 

lagotricha for PC v AC (p < 0.05: Bonferroni significance criterion: p < 0.017) and nearing 

significance for the other two angles. Ateles geoffroyi, which incorporates more dynamic 

suspensory behaviors than other atelids (Mittermeier, 1978; Fontaine, 1990; Cant, et al., 

2003), demonstrates levels of variation similar to, yet still higher than A. palliata. For all 

three species, HC versus AC has much more variation than other canal angles. For canal 
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radii, the level of variation among these larger bodied platyrrhines is not statistically 

significant, with the variation nearly equal in all comparisons. 

2.3.4.4 Summary of platyrrhine variation statistics and overall patterns of canal 

morphology (Figures 5-6; Tables 12-17). 

For platyrrhine comparisons, significant differences in levels of variation were 

found in both canal angles and radii of curvature between slow versus agile small-

bodied species. For small-sized platyrrhines, the calculated variance indicates that Aotus 

lemurinus has significantly higher levels of variation than the similarly sized Saimiri 

scierus for HC v AC and approaches significance for HC vs PC (p=0.0724). While not 

significant, a similar difference in levels of variation also is seen in radii of curvature. 

Despite documented differences in ‘agility’, medium-sized platyrrhines do not show 

significant differences in levels of variation for canal angles and in fact the variation 

appears to be very similar between the two species. In contrast, they do exhibit 

significant differences in canal radii of curvature, particularly for AC (p < 0.05). Large-

bodied platyrrhines, on the other hand, display a much more complicated pattern of 

variation. Lagothrix lagotricha, has the highest level of variation for large-bodied 

platyrrhines although this variation is only statistically significant when compared to 

Alouatta palliata (Brown-Forsythe test, p < 0.05; Bonferroni significance criterion: p 0.016). 

Surprisingly, the apparently slow moving A. palliata has the least amount of variation for 

all canal angles and for all large-bodied platyrrhines, with the amounts of variation 

more comparable to faster-moving small-bodied platyrrhines.  
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Finally, when looking across canal angles, HC v AC is always found to have 

higher levels of variation across canal angles (with the one exception of Saimiri sciureus), 

a trend which has also been observed in strepsirrhines. Additionally, all platyrrhines 

analyzed here tend to have much more variation in the anterior canal than in other 

canals. 
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Figure 5: Calculated variance for canal angles (Platyrrhines). 
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Table 12: Brown-Forsythe test for equality of variances for canal angles (small-

bodied platyrrhines). 

Group 1 Group 2 
HCvAC p-
value 

HCvPC p-
value 

PCvAC p-
value 

Aotus Saimiri 0.0019* 0.0724 0.9817 

 

 

Table 13: Brown-Forsythe test for equality of variances for canal angles (medium-

bodied platyrrhines). 

Group 1 Group 2 
HCvAC p-
value 

HCvPC p-
value 

PCvAC p-
value 

Chiropotes Pithecia 0.8421 0.628 0.9032 

 

 

Table 14: Brown-Forsythe test for equality of variances for canal angles (large-

bodied platyrrhines). 

Group 1 Group 2 
HCvAC p-
value 

HCvPC p-
value 

PCvAC p-
value 

Alouatta Ateles 0.28 0.8055 0.2597 
Alouatta Lagothrix 0.0196 0.0409 0.0124* 
Ateles Lagothrix 0.1897 0.109 0.2892 
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Figure 6: Calculated variance for canal radii of curvature divided by GM 

(Platyrrhines). 
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Table 15: Brown-Forsythe test for equality of variances for canal radii of curvature 

(small-bodied platyrrhines). 

Group 1 Group 2 AC p-value HC p-value PC p-value 

Aotus Saimiri 0.3237 0.8761 0.0989 

 

 

Table 16: Brown-Forsythe test for equality of variances for canal radii of curvature 

(medium-bodied platyrrhines). 

Group 1 Group 2 AC p-value HC p-value PC p-value 

Chiropotes Pithecia 0.0038* 0.0502 0.0748 

 

 

Table 17: Brown-Forsythe test for equality of variances for canal radii of curvature 

(large-bodied platyrrhines). 

Group 1 Group 2 AC p-value HC p-value PC p-value 

Alouatta Ateles 0.5532 0.4933 0.5996 
Alouatta Lagothrix 0.0829 0.5275 0.4781 

Ateles Lagothrix 0.2519 0.9832 0.8537 
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2.3.5 Principle Components Analyses (PCAs)  

To explore taxonomic and locomotor specific patterns in vestibular form a 

Principal Components Analysis (PCA) was run to reveal overall patterns in the 

morphological data. The PCA was performed on log-transformed values of radii of 

curvature and canal angles. Results are shown in Table 18-21 and Figures 7-14. 

Strepsirrhines and platyrrhines were analyzed separately to explore taxon specific 

patterns in morphological shape space. 

2.3.5.1 Strepsirrhines  

Together the first two principal components account for 71.6% of the variance 

within the sample (Table 18). The first principle component (PC1) accounts for 

approximately 35.1% of the variance and separates the small-bodied Galago senegalensis 

from the other strepsirrhines, whereas considerable overlap occurs between medium 

and larger-sized strepsirrhnes.  

Despite this overlap, when looking only within similarly-sized comparative 

groups, the mean value of PC1 do separate animals with relatively higher agility scores 

from those assigned relatively low agility scores (with the exception of medium sized 

strepsirrhines). Factor loadings (eigenvalues) on the PC1 axis are most weighted by AC 

and HC v AC (positively) and HC and PC v AC (negatively) (Table 18). Mean PC1 

scores of the more agile animals in both smaller and larger strepsirrhine body-size 

groups (G. senegalensis and Propithecus verreauxi) have slightly lower scores on this axis 
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than their slower-moving relatives of similar size. The latter have relatively large HCs 

and small ACs and wide angles for PC v AC and smaller angles for HC v AC. In turn, 

slower-moving animals for these comparisons (Nycticebus coucang and Varecia variegata) 

tend to have higher scores on this axis, and exhibit relatively small HCs and large ACs 

and have small angles for PC v AC but wider angles for HC v AC (Fig. 7-10). The range 

of variation for the small-bodied, slow-moving N. coucang, however, spans the entire 

range of all included species along this axis. Medium-sized strepsirrhines exhibit 

considerable overlap along this axis with similar PC1 means seen for the faster moving 

Lepilemur mustelinus and the slower-moving Eulemur fulvus. Both, however, have higher 

mean PC1 scores than Hapalemur griseus. Univariate analyses reveal similar patterns 

across locomotor groups (Appendix E-G).  

The second Principal Component axis (PC2) accounts for approximately 25.6% of 

the variance, and while there is significant overlap among strepsirrhines species, within 

similarly sized comparative groups, mean PC2 scores more effectively separates animals 

incorporating some leaping behaviors (higher agility scores) from those exhibiting more 

antipronograde behaviors (lower agility scores). Factor loadings on this axis are 

primarily weighted (positively) by PC and HC v PC (Table 18). In general, slower 

moving animals in all body size comparisons (N. coucang, E. fulvus, V.variegata) have the 

lowest mean scores on this axis with small PCs and smaller angles for HC v PC (Fig. 7-

10). In contrast animals with higher agility scores (G. senegalensis, H. griseus and P. 
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verreauxi) have higher mean scores on this axis than their slower moving counterparts, 

having a relatively larger PC and wider angles for HC v PC. In medium-sized 

strepsirrhines, L. mustelinus (AG = 5) has lower scores than H. griseus (AG = 5) and again 

groups closer to E. fulvus (AG = 4), both having similar PC2 means. Larger strepsirrhines 

show a much greater overlap in ranges, although some P. verreauxi (AG = 5) individuals 

have markedly higher scores than V. variegata (AG = 2). 

In summary, higher mean scores for PC2, and to a lesser extent, lower scores for 

PC1 separate similarly-sized animals that incorporate greater amounts of leaping in their 

behaviors from those animals that would be categorized as generalized arboreal 

quadrupeds. Slower-moving species for each body-size group tend to have larger radii 

of curvature for AC and more obtuse angles for HC v AC (N. coucang morphology). In 

turn, more agile species experience an increase in the arc size for HC and PC and more 

obtuse angles for PC v AC and HC v PC (G. senegalensis morphology). The supposedly 

fast-moving L. mustelinus clusters near the slower-moving E. fulvus on both axes. Unlike 

all other included strepsirrhine species, agility ranking for L. mustelinus was not 

informed using actual head angular velocity data which might explain this unusual 

pattern. These trends are also seen in univariate analyses (Appendix E-G.). 
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Figure 7: PCA including both canal angles and radii of curvature. Polygons 

emphasize the morphospace
1
 occupied by strepsirrhine species. 

                                                      

1 Figures 6-8 represent alternate versions of Figure 5 that highlight specific taxa of interest and 

include species means, indicated by an x in each polygon. Schematic diagrams illustrate the canal 

shape variation along each of the two PC axes shown. Ellipses represent the size of the anterior, 

horizontal and posterior canals. Red arrows indicate more obtuse canal angles. 
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Figure 8: PCA including both canal angles and radii of curvature with polygons 

showing the distribution (in morphospace) of small-bodied strepsirrhine species. The mean 

for each species PC score is marked by a cross (+). 

 

Figure 9: PCA including both canal angles and radii of curvature with polygons 

showing the distribution (in morphospace) of medium-bodied strepsirrhine species. The 

mean for each species PC score is marked by a cross (+). 
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Figure 10: PCA including both canal angles and radii of curvature with polygons 

showing the distribution (in morphospace) of large-bodied strepsirrhine species. The mean 

for each species PC score is marked by a cross (+). 

 

Table 18: Principal component loadings for the first two axes of the PCA including 

both canal angles and radii of curvature for strepsirrhine species. Significant loading 

variables are in bold. 

Measurement Factor 1 (35.1%) Factor 2 (25.6%) 

Log AC/GM 0.88891 -0.33521 

Log HC/GM -0.92918 -0.25907 
Log PC/GM 0.08817 0.84885 
Log HCvAC 0.43716 -0.3633 
Log HCvPC 0.24945 0.70593 
Log PCvAC -0.44058 0.07914 
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Table 19: Principal component scores for species means (strepsirrhines). 

Species 
PC1 (species 

means) 
PC2 (species 

means) 

Aotus lemurinus -2.9 0.68 
Saimiri sciureus -0.17 -1.51 
Chiropotes chiropotes 0.31 -0.63 

Pithecia pithecia 0.22 0.69 
Alouatta palliata 0.41 -0.37 
Ateles geoffroyi 0.15 1.17 
Lagothrix lagotricha 1.11 0.33 

 

2.3.5.2 Platyrrhines 

Together the first two principal components account for 59.8% of the variance 

within the sample (Table 20).  PC1 accounts for approximately 42.6% of the variance and 

effectively separates small- (Cebidae: Saimiri sciureus, Aotus lemurinus) medium- 

(Pitheciidae: Pithecia pithecia, Chiropotes chiropotes) platyrrhines from larger platyrrhines 

(Atelidae: Ateles geoffroyi, Lagothrix lagotricha, and Alouatta palliata).  Factor loadings on 

this axis are most heavily weighted by AC, PC, and the angles between HC and AC 

(positively) and HC (negatively) (Table 20). Atelids have high mean scores on this axis, 

with relatively large ACs and PCs but small HCs and wider angles for HC v AC (Fig. 11-

14.). In turn, smaller-bodied cebids and medium-sized pitheciids have lower mean 

scores on this axis, with relatively small ACs and PCs but large HCs and smaller angles 

for HC v AC. Within similarly sized comparative groups, some separation along PC1 is 
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seen for species with high agility ranks (low PC1 scores) from those with lower agility 

ranks (high PC1 scores) and which is most evident when looking at mean PC1 values. 

However, the pattern of variation in large-bodied atelids is opposite of that seen for small 

and medium-bodied platyrrhines. In particular, the more agile A. geoffroyi has higher 

scores on this axis than either the much slower-moving L. lagotricha or A. palliata.  

PC2 accounts for approximately 17.2% of the remaining variance and mean 

values separate animals that engage in more leaping behaviors (higher agility scores) 

from other slow-moving, more generalized arboreal quadrupeds (lower agility scores) 

with some overlap in range among species. Factor loadings on this axis weighted by HC 

v PC (positively) and PC v AC (negatively)(Table 20). In general, more agile animals in 

both small- and medium-sized platyrrhines (S. sciureus and P. pithecia) tend to have 

slightly lower scores on this axis, with smaller angles for HC v PC and wider angles for 

PC v AC. In turn, animals who engage in less leaping activities for each comparison (A. 

lemurinus and C. chiropotes) have higher scores on this axis than their faster-moving 

counterparts, and exhibit relatively wide angles for HC v PC and smaller angles for PC v 

AC (Fig. 11-14). However, the pattern of variation exhibited in the larger-bodied atelids, 

animals that engage in more antipronograde behaviors than observed in other 

platyrrhines, is again opposite that observed in the former two groups. For all species, 

there is considerable overlap in ranges of variation although A. palliata (AG = 2) tends to 

have lower values on this axis than either moderately fast L. lagotricha (AG = 3) or the 
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fast moving A. geoffroyi (AG = 4). Values for A. geoffroyi fall between that of A. palliata 

and L. lagotricha. PC2 species means for atelids completely overlap on this axis. 

In summary, higher scores for PC1 separate each of the three platyrrhine families 

(which also represent three different body-size groups) while lower scores for PC2, and 

to a lesser extent lower scores for PC1, separate similarly sized animals that incorporate 

greater amounts of leaping in their behaviors from those that are above-branch arboreal 

quadrupeds. Despite measures taken to remove body size influence on the data (i.e. 

dividing canal radii by the geomean), the distribution of taxonomic clusterings along 

PC1 strongly resembles a body-size gradient, meaning shape differences are not 

isometric (a ratio may change with size, reflecting different allometric trends).  

The difference between platyrrhine families seems to be dictated by a trade-off 

between the relative size of AC and PC (in positive factor loadings) and HC (negative 

factor loadings) on PC1. Along PC2, functional differences appear to correlate with a 

trade-off between PC v AC (negative factor loadings) and HC v PC and even HC v AC 

(positive factor loadings). Slower-moving species for each body-size group have a more 

obtuse angle for HC v PC but a smaller angle for PC v AC. In turn, more agile species 

have smaller angles for HC v PC and wider angles for PC v AC. The exception is larger 

bodied platyrrhines, who are similar in PC2 means although both A. geoffroyi and L. 

lagotricha display much more phenotypic variation than A. palliatta. The pattern of 

morphological variation seen in platyrrhines is different from that observed in 
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strepsirrhines. Specifically, in platyrrhines, morphological differences are primarily 

characterized by changes in the radii of curvature (body size allometry) and secondarily 

by differences in canal angles (function). In strepsirrhines, changes to radii of curvature 

and canal angles occur in tandem. While both fast and agile animals in both taxonomic 

groups see similar changes in the angle between HC and AC, this pattern differs for the 

other two angles. 
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Figure 11: PCA including both canal angles and radii of curvature. Polygons 

emphasize the morphospace
2
 occupied by platyrrhine species. 

 

                                                      

2 Figures 10-12 represent alternate versions of Figure 9 that highlight specific taxa of interest and 

include species means, indicated by an x in each polygon. Schematic diagrams illustrate the canal 

shape variation along each of the two PC axes shown. Ellipses represent the size of the anterior, 

horizontal and posterior canals. Red arrows indicate more obtuse canal angles. 



 

67 

 

Figure 12: PCA including both canal angles and radii of curvature with polygons 

showing the distribution (in morphospace) of small-bodied platyrrhine species. 

 

Figure 13: PCA including both canal angles and radii of curvature with polygons 

showing the distribution (in morphospace) of medium-bodied platyrrhine species. 
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Figure 14: PCA including both canal angles and radii of curvature with polygons 

showing the distribution (in morphospace) of large-bodied platyrrhine species. 

 

Table 20: Principal component loadings for the first two axes of the PCA including 

both canal angles and radii of curvature for platyrrhine species. Significant loading 

variables are in bold. 

Measurement Factor 1 (42.6%) Factor 2 (17.2%) 

Log AC/GM 0.80729 -0.01423 
Log HC/GM -0.97253 0.03495 
Log PC/GM 0.73715 -0.04385 
Log HCvAC 0.43455 0.38362 
Log HCvPC 0.3163 0.56661 
Log PCvAC 0.35877 -0.74738 
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Table 21: Principal component scores for species means (platyrrhines). 

Species 
PC1 (species 

means) 
PC2 (species 

means) 

Aotus lemurinus -1.65 0.59 
Saimiri sciureus -2.36 -0.37 
Chiropotes 
chiropotes -0.26 0.48 
Pithecia pithecia -0.98 -0.35 
Alouatta palliata 0.52 -0.09 
Ateles geoffroyi 2.39 -0.23 
Lagothrix lagotricha 1.03 -0.07 

 

2.4 Discussion 

Understanding the relationship between vestibular morphology and locomotion 

in extant animals has featured prominently in the reconstruction of locomotor 

adaptations of extinct species, especially those for which postcranial remains are scant or 

absent. This study provides the first documentation of the levels of intraspecific 

variation in canal radius of curvature and canal orthogonality, two measurements that 

are functionally associated with locomotor behaviors. Analyses focus on a select group 

of strepsirrhines for which there is some information about rotation head speeds, and a 

similarly sized and closely related group of platyrrhine species with well documented 

locomotor behaviors. Because these measurements are designed to capture vestibular 

sensitivity, they allow for inferences of locomotor behaviors. Furthermore, patterns of 
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interspecific variation are reevaluated in light of the intraspecific variation that defines a 

population to determine the degree to which individuals can accurately be identified as 

relatively slow versus fast moving. Morphological patterns that separate locomotor 

behaviors in strepsirrhines compared to platyrrhines are also identified. 

An important outcome of this study is the demonstration of the complexity 

surrounding functional canal morphology. While some patterns are consistently 

repeated across taxonomic groups (thus suggesting some kind of functional relevance), 

further variation between strepsirrhine and platyrrhine primates suggests either the 

adoption of different approaches to signaling rotational head movements or that 

interactions with other biological systems (of which brain size is the most probable) are 

heavily influencing canal morphology. When possible, it is recommended that 

locomotor reconstructions only be made using carefully constructed comparisons that 

incorporate animals of a similar size and close relationship. 

2.4.1 Patterns of intraspecific variation 

My results demonstrate that strepsirrhine and platyrrhine primates exhibit very 

low levels of intra-individual variation for either canal angles or radii of curvature. 

Differences for measurements taken from the left versus right side of the head were less 

than 1% for all included species despite differences in locomotor behaviors and assigned 

agility scores. This finding corresponds with those recently reported by Welker et al. 

(2009) for a large population of Blarina brevicauda (nothern short-tailed shrew), who 
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found no significant asymmetry in radii of curvature and also by Rodgers (2011) who 

reported the same findings for radii of curvature and canal angles in single individuals 

across 31 extant mammals. My results, combined with that of Welker et al. (2009) and 

Rogers (2011) indicate that past studies using canal measurements from just one side of 

the head were still able to sufficiently capture canal variation representative of a target 

individual and validates this practice in general. 

2.4.1.1 Males vs Females 

Variation between males and females was evaluated for all vestibular characters 

and was found to be low for each of the included species, even in taxa displaying large 

amounts of sexual dimorphism. These results are also consistent with the findings of 

Welker et al. (2009) and provide some support for the use of species means in analyses of 

canal morphology. However, caution should be employed before taking such an 

approach as more information is needed about variation related to sexual dimorphism 

in larger bodied animals, as evidenced by sexual dimorphism in the vestibular 

morphology of humans (Osipov et al. 2013). 

2.4.1.2 Fast vs Slow  

The data reported here support the hypothesis that levels of intraspecific 

variation in canal morphology covaries with locomotor behaviors. In general, species 

classified as having lower relative agility, and are therefore thought to be under less 

selective pressure to maintain strict canal morphology, have higher levels of variation 
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than similarly-sized animals that engage in more leaping behaviors; however, this 

difference is only statistically significant in animals displaying the more extreme forms 

of each behavior. For example, in strepsirrhines the slow moving loris, Nycticebus 

coucang, has unusually high variation, displaying a 19o range of variation in the angle 

between the posterior and the anterior canals compared to the similarly sized but more 

agile Galago senegalensis (8o range of variation). A similar trend occurs for radii of 

curvature, particularly in the anterior and horizontal canals. While other strepsirrhine 

species appear more similar in their levels of intraspecific variation, the larger-bodied 

Propithecus verreauxi displays an unusual amount of intraspecific variation for canal 

angles, and larger than that observed in it’s slower moving contemporary, Varecia 

variegata. 

When extrapolated to similarly-sized platyrrhines, this relationship is again 

observed and seems to mostly coincide with our perception of platyrrhine behavioral 

repertoires. The larger woolly spider monkey Lagothrix lagotricha has a much higher 

level of variation than the similarly sized but faster-moving Ateles geoffroyi for both canal 

angles and radii of curvature. The same relationship is observed between smaller sized 

species such as the slower-moving Aotus lemurinus and faster-moving Saimiri sciureus. 

While variation in canal angles is more similar for medium-sized pitheciids, the less 

agile Chiropotes chiropotes has higher levels of variation in canal radii of curvature than 

the more saltatory Pithecia pithecia. However, the larger bodied howling monkey, 
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Alouatta palliata, proves the one exception, having much less variation than its similarly 

sized but faster moving relatives. 

One notable pattern that appears consistently in all included species (despite 

differences in behavior) is a marked increase in intraspecific variation for the angle 

between the horizontal and anterior canals compared with that seen for the other two 

canal angles.  A second pattern that occurs, although only in platyrrhines, is increased 

intraspecific variation in the radius of curvature for the anterior canal (sensitive to 

rotations in the roll direction) compared to either the horizontal or posterior canals 

(sensitive to rotations in the yaw and pitch directions). The reason for this increase in 

variation in some morphological characters but not others is unclear. One possibility is 

that this variation reflects actual differences in sensitivity across different animals, and 

may be the result of intraspecific differences in locomotor behaviors.  Alternatively, high 

levels of intraspecific variation may reflect corresponding changes in the surrounding 

cranial base. Given the location of the vestibular labyrinth inside the petrous bone of the 

cranial base, the canals are in direct contact with the developing basicranium as well as 

the petrosal lobule of the paraflocculus, an extension of the brain that runs through the 

arc of the anterior canal to sit within the inner ear. Changes in one system could have 

profound effects on the morphology of the other systems and minute fluctuations in 

either system, particularly with the anterior canal and the paraflocculus, might be 

enhanced. An interesting extension of this study would be to examine levels of 
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intraspecific variation in species that do not have a subarcuate fossa to see if amount of 

intraspecific variation in the anterior canal decreases. 

2.4.2 Patterns of interspecific variation 

Despite the existing variation in both canal angles and radii of curvature, 

Principle Component Analyses demonstrate that canal morphology covaries with 

relative agility in a predictable manner. According to predictive models put forth by 

Spoor et al. (2007) and Malinzak et al. (2012), similar-sized species (classified as relatively 

agile) should gain an advantage by having larger radii of curvature and/or more 

orthogonal canal angles, osteological features associated with increased sensitivity to 

rotational movements. Among similarly sized strepsirrhine species, those that were 

classified as relatively agile tend to have larger horizontal and posterior canals and 

smaller angles between the horizontal and the anterior canals. In contrast, slower-

moving strepsirrhine species have smaller posterior and horizontal canals and wider 

angles between the horizontal and anterior canals and also the anterior and posterior 

canals – a pattern generally consistent with the expectations of the models of Spoor et al. 

(2007) and Malinzak et al. (2012). However, the variation that occurs across 

strepsirrhines overlaps significantly and it is only when similarly sized animals are 

compared that functional groupings can be identified. 

Within platyrrhines, patterns of variation are similar but not necessarily the same 

as those observed in strepsirrhines, with functional changes in canal morphology mostly 
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driven by changes in the canal angles. Similarly-sized platyrrhine species that were 

classified as relatively agile (in absence of verification from experimental data) generally 

have smaller angles between the horizontal and the anterior canals and the horizontal 

and posterior canals. In contrast, slower-moving platyrrhines species have much wider 

angles for these same canal pairs. These patterns are consistent with the functional 

morphological pattern proposed by Malinzak et al. (2012) but not with that by Spoor et 

al. (2007). However, the variation that occurs across all platyrrhine species is primarily 

driven by increases in canal radii of curvature with a secondary (and slight) increase in 

canal angles, which separates large-bodied atelids from medium-size pitheciids and 

even further from smaller-bodied cebids. These changes are more closely correlated with 

either differences in body size and/or phylogeny than with agility, despite 

transformations of the data using the geomean intended to reduce body size effects. 

Again, it is only when similarly-sized animals are compared that a functional signal 

emerges. Furthermore, it also appears as if the best discrimination between animals 

occurs in smaller to medium body-size pairings. This might suggest the existence of a 

body size threshold, and that given the overall slow movements of the head and the 

even slower movements of the body, large-bodied taxa may be less constrained in terms 

of selection for accuracy. In smaller-bodied taxa, this constraint can only be overcome in 

the case of extremely slow locomotor behaviors (e.g., N. coucang). 
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For both strepsirrhine and platyrrhine species, functional signals within each 

body size category are complex and patterns observed in strepsirrhines are not always 

the same as those seen in platyrrhines. For both taxa, more agile species tend to have 

smaller angles for the horizontal and anterior canals. However, functional variation for 

the other two canal angles is much more varied. While faster moving platyrrhines also 

have smaller angles between the horizontal and posterior canals, this same angle is 

much wider in agile strepsirrhines. Furthermore, functional signals in strepsirrhine 

species include a combination of changes in canal angles alongside changes in radii of 

curvature, a pattern that does not hold true for the platyrrhines included in my sample. 

The functional implications of each of these features are discussed in more detail below. 

2.4.3 Functional implications of canal variation 

Based on the physics that govern vestibular sensitivity, changes to morphological 

structure of the semicircular canals should dramatically affect an animal’s sensitivity to 

the speed of rotational movements (i.e. the behaviour of the cupula with regard to time 

during a rotation) (Jones and Spells, 1963). Considering the marked intraspecific 

variation that is present in vestibular morphology, I would expect that animals 

displaying extremely slow-moving locomotion (i.e. N. coucang) have reduced selection to 

maintain a strict functional shape. This large morphological variation suggests that 

either 1) some individuals within these populations have canals with higher sensitivity 

to movements while others have lower sensitivity or 2) that “slower” movements are 
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interpreted accurately enough across different canal morphologies. The differences in 

interspecific patterns of variation in functional canal morphology, specifically between 

strepsirrhines and platyrrhines, would seem to lend support for the latter interpretation 

but on a much larger scale, as behavioral groups are separated by a variety of 

morphological patterns that share only minimal similarities. Canal-based hypotheses for 

sensitivity to rotational head movements predict increases in overall arc size for similar-

sized fast moving animals and also more orthogonal canals in general (Spoor et al. 2007; 

Malinzak et al. 2012). The results presented here show that while some canals do 

increase in arc size as predicted, others do not, with similar results for canal angles. 

Malinzak et al. (2012) has shown that changes in individual radii of curvature do not line 

up with axes of fast or slow rotational head speeds in animals, thus nullifying the idea 

that this trade-off in canal arc size might be related to directional differences in each 

animal’s behavior. The evidence found here for variation in canal orthogonality across 

ipsilateral canal pairs is new, and in fact, it is only the angle between HC vs AC that 

seems to give a consistent pattern across all taxonomic study groups, despite high levels 

of intraspecific variation. It may still be possible that variation in patterns exhibited for 

the other two canal angles is related to differences in directional sensitivity, but 

experimental data for platyrrhine head movements is needed to confirm this idea. 

Despite this variation in morphological patterns, there does seem to be a general trend 

towards an overall decrease in canal angles in more agile animals. However, the extent 
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to which this pattern can be identified depends on which animals are included in 

comparisons, as larger-bodied animals tend to deviate more from orthogonality, despite 

Malinzak’s prelimary work showing that canal orthogonality is not affected by body 

size. If many of the differences found here are not necessarily related to locomotor 

function, then other biological systems (brain size, for example) or even evolutionary 

history are affecting canal morphology. 

2.4.4 Outliers and alternative selective pressures influencing inner 
ear variation 

Larger bodied platyrrhines (atelids) appear to be the exception to all locomotor 

patterns described here, displaying canal morphology in complete contrast to that seen 

for any other comparative group. Within (atelids), the more agile Ateles geoffroyi and 

slower-moving Lagothrix lagotricha share a very similar morphology (larger canal angles) 

and also have larger ranges of intraspecific variation. Interestingly, Alouatta palliata 

displays a pattern of canal variation that is contradictory to how behaviorists have 

classified locomotion for this species in the wild. Compared to other larger-sized 

platyrrhine species, A. palliata exhibits very low levels of variation in canal characters 

and has canal angles that closely approximate an optimal 90o, a morphological pattern 

that is more similar to smaller bodied, more agile species. Furthermore, the low levels of 

variation found for this species indicate that orthogonal canal angles are representative 

of the species as a whole and not a chance occurrence for one individual in a species. 

Museum records also indicate that the A. palliata individuals measured for this study 
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come from at least four non-overlapping localities, so low levels of intraspecific varitaion 

cannot be attributed to high genetic relatedness. If interpretation of Malinzak’s 

predictive model of vestibular sensitivity can be extrapolated to platyrrhines, this 

morphological pattern would have suggested that A. palliata experiences angular 

velocities most comparable to G. senegalensis, which seems highly unlikely. 

 While L. lagotricha and A. geoffroyi engage in more climbing, leaping, and 

suspensory behaviors, the more folivorous A. palliata is relatively inactive due to its low 

energy diet (Milton, 1981) and engages in mostly in quadrupedal activities (Gebo, 1992; 

Johnson & Shapiro, 1998; Bezanson, 2006; 2009). Thus, the low variation in canal 

morphology along with the extremely orthogonal canal angles appears to be a glaring 

exception to the mechanical laws proposed to govern canal morphology. An alternative 

explanation for this group may be that differences in canal angles are the result of 

differences in absolute brain size, in which case the smaller canal angles in A. palliata 

could be attributed to it’s smaller brain size compared to the larger brain sizes of L. 

lagotricha and A. geoffroyi (Isler et al. 2008). The possibility of an influence of brain size on 

vestibular morphology is more fully investigated in Chapter 3. Another possible 

suggestion is that the larger canal variation and the wider canal angles seen in L. 

lagotricha and A. geoffroyi are the result of a deviation from more quadrupedal activities 

and the adoption of more suspensory (antipronograde) behaviors. All analyses of canal 

angles consistently group A. palliata with smaller bodied arboreal quadrupeds. 
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Compared to A. palliata, L. lagotricha and A. geoffroyi engage much more frequently in 

suspensory activities, spending more of their time traveling and feeding below branch 

while suspended from a prehensile tail and thus have increased the dimensional space 

in which they navigate. Having more obtuse angles could possibly allow an animal to 

more accurately interpret moving through this type of environment. Should this 

hypothesis be true, it might suggest that canal angles are influenced by more specific 

locomotor behaviors than just generalizations about how fast or slow an animal moves. I 

would also predict that when canal angles are examined in larger bodied suspensory 

hominoids, they will be found to be comparatively more obtuse. Unfortunately, much of 

this is speculative until more in vivo data on head movements is collected to better 

understand the influence of specific behaviors rather than overall agility categories on 

canal morphology. 

2.5 Conclusions 

1) I explore levels of intraspecific variation in functional metrics of canal morphology in 

fast (agile) versus slow animals in a select group of similarly size strepsirrhine and 

platyrrhine species. Two functionally relevant suites of canal measurements were 

examined, radius of curvature for individual canals and the angles between ipsilateral 

canal pairs. 
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2) When body size is controlled for, levels of variation distinguish between some broad 

locomotor behaviors in both strespsirrhine and platyrrhine species. The selective 

pressure hypothesized to be controlling for variation in the inner ear is a reduction in the 

relative agility (or speed) of locomotor behaviors. As predicted, higher levels of 

intraspecific variation are typically seen in the slower moving species in each body size 

comparison, although this relationship is more apparent in platyrrhines than 

strepsirrhines (with the exception of small-bodied strepsirrhines). 

 

3) When interspecific differences in canal morphology are considered, only minimal 

similarities are found in fast versus agile species between strepsirrhine and platyrrhine 

taxa. In strepsirrhines, both canal radii of curvature and canal angles are informative as 

to locomotion. In platyrrhines, canal radii of curvature seems to be highly influenced by 

body size while differences in canal angles correspond with differences in locomotor 

behaviors. The separation of fast and slow animals in each body-size comparison is 

more distinct in smaller and medium body size groups with more overlap occurring in 

larger animals. Across both taxa, behavioral groups are only consistently separated by 

differences in the angle between the horizontal canal and the anterior canal. 

 

4) The results of this study demonstrate that canal functional morphology is highly 

complex and that species may be able to adopt several strategies to gain information 
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about rotational head speeds. Furthermore, simplified models predicting vestibular 

sensitivity may be unable to differentiate slower-moving species from faster-moving 

ones when only a single specimen is available, as this morphology can overlap 

extensively. Finally, caution must be taken in choosing the best-fit comparative species, 

particularly accounting for body size, before making any sort of behavioral 

interpretation. 
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3. The influence of external parameters (i.e. brain 
size/cranial base interactions) on semicircular canal 
morphology 

As noted in Chapter 2, semicircular canal morphology may not be influenced by 

locomotion alone. To further understand differences in canal shape it is important to 

consider the morphology in the context of the complex interactions among the 

developing canals, brain growth, and other factors that influence the development of the 

cranial base as a whole. While brain size has been found to account significantly for 

variation in mean canal radius of curvature (Malinzak, 2010), the effects of overall brain 

size and brain components on the arrangement of the canals relative to one another, 

expressed here as canal angles, has not previously been examined. Chapter 3 expands 

upon the preliminary work of Malinzak (2010) by evaluating the relative contributions 

of locomotor agility, brain size, and body size to both individual canal radii and canal 

angles in order to test spatial constraints and correlations with general somatic growth 

(i.e., body size). 

3.1 Background 

A conservative biological system such as the semicircular canals can maintain 

variation in a number of ways, such as selection generated by environmental pressures 

or sex specific effects (the focus of chapter two), the separate development of individual 

components (modularity of the system) and selection upon trait combinations 
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(correlational selection) (Blows et al., 2003; Turelli & Barton, 2004; Johnson & Barton, 

2005). While canal radius of curvature and deviation from orthogonality are empirically 

associated with locomotion and angular head movements, this link is potentially also 

under the influence of other intrinsic and extrinsic factors, a few of which have gained 

attention in recent literature. Such factors include differential growth rates found for 

each of the canals, interactions between the canals and the subarcuate fossa with its 

contained paraflocculus (specifically for strepsirrhines, platyrrhines, and some 

cercopithecoids), and interactions between the size of the brain and developing 

basicranium (Gannon et al., 1988; Jeffery & Spoor, 2004, 2006; Jeffery et al., 2008). 

During development, the semicircular canals do not form in unison. Within an 

individual, each canal follows its own distinct growth trajectory.  The anterior canal 

completes growth first and the horizontal canal is the last to ossify (Jeffery & Spoor, 

2004, 2006). Moreover, the timing of canal growth and ossification trajectories are not 

found to be the same across mammals (Curthoys, 1982; Curthoys et al., 1982; Ekdale, 

2010). Thus, each canal is subject to differential interactions with the growing cranial 

base and brain and may not be equally correlated with locomotion. Rather, canal 

morphology as a whole may represent a complex balance between the need to 

accurately interpret movements of the head and developmental constraints among its 

individual components.  As our understanding of vestibular development is becoming 

clearer, new evidence is beginning to emerge that lends support to the idea that canal 
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morphology is, indeed, reflective of some brain/basicranial interactions (Jeffery, 2003; 

Jeffery & Spoor, 2006; Malinzak, 2010).   

3.1.1 Vestibular morphology and the subarcuate fossa 

In mammals, the petrosal lobule of the paraflocculus (an extension of the 

cerebellum that is involved with directed and reflexive eye movements) extends 

laterally through the center of the arc of the anterior semicircular canal, with its walls 

situated between the horizontal and posterior semicircular canals into a bony depression 

known as the subarcuate fossa (Figure 15) (Gannon et al., 1988; Sánchez-Villagra, 2002; 

Jeffery & Spoor, 2006). In an investigation of the relationship between the developing 

canals and the subarcuate fossa, several significant interdependent growth-related 

changes have been documented (Jeffery & Spoor, 2006). In a growth series of macaques 

and howling monkeys, increases in the size of the subarcuate fossa correlate with 

increases in the radius of curvature for the anterior semicircular canal (Jeffery & Spoor, 

2006). In a follow-up study (Jeffery et al., 2008) incorporating much larger sample sizes 

(167 primate specimens) noted a substantial correlation between subarcuate fossa 

dimensions and the radius of curvature for the anterior canal, explaining up to 92% of 

the observed variation after accounting for body size. Jeffery et al. also found that the 

width of the posterior canal was influenced by the size of the subarcuate fossa, although 

not its radius of curvature. Whether subsequent invasion of the fossa by the petrosal 

lobe of the paraflocculus (which enters the already formed fossa later in brain 
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development) causes further shape changes to the subarcuate fossa is not well 

understood (Jeffery & Spoor, 2006; Jeffery et al. 2008). It also remains uncertain whether 

subarcuate fossa size is ultimately constrained by, or is itself altered by, canal arc size 

(Jeffery & Spoor, 2006).  

Despite the uncertainty regarding which variable might be independent or 

dependent, an interdependent relationship between subarcuate fossa size and canal arc 

size appears evident. Furthermore, while the interaction between canal angles and the 

subarcuate fossa have not been investigated, the centralized position of the petrosal 

lobule between the horizontal and posterior canals points to the possibility of a similar 

interdependent growth-related relationship. Accordingly, I would predict that this 

relationship might even be particularly strong for the horizontal and posterior canals. As 

the subarcuate fossa increases in size, not only will it correlate with increases in the radii 

of the anterior canal where it enters the middle ear, (as has been shown by Jeffery and 

Spoor (2006)) but it is likely to press against the sides of the posterior and horizontal 

canals, and theoretically influence the orientation of both canals in regard to the 

orientation of the anterior canal, and also with each other. The larger the size of this 

fossa, the more these angles will increase.  

 



 

87 

 

Figure 15: Depiction of the subarcuate fossa (SF), which is situated between 

the anterior and posterior canals in strepsirrhine, platyrrhine, and some catarrhine 

adult specimens. The dashed lines represent the shape of the petrous bone and the 

labels indicate the anterior (ASC), horizontal (HSC), and posterior (PSC) canals 

and the subarcuate fossa (SF). Diagram is adapted from Jeffery and Spoor (2006). 

 

3.1.2 Muller’s canal size limitation (spatial packing) hypothesis 

It is also possible that spatial limitations due to the size of the skull and/or brain 

have an effect on canal radius of curvature. Muller (1999) hypothesized that the average 

semicircular canal size (i.e. mean radius of curvature) for vertebrates can sense rotational 

head movements accurately enough for any species and any type of movement, and that 

interspecific differences in canal size are mainly the consequence of size and space 

limitations, particularly in small animals. More specifically, small animals have 

absolutely smaller canals because available space is restricted by a small skull size, while 
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larger animals, with larger skull sizes, have more room for canal growth.  Canal sizes 

much larger than 2.6 mm (mean canal size for mammals) would respond too slowly as 

determined by endolymph flow and flow and vestibular response speed (discussed 

indepth in Chapter 1).  Increases in canal size, beyond that of the average vertebrate 

canal size, are impractical and even detrimental to the ability of the CNS to accurately 

interpreting head movements (Muller, 1999). Thus skull size ceases to be a constraining 

factor on canal morphology above a certain size threshold. Because increases in skull 

size track increases in body size, this may even explain the interspecific negative 

allometric scaling pattern between canal size and body size documented by Jones and 

Spells (1964).  

While Muller’s idea has been critically received by some (Spoor, 2003), Malinzak 

(2010) has provided evidence confirming that brain size exerts a significant independent 

influence on mean canal size that is not accounted for by either body size or agility. This 

relationship was reportedly even stronger when looking at neonatal brain size for 45 

different mammal species and is suggested to stem from the close association of the size 

of the neonatal brain with the timing of canal ossification (Malinzak, 2010). 

While neonatal brain size data is not readily available to expand and refine 

Malinzak’s observations, the idea that brain and/or skull size influence radii of 

curvature, even as inferred from adult morphology, is intriguing. Muller’s size 

limitation (spatial packing) hypothesis would predict a much stronger relationship 
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between canal arc size and skull size in smaller-bodied animals than in larger-bodied 

animals (who have been released from the constraint of having an absolutely small skull 

size). Furthermore, this relationship would be much stronger than that seen between 

canal morphology and body mass. An alternative suggestion might be that large-brained 

animals actually have less extra space within the skull for canal growth and thus have 

relatively smaller canal sizes. However, the evidence reported by Malinzak (2010) seems 

to contradict this interpretation and so not much more consideration is given here.  

Similar predictions could also be made for canal angles. With less available space 

for canal growth and expansion in a smaller skull, it is possible that canal angles are also 

restricted in the degree to which they can deviate from canal orthogonality. Thus, while 

body size might not necessarily have an impact on canal angles, as Malinzak found, 

changes in brain size might have, disproportionately in smaller-bodied animals. Should 

this be true, then one would expect to see a downward shift in the range of canal angles 

expressed in slower versus faster moving smaller skulled animals but less of an effect in 

larger animals. This possibility finds support in some of the results obtained in Chapter 

2 for large-bodied platyrrhines, who have large differences in brain size despite sharing 

similarities in body size. Finally, it would explain why functional signals emerge most 

clearly in comparisons of similarly sized animals. 
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3.1.3 Chapter overview 

Given the physical proximity of the semicircular canals to other basicranial 

structures, especially the brain, it is reasonable to suppose that canal structure may 

represent a compromise between functional fine-tuning for better gaze stabilization on 

one hand and spatial and developmental constraints on the other hand. Furthermore, it 

may be the case that canal shape (specifically canal radius of curvature) is more tightly 

constrained in smaller than in larger animals because of the limited availability of space 

in the skull. Comparison of overall canal size with both body size and skull size of 

primate species presents a strong negative allometric scaling relationship (i.e., the canals 

are relatively larger, thus taking up more space, in a small animal than in a larger one) 

(Spoor et al., 2007). The purpose of this chapter is to evaluate the relative contributions 

of locomotor agility, brain size and body size to semicircular canal shape and size (in 

narrow and large-body size ranges) in order to test spatial constraints and correlations to 

general somatic growth. The null hypothesis is that in smaller-bodied animals, spatial 

constraints resulting from the size of the skull (reflected by the sizes of the brain and 

subarcuate fossa) should affect canal radii of curvature and canal orthogonality more 

strongly than does observed agility during locomotion. In particular, smaller animals 

with relatively larger brains should exhibit relatively larger radii of curvature and 

smaller animals with relatively smaller brains should have relatively smaller radii of 

curvature. I also predict that subarcuate fossa size will physically limit the ability of 
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canal pairs to form orthogonal angles (i.e. the horizontal and posterior canals). Because 

of this physical limitation, increases in fossa size should correlate with increasing width 

in canal angles. 

3.2 Methods 

3.2.1 Sample selection 

Body mass, brain mass, and measurements for canal angles and radii of 

curvature were pooled from the literature for a total of 24 mammalian species (Table 22) 

(Isler et al., 2008; Boddy et al., 2012; Ekdale, 2013). Due to their unusual vestibular 

morphology, I chose to exclude chiropterans and cetaceans from the dataset. The 

mammal data was combined with additional primate species data calculated in Chapter 

2 (n=14) resulting in a total comparative sample size of 38 taxa. For the new primate 

sample, the data for brain size was first collected as endocranial volume (ECV) from the 

same osteological specimens for which all linear and angular canal measurements were 

taken. ECV was then converted to brain mass in grams by multiplying the volume by 

1.036 to standardize the entire dataset (Iwaniuk & Nelson, 2002). Following methods 

outlined in Isler et al. (2008), volumes were collected by first blocking cranial foramina, 

then filling the endocranial cavity of each specimen to the lip of the foramen magnum 

with beads and measuring volume using a graduated cylinder. Original ECVs for each 

specimen can be found in Appendix A. 
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Data was also collected to examine the effects of subarcuate fossa volume (SFv) 

on canal morphology in primates. Measurements for SFv were obtained from Jeffery et 

al. (2008) for 13 of the initial 14 primate species examined in Chapter 2, and for which all 

canal measurements were available (n=13) (Table 23). A complete list of canal 

measurements and abbreviations can be found in Table 24. 
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Table 22: Species included in PGLS analyses examining the influence of brain 

and body size on canal morphology 

Species AG BM(g) Brain 
mass(g) 

AC HC PC HCvAC PCvAC HCvPC Reference 

Caluromys sp 5 300 3.30 1.43 1.17 1.07 83.19 96.48 89.63 Rodgers (2011); 
Ashwell 2007; Silva 
& Downing 1995; 
Spoor et al. 2007 

Crocuta crocuta 3 62370 175.00 3.18 2.60 3.03 80.54 95.71 99.05 Rodgers (2011); 
Crile & Quiring 
1940; Silva & 
Downing 1995; 
Spoor et al. 2007 

Dactylopsila trivirgata 6 506 6.04 1.74 1.16 1.44 82.82 89.83 94.77 Rodgers (2011); 
Ashwell 2007; Silva 
& Downing 1995; 
Spoor et al. 2007 

Glaucomys volans 6 73 1.71 1.66 1.44 1.32 86.71 90.28 94.48 Rodgers (2011); 
Mace 1981; Spoor 
et al. 2007 

Heterocephalus glaber 2 61 0.52 1.01 0.79 0.80 79.61 96.08 96.45 Rodgers (2011); 
Mace 1981; Spoor 
et al. 2007 

Petauroides volans 6 900 4.86 1.97 1.48 1.67 82.95 98.23 85.29 Rodgers (2011); 
Ashwell 2007; Silva 
& Downing 1995; 
Spoor et al. 2007 

Pseudocheirus peregrinus 4 759 5.78 2.08 1.55 1.70 84.86 93.67 92.90 Rodgers (2011); 
Ashwell 2007; Silva 
& Downing 1995; 
Spoor et al. 2007 

Sciurus niger 6 516 7.91 2.55 2.24 2.14 79.26 86.88 90.60 Rodgers (2011); 
Count 1947; Mace 
1981; Silva & 
Downing 1995; 
Warncke 1908; 
Spoor et al. 2007 

Talpa europaea 2 78 1.40 1.20 1.01 1.00 76.67 105.11 89.71 Rodgers (2011); 
Mace 1981; 
Stephan 1981; Silva 
& Downing 1995; 
Warncke 1908 

Vulpes vulpes 4 3723 49.64 2.46 2.23 2.18 87.46 83.76 97.34 Rodgers (2011); 
Crile & Quiring 
1940; Warncke 
1908; Silva & 
Downing 1995 

Wallabia bicolor 6 16400 32.70 3.12 2.15 2.71 85.39 87.79 92.37 Rodgers (2011); 
Boddy et al 2012; 
Silva & Downing 
1995 

Didelphis virginiana 2 2800 6.96 1.46 0.88 1.23 109.00 102.00 104.00 Eckdale (2013); 
Warncke 1908 

Chrysochloris sp  44 1.06 1.10 0.67 0.71 65.60 86.90 96.70 Eckdale (2013); 
Mace 1981; 
Stephan 1981; Silva 
& Downing 1995 



 

94 

Hemicentetes semispinosum 110 0.83 1.10 0.68 0.89 79.30 87.90 87.00 Eckdale (2013); 
Stephan 1981; Silva 
& Downing 1995 

Procavia capensis  3800 19.47 1.99 1.79 2.18 87.40 112.00 86.30 Eckdale (2013); 
Warncke 1908; 
Welker & Carlson 
1976 

Dasypus novemcinctus 4754 8.50 1.64 1.60 1.92 62.40 67.70 87.30 Eckdale (2013); 
Crile & Quiring 
1940 

Equus caballus 4 258324 712.00 3.62 3.55 3.50 84.70 93.30 90.10 Eckdale (2013); 
Barrickman et al. 
2008; 

Eumetopias jubatus 735000 661.25 3.00 3.13 2.86 79.70 105.00 90.60 Eckdale (2013); 
Bininda-Emonds 
2000 

Sus scrofa 4 88286 185.00 2.50 2.08 2.18 82.80 96.00 87.90 Eckdale (2013); 
Warncke 1908; 
Silva & Downing 
1995 

Lepus californicus 5 2350 13.23 2.34 1.66 1.69 84.20 94.00 88.60 Eckdale (2013); 
Mace 1981 

Sylvilagus floridanus 1160 7.56 1.86 1.29 1.44 92.70 97.50 77.90 Eckdale (2013); 
Mace 1981 

Tupaia glis 4 131 3.20 1.73 1.44 1.50 82.30 106.00 102.00 Eckdale (2013); 
Stephan 1981; Silva 
& Downing 1995 

Alouatta palliata 2 6250 50.62 2.89 2.02 2.37 93.03 95.76 90.61 Isler et al. (2007); 
Gannon et al. 1988; 
This study 

Aotus lemurinus  5 734 16.30 2.18 1.83 1.82 88.34 94.32 97.18 Isler et al. (2007); 
Gannon et al. 1988; 
This study 

Ateles geoffroyi 4 7535 107.02 3.18 1.98 2.53 96.65 100.46 96.69 Isler et al. (2007); 
Gannon et al. 1988; 
This study 

Chiropotes satanas 3 2740 56.46 2.75 2.07 2.24 91.39 95.73 97.16 Isler et al. (2007); 
This study 

Eulemur fulvus 4 2292 23.48 2.55 2.12 2.02 94.20 89.89 92.81 Isler et al. (2007); 
Gannon et al. 1988; 
This study 

Galago senegalensis 6 194 4.31 1.76 1.83 1.61 84.95 92.73 94.23 Isler et al. (2007); 
Gannon et al. 1988; 
This study 

Hapalemur griseus 5 709 12.48 2.35 1.95 1.97 91.72 91.63 95.17 Isler et al. (2007); 
Gannon et al. 1988; 
This study 

Lagothrix lagotricha 3 7150 95.41 2.82 1.97 2.36 91.88 99.06 98.98 Isler et al. (2007); 
Gannon et al. 1988; 
This study 

Lepilemur mustelinus 6 777 6.92 2.24 1.86 1.78 90.39 87.25 92.88 Isler et al. (2007); 
Gannon et al. 1988; 
This study 

Nycticebus coucang 2 653 10.36 2.04 1.74 1.64 97.46 90.58 86.01 Isler et al. (2007); 
Gannon et al. 1988; 
This study 

Pithecia pithecia 4 1760 33.03 2.82 2.18 2.31 85.61 95.97 93.31 Isler et al. (2007); 
Gannon et al. 1988; 
This study 
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Propithecus verreauxi 5 2955 26.07 2.57 2.16 2.22 93.01 91.79 96.24 Isler et al. (2007); 
Gannon et al. 1988; 
This study 

Saimiri sciureus 6 799 25.01 2.14 1.92 1.77 92.77 98.05 90.70 Isler et al. (2007); 
Gannon et al. 1988; 
This study 

Varecia variegata  2 3575 30.00 2.79 2.18 2.22 96.93 92.90 96.65 Isler et al. (2007); 
Gannon et al. 1988; 
This study 

 

 

 

Table 23: Species included in PGLS analyses examining the influence of 

subarcuate fossa volume on canal morphology 

Species AG BM(g) SFv BrM(g) AC HC PC HCvAC HCvPC PCvAC Reference 

Alouatta 
paliatta 

2 6250 83.75 50.62 2.89 2.02 2.37 93.03 90.61 95.76 Isler et al. (2007); 
Gannon et al. 
1988; Jeffery et al. 
(2008); This study 

Aotus 
lemurinus 

5 734 58.38 16.30 2.18 1.83 1.82 88.34 97.18 94.32 Isler et al. (2007); 
Gannon et al. 
1988; Jeffery et al. 
(2008); This study 

Ateles 
geoffroyi 

4 7535 454.25 107.02 3.18 1.98 2.53 96.65 96.69 100.46 Isler et al. (2007); 
Gannon et al. 
1988; Jeffery et al. 
(2008); This study 

Eulemur fulvus 3 2292 108.38 23.49 2.55 2.12 2.02 94.2 92.81 89.89 Isler et al. (2007); 
Gannon et al. 
1988; Jeffery et al. 
(2008); This study 

Galago 
senegalensis 

6 194 24 4.31 1.76 1.83 1.61 84.95 94.23 92.73 Isler et al. (2007); 
Gannon et al. 
1988; Jeffery et al. 
(2008); This study 

Hapalemur 
griseus 

5 709 95.63 12.48 2.35 1.95 1.97 91.72 95.17 91.63 Isler et al. (2007); 
Gannon et al. 
1988; Jeffery et al. 
(2008); This study 

Lagothrix 
lagotricha 

3 7150 336.25 95.41 2.82 1.97 2.36 91.88 98.98 99.06 Isler et al. (2007); 
Gannon et al. 
1988; Jeffery et al. 
(2008); This study 

Lepilemur 
mustelinus 

6 777 33 6.92 2.24 1.86 1.78 90.39 92.88 87.25 Isler et al. (2007); 
Gannon et al. 
1988; Jeffery et al. 
(2008); This study 

Nycticebus 
coucang 

2 653 33.75 10.36 2.04 1.74 1.64 97.46 86.01 90.58 Isler et al. (2007); 
Gannon et al. 
1988; Jeffery et al. 
(2008); This study 
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Pithecia 
pithecia 

4 1760 65 33.03 2.82 2.18 2.31 85.61 93.31 95.97 Isler et al. (2007); 
Gannon et al. 
1988; Jeffery et al. 
(2008); This study 

Propithecus 
verreauxi 

5 2955 157.5 26.08 2.57 2.16 2.22 93.01 96.24 91.79 Isler et al. (2007); 
Gannon et al. 
1988; Jeffery et al. 
(2008); This study 

Saimiri 
sciureus 

6 799 57.5 24.19 2.14 1.92 1.77 92.77 90.7 98.05 Isler et al. (2007); 
Gannon et al. 
1988; Jeffery et al. 
(2008); This study 

Varecia 
variegata 

2 3575 126 30.00 2.79 2.18 2.22 96.93 96.65 92.9 Isler et al. (2007); 
Gannon et al. 
1988; Jeffery et al. 
(2008); This study 

Cercopithecus 
mitis 

4 7930 96.25 72.78 2.7 2.5 2.3    Isler et al. (2007); 
Gannon et al. 
1988; Jeffery et al. 
(2008); This study 

Macaca 
sylvanus 

4 13550 79.75 97.64 2.8 2.5 2.6    Isler et al. (2007); 
Gannon et al. 
1988; Jeffery et al. 
(2008); This study 

Macaca 
mulatta 

4 10607 89.13 91.69 2.7 2.4 2.5    Isler et al. (2007); 
Gannon et al. 
1988; Jeffery et al. 
(2008); This study 

Theropithecus 
gelada 

4 16567 66 150.55 2.8 2.2 2.6    Isler et al. (2007); 
Gannon et al. 
1988; Jeffery et al. 
(2008); This study 

 

 

Table 24: Canal measurement abbreviations 

 

 

Variable Description 
AC Anterior Canal 

HC Horizontal Canal 
PC Posterior Canal 

HCvAC Horizontal Canal vs Anterior Canal 
HCvPC Horizontal Canal vs Posterior Canal 

PCvAC Posterior Canal vs Anterior Canal 
BM Body Mass (g) 

BrM Brain Mass (g) 
SFv Subarcuate fossa volume 
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3.2.2 Statistical analyses 

To examine the relative contributions of body size and brain size on canal 

morphology, phylogenetic generalized least squares (PGLS) regressions were computed 

to evaluate the best-fit predictor model for canal shape. All analyses were run using ‘R’ 

statistical analysis software (R Core Development Team, 2008) with the ‘caper’, ‘geiger’ 

and ‘nlme’ packages (Harmon et al., 2008; Orme, 2012). Prior to analyses, all linear 

measurements were natural log (ln)-transformed; angles between ipsilateral canal pairs 

are not log-transformed and reported in degrees. 

 Bivariate PGLS regressions were first run to assess the relationships between 

each canal radius and each canal angle versus body mass and brain mass. PGLS multiple 

regressions were also run to examine the combined effect of body mass and brain mass 

on canal shape (Tables 25-28). The contribution of each predictor variable was evaluated 

using p-values, with probability values of less than or equal to 0.05 (two-tailed test) 

indicating a significant correlation between the dependent and the independent 

variable(s) analyzed. Coefficients of determination (r2) were calculated to determine the 

strength of any recovered correlation and to report the percentage of variation in the 

independent variable that can be explained by the dependent variable. Finally, the 

relative fit of each model to the data was compared using Akaike information criterion 

(AICc) scores. Low values (by a measure of 2) indicate the model with the highest 

goodness of fit and the smallest number of parameters and thus offer a means for 
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selecting the best model for a given dataset ( Sokal & Rohlf, 2009; Burnham et al., 2011). 

Only species with all variables were included (n=38), allowing for comparison of AICc 

values across linear and multiple regressions. 

The total comparative dataset was analyzed in one of two ways. For the first set 

of analyses, a mammal-wide sample (including primates) was used to establish more 

generalized interactions among body mass, brain mass and vestibular anatomy (Tables 

25, 27). Because brain size effects on canal shape may differ for small-bodied animals as 

opposed to larger-bodied animals as well as across different taxonomic groups, a second 

set of analyses were run using a narrow, primate-only sample, to examine more taxon 

specific effects of brain mass and body mass (Tables 26, 28). This latter dataset was then 

further partitioned to examine independent strepsirrhine and platyrrhine trends 

(Appendix K-L). 

For all PGLS regressions, Pagel’s lambda (λ) was calculated to test for the effects 

of phylogenetic signal on all included variables using the ‘geiger’ in ‘R’ (Harmon et al., 

2008). A λ value of 0 indicates no phylogenetic influence on the data while a value of 1 

indicates a perfect correlation of the data with phylogeny according to the model of 

Brownian motion. Tree topology and branch lengths were obtained from Bininda-

Emonds et al. (2007) for the mammal-wide analysis and from 10k Trees (Arnold et al., 

2010) for the primate-only analysis. 
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Finally, to determine whether the ‘modified’ agility categories explain the 

remaining variation not accounted for by body mass or brain mass, residuals were 

calculated from the overall best-fit model for each dependent variable and were 

analyzed using Kruskal-Wallis tests, with species binned according to assigned agility 

categories (Figures 16-19). Residuals were calculated the following way: ([Observed – 

Predicted]/Predicted)*100 on unlogged expected and observed variables. The first set of 

tests were run using the best-fit models from the larger mammal-wide regressions while 

a second set of tests were conducted using the best-fit models from the narrower, 

primate-only regressions. A Bonferroni correction was applied to correct for multiple 

pair-wise comparisons (Sokal & Rohlf, 2009). 

3.3 Results 

3.3.1 Canal radii of curvature 

The results for the mammal-wide analysis indicate that a significant portion of 

the interspecific variation in canal radii is related to differences in brain mass and that 

these differences explain more of the observed variation in radii of curvature than does 

body mass. PGLS bivariate and multiple regression models show a strong positive 

relationship for brain mass with AC and PC and a slightly weaker but still significant 

relationship with HC (Table 25a-c). In bivariate regression models, body mass explains 

68% of the variation in AC, 55% of the variation in HC and 72% of the variation in PC. In 

turn, brain mass explains 79% of the variation in AC, 68% of the variation in HC and 
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78% of the variation in PC. When body mass and brain mass are used together as 

predictor variables in PGLS multiple regressions, the variation explained is similar to 

brain mass-only models although AICc values are slightly higher (Table 25-c), indicating 

a reduced fit for the two variable models. In all PGLS models, Pagel’s λ is ~ 0.9 or 

greater, indicating that phylogeny has a significant effect on the data. Brain mass was 

also regressed against body mass and 90% of the variance in brain mass is explained by 

body mass. This relationship is consistent with other published studies evaluating the 

effects of body size on brain size (Isler et al., 2008) and is confirmed here for my own 

dataset. 

For the primate-only data, nearly all PGLS regressions are statistically significant 

(P < 0.05) although body mass rather than brain mass explains 3-12% more of the 

variation in canal radii and has lower AICc values, indicating a stronger fit of the body 

mass model with the data (Table 26a-c). PGLS multiple regressions including both body 

mass and brain mass explain the same amount of variation as body mass-only models, 

suggesting that brain mass does not add explanatory power to the model. This trend 

remains the same when the data is further partitioned into strepsirrhine-only and 

platyrrhine-only analyses (Appendix K-L).  

While the results for the mammal data are consistent with predictions for the 

hypothesis that skull size is ultimately a constraining factor on canal arc size, this is not 

necessarily true for primates. 
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Table 25a-c: PGLS model statistics for radii of curvature (mammal-wide 

sample) 

 

Notes: Significant value(s) for each column are in bold. Each best-fit model is designated 

with an asterisk. 

a) Log AC 
     

Equation n p-value R
2
 (adj) AICc λ 

Y = 0.118478(Log BM) - 0.243350  36 0.0001 0.6756 -27.16961 1 

Y = 0.176898(Log BrM) + 0.226300 36 0.0001 0.7873 -41.37841 0.934 

Y = -0.038276(Log BM) + 0.226742(Log BrM) + 0.394723* 36 0.0001 0.7923 -40.0035 0.874 

      
b) Log HC 

     
Equation n p-value R

2
 (adj) AICc λ 

Y = 0.118859(Log BM) -  0.503511 36 0.0001 0.5518 -8.357009 1 

Y = 0.183927(Log BrM) - 0.047502 36 0.0001 0.675 -18.75629 0.962 

Y = -0.058974(Log BM) + 0.264171(Log BrM) + 0.203772* 36 0.0001 0.6921 -17.74282 0.903 

      
c) Log PC 

     
Equation n p-value R

2
 (adj) AICc λ 

Y = 0.137052(Log BM) -  0.539920 36 0.0001 0.7176 -23.76058 1 

Y = 0.199918(Log BrM) + 0.011895* 36 0.0001 0.7832 -32.33082 0.957 

Y = 0.014388(Log BM) + 0.180746(Log BrM) -  0.050064 36 0.0001 0.7762 -30.06547 0.967 
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Table 26a-c: PGLS model statistics for radii of curvature (primate-only sample) 

 

Notes: Significant value(s) for each column are in bold. Each best-fit model is designated 

with an asterisk. 

 

 

 

3.3.2 Canal angles 

In the mammal-wide analyses, no significant relationship is found between canal 

angles and body mass, which is in agreement with the findings of Malinzak et al. (2012). 

Furthermore, no significant relationship is found between canal angles and brain mass 

(Table 27a-c). In HCvAC and PCvAC PGLS models, Pagel’s λ is ~ 0.9 or greater, 

indicating that phylogeny does have a significant influence on these angles. In contrast, 
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Pagel’s λ is 0 for all HCvPC models, suggesting that variation in this angle is unrelated 

to phylogenetic affects.  

In the primate-only analyses, body mass and brain mass are both found to have a 

significant but weak relationship with the angles HCvAC and PCvAC (p < 0.05) (Table 

28a-c). For HCvAC, body mass explains 23% of the variation in this canal angle while 

brain mass explains 29%, with both models having similar AICc values. However, the 

two predictor-variable multiple regressions are not significant. For PCvAC, brain mass 

explains 35% of the variation in this canal angle while the association with body mass is 

not significant. Although body mass alone does not have a significant relationship with 

PCvAC, the inclusion of body mass with brain mass in a PGLS multiple regression is 

significant, increasing the amount of variation explained to 81% (Table 28a-c). Bivariate 

analyses for both HCvAC and PCvAC show Pagel’s λ values ranging from 0.15 – 0.89. 

When the data is further partitioned into strepsirrhine-only and platyrrhine-only 

analyses, results are not significant (Appendix K-L).  

While the results for the mammal data are not consistent with predictions for the 

hypothesis that skull size constrains the degree to which canals can deviate from 

orthogonality, the results for the primate data clearly are. 
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Table 27a-c: PGLS model statistics for canal angles (mammals-wide sample) 

 

Notes: Significant value(s) for each column are in bold. Each best-fit model is 

designated with an asterisk. 
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Table 28a-c: PGLS model statistics for canal angles (primate-only sample) 

 

Notes: Significant value(s) for each column are in bold. Each best-fit model is 

designated with an asterisk. 

 

 

3.3.3 Variation associated with the subarcuate fossa 

The primate-only data was also analyzed to determine the effects of 

paraflocculus size on canal angles. The results show that both HCvPC and PCvAC have 

a significant relationship with SFv (P<0.05), with SFv alone explaining 32-33% of the 

variation in both of these angles (Table 29a-c). For HCvAC, no significant relationship 

was found with SFv. Various combinations of body mass and brain mass with SFv were 

also investigated to understand the effect that multiple predictor variables have on canal 
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morphology (Table 29a-c). For HCvPC, models that included either body mass or brain 

mass increased the explanatory power to 40% and gave similarly low AICc values (63). 

For PCvAC, the model that included both body mass and brain mass had the strongest 

fit with the data (AICc = 52) and explained a striking ~81% of the variation. For all best-

fit models, Pagel’s λ values are 0, although phylogeny does appear to affect the SFv-only 

model (λ=1). These results are consistent with my prediction that as the subarcuate fossa 

increases in size, it also influences the orientations of both the horizontal and posterior 

canals. 

Although the effects of SFv on radii of curvature have been thoroughly 

documented by Jeffery et al. (2008), I am briefly reporting here the relationship of SFv for 

my own smaller taxonomic sample (Table 30a-c). The results are similar to those 

obtained by Jeffery et al. (2008) with SFv plus body mass explaining 84% of the variation 

in AC and 59% of the variation in HC. In my own primate data, 88% of the variation in 

PC is explained by SFv plus body mass instead of the 81% reported by Jeffery et al. 

(2008). All SFv plus body mass models had lower AICc values than any other predictor 

combination model and λ values of 0. 
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Table 29a-c: PGLS model statistics for the subarcuate fossa and canal angles 

(primate-only sample) 

a) HCvAC 
     

Equation n p-value R2 (adj) AICc λ 

Y =1.7587(Log SFv) + 84.0883 13 0.2881 0.023 69.56906 0 

Y = -2.4060(Log SFv) + 4.8222(Log BrM) + 87.8231 13 0.1849 0.16 72.47956 1 

Y = -0.51499(Log SFv) + 2.02153(Log BM) + 79.28926 13 0.3199 0.05125 72.10343 0.208 
 

Y =0.72828(Log SFv) - 3.24180(Log BrM) + 3.46573(Log BM) + 
73.07854 13 0.4896 -0.03288 75.93976 0 

      
b) HCvPC 

     
Equation n p-value R2 (adj) AICc λ 

Y =2.45292(Log SFv) + 83.01602 13 0.02627 0.3174 67.34627 0 

Y =  5.1665(Log SFv) - 2.8319(Log BrM) + 79.7780* 13 0.03034 0.4035 67.82068 0 

Y = 4.7370(Log SFv) - 2.0525(Log BM) + 88.0117 13 0.03416 0.3892 68.12909 0 

Y = 5.4067(Log SFv) - 1.8496(Log BrM) - 1.0616(Log BM) + 83.4849 13 0.07486 0.3583 71.73559 0 

      
c) PCvAC 

     
Equation n p-value R2 (adj) AICc λ 

Y =2.02121(Log SFv) + 84.65995 13 0.03062 0.3263 56.01608 1 

Y = 1.5157(Log SFv) + 0.5832(Log BrM) + 85.1119 13 0.1112 0.2499 59.56417 0.962 

Y = 2.70953(Log SFv) - 0.69517(Log BM) + 86.69482 13 0.07832 0.306 58.77409 1 
 

Y = -1.0067(Log SFv) + 8.8415(Log BrM) - 4.6684(Log BM) + 
105.0732* 13 0.0008558 0.8094 52.74914 0 

 

Notes: Significant value(s) for each column are in bold. Each best-fit model is designated 

with an asterisk. 
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Table 30a-c: PGLS model statistics for the subarcuate fossa and canal radii 

(primate-only sample) 

a) Log AC 
     

Equation n p-value R2 (adj) AICc λ 

Y =0.142836(Log SFv) + 0.276331 17 0.0007237 0.5139 -26.74554 0.351 

Y = 0.071361(Log SFv) + 0.092922(Log BrM) + 0.284354 17 0.0001 0.7779 -36.33619 0 

Y = 0.073223(Log SFv) +  0.078445(Log BM) - 0.017574* 17 0.0001 0.8388 -41.78236 0 
 

Y = 0.076825(Log SFv) - 0.021787(Log BrM) + 0.093821(Log BM) - 
0.078726 17 0.0001 0.8285 -38.50268 0 

      
b) Log HC 

     
Equation n p-value R2 (adj) AICc λ 

Y =0.051406(Log SFv) + 0.488298 17 0.1454 0.08407 -30.25946 0.919 

Y = -0.012016(Log SFv) + 0.085887(Log BrM) + 0.488900 17 0.01266 0.4108 -31.28284 0.288 

Y = -0.015461(Log SFv) + 0.072661(Log BM) + 0.229560* 17 0.001124 0.5941 -34.34333 0 
 

Y = -0.013581(Log SFv) - 0.018245(Log BrM) + 0.085736(Log BM) + 
0.181531 17 0.004468 0.5632 -30.81368 0 

      
c) Log PC 

     
Equation n p-value R2 (adj) AICc λ 

Y =0.125039(Log SFv) + 0.177030 17 0.01337 0.3184 -21.65255 0.762 

Y = 0.024765(Log SFv) + 0.133458(Log BrM) + 0.182913 17 0.0001 0.8242 -36.21946 0 

Y = 0.022511(Log SFv) + 0.108479(Log BM) - 0.198882* 17 0.0001 0.8833 -42.77125 0 
 

Y = 0.020616(Log SFv) + 0.018387(Log BrM) + 0.095301(Log BM) - 
0.150478 17 0.0001 0.875 -39.31888 0 

 

Notes: Significant value(s) for each column are in bold. Each best-fit model is designated 

with an asterisk. 
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3.3.4 Is remaining canal variation explained by agility? 

For the mammal-based models, the distributions of residuals for canal radii 

overlap considerably among all six agility groups although there is a slight trend toward 

higher values (indicating larger radii) when going from slower-moving animals (AG = 2) 

to faster-moving animals (AG = 6) (Figure 16-17). However, in the narrow, primate-

based models, there does not appear to be any difference in values between the slowest 

moving animals and the fastest moving animals. Surprisingly, animals assigned to 

agility category 4 (medium) tend to have the highest values in all comparisons. Kruskal-

Wallis tests on agility means and pair-wise comparisons of individual data points means 

found no significant differences among agility groups for either analysis type. 

Because a significant relationship between canal angles (HCvAC and PCvAC) 

and brain mass was found only for the primate data, I have incorporated the primate-

only best-fit models here (Figure 18). The distributions of the residuals for HCvAC 

overlap considerably among all six agility groups although the slowest moving animals 

(AG = 2) have much higher values (indicating much larger angles) than all other 

categories. For PCvAC residuals, there is no discernable pattern in the data. Again, 

Kruskal-Wallis tests on agility means and pair-wise comparisons of individual data 

points means found no significant differences among agility groups for either analysis 

type.  
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For all analyses, only those results reported for radius of curvature in my 

mammals-wide sample provide any support for predictions set forth by Spoor et al. 

(2007), that residual canal variation should correlate with differences in relative agility. 
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a) AC = -0.038276(Log BM) + 0.226742(Log BrM) + 0.394723* 

 

 

b) HC = -0.058974(Log BM) + 0.264171(Log BrM) + 0.203772* 
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c) PC =  0.199918(Log BrM) + 0.011895* 

Figure 16a-c: Box-and-whisker plots of best-fit models for mammals with 

residuals for canal radius of curvature grouped by agility score. Lines and dots 

represent radii of curvature means for each agility category. 
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a) AC = 0.142618(Log BM) - 0.154061*          

 

 

b) HC = 0.040929(Log BM) + 0.374847*       
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c) PC = 0.125949(Log BM) - 0.223091*         

Figure 17a-c: Box-and-whisker plots of best-fit models for primates with 

residuals for canal radius of curvature grouped by agility score. Lines and dots 

represent radii of curvature means for each agility category. 
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a) HCvAC = 3.0924(Log BrM) + 82.9352* 

 

b) PCvAC = -4.3586(Log BM) + 7.7305(Log BrM) + 101.9659* 

Figure 18a-b: Box-and-whisker plots of best-fit models for primates with residuals for canal 

angles grouped by agility score. Lines and dots represent radii of curvature means for each 

agility category. 
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To determine the effects of agility once subarcuate fossa is included in the model, 

tests were rerun for just canal angles (Figures 19a-b). For both HCvPC and PCvAC, 

slower moving species (AG = 2-4) have slightly higher residuals, indicating larger 

angles, than faster moving species (agility categories 5-6), although this trend is more 

obvious for PCvAC than it is for HCvPC. Again, Kruskal-Wallis tests on agility means 

and pair-wise comparisons of individual data points means found no significant 

differences among agility groups for either analysis type. These results are not consistent 

with the prediction that residual canal variation is reflective of relative agility. 

 

 

 a) HCvPC = 5.1665(Log SFv) - 2.8319(Log BrM) + 79.7780* 
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b) PCvAC = -1.0067(Log SFv) + 8.8415(Log BrM) - 4.6684(Log BM) + 105.0732* 

Figure 19a-b: Box-and-whisker plots of best-fit models that include 

subarcuate fossa size (primates-only) with residuals for canal radius of curvature 

grouped by agility score. Lines and dots represent radii of curvature means for each 

agility category. 

  

3.4 Discussion 

Understanding the nature of the relationship between canal morphology and 

locomotion in extant animals is a key component to accurately reconstructing locomotor 

behaviors in extinct species. This study examines the relative contributions of locomotor 

agility, brain size, and body size to semicircular canal shape and size in a phylogenetic 

context. Specifically, I used PGLS bivariate and multivariate regression models to test 

the idea that the link between canal morphology and locomotion is not necessarily a 
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direct one. Rather, spatial constraints resulting from aspects of skull structure (reflected 

by brain size and subarcuate fossa size) affect canal radii of curvature and canal angles 

more strongly than observed agility during locomotion, particularly in smaller bodied 

animals.  

I made three hypotheses regarding the manner in which these relationships 

would be reflected statistically, should skull and or brain size ultimately be a 

constraining factor on canal morphology.  

1. The first hypothesis states that spatial limitations due to the size of the 

skull and/or brain have an effect on canal radius of curvature. Thus, I 

would predict a much stronger relationship between canal radius of 

curvature and brain size (used as a proxy for skull size) in smaller-bodied 

animals than in larger-bodied animals, who have been released from the 

constraint of having an absolutely small skull size. Furthermore, this 

relationship would be much stronger than the relationship between canal 

morphology and body mass.  

 

2. The second hypothesis is that with less available space for canal growth 

and expansion in a smaller skull, canal angles might be restricted in the 

degree to which they can deviate from canal orthogonality. Should this be 

true, I would predict a downward shift in the range of canal angles 
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expressed in slower versus faster-moving smaller-skulled animals but 

have less of an effect in larger animals. This relationship might be 

particularly strong in the angle between the horizontal and posterior 

canals due to subarcuate fossa placement.  

 

3. The third hypothesis is that an interdependent relationship should exist 

between the subarcuate fossa and canal angles. I predict that increases in 

size of the subarcuate fossa should correlate with increasing width in 

canal angles and that this influence would be reflected most prominently 

in the angle between horizontal and posterior canals. 

 

Although the results of my analyses are fairly complex, I find support for 

hypotheses 1 and 2, that brain size is ultimately a constraining factor on both canal radii 

of curvature and canal angles. My findings also support hypothesis 3 that an 

interdependent relationship exists between the subarcuate fossa and canal angles. 

While a significant relationship with body mass has long been recognized for 

canal radii of curvature, the results presented here confirm that a much stronger 

relationship exists between radii of curvature and brain mass across mammals and 

supports the prediction that as brain size increases, so do canal radii of curvature. This 

relationship is particularly strong for the anterior and posterior canals and slightly 
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weaker for the horizontal canal, as predicted for the hypothesis that skull size is 

ultimately a constraining factor on canal arc size. In all cases, brain mass explains ~10% 

more of the variation in radii of curvature than does body mass alone. This pattern, 

however, may not be representative of all taxonomic groups and when the sample is 

narrowed to look at trends just within primates (specifically strepsirrhines and 

platyrrhines), it is body size, and not brain size, that is the predominate predictor of 

canal radius of curvature. Why this should be the case is not clear, especially because 

haplorhine primates show a distinct upward shift in brain size relative to body size 

compared to strepsirrhines and even nonprimate mammals.  

On the other hand, canal angles are not influenced by either body mass or brain 

mass when looking across mammals but do have an impact on at least two canal angles 

when looking just within primates. Brain size (and to some extent body size) affect the 

angle between the horizontal canal and the anterior canal as well as the angle between 

the posterior canal and the anterior canal, with canal angles slightly increasing alongside 

increases in body and brain size. This is consistent with predictions made for the 

hypothesis that skull size constrains the degree to which (some) canals can deviate from 

orthogonality, at least in primates. For the angle between the horizontal canal and the 

anterior canal, body size and particularly brain size independently explain ~23-29% of 

the variation in this angle. For the angle between the posterior and anterior canals, the 



 

121 

relationship with brain size alone explains 35% of the variation in this angle and up to 

81% when body size is also included.  

I further expected that subarcuate fossa size would be correlated with changes in 

canal angles, because it’s location between the horizontal and posterior semicircular 

canals would suggest that increases or decreases in fossa size would be expected to 

influence the extent to which those canals can form orthogonal angles. I found that 

approximately ~30% of the variation in the angle between the horizontal canal and 

posterior canal as well as the angle between the posterior canal and anterior canal can be 

attributed to subarcuate fossa size alone. When subarcuate size was combined with 

either brain mass or body mass, explanatory power increased to 40% for the former and 

a striking 81% for the latter, demonstrating a strong inter-dependent relationship 

between these variables. Because the walls of the subarcuate fossa are situated between 

the horizontal and posterior canals, the relationship between the angle for these two 

canals and subarcuate fossa size is not unexpected. The stronger relationship between 

subarcuate fossa size and the angle between the posterior and anterior canals (especially 

when body size and brain are incorporated) was less obvious, but not completely 

surprising as all three canals do come into direct contact with the fossa. It may also be 

that this relationship is highly influenced by the addition of both brain and body size in 

the predictive model, which I have also found to correlate extensively with changes in 

this canal angle even when the subarcuate fossa is not considered. Overall, these results 
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seem to suggest is that all of these variables have a tremendous impact on the 

orientation of the posterior canal relative to the other two canals. 

Finally, I explored whether the remaining variation in canal dimensions that is 

not explained by either brain size, body size, and subarcuate fossa size could separate 

animals on the basis of assigned agility categories. My results find only minimal support 

for a correlation between residual canal variation for radii of curvature and agility 

categories in mammals and no support when the analyses are broken down into smaller 

taxonomic groups. For canal angles, only residuals for the angle between the horizontal 

and anterior canals show any kind of relationship with agility, with more positive 

residuals, and thus larger canal angles, seen in slower moving species. This is consistent 

with Malinzak’s prediction that slow moving animals will have angles deviating further 

from 90 degrees and consistent with the results in Chapter 2. Given the critical role that 

the semicircular canals play in gaze stabilization during locomotion, it is somewhat 

surprising that canal morphology does not seem to correspond at all with Spoor et al.’s 

broadly encompassing agility categories or even my own edited agility scores, even 

when the influence of brain size and components of brain size are accounted for.  

3.4.1 Interpretations and significance 

Muller (1999) hypothesized that interspecific differences in semicircular canal 

size are the result of spatial restrictions imposed by the size of the head that ultimately 

dictate how large the canals can grow. In particular, he claimed that small-bodied 
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animals have smaller canals than expected because available space is restricted by a 

small skull size. Thus body size, and even more importantly skull size, should have a 

greater influence on canal morphology in small animals. The results reported here 

provide limited support for this model. In mammals, while brain size has a significant 

impact on canal radii, particularly for the anterior and posterior canals, body size plays a 

larger role in dictating canal radii within primates (a smaller-bodied taxonomic group 

that demonstrates marked differences in brain size relative to body size). For canal 

angles, the opposite pattern is seen; across mammals, neither body size nor brain size 

have an effect on canal morphology, while within primates, brain size (and secondarily 

body size) significantly influence at least two canal angles. Why the discrepancy in the 

patterning of canal morphology between primate-only and mammal-wide analyses 

should exist is not clear. Some of these differences could be reflective of taxon specific 

trends that are not more broadly generalizable across mammals. Despite these 

conflicting results, the data ultimately suggest that brain size can have a significant 

influence on canal morphology independent of body size, for both radii of curvature and 

canal angles, which is evident in analyses looking across mammals. In turn, this 

provides some support for the theoretical scenario proposed by Muller and Malinzak to 

explain interspecific difference in canal morphology in mammals. 

Whether the relationship between canal size and the size of the skull is simply a 

by-product of spatial constraints dictated by skull size (as suggested by Muller) or the 
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covariation in canal size and skull size is reflective of differences in angular head speeds 

in large versus small skulled animals is uncertain. From a mechanical perspective, 

animals with a larger or wider braincase would also have canals that fall further from 

the center of rotation in a head movement, causing them to experience higher linear 

speeds for the same angular velocity. It may be that the absolute increase in canal size is 

functionally related to the need to interpret the faster rotational speeds experienced by 

wider-headed animals. Experimental evidence of vestibular affarent sensitivity would 

support this idea, as changes in canal arc have been demonstrated to result in changes of 

afferent nerve firing rates (Yang and Hullar, 2007).  

Most importantly, the role of brain size in shaping canal morphology has 

important implications regarding the interpretation of locomotion in small- versus large-

skulled animals. Changes in brain size strongly influence some canal features but not 

others among the smaller-bodied animals sampled here, but potentially do not in much 

larger-bodied animals. This strongly suggests that functional signals observed in 

smaller-bodied animals are not directly translatable to larger bodied animals. Hence, 

caution must be taken when attempting locomotor reconstructions across large body 

size ranges. Furthermore, because body size and brain size have, to some extent, 

independent effects on canal morphology in small-bodied animals, it is also important to 

compare within these groups in order to parse functional signals. This is consistent with 
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the findings from Chapter 2, in which functional signals only emerge when similarly-

sized animals are compared. 

The results may also help explain some of the observed variation in semicircular 

canal morphology among fossil mammals. Recently, canal morphology has been used to 

reconstruct evolutionary changes in locomotor adaptations across several anthropoid 

lineages spanning from the Late Eocene to the Late Miocene (Ryan et al. 2012). 

According to Ryan et al., early anthropoid evolution was marked by relatively slow-

moving locomotor behaviors, with increases in locomotor agility occurring 

independently and at different times in New World, Old World, and ape lineages. 

However, Ryan et al. note that several fossil taxa have marked differences in the 

locomotor behaviors reconstructed from canal morphology versus those reconstructed 

from postcranial remains. For example, relatively small canal radii of curvature were 

found in the Late Eocene stem anthropoid Apidium phiomense, whose fused tibia and 

fibula provide strong evidence for adaptations to leaping. In contrast, relatively large 

radii were found in the early Miocene ape Proconsul heseloni, who is typically 

reconstructed as a slow-moving, deliberate arboreal quadruped based on well-known 

postcranial elements. In addition, earlier attempts to use canal radius of curvature to 

reconstruct locomotion in stem primates and in euprimates (plesiadapiforms, adapoids, 

and omomyoids) have found that all of these animals had substantially smaller 

semicircular canal radii than similar-sized living primates. Particularly for 
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plesiadapiforms, this has resulted in reconstructed locomotor behaviors much slower 

than what interpretations from postcranial elements suggest (Silcox et al., 2009). 

Explicit in all of these interpretations is the assumption that canal arc size (i.e. 

radius of curvature) is indicative of sensitivity to fast or slow movements once the 

effects of body size have been removed. If canal radius of curvature is instead related to 

brain size as this chapter suggests, it follows that patterns of increasing canal size are 

actually tracking increases in brain size within each clade. In fact, the discrepancies in 

the behavioral reconstructions make sense in light of brain size reconstructions for each 

species. Plesiadapiforms and early anthropoids had relatively smaller brains than extant 

primates, while brain size reconstructions for P. heseloni document the first appearance 

of modern brain proportions in catarrhines. Importantly, this also indicates that the 

relative agility of these smaller-brained extinct animals (based on semicircular canal 

radii from extant taxa) is underestimated by current reconstruction models, a thought 

similarly expressed by Malinzak (2010). While canal angles of these species have not 

been examined, the influence of brain size on two canal angles in primates suggest that 

locomotor reconstructions based on canal orthogonality are susceptible to similar 

problems. 

Given the physical location of the semicircular canals within the skull, it is not 

surprising that changes in the shape of the bony labyrinth would be influenced by 

corresponding changes in the size of the head alongside that of the body. In the end, 
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canal morphology is clearly far more complex than simple models of vestibular 

sensitivity suggest and brain/skull interactions can potentially produce misleading 

results when reconstructing locomotor behaviors. This work highlights the importance 

of critically assessing comparative groups used for inferring behaviors in both extinct 

and extant animals. 

3.5 Conclusions 

1) In this chapter, I have evaluated the relative contributions of locomotor agility, body 

and brain size, and subarcuate fossa size to semicircular canal morphology in order to 

test spatial constraints and correlations to general somatic growth. Morphological 

patterns were examined for two sample groups, the first including a broad sample of 

extant mammals (including primates) covering a larger body and brain size range and 

the second focusing on platyrrhine and strepsirrhine primates, each clade being 

composed of similarly-size small animals but with marked differences in brain size. 

Trends within strepsirrhines and platyrrhines were separately examined. 

 

2) The results presented here highlight the complexity of canal morphology, with 

different patterns emerging for each clade. Brain size has a significant impact on canal 

radii, particularly for the anterior and posterior canals, across mammals, although body 

size influences canal size more than brain size when looking only within primates. 

Neither body size nor brain size has an effect on canal angles across mammals, while 
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brain size (and secondarily body size) have a significant influence at least two canal 

angles within primates. This discrepancy in the results for mammals versus primates-

alone may stem from the influence of taxon specific trends for the included strepssirhine 

and platyrrhine species that are not necessarily generalizable across larger orders of 

magnitude. 

 

3) A correlation between subarcuate fossa size and canal angles is also examined, 

because the fossa is positioned within all three canals in the inner ear. Fossa size alone is 

found to have a strong influence on two canal angles, explaining approximately 30% of 

the variation in the angle between the horizontal canal and posterior canal as well as the 

angle between the posterior canal and anterior canal. When body size and/or brain size 

are included in predictive models, the explanatory power for the latter increases to 81%. 

Because both of these angles are dependent upon the position of the posterior canal, I 

suggest that the size of the subarcuate fossa has the strongest interdependent 

relationship with the orientation of the posterior canal. 

 

4) The remaining canal variation, that not explained by either body size or brain size, 

does not support a strong relationship with assigned agility categories for either canal 

radii of curvature or canal angles. This could mean that changes in body size and brain 

size account for much of the interspecific variation associated with agility, at least in 
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small body sizes. Alternatively it could also mean that agility categories do not account 

for the variation that is seen in canal morphology. 

 

5) The results of this study have important implications regarding the reconstruction of 

locomotion in extinct mammals, which had smaller brains than do extant taxa. Because 

brain size, to some extent, dictates semicircular canal size, reconstructions of relative 

agility for these smaller-brained taxa are likely being underestimated when using 

current vestibular-based models. 
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4. Conclusions 

The vestibular labyrinth and its role interpreting rotational head movements has 

intrigued scientists for more than a century (Dercum, 1879). This six-canal system 

detects head rotations and guides motor reflexes that play a fundamental role in guiding 

locomotor behaviors. Each canal’s sensitivity is proportional to its radius of curvature, 

while both overall sensitivity and sensitivity to rotations around different axes is 

dependent upon the orientations of the canals relative to one another. Variation in 

vestibular morphology, and thus variation in these forms of sensitivity, are thought to 

be adaptive for specific locomotor behaviors. Following the publication of Spoor’s work 

documenting the relationship between canal morphology and relative agility in 

mammals (Spoor et al. 1994; Spoor 2003; Spoor et al. 2007), this system has gained much 

attention from paleontologists who have used changes in vestibular morphology to 

reconstruct locomotor behaviors in fossil taxa. Spoor’s studies and many others derived 

therefrom have focused largely on variation in the size and shape of the semicircular 

canals, the organs responsible for interpreting information about the rotational 

acceleration for the head, to test hypotheses about changes in locomotor adaptations that 

are often thought to define certain mammalian groups. For example, canal morphology 

has been used extensively to create predictive equations to identify behaviors in both 

Paleocene and Eocene stem and crown primates (Silcox et al., 2009) and also to identify 

transitions in locomotion that occurred during anthropoid evolution from the late 
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Oligocene to Middle Miocene epochs (Ryan et al. 2012). Similarly, correlates between 

canal morphology and ecology have been used to reconstruct behaviors for subfossil 

lemurs from the Holocene of Madagascar and for fossil lorisoids from the Miocene of 

Africa (Walker et al., 2008). And in the last two decades, there has been a particular 

emphasis by paleoanthropologists on using canal morphology to aid in controversial 

interpretations of early forms of bipedalism in human ancestors (Spoor et al., 1994; 

Spoor & Zonneveld, 1998; Spoor et al., 2003). 

Currently, two competing models for identifying behavioral signals in animals 

have gained prominence in the paleontological literature. The first is Spoor’s model of 

canal radius of curvature, wherein canal arc size is used to infer the relative agility of 

movements during locomotion (Spoor et al. 2007). More recent is Malinzak’s model of 

canal orthogonality, wherein canal orientation is indicative of the average angular 

velocities that are experienced by the head (Malinzak et al. 2012). Both models 

incorporate key functional canal features that have been linked with either increases or 

decreases in vestibular afferent sensitivity (canal radii of curvature: Yang & Hullar, 2007) 

or changes in actual angular velocity speeds associated with different locomotor 

behaviors (canal orthogonality: Malinzak et al. 2012). Furthermore, in both models these 

morphological characteristics are suggested to track evolutionary changes in locomotor 

behavior in a predictable manner (Spoor et al. 2007; Yang and Hullar, 2007; Malinzak et 

al. 2012; Berlin et al. 2013). 
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However, these models have been criticized for producing inconsistent 

locomotor reconstructions inferred from functional parameters like canal radii and canal 

orthogonality versus that based on postcranial anatomy in living, and by inference fossil 

taxa (Ryan et al., 2012; Gonzales et al., 2013). This has fueled concern over the accuracy 

with which locomotor behavior can be reconstructed from canal morphology. 

Furthermore, Malinzak et al. 2012 has provided experimental evidence refuting 

hypotheses based on canal morphology thought to predict sensitivity to specific 

directions. Some of this controversy likely stems from a deficiency in the behavioral 

literature concerning accurate knowledge of head movements, as opposed to those of 

the body, during locomotion. In as much as the semicircular canal system picks up 

signals of head movement, locomotor behaviors should be categorized as a spectra of 

angular velocities experienced by the head (Malinzak et al. 2012) and not by more 

broadly encompassing agility categories that are formulated on the basis of movements 

of the body (discussed more fully in Chapter 1) (Spoor et al., 2007). While Malinzak’s 

model is the first to incorporate data on in vivo rotational head movements, this 

information is difficult to collect and in primates is limited data on strepsirrhine 

primates. Thus the generality of Malinzak’s model might be challenged as to its broader 

applicability has yet to be established across mammals.  

In the absence of further experimental data on in vivo head movements, there are 

two additional ways that these analyses can be improved: 1) by examining interspecific 
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variation in relation to intraspecific variation, and 2) by considering the possibility of 

competing demands on the functional design of the vestibular system, including brain 

size, body size and basicranial spatial limitations. Both Spoor and Malinzak’s models are 

based on relatively few individuals per species and carry the underlying assumption 

that vestibular variation within species or populations is less than that between species. 

However, new evidence has begun to suggest that there is more variation in this system 

than previously recognized (Billet et al. 2012) and that cranial interactions with 

vestibular morphology are capable of significantly altering vestibular shape, even in 

some functional metrics (Jeffery and Spoor, 2006; Jeffery et al. 2008; Malinzak, 2010). In 

order to fully understand the extent to which locomotor behaviors can be reconstructed, 

it is imperative to have an understanding of the natural variation that defines living 

populations in order to determine the accuracy and precision with which these traits can 

reliably predict locomotion. Furthermore, having an understanding of the extrinsic and 

intrinsic variables that influence canal morphology allows researchers to determine the 

extent to which morphological characters display functional signals and even the most 

appropriate taxa for inclusion in predictive models. 

In this thesis, I examine intraspecific and interspecific variation in semicircular 

canal shape as it relates to locomotor differences in closely related strepsirrhine and 

platyrrhine primates. I also present the first examination of the interaction between canal 

radii of curvature and canal angles in closely related taxa that behave very differently. 
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Study species were specifically selected to dichotomize species that engage in slow 

versus fast locomotor movements and which can in some cases be informed by the in vivo 

data on rotational head movements collected by Malinzak et al. (2012). Additionally, 

species pairs were size-matched to eliminate added variation introduced by differences 

in body size, given that canal shape and size may change allometrically with respect to 

body size. My results partially support the hypothesis put forth by Billet et al. (2012), 

that selection on canal morphology is relaxed in animals with slow locomotor behaviors, 

who are observed to have higher levels of intraspecific variation. They also provide 

tentative support for the use of canal orthogonality in reconstructive models, most 

especially in canal angles that seem least effected by other constraints—brain size, etc. 

However, locomotor signals are complex and brain/skull interactions can potentially 

produce misleading results when reconstructing locomotor behaviors. This work 

highlights the importance of critically assessing comparative groups used for inferring 

behaviors in both extinct and extant animals. 

4.1 Summary of findings pertaining to extant animals and 
functional morphology of the canals. 

In Chapter 2, levels of intraspecific variation were calculated for canal radii of 

curvature and the angles between canals. The underlying assumption is that, other 

factors being equal, species thought to be less agile should be under less selective 

pressure to maintain canals at a strict 90os (the optimum for a system of canals designed 

to detect head movement without error). I found that ‘slow-moving’ species generally 
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have higher levels of intraspecific variation than similarly sized animals who engage in 

more ‘active’ leaping behaviors. However, these differences are only robust between 

animals displaying more extreme differences in their locomotor behaviors and are much 

more distinct in platyrrhines than strepsirrhines. The extreme differences in variation, 

interestingly enough, do highlight some individuals who may be under selection not 

previously recognized. In particular, Alouatta palliata, a species noted for its slothful lack 

of activity displays surprisingly high orthogonality and low levels of variation that 

would be more typical of faster-moving animals. Overall, most of these results are 

consistent with the hypothesis that the extent of intraspecific variation across animals 

does, in fact, reflect the intensity of selective pressure on canal shape in species that 

require agility during locomotion similar to the findings of Billet et al. (2012), albeit with 

some exceptions.  

A second objective in Chapter 2 was to document patterns of interspecific 

variation incorporating both canal angles and radii of curvature to determine: 1) How 

effective combined canal-based predictions of vestibular sensitivity are at separating 

species with different locomotor behaviors?; and 2) How do functional signals in 

strepsirrhines compare to those seen in platyrrhines? Despite significant levels of 

intraspecific variation reported in Chapter 2, taxa that were classified as relatively agile 

can to some extent be separated from those who are slower moving, but only when 

comparing similarly sized animals with more extreme forms of locomotion. Separation 



 

136 

is also much more effective when combining canal angles and radii of curvature 

together in a multivatiate analyses. 

I also find that functional signals are complex and patterns observed in 

strepsirrhines are not necessarily the same as those seen in platyrrhines. In general, more 

agile species for both taxa have smaller (more acute) angles between the horizontal and 

anterior canals, while there is much more variability in the other two canal angles. In 

faster-moving platyrrhines, the angle between the horizontal and posterior canal is also 

acute whereas it is much more obtuse in more agile strepsirrhines. In contrast, the 

opposite pattern is seen for the angle between the anterior and the posterior canals. 

Additionally, more agile strepsirrhines also tend to have larger arcs (radii of curvature) 

in the horizontal and posterior canals compared with more slow-moving animals. 

Though increases in canal radii appear to be the primary driver of the morphological 

separation of the canal structure among platyrrhine species, these changes correlate 

more with either differences in body size and/or phylogeny than they do with agility per 

se, even when body size effects are controlled for. The differences described in this thesis 

may suggest that as long as some canal angles are relatively orthogonal (i.e. the angle 

between the anterior and the horizontal canals) and have larger arc sizes, then rotational 

head speeds can be interpreted accurately enough to safely navigate through the 

arboreal environment. These results also provide more support for a predictive model 
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using canal angles and only tentative support for a model incorporating radii of 

curvature. 

In Chapter 3 the influence of phylogeny, body size, and brain size on functional 

vestibular anatomy was examined using PGLS linear and multiple regression methods. 

In general, radii of curvature were found to have a much stronger relationship with 

brain mass than with body mass across a broad range of mammal species, although not 

within the primate-only sample from Chapter 2. In mammals, this relationship was 

particularly strong for the anterior and posterior canals and slightly weaker for the 

horizontal canal. In all cases, brain mass alone explains about 10% of the variation in 

radii of curvature than does body mass alone. On the other hand, canal angles are not 

influenced by either body mass or brain mass when looking across mammals, however 

within primates, brain size (and to some extent body size) does appear to have an 

impact on at least two canal angles. I found a particularly robust correlation for the 

angle between the posterior and anterior canals with canal angles increasing alongside 

increases in brain and body size.  

Overall, both datasets provide some support for the prediction that in some 

taxonomic groups, as brain size increases, so do canal radii of curvature and to a lesser 

extent, canal angles. This influence of brain size on canal morphology informs many of 

the results obtained in chapter two, particularly relating to differences between 

platyrrhine families, who are separated by canal radii on what appears to be a body size 
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gradient. The influence of brain size on canal angles may also explain the discrepency in 

functional signals found between platyrrhines and strepsirrhines. In both clades, the 

angle between the horizontal and anterior canals varies in a predictable manner, with 

faster species having angles that more approximate 90os and slower species have more 

obtuse canal angles. However, much more variation surrounds the other two canal pairs 

and the strong influence of brain size on the angle between the posterior and anterior 

canals may provide an explanation as to why this angle is wider in agile platyrrhines 

(larger-brained animals) compared to agile strepsirrhines (smaller-brained animals) in 

PCA analyses in Chapter 2.  

In addition to changes in brain size and body size, the influence of subarcuate 

fossa size on canal angles was examined since it has a known correlation with canal size 

in primates. Fossa size was found to explain approximately ~30% of the variation in both 

the angle between the horizontal and posterior canals and the angle between the 

posterior and anterior canals. When combined with various combinations of brain and 

body mass, explanatory power increased to 81% for the angle between the posterior and 

anterior canals. This relationship is highly influenced by the addition of both brain and 

body size in the predictive model, which I have also found to correlate extensively with 

changes in this canal angle even when the subarcuate fossa is not considered. Overall, 

these results seem to suggest is that all of these variables have a tremendous impact on 

the orientation of both the horizontal and posterior canals. 



 

139 

And finally, the remaining variation in canal dimensions that was not explained 

by either brain size, body size, and/or subarcuate fossa size was not found to separate 

animals on the basis of assigned agility categories, contrary to predictions by set forth by 

Spoor et al. (2007) and Malinzak et al. (2012). Residual canal radius of curvature shows a 

visual trend towards increasing size across agility ranks, but this trend is not statistically 

significant. Residual variation in canal angles does not separate animals based on agility 

patterns either visually or statistically. While this evidence does not completely refute 

Spoor et al.’s model, it does show that statistically identifying agility for individual is 

implausible. I suggest that the agility ranking system designed by Spoor et al. and 

modified here, is not capturing the nuances of locomotion that are acting upon canal 

design. Therefore, agility scores may not be the appropriate measure of locomotor 

behaviors for use in studies of the ear. 

4.2 Synthesis of past and present research 

According to Spoor’s predictive model more agile animals require sensitive 

canals with larger radii of curvature to resolve fine variation in fast head movements 

(Spoor et al. 2007). Furthermore, an increase or decrease in canal size in one or two 

directions is indicative of directional sensitivity to a specific axis of movement. This 

model is based on comparative analyses of labyrinth variation across mammals and has 

received some support from experimental studies of vestibular afferent neuron firing 

rates (Yang and Hullar, 2007). In contrast, Malinzak’s predictive model using canal 
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orthogonality posits that rotations about axes of mean sensitivity are integrated by 

collectively orienting their canals in near orthogonal positions (90o). Fast animals are less 

tolerant of variation in their canals than slower moving animals and thus have more 

orthogonal canals (Malinzak et al. 2012). This model is based on the only experimental 

work to quantify differences in actual observed angular velocities although it is limited 

to strepsirrhines. 

The results that I have described in this thesis are complex but are more 

consistent with those found by Malinzak, in that at least some canal angles (i.e. the angle 

between the anterior and horizontal canals) will closer approximate 90os in agile animals 

and become more obtuse in slower moving animals. These signals are apparent not only 

in large samples of strepsirrhine species but also in many samples of platyrrhine species 

and are particularly apparent when comparing animals with similar body sizes. 

However, the signal coming from the canal radii of curvature is less easy to interpret 

and while it seems to play some role in functional signaling for strepsirrhines, this role 

may be altered in platyrrhines. In light of the results from Chapter 3, size changes in 

canal radii of curvature can be more confidently attributed to differences in body size for 

seen in platyrrhines, despite measures taken to remove body size from the functional 

signal. What is not easy to understand is why canal radii of curvature do not separate 

strepsirrhines on the basis of body size as well.  
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In both strepsirrhines and platyrrhines, I have found gross differences in 

individual canal angles and canal radii of curvature, but not canal morphology as a 

whole, that seem to correspond with functional differences in behavior. In both groups, 

this is particularly evident for the angle between the horizontal and anterior canals and 

which appears repeatedly across a taxonomically broad sample incorporating large 

population sizes. However within taxa, other functional signals begin to differ. In 

strepsirrhines, there is an additional trade-off between the size of the anterior and 

posterior canal compared to the horizontal canal. And in faster-moving platyrrhines, the 

angle between the horizontal and posterior canal is small while it is found to be much 

wider in more agile strepsirrhines. 

A possible explanation for this interspecific variation is that these patterns are 

the result of major behavioral (or postural) differences between strepsirrhine and 

platyrrhine species. Spoor’s model using canal radius of curvature suggests as much, 

hypothesizing that canal(s) which lie perpendicular to axes of fast rotational speeds will 

increase in size, thus maximizing sensitivity to a set direction. Yang and Hullar (2007) 

provide support for this idea, having found that afferent vestibular neurons fire at a rate 

proportional to the angular velocity experienced by a single canal. Furthermore, 

variation within some extant taxa has been linked to dominant modes of locomotion, for 

example scansorial animals tend to have larger horizontal canals compared to the 
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anterior and posterior canals, indicative of sensitivity to movements in the yaw direction 

(Berlin et al. 2012; Ekdale, 2013).  

Experimental work by Malinzak et al. (2012), however, casts serious doubt upon 

the validity of studies using separate canal radii of curvature to reconstruct directional 

locomotion. He found that axes of maximum sensitivity did not align when comparing 

predictive maps of vestibular sensitivity (based on labyrinth morphology) to maps of 

observed angular velocities of the head movements, thus invalidating hypotheses 

inferring directional sensitivity from canal radii of curvature. However, the strikingly 

apparent differences in canal morphology (both in radii of curvature and canal angles) 

that seem to define slow and agile animals cannot be dismissed and so must be 

explained as resulting from an alternative factor. 

In Chapter 3 I described how brain size, body size, and the size of the subarcuate 

fossa effect canal radii and angles independently, and which gives a very plausible 

explanation for the taxon specific differences noted in Chapter 2 and discussed above. In 

fact, the close proximity of the canals and components of the brain would predict that 

such a relationship should exist and which has prompted current studies of subarcuate 

fossa shape on vestibular morphology (Jeffery & Spoor, 2006; Jeffery et al. 2008) and also 

Muller’s size constraint hypothesis. What this means in terms of neural coding of head 

movements isn’t quite clear, but it may be that only a few canal angles need to be 

orthogonal in order to interpret rotational head speeds, allowing the vestibular system 
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to balance the demands of both function and spatial interactions with the brain or the 

cranial base. This might explain why more agile strepsirrhines and platyrrhines can 

adopt different patterns for decreasing canal angles. Moreover, this phenomenon should 

be particularly enhanced in small animals, which have both proportionally larger brain 

sizes and semicircular canal sizes (and so feel the effects of changes in the first system 

more acutely). 

Finally, another morphological pattern that deserves at least some consideration 

concerns the high level of intraspecific variation found in the angle between the 

horizontal and anterior canals, the only vestibular character to give a consistent 

functional signal across taxa and across body size comparisons. According to Malinzak’s 

model of canal orthogonality, fast animals are less tolerant of variation in their canals 

than slower moving animals and thus have more orthogonal canals and also secondarily 

reduce variation in radius of curvature among canals (Malinzak et al. 2012). If 

Malinzak’s hypothesis determines that fast moving animals reduce variation in canal 

morphology, then why would there still be high levels of intraspecific variation in this 

one functional trait, even for some agile animals? I would speculate that high levels of 

intraspecific variation in canal angles may be that while observed directions of 

maximum velocity may not result in increases in size for respective canal radii, it may be 

the case that it does have an impact on the canal angles. Malinzak himself found that 

whereas rapid rotations occur about the axis of mean sensitivity, sensitivity varies 
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widely among axes subjected to slow rotations. Unlike fast-moving animals, slow-

moving animals are, in fact, subjected to one if not more axes of slow rotations in certain 

directions. Subsequently, the more axes subjected to slow head movements, the more 

variability that can be introduced to the system. This reasoning may explain the 

differences canal angles as a function of slow rotational speeds in different axes.  

In his dissertation work, Malinzak created three sensitivity maps that described 

the head movements of 11 strepsirrhine species, providing a unique opportunity to 

revaluate the differences in canal morphology while knowing exactly how the 

strepsirrhine species moved their heads. Table 31 provides a summary of these findings 

and indicates what canal(s) would be affected by the observed direction of slow head 

movements. Restating the findings by Malinzak, the effected canals do not display the 

proper size in radius of curvature as would be dictated by Spoor’s hypothesis. However, 

should canal orientation be highly variable in axes of slow rotations, the following 

pattern would emerge. Fast and small species would have more selective pressure to 

reduce variation across all canal angles while vertical clingers and leapers would be able 

to include some variation in the orientation of the anterior canal (axis of slow rotational 

movement). Quadrupedal generalists could allow for a lot more variation or deviation 

from 90 degrees for both the anterior and horizontal canals (axes of slow rotational 

movements). This prediction of canal morphology is consistent with the observed 

morphology for the sample species presented here. Furthermore, it provides an 
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explanation for why canal morphology changes in fast versus slow animals, specifically 

why this angle is more acute in faster species but becomes increasingly more obtuse 

across behaviors. Finally, this release of constraint provided by axes of slow rotational 

movements could then allow extrinsic interactions with the brain or cranial base to 

further shape some aspects of canal morphology. 

 

Table 31: Summary of Malinzak sensitivity maps and the implications towards 

canal morphology 

 

Sensitivity 
map 

Head 
movements 

Locomotor 
behavior 

Species Effected canal 

Type 1 No axes of 
habitual slow 

rotation 

Fast and small 
species 

Galago 
senegalensis, 

Cheirogaleus 
medius 

 

Reduced 
variation across 

all canals 

Type 2 Slow-roll and 

elevated slow-

yaw 

Quadrupedal 

generalists 

Microcebus 

murinus, 
Nycticebus 

pygmaeus, Lemur 
catta, Eulemur 

fulvus, 
Daubentonia 

madagascarensis, 
Varecia variegata 

 

Anterior canal, 

Horizontal 

canal 

Type 3 Mostly slow-

roll 

Orthograde 

postures and 

vertical clingers 
and leapers 

Hapalemur griseus, 

Propithecus 
verreauxi 

Anterior canal 

!
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4.3 Problems and limitations with suggestions for future 
research 

The results discussed in this dissertation have shown that orientation among the 

semicircular canals is susceptible to higher levels of intraspecific variation than 

previously appreciated, and in particular, slow moving animals have variation that 

could and can obscure species-level paterns of canal sensitivity unless large samples are 

available. Additionally, the functional canal morphology can be heavily influenced by 

body size, brain size, and the size of the subarcuate fossa (which contains the 

paraflocculus and vascular structures). Thus patterns of locomotion really cannot be 

assessed across larger comparative samples but must be analyzed among similar-sized 

closely related animals. To this end, it has recently been suggested that canal 

morphology may not necessarily be strictly related to function, but also shaped largely 

by evolutionary propinquity (Lebrun et al. 2007; Ekdale, 2010). Further study of canal 

radii of curvature and canal angles controlling for phylogeny and allometry in brain size 

other constraining factors is indicated. 

Furthermore, vestibular functional morphology is incredibly complex, and that 

the morphology predicted by the Malinzak model of canal-based predicted sensitivity is 

not easily extrapolated to a platyrrhine sample. In fact, some patterns do not necessarily 

correlate with previously reported locomotor behaviors for the included species. In 

particular, the relatively slow moving Alouatta palliata, has been shown to have low 
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variation and the most orthogonal canal orientation among atelid species whilst the 

faster moving Ateles geoffroyi has canal morphology and levels of variation similar to that 

of the slower moving Lagothrix lagotricha. This evidence is either indicative of sensitivity 

to fast head movements not previously identified for Alouatta, or greater biological 

variation in the vestibular system than previously recognized.  

Before Malinzak’s model of canal orthogonality can be extrapolated outside of 

strepsirrhines, however, there is an obvious need for more experimental data on how 

animals move, particularly covering a wider array of behaviors. Larger-bodied atelids 

and even larger-bodied hominoids move very differently from the vertical clingers and 

leapers and the generalized quadrupeds for which the current experimental data is 

available. Interpreting functional morphological variation based on descriptive patterns 

of locomotion, and without support from experimental evidence, is problematic for a 

number of reasons. First, locomotor behaviors are quite complex and even behaviors 

within species can be quite variable (Malinzak, 2010). Thus it is extremely difficult to 

quantify locomotion across a broad range of animals, let alone within narrower clades. 

There is also a tendency in the behavioral literature to quantify behaviors in larger-

bodied animals as relatively slow moving compared to smaller-bodied animals. 

Experimental data to this effect is limited although Hullar and Yang (2010) have shown 

that interpretations of movement largely based on body size can be inconsistent with 

actual observed angular velocities in a study comparing movements of bovids versus 
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cetaceans. Finally, it has recently been proposed that rotational movements experienced 

by the body might not necessarily correspond with those of the head, an idea that is only 

in the preliminary stages of investigation (Thompson, pers comm3.).  

Despite these limitations, it is still intriguing that some functional information 

can be derived from the vestibular system, particularly from the angle between the 

horizontal and anterior canals. More information about variation in canal morphology 

across species and with larger sample sizes may highlight interesting patterns of 

selection and constraints in animals not previously recognized, as in the case of A. 

palliata. Also, now that it has been shown that there is some degree of variation in canal 

metrics, having a better understanding of species means and ranges can help to improve 

our understanding of the limits to which we can interpret reconstructions of locomotor 

behaviors when looking at single individuals. 

 

                                                      

3 Nathan Thompson is a graduate student at Stonybrook University under Susan Larson who is 

investigating how force is transmitted from the postcrania to the head during locomotion. 
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Appendix A: Canal radius of curvature measurements 
for Individual animals  

 
Species Museum Specimen 

# 
RAC RHC RPC LAC LHC LPC ECV 

(mL) 

Alouatta palliata LP 5 3.1 2.2 2.5 3.1 2.2 2.4 46.0 

Alouatta palliata LP 6 3.0 2.1 2.6 2.9 2.1 2.7 50.8 

Alouatta palliata LP 7 2.8 2.0 2.2 2.8 2.0 2.2 49.3 

Alouatta palliata LP 9 3.0 2.1 2.6 3.1 2.1 2.6 50.5 

Alouatta palliata LP 12 3.0 2.2 2.6 3.0 2.3 2.6 46.8 

Alouatta palliata LP 18 2.7 2.0 2.2 2.8 2.0 2.2 44.5 

Alouatta palliata LP 19 2.7 2.0 2.3 2.7 2.0 2.3 45.8 

Alouatta palliata LP 22 2.9 2.2 2.6 3.0 2.3 2.6 42.3 

Alouatta palliata LP 23 3.1 2.0 2.4 3.0 2.1 2.5 49.3 

Alouatta palliata LP 24 2.7 1.8 2.1 2.7 1.8 2.0 44.5 

Alouatta palliata LP 39 2.7 1.7 2.2 2.7 1.7 2.3 49.5 

Alouatta palliata LP 25 2.9 1.9 2.3 2.8 2.0 2.3 48.0 

Alouatta palliata USNM 282798 2.8 1.9 2.1 2.6 1.8 2.2 45.5 

Alouatta palliata USNM 284636 2.9 1.9 2.3 2.9 1.9 2.4 56.0 

Alouatta palliata USNM 284638 2.4 1.7 2.1 2.4 1.7 2.1 48.5 

Alouatta palliata USNM 284641 3.1 2.0 2.4 3.1 2.0 2.5 58.7 

Alouatta palliata USNM 337553 3.3 2.2 2.6 3.3 2.2 2.6 57.8 

Alouatta palliata USNM 337850 3.0 2.0 2.3 2.9 1.9 2.3 49.0 

Alouatta palliata USNM 339919 2.9 2.1 2.3 3.0 2.1 2.4 53.0 

Aotus lemurinus USNM 179919 2.3 1.8 1.7 2.3 1.8 1.7 15.8 

Aotus lemurinus USNM 179920 2.1 1.7 1.6 2.1 1.7 1.6 14.3 

Aotus lemurinus USNM 179922 2.3 1.8 1.8 2.3 1.9 1.8 15.0 

Aotus lemurinus USNM 281552 2.0 1.8 1.9 2.0 1.8 1.9 15.3 

Aotus lemurinus USNM 281554 2.1 1.8 1.8 2.1 1.8 1.9 17.0 

Aotus lemurinus USNM 284776 2.2 1.9 1.7 2.2 1.9 1.7 16.0 

Aotus lemurinus USNM 284777 2.2 1.9 1.8 2.2 1.9 1.8 15.8 

Aotus lemurinus USNM 284779 2.0 1.7 1.7 2.1 1.6 1.7 14.8 

Aotus lemurinus USNM 291971 2.1 1.9 1.7 2.1 1.9 1.7 15.8 

Aotus lemurinus USNM 305575 2.1 1.9 1.9 2.2 1.9 1.8 16.3 

Aotus lemurinus USNM 305915 2.0 1.7 1.7 2.1 1.7 1.7 16.3 

Aotus lemurinus USNM 396499 2.3 1.8 1.9 2.2 1.7 1.9 16.3 

Aotus lemurinus USNM 396504 2.2 2.0 2.1 2.2 2.0 2.1 15.0 

Aotus lemurinus USNM 396506 2.5 2.1 2.1 2.5 2.1 2.1 17.0 

Ateles geoffroyi USNM 13297 3.4 2.3 2.9 3.5 2.3 2.9 105.0 

Ateles geoffroyi USNM 14138 3.3 1.9 2.7 3.3 1.9 2.7 93.3 

Ateles geoffroyi USNM 14144 3.2 2.1 2.7 3.1 2.0 2.7 110.5 

Ateles geoffroyi USNM 14153 3.1 1.8 2.5 3.2 1.9 2.4 99.3 

Ateles geoffroyi USNM 14161 3.3 2.1 2.4 3.4 2.1 2.4 108.0 

Ateles geoffroyi USNM 171074 3.0 1.9 2.5 3.1 1.9 2.4 115.5 

Ateles geoffroyi USNM 284947 3.1 2.2 2.6 3.3 2.3 2.7 95.3 

Ateles geoffroyi USNM 284951 3.4 2.2 2.8 3.4 2.4 2.8 106.0 

Ateles geoffroyi USNM 291055 3.0 1.8 2.2 3.0 1.8 2.3 94.0 
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Ateles geoffroyi USNM 291056 3.1 1.8 2.6 3.3 1.8 2.5 96.5 

Ateles geoffroyi USNM 291057 3.0 2.0 2.3 3.0 2.0 2.3 91.5 

Ateles geoffroyi USNM 291060 3.1 1.8 2.5 3.1 1.8 2.5 109.5 

Ateles geoffroyi USNM 291064 3.1 1.8 2.3 3.0 1.8 2.3 101.5 

Ateles geoffroyi USNM 291968 3.0 1.9 2.6 3.0 1.9 2.6 108.0 

Ateles geoffroyi USNM 336202 3.3 2.2 2.5 3.3 2.1 2.5 109.0 

Ateles geoffroyi USNM 336204 2.9 1.8 2.4 3.0 1.8 2.4 110.0 

Chiropotes chiropotes USNM 388161 2.8 2.0 2.2 2.7 2.0 2.2 50.8 

Chiropotes chiropotes USNM 388162 2.9 2.2 2.2 2.9 2.2 2.1 57.3 

Chiropotes chiropotes USNM 388163 2.5 2.1 2.1 2.5 2.0 2.1 61.5 

Chiropotes chiropotes USNM 388165 2.6 1.9 2.1 2.6 1.9 2.1 53.8 

Chiropotes chiropotes USNM 405893 3.0 2.1 2.4 3.0 2.1 2.4 56.0 

Chiropotes chiropotes USNM 406430 2.5 2.0 2.2 2.4 2.0 2.2 50.3 

Chiropotes chiropotes USNM 406576 2.6 2.1 2.3 2.6 2.1 2.3 49.0 

Chiropotes chiropotes USNM 406582 3.0 2.1 2.3 3.0 2.1 2.4 54.3 

Chiropotes chiropotes USNM 406583 2.7 2.1 2.3 2.7 2.0 2.3 59.0 

Chiropotes chiropotes USNM 406590 2.9 2.2 2.3 2.9 2.1 2.3 57.3 

Chiropotes chiropotes USNM 388166 3.0 2.3 2.3 3.0 2.3 2.2 49.3 

Chiropotes chiropotes USNM 388168 2.5 2.1 2.2 2.5 2.1 2.2 52.3 

Chiropotes chiropotes USNM 406588 2.9 2.0 2.3 2.9 2.0 2.3 54.0 

Chiropotes chiropotes USNM 406591 2.7 2.1 2.3 2.7 2.2 2.3 58.3 

Chiropotes chiropotes USNM 406592 2.7 2.0 2.2 2.6 2.0 2.3 54.8 

Eulemur fulvus  AMNH 100559 2.3 2.0 2.0 2.3 2.0 1.8 21.8 

Eulemur fulvus  AMNH 100566 2.4 2.1 1.9 2.4 2.1 1.9 23.0 

Eulemur fulvus  AMNH 100586 2.6 2.1 2.1 2.6 2.1 2.1 22.0 

Eulemur fulvus  AMNH 100586 2.6 2.2 2.0 2.6 2.2 2.0  

Eulemur fulvus  AMNH 100587 2.5 2.2 2.0 2.6 2.1 2.0 21.8 

Eulemur fulvus  AMNH 170699 2.5 2.2 1.9 2.5 2.1 1.9 24.3 

Eulemur fulvus  AMNH 170701 2.6 2.1 1.8 2.5 2.2 1.8 22.0 

Eulemur fulvus  AMNH 170705 2.6 2.0 2.1 2.6 2.0 2.0 23.0 

Eulemur fulvus  AMNH 170706 2.6 2.2 2.0 2.6 2.1 2.0 23.5 

Eulemur fulvus  AMNH 170707 2.6 2.2 2.1 2.6 2.2 2.1 26.8 

Eulemur fulvus  MCZ 16354 2.8 2.3 2.4 2.8 2.3 2.4 22.0 

Eulemur fulvus  MCZ 16356 2.5 2.1 2.1 2.6 2.1 2.1 21.0 

Eulemur fulvus  MCZ 16370 2.5 2.0 2.1 2.5 2.1 2.0 20.0 

Eulemur fulvus  MCZ 16393 2.5 2.1 2.0 2.5 2.1 2.0 20.0 

Eulemur fulvus  MCZ 44886 2.6 2.1 2.1 2.6 2.1 2.1 23.0 

Eulemur fulvus  MCZ 80446 2.4 2.1 2.0 2.5 2.2 2.0 26.0 

Galago senegalensis DPC 5 1.7 1.8 1.6 1.7 1.8 1.5 3.6 

Galago senegalensis DPC 6 1.9 1.9 1.8 1.9 1.9 1.8  

Galago senegalensis DPC 7 1.8 1.7 1.6 1.8 1.8 1.6 5.0 

Galago senegalensis DPC 8 1.8 2.0 1.6 1.8 1.9 1.6 3.8 

Galago senegalensis DPC 9 1.9 2.0 1.7 1.9 1.9 1.7 5.4 

Galago senegalensis DPC 83 1.8 1.8 1.6 1.8 1.9 1.7 3.8 

Galago senegalensis DPC 88 1.8 2.0 1.7 1.8 2.0 1.7 3.6 

Galago senegalensis DPC 110 1.7 1.8 1.6 1.7 1.9 1.6 3.9 

Galago senegalensis MCZ 28912 1.6 1.7 1.6 1.6 1.7 1.7  

Galago senegalensis MCZ 34381 1.6 1.6 1.3 1.6 1.6 1.3  

Hapalemur griseus AMNH 100536 2.5 1.9 2.0 2.4 1.9 1.9 12.0 

Hapalemur griseus AMNH 100628 2.4 2.0 1.9 2.3 2.1 1.9 12.8 
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Hapalemur griseus AMNH 100630 2.5 1.9 2.2 2.5 1.9 2.2 11.8 

Hapalemur griseus AMNH 100823 2.2 1.7 1.7 2.1 1.7 1.7 11.0 

Hapalemur griseus AMNH 170668 2.3 2.0 1.9 2.2 2.0 1.9 12.3 

Hapalemur griseus AMNH 170672 2.4 1.9 2.0 2.5 1.9 2.1 11.0 

Hapalemur griseus USNM 63355 2.4 1.9 1.9 2.2 1.9 1.9 11.3 

Hapalemur griseus USNM 83667 2.4 2.0 2.0 2.4 2.0 1.9 14.3 

Hapalemur griseus USNM 170682    2.6 2.1 2.1 12.5 

Hapalemur griseus USNM 170687    2.3 2.1 2.0 11.8 

Lagothrix lagotricha USNM 194342 3.0 2.0 2.4 3.0 2.0 2.3 96.5 

Lagothrix lagotricha USNM 269839 3.2 2.3 2.5 3.1 2.3 2.4 78.0 

Lagothrix lagotricha USNM 398460 3.0 2.0 2.4 3.0 2.0 2.3 83.5 

Lagothrix lagotricha USNM 461930 2.7 1.8 2.3 2.6 1.9 2.3 96.8 

Lagothrix lagotricha USNM 461931 2.7 2.1 2.4 2.7 2.0 2.4 95.5 

Lagothrix lagotricha USNM 545878 2.8 2.0 2.5 2.8 1.7 2.5 79.5 

Lagothrix lagotricha USNM 545879 2.7 2.0 2.6 2.8 2.1 2.6 79.3 

Lagothrix lagotricha USNM 545880 2.9 2.1 2.6 3.0 2.3 2.6 94.0 

Lagothrix lagotricha USNM 545881 2.7 2.0 2.4 2.7 2.0 2.4 84.0 

Lagothrix lagotricha USNM 545882 2.8 1.9 2.3 2.9 1.9 2.3 95.0 

Lagothrix lagotricha USNM 545883 2.9 1.9 2.4 2.9 1.8 2.4 100.0 

Lagothrix lagotricha USNM 545884 2.6 2.1 1.9 2.7 1.7 1.9 90.5 

Lagothrix lagotricha USNM 545886 2.8 2.0 2.4 2.7 2.0 2.3 96.0 

Lagothrix lagotricha USNM 545888 2.8 1.9 2.5 2.8 2.0 2.4 96.8 

Lagothrix lagotricha USNM 545889 2.7 2.0 2.3 2.7 2.0 2.3 100.8 

Lagothrix lagotricha USNM 545890 2.6 1.9 2.3 2.6 1.9 2.3 107.5 

Lepilemur mustelinus AMNH 170553 2.2 1.9 1.7 2.2 1.8 1.7 6.5 

Lepilemur mustelinus AMNH 170558 2.1 1.7 1.6 2.1 1.7 1.6 7.5 

Lepilemur mustelinus AMNH 170560 2.2 1.9 1.9 2.2 1.9 1.9 6.8 

Lepilemur mustelinus AMNH 170563 2.2 1.7 1.8 2.2 1.7 1.7 5.9 

Lepilemur mustelinus AMNH 170567 2.1 1.9 1.7 2.2 1.9 1.7 7.6 

Lepilemur mustelinus AMNH 170568 2.2 1.9 1.8 2.2 1.9 1.9 6.9 

Lepilemur mustelinus AMNH 170559    2.3 1.9 1.9 6.5 

Lepilemur mustelinus AMNH 170561    2.2 1.7 1.7 6.4 

Lepilemur mustelinus AMNH 170569    2.3 2.0 1.8 6.2 

Lepilemur mustelinus AMNH 170573    2.4 1.9 1.9 6.6 

Lepilemur mustelinus AMNH 100616    2.4 1.9 1.8  

Lepilemur mustelinus AMNH 100820    2.3 2.0 1.9  

Lepilemur mustelinus AMNH 170585    2.2 1.7 1.7  

Nycticebus coucang AMNH 101501 2.1 1.5 1.7 2.1 1.7 1.6  

Nycticebus coucang AMNH 101508 2.0 1.6 1.9 1.9 1.7 1.5  

Nycticebus coucang AMNH 101786 2.1 1.7 1.5 2.0 1.7 1.5  

Nycticebus coucang BAA 2 2.2 1.8 1.7 2.2 1.6 1.6  

Nycticebus coucang BAA 161 2.0 1.8 1.7 2.2 1.5 1.6  

Nycticebus coucang DPC 129 2.2 1.8 1.8 2.2 1.8 1.8 10.0 

Nycticebus coucang DUPC 179 2.2 1.8 1.7 2.1 1.8 1.7  

Nycticebus coucang MCZ 5118 2.1 1.8 1.8 2.1 1.8 1.8  

Nycticebus coucang MCZ 36040 1.8 2.0 1.8 1.8 1.9 1.8  

Nycticebus coucang MCZ 36041 1.9 1.8 1.6 1.9 1.9 1.6  

Nycticebus coucang MCZ 36116 1.9 1.6 1.5 1.8 1.6 1.5  

Pithecia pithecia USNM 339659 2.6 2.1 2.1 2.6 2.1 2.1 29.5 

Pithecia pithecia USNM 339660 2.8 2.3 2.3 2.9 2.2 2.3 37.3 
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Pithecia pithecia USNM 374745 2.8 2.1 2.3 2.8 2.1 2.3 32.5 

Pithecia pithecia USNM 374748 2.8 2.2 2.3 2.8 2.2 2.2 35.0 

Pithecia pithecia USNM 374754 2.9 2.2 2.4 2.9 2.2 2.4 30.5 

Pithecia pithecia USNM 374759 2.7 2.2 2.4 2.8 2.2 2.4 32.3 

Pithecia pithecia USNM 374760 2.8 2.3 2.3 2.9 2.2 2.3 33.8 

Pithecia pithecia USNM 374765 3.1 2.3 2.5 3.2 2.4 2.4 30.3 

Pithecia pithecia USNM 395071 2.5 2.1 2.2 2.5 2.1 2.1 28.3 

Pithecia pithecia USNM 300794 2.7 2.2 2.3 2.8 2.2 2.3 29.0 

Pithecia pithecia USNM 339658 2.8 2.2 2.3 2.7 2.1 2.2 31.0 

Pithecia pithecia USNM 374749 2.9 2.1 2.2 2.9 2.0 2.3 32.0 

Pithecia pithecia USNM 374763 3.0 2.4 2.4 3.0 2.3 2.4 32.8 

Pithecia pithecia USNM 374764 3.0 2.3 2.5 3.0 2.2 2.5 33.8 

Pithecia pithecia USNM 374767 2.7 2.1 2.3 2.7 2.1 2.3 30.5 

Propithecus verreauxi MCZ 16375 2.7 2.3 2.4 2.6 2.3 2.4 22.0 

Propithecus verreauxi MCZ 44856 2.5 2.2 2.0 2.5 2.3 2.0 24.0 

Propithecus verreauxi AMNH 100550 2.7 2.2 2.3 2.7 2.2 2.2 23.0 

Propithecus verreauxi AMNH 170462 2.5 2.1 2.3 2.5 2.0 2.3 27.8 

Propithecus verreauxi AMNH 170463 2.3 2.1 2.1 2.3 2.0 2.1 25.3 

Propithecus verreauxi AMNH 170470    2.6 2.1 2.2 25.0 

Propithecus verreauxi AMNH 170473    2.8 2.3 2.4 30.0 

Propithecus verreauxi AMNH 170489    2.9 2.3 2.5 25.5 

Propithecus verreauxi AMNH 170467    2.5 2.3 2.2 24.0 

Propithecus verreauxi DPC 6756    2.5 2.1 2.0  

Propithecus verreauxi USNM 83965    2.2 1.9 2.0  

Saimiri sciureus AMNH 33975 2.3 2.0 1.9 2.3 2.0 1.8  

Saimiri sciureus AMNH 72070 2.1 2.0 1.7 2.1 2.0 1.7  

Saimiri sciureus AMNH 72074 2.1 1.8 1.6 2.2 1.9 1.7  

Saimiri sciureus AMNH 72078 2.3 2.1 2.0 2.3 2.1 2.1  

Saimiri sciureus AMNH 72079 2.1 1.8 1.7 2.1 1.9 1.7  

Saimiri sciureus AMNH 73429 2.2 1.9 1.8 2.2 1.9 1.8  

Saimiri sciureus AMNH 98263 1.9 1.6 1.5 1.9 1.7 1.5  

Saimiri sciureus AMNH 398699 2.1 2.0 1.8 2.1 2.0 1.8  

Saimiri sciureus AMNH 518538 2.1 1.9 1.7 2.1 1.9 1.7  

Saimiri sciureus BAA Loki 2.2 2.0 1.8 2.1 2.0 1.8  

Varecia variegata MCZ 16382 2.8 2.2 2.3 2.8 2.1 2.2  

Varecia variegata MCZ 44905 3.0 2.3 2.2 3.1 2.2 2.2 34.0 

Varecia variegata MCZ 44906 2.7 2.2 2.0 2.7 2.2 2.0 28.0 

Varecia variegata MCZ 44907 2.6 2.2 2.2 2.6 2.2 2.3  

Varecia variegata MCZ 44909 2.7 2.3 2.2 2.8 2.3 2.2 26.0 

Varecia variegata MCZ 59274 2.6 1.9 2.1 2.5 2.0 2.1  

Varecia variegata USNM 63346 2.7 2.2 2.2 2.8 2.1 2.2 29.0 

Varecia variegata USNM 84382 3.0 2.1 2.2 2.9 2.1 2.3 27.5 

Varecia variegata USNM 538407 2.7 2.0 2.2 2.7 2.1 2.3 23.0 

Varecia variegata AMNH 100510 2.9 2.4 2.5 2.9 2.4 2.4 31.3 

Varecia variegata USNM 16199 2.9 2.5 2.4 2.9 2.5 2.4 29.3 

Varecia variegata USNM 63345 2.9 2.3 2.3 2.8 2.3 2.3 32.0 

Varecia variegata USNM 84381 2.7 2.1 2.1 2.8 2.0 2.1 26.0 

Varecia variegata USNM 124646 2.8 2.2 2.3 2.8 2.2 2.3 32.5 

Varecia variegata USNM 503392 2.8 2.1 2.2 2.8 2.1 2.2 29.0 
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Appendix B: Canal angle measurements for Individual 
animals 
 
Species Museum Specimen 

# 
RHCv
RAC 

RHCv
RPC 

RPCv
RAC 

LHCvL
AC 

LHCvL
PC 

LPCvL
AC 

ECV 
(mL) 

Alouatta palliata LP 5 84.8 84.9 95.5 89.3 86.6 95.9 46.0 

Alouatta palliata LP 6 92.9 92.3 96.1 89.8 94.1 99.3 50.8 

Alouatta palliata LP 7 86.9 91.1 94.8 90.4 89.7 96.8 49.3 

Alouatta palliata LP 9 87.6 92.2 95.9 87.2 93.5 96.5 50.5 

Alouatta palliata LP 12 90.9 87.4 92.6 90.9 88.9 91.3 46.8 

Alouatta palliata LP 18 93.8 87.9 94.8 95.6 88.9 95.0 44.5 

Alouatta palliata LP 19 95.9 93.2 97.9 95.8 88.9 97.7 45.8 

Alouatta palliata LP 22 87.8 88.2 95.4 87.0 86.5 95.9 42.3 

Alouatta palliata LP 23 88.2 91.5 98.5 90.0 88.9 99.8 49.3 

Alouatta palliata LP 24 85.7 86.9 92.0 93.3 89.0 97.0 44.5 

Alouatta palliata LP 30 92.9 93.0 97.9 94.0 92.4 97.2 45.8 

Alouatta palliata LP 39 97.1 92.6 90.4 96.6 89.8 92.7 49.5 

Alouatta palliata LP 25 94.2 86.2 94.1 92.3 84.8 93.5 48.0 

Alouatta palliata USNM 282798 94.1 92.2 96.0 93.8 94.8 95.7 45.5 

Alouatta palliata USNM 284636 96.6 91.2 90.7 93.9 92.0 94.3 56.0 

Alouatta palliata USNM 284638 92.1 93.8 95.6 90.4 93.3 97.6 48.5 

Alouatta palliata USNM 284641 91.4 93.8 89.2 94.2 95.1 94.0 58.7 

Alouatta palliata USNM 337553 96.9 92.5 90.7 93.4 92.7 94.0 57.8 

Alouatta palliata USNM 337850 99.3 92.7 96.9 97.6 94.5 98.0 49.0 

Alouatta palliata USNM 339919 106.3 85.3 92.7 106.1 89.4 94.3 53.0 

Aotus lemurinus USNM 179919 91.9 93.8 93.1 89.2 92.5 95.0 15.8 

Aotus lemurinus USNM 179920 91.2 94.4 97.1 93.0 93.7 94.8 14.3 

Aotus lemurinus USNM 179922 90.5 104.3 94.4 91.4 104.2 93.4 15.0 

Aotus lemurinus USNM 281552 85.3 92.2 92.2 83.4 92.3 93.3 15.3 

Aotus lemurinus USNM 281554 80.0 92.8 93.2 81.6 93.8 92.8 17.0 

Aotus lemurinus USNM 284776 80.4 93.7 99.2 82.7 93.3 97.9 16.0 

Aotus lemurinus USNM 284777 84.9 99.2 98.8 82.7 100.5 98.7 15.8 

Aotus lemurinus USNM 284779 88.1 100.9 97.8 86.3 99.7 93.9 14.8 

Aotus lemurinus USNM 291971 94.3 96.1 95.0 91.8 96.5 95.4 15.8 

Aotus lemurinus USNM 305575 85.5 90.5 99.2 83.5 90.9 98.8 16.3 

Aotus lemurinus USNM 305915 92.2 100.4 98.1 93.2 99.8 99.3 16.3 

Aotus lemurinus USNM 396499 88.7 103.7 83.7 86.2 103.5 86.9 16.3 

Aotus lemurinus USNM 396504 92.0 95.6 88.8 95.3 95.8 88.2 15.0 

Aotus lemurinus USNM 396506 95.4 101.4 91.7 96.5 104.1 92.2 17.0 

Ateles geoffroyi USNM 13297 101.0 88.7 101.6 102.8 93.2 105.4 105.0 

Ateles geoffroyi USNM 14138 100.9 97.9 102.1 99.7 95.1 101.9 93.3 

Ateles geoffroyi USNM 14144 93.3 96.5 105.0 93.2 95.5 104.9 110.5 

Ateles geoffroyi USNM 14153 96.5 97.7 105.0 94.7 97.1 104.2 99.3 

Ateles geoffroyi USNM 14161 94.5 98.8 100.7 93.6 99.3 100.9 108.0 

Ateles geoffroyi USNM 171074 103.1 95.5 101.1 101.5 97.4 99.3 115.5 

Ateles geoffroyi USNM 284947 107.5 108.3 98.6 103.7 106.9 97.9 95.3 

Ateles geoffroyi USNM 284951 103.6 93.8 103.4 96.8 97.4 101.1 106.0 

Ateles geoffroyi USNM 291055 103.1 97.9 99.3 101.7 96.3 101.4 94.0 
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Ateles geoffroyi USNM 291056 98.3 86.5 102.5 93.6 91.6 103.5 96.5 

Ateles geoffroyi USNM 291057 91.9 95.5 94.5 90.6 93.8 94.3 91.5 

Ateles geoffroyi USNM 291060 101.0 89.9 100.3 97.6 91.8 99.4 109.5 

Ateles geoffroyi USNM 291064 85.7 98.0 97.4 82.2 98.1 99.8 101.5 

Ateles geoffroyi USNM 291968 94.3 100.8 100.1 94.9 100.9 100.9 108.0 

Ateles geoffroyi USNM 336202 102.4 97.4 92.1 102.9 94.4 93.0 109.0 

Ateles geoffroyi USNM 336204 98.3 102.0 99.6 97.0 98.1 99.5 110.0 

Chiropotes 
chiropotes 

USNM 388161 90.0 93.0 99.3 89.5 96.2 100.2 50.8 

Chiropotes 
chiropotes 

USNM 388162 91.1 94.0 97.1 92.6 98.9 94.9 57.3 

Chiropotes 
chiropotes 

USNM 388163 92.3 94.6 96.9 91.7 93.7 95.3 61.5 

Chiropotes 
chiropotes 

USNM 388165 94.5 96.6 100.1 96.4 95.0 99.9 53.8 

Chiropotes 
chiropotes 

USNM 405893 93.5 95.7 95.0 93.3 99.1 95.2 56.0 

Chiropotes 
chiropotes 

USNM 406430 88.8 92.8 87.5 89.9 93.4 88.8 50.3 

Chiropotes 
chiropotes 

USNM 406576 91.1 95.1 97.1 90.3 96.8 96.6 49.0 

Chiropotes 
chiropotes 

USNM 406582 90.9 95.0 94.1 94.0 95.1 91.2 54.3 

Chiropotes 
chiropotes 

USNM 406583 82.3 97.3 94.1 85.8 100.2 96.5 59.0 

Chiropotes 
chiropotes 

USNM 406590 81.2 98.8 95.6 84.0 99.2 94.9 57.3 

Chiropotes 
chiropotes 

USNM 388166 93.6 97.1 93.0 89.9 96.4 95.2 49.3 

Chiropotes 
chiropotes 

USNM 388168 88.0 100.0 101.4 89.5 100.8 103.3 52.3 

Chiropotes 
chiropotes 

USNM 406588 100.4 97.0 96.0 100.2 97.4 94.3 54.0 

Chiropotes 
chiropotes 

USNM 406591 94.7 99.9 94.6 90.4 99.8 93.9 58.3 

Chiropotes 
chiropotes 

USNM 406592 92.2 92.2 97.9 92.9 95.2 95.8 54.8 

Eulemur fulvus  AMNH 100559 100.1 95.5 89.1 98.5 95.7 90.6 21.8 

Eulemur fulvus  AMNH 100566 99.2 85.2 89.7 99.4 86.9 87.3 23.0 

Eulemur fulvus  AMNH 100586 94.7 90.5 88.6 95.8 92.8 89.6 22.0 

Eulemur fulvus  AMNH 100586 93.2 96.1 94.9 92.7 95.3 91.4  

Eulemur fulvus  AMNH 100587 89.1 97.3 91.9 91.2 96.4 92.6 21.8 

Eulemur fulvus  AMNH 170699 93.0 95.5 89.8 93.5 95.0 89.4 24.3 

Eulemur fulvus  AMNH 170701 96.7 90.6 92.9 95.5 91.2 91.2 22.0 

Eulemur fulvus  AMNH 170705 98.6 98.2 92.6 97.2 97.8 92.4 23.0 

Eulemur fulvus  AMNH 170706 88.4 97.4 90.9 89.2 97.3 89.4 23.5 

Eulemur fulvus  AMNH 170707 97.7 90.7 92.0 98.7 90.0 91.3 26.8 

Eulemur fulvus  MCZ 16354 96.7 93.9 87.1 96.6 93.6 87.1 22.0 

Eulemur fulvus  MCZ 16356 90.3 91.5 86.4 90.6 91.3 84.5 21.0 

Eulemur fulvus  MCZ 16370 92.4 90.8 90.1 90.0 89.0 89.5 20.0 

Eulemur fulvus  MCZ 16393 91.9 90.8 93.2 93.7 89.6 94.1 20.0 

Eulemur fulvus  MCZ 44886 94.7 90.5 88.6 95.8 92.8 89.6 23.0 



 

155 

Eulemur fulvus  MCZ 80446 89.7 91.4 89.6 88.7 90.1 88.0 26.0 

Galago senegalensis DPC 5 87.1 94.6 92.6 87.2 93.5 93.3 3.6 

Galago senegalensis DPC 6 78.4 96.4 88.0 77.6 97.0 89.7  

Galago senegalensis DPC 7 81.4 96.7 90.3 81.3 95.8 93.3 5.0 

Galago senegalensis DPC 8 87.7 89.9 92.8 85.5 92.2 93.0 3.8 

Galago senegalensis DPC 9 83.2 90.7 89.6 79.7 92.8 88.3 5.4 

Galago senegalensis DPC 83 89.8 96.5 91.6 87.0 94.6 93.4 3.8 

Galago senegalensis DPC 88 83.6 88.0 90.5 83.4 91.7 94.2 3.6 

Galago senegalensis DPC 110 89.0 97.5 96.3 87.3 98.1 96.3 3.9 

Galago senegalensis MCZ 28912 90.2 94.8 90.4 89.7 95.0 91.0  

Galago senegalensis MCZ 34381 92.0 92.4 91.8 90.8 91.6 94.8  

Hapalemur griseus AMNH 100536 92.1 96.5 86.4 86.5 96.0 87.0 12.0 

Hapalemur griseus AMNH 100628 96.0 98.5 96.2 96.9 98.2 97.6 12.8 

Hapalemur griseus AMNH 100630 87.2 91.8 89.1 86.6 92.2 90.4 11.8 

Hapalemur griseus AMNH 100823 97.4 95.7 91.9 97.1 96.2 90.2 11.0 

Hapalemur griseus AMNH 170668 97.8 97.3 87.4 97.5 97.0 88.0 12.3 

Hapalemur griseus AMNH 170672 94.6 97.4 92.7 94.4 96.4 91.5 11.0 

Hapalemur griseus USNM 63355 89.9 95.3 90.2 83.0 95.2 92.7 11.3 

Hapalemur griseus USNM 83667 95.3 98.1 92.0 94.4 98.2 93.2 14.3 

Hapalemur griseus USNM 170682    91.9 90.8 91.6 12.5 

Hapalemur griseus USNM 170687    88.8 91.5 94.1 11.8 

Lagothrix lagotricha USNM 194342 108.8 101.1 92.2 106.9 104.1 92.3 96.5 

Lagothrix lagotricha USNM 269839 91.8 92.7 103.9 83.3 94.7 105.5 78.0 

Lagothrix lagotricha USNM 398460 108.8 101.1 92.2 106.9 104.1 92.3 83.5 

Lagothrix lagotricha USNM 461930 96.0 88.9 99.9 95.5 86.5 100.4 96.8 

Lagothrix lagotricha USNM 461931 101.9 96.0 94.1 101.5 97.2 96.0 95.5 

Lagothrix lagotricha USNM 545878 88.0 99.4 99.0 88.4 101.6 99.7 79.5 

Lagothrix lagotricha USNM 545879 92.7 105.5 95.9 91.9 108.7 96.1 79.3 

Lagothrix lagotricha USNM 545880 88.2 106.6 97.2 86.3 109.0 99.4 94.0 

Lagothrix lagotricha USNM 545881 90.4 95.5 98.1 92.2 95.7 98.5 84.0 

Lagothrix lagotricha USNM 545882 91.0 108.3 94.7 89.8 104.0 95.4 95.0 

Lagothrix lagotricha USNM 545883 91.3 94.4 100.6 82.1 97.0 100.2 100.0 

Lagothrix lagotricha USNM 545884 90.6 98.0 103.0 83.3 99.6 103.7 90.5 

Lagothrix lagotricha USNM 545886 84.8 97.8 101.0 87.2 96.2 103.9 96.0 

Lagothrix lagotricha USNM 545888 88.1 96.9 100.4 84.9 97.0 102.8 96.8 

Lagothrix lagotricha USNM 545889 90.9 89.0 100.3 92.7 90.2 103.1 100.8 

Lagothrix lagotricha USNM 545890 95.5 96.8 95.5 97.2 98.1 95.8 107.5 

Lepilemur 
mustelinus 

AMNH 170553 81.8 91.5 85.0 83.0 91.0 86.5 6.5 

Lepilemur 
mustelinus 

AMNH 170558 84.7 93.2 83.1 86.0 92.7 82.8 7.5 

Lepilemur 
mustelinus 

AMNH 170560 92.3 91.3 90.3 93.6 91.9 88.3 6.8 

Lepilemur 
mustelinus 

AMNH 170563 83.7 96.1 86.7 82.8 93.4 86.7 5.9 

Lepilemur 
mustelinus 

AMNH 170567 90.0 93.0 85.6 89.0 95.0 85.2 7.6 

Lepilemur 
mustelinus 

AMNH 170568 91.9 92.6 86.9 91.6 92.1 86.9 6.9 

Lepilemur 
mustelinus 

AMNH 170559    93.4 94.6 90.1 6.5 
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Lepilemur 
mustelinus 

AMNH 170561    84.8 90.1 86.7 6.4 

Lepilemur 
mustelinus 

AMNH 170569    87.1 88.2 88.9 6.2 

Lepilemur 
mustelinus 

AMNH 170573    88.2 91.9 86.4 6.6 

Lepilemur 
mustelinus 

AMNH 100616    95.3 96.2 88.3  

Lepilemur 
mustelinus 

AMNH 100820    99.5 98.6 86.9  

Lepilemur 
mustelinus 

AMNH 170585    100.8 91.8 90.5  

Nycticebus coucang AMNH 101501 94.6 85.4 84.2 95.5 86.8 84.4  

Nycticebus coucang AMNH 101508 94.4 84.6 79.5 98.2 82.9 84.8  

Nycticebus coucang AMNH 101786 95.7 83.5 87.1 95.2 83.5 86.6  

Nycticebus coucang BAA 2 92.4 83.8 88.5 97.0 86.1 86.0  

Nycticebus coucang BAA 161 102.9 84.7 81.0 102.6 89.3 81.4  

Nycticebus coucang DPC 129 93.9 93.4 96.0 95.0 92.4 96.5 10.0 

Nycticebus coucang DUPC 179 88.6 92.2 91.5 88.9 92.9 90.8  

Nycticebus coucang MCZ 5118 89.2 88.4 90.1 90.2 90.2 90.1  

Nycticebus coucang MCZ 36040 101.0 79.6 99.1 99.4 79.9 99.4  

Nycticebus coucang MCZ 36041 105.3 81.5 100.5 107.0 79.9 100.0  

Nycticebus coucang MCZ 36116 105.7 81.5 98.4 103.0 82.2 96.5  

Pithecia pithecia USNM 339659 94.4 94.5 102.7 93.3 95.4 103.6 29.5 

Pithecia pithecia USNM 339660 83.6 91.5 94.5 84.2 91.7 95.1 37.3 

Pithecia pithecia USNM 374745 84.0 94.2 96.1 85.1 93.8 96.9 32.5 

Pithecia pithecia USNM 374748 83.6 94.8 92.9 82.4 93.0 93.4 35.0 

Pithecia pithecia USNM 374754 82.7 98.7 98.7 82.5 95.7 96.8 30.5 

Pithecia pithecia USNM 374759 74.3 92.4 95.8 75.9 93.0 95.6 32.3 

Pithecia pithecia USNM 374760 83.6 91.5 94.5 84.2 91.7 95.1 33.8 

Pithecia pithecia USNM 374765 86.2 90.2 90.5 85.6 90.3 89.4 30.3 

Pithecia pithecia USNM 395071 89.9 91.3 101.3 88.0 93.4 100.8 28.3 

Pithecia pithecia USNM 300794 87.2 91.1 94.2 88.0 90.8 91.6 29.0 

Pithecia pithecia USNM 339658 93.0 91.7 99.0 88.3 89.1 95.9 31.0 

Pithecia pithecia USNM 374749 93.5 94.3 94.8 94.2 95.2 93.7 32.0 

Pithecia pithecia USNM 374763 83.9 95.8 100.7 83.4 95.3 97.4 32.8 

Pithecia pithecia USNM 374764 82.8 95.7 95.8 84.5 97.0 96.4 33.8 

Pithecia pithecia USNM 374767 82.7 92.5 99.2 84.7 94.2 97.9 30.5 

Propithecus 
verreauxi 

MCZ 16375 100.4 97.0 86.0 99.8 95.4 85.6 22.0 

Propithecus 
verreauxi 

MCZ 44856 93.3 95.7 93.2 90.5 94.6 93.8 24.0 

Propithecus 
verreauxi 

AMNH 100550 103.2 95.1 86.4 102.9 99.5 86.9 23.0 

Propithecus 
verreauxi 

AMNH 170462 81.7 92.7 92.7 88.7 99.7 91.2 27.8 

Propithecus 
verreauxi 

AMNH 170463 98.1 102.0 90.6 96.1 100.8 90.1 25.3 

Propithecus 
verreauxi 

AMNH 170470    83.6 100.8 89.5 25.0 

Propithecus 
verreauxi 

AMNH 170473    88.4 100.0 90.8 30.0 
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Propithecus 
verreauxi 

AMNH 170489    98.7 94.6 94.0 25.5 

Propithecus 
verreauxi 

AMNH 170467    93.2 97.5 96.2 24.0 

Propithecus 
verreauxi 

DPC 6756    92.9 87.9 98.1  

Propithecus 
verreauxi 

USNM 83965    88.3 87.9 93.5  

Saimiri sciureus AMNH 33975 92.3 96.9 95.5 90.9 94.1 96.3  

Saimiri sciureus AMNH 72070 89.2 90.5 101.6 93.0 89.6 101.2  

Saimiri sciureus AMNH 72074 93.1 85.4 106.0 94.3 84.8 103.2  

Saimiri sciureus AMNH 72078 93.7 91.9 97.4 94.9 91.8 101.1  

Saimiri sciureus AMNH 72079 90.7 87.8 94.5 91.3 87.4 93.4  

Saimiri sciureus AMNH 73429 94.1 89.3 96.2 95.0 90.8 96.4  

Saimiri sciureus AMNH 98263 90.2 89.8 96.5 92.0 89.7 95.2  

Saimiri sciureus AMNH 398699 91.2 91.0 95.3 93.6 91.3 95.0  

Saimiri sciureus AMNH 518538 98.9 93.0 101.4 94.9 95.2 97.4  

Saimiri sciureus BAA Loki 87.0 90.2 99.8 87.8 92.3 101.2  

Varecia variegata MCZ 16382 98.3 102.0 93.1 99.3 103.9 92.8  

Varecia variegata MCZ 44905 101.3 98.6 96.8 104.2 100.1 96.1 34.0 

Varecia variegata MCZ 44906 98.8 94.0 96.6 98.8 95.0 96.2 28.0 

Varecia variegata MCZ 44907 84.5 98.4 90.1 86.2 100.3 90.8  

Varecia variegata MCZ 44909 91.6 95.8 94.8 92.2 98.1 93.2 26.0 

Varecia variegata MCZ 59274 101.6 97.1 92.2 99.8 93.6 90.1  

Varecia variegata USNM 63346 93.0 94.5 91.9 95.2 97.8 91.5 29.0 

Varecia variegata USNM 84382 94.9 97.3 93.2 93.6 96.1 91.3 27.5 

Varecia variegata USNM 538407 99.1 93.6 90.5 99.3 93.2 88.9 23.0 

Varecia variegata AMNH 100510 108.6 92.9 92.9 109.2 94.6 91.9 31.3 

Varecia variegata USNM 16199 100.4 92.0 93.5 99.7 93.3 92.6 29.3 

Varecia variegata USNM 63345 87.7 96.5 95.0 85.4 96.0 93.8 32.0 

Varecia variegata USNM 84381 96.5 99.5 94.5 97.8 97.8 92.5 26.0 

Varecia variegata USNM 124646 96.4 96.2 97.0 95.7 95.5 98.7 32.5 

Varecia variegata USNM 503392 96.1 94.2 91.4 97.8 94.6 93.2 29.0 
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Appendix C: Summary statistics for canal 
measurements 

  HC vs AC    

Species N  Mean Std 
Dev 

Min Max Range 

Alouatta palliatta palliatta 20 93.08 4.26 87.03 106.09 19.06 

Aotus lemurinus griseimembra 14 88.34 5.19 81.55 96.47 14.92 

Ateles geoffroyi ornatus 16 96.65 5.58 82.18 103.67 21.49 

Chiropotes chiropotes 15 91.39 3.94 83.98 100.22 16.24 

Eulemur fulvus albifrons 16 94.20 3.51 88.73 99.38 10.66 

Galago senegalensis 10 84.95 4.33 77.63 90.81 13.19 

Hapalemur griseus griseus 10 91.72 5.18 83.01 97.51 14.50 

Lagothrix lagotricha 16 91.88 7.92 82.12 106.86 24.74 

Lepilemur mustelinus leucopus 13 90.39 5.89 82.85 100.85 18.00 

Nycticebus coucang 11 97.46 5.40 88.94 106.97 18.03 

Pithecia pithecia 15 85.61 4.45 75.91 94.17 18.26 

Propithecus verreauxi 11 93.01 5.86 83.62 102.94 19.31 

Saimiri sciureus 10 92.77 2.33 87.75 95.02 7.27 

Varecia variegata 15 96.93 6.09 85.40 109.15 23.75 
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  HC vs PC    

Species N  Mean Std 
Dev 

Min Max Range 

Alouatta palliatta palliatta 20 90.70 3.03 84.76 95.14 10.39 

Aotus lemurinus griseimembra 14 97.18 4.72 90.87 104.22 13.35 

Ateles geoffroyi ornatus 16 96.69 3.78 91.61 106.95 15.33 

Chiropotes chiropotes 15 97.16 2.40 93.44 100.81 7.38 

Eulemur fulvus albifrons 16 92.81 3.24 86.92 97.79 10.87 

Galago senegalensis 10 94.23 2.26 91.59 98.10 6.51 

Hapalemur griseus griseus 10 95.17 2.73 90.79 98.25 7.45 

Lagothrix lagotricha 16 98.98 6.12 86.47 109.01 22.53 

Lepilemur mustelinus leucopus 13 92.88 2.72 88.15 98.63 10.47 

Nycticebus coucang 11 86.01 4.73 79.87 92.93 13.06 

Pithecia pithecia 15 93.31 2.26 89.15 97.05 7.90 

Propithecus verreauxi 11 96.24 4.75 87.86 100.81 12.95 

Saimiri sciureus 10 90.70 3.05 84.78 95.16 10.38 

Varecia variegata 15 96.65 3.02 93.24 103.86 10.63 
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  PC vs AC    

Species N  Mean Std 
Dev 

Min Max Range 

Alouatta palliatta palliatta 20 95.84 2.20 91.28 99.83 8.55 

Aotus lemurinus griseimembra 14 94.32 3.72 86.89 99.27 12.38 

Ateles geoffroyi ornatus 16 100.46 3.42 92.96 105.36 12.40 

Chiropotes chiropotes 15 95.73 3.51 88.80 103.32 14.52 

Eulemur fulvus albifrons 16 89.89 2.40 84.48 94.09 9.60 

Galago senegalensis 10 92.73 2.42 88.25 96.34 8.08 

Hapalemur griseus griseus 10 91.63 3.06 86.98 97.63 10.66 

Lagothrix lagotricha 16 99.06 4.11 92.28 105.46 13.18 

Lepilemur mustelinus leucopus 13 87.25 2.04 82.75 90.45 7.70 

Nycticebus coucang 11 90.58 6.55 81.45 100.05 18.60 

Pithecia pithecia 15 95.97 3.43 89.45 103.63 14.18 

Propithecus verreauxi 11 91.79 3.79 85.61 98.13 12.52 

Saimiri sciureus 10 98.05 3.34 93.43 103.22 9.79 

Varecia variegata 15 92.90 2.53 88.92 98.70 9.78 
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  AC/Geomean    

Species N Mean Std 
Dev 

Min Max Range 

Alouatta palliatta palliatta 20 1.21 0.04 1.14 1.27 0.13 

Aotus lemurinus griseimembra 14 1.13 0.04 1.06 1.19 0.13 

Ateles geoffroyi ornatus 16 1.27 0.04 1.20 1.35 0.14 

Chiropotes chiropotes 15 1.18 0.04 1.09 1.23 0.14 

Eulemur fulvus albifrons 16 1.15 0.02 1.12 1.19 0.07 

Galago senegalensis 10 1.02 0.03 0.96 1.06 0.10 

Hapalemur griseus griseus 10 1.13 0.03 1.07 1.18 0.11 

Lagothrix lagotricha 16 1.20 0.05 1.12 1.29 0.17 

Lepilemur mustelinus leucopus 13 1.15 0.03 1.10 1.19 0.09 

Nycticebus coucang 11 1.13 0.07 0.98 1.24 0.25 

Pithecia pithecia 15 1.17 0.02 1.13 1.20 0.07 

Propithecus verreauxi 11 1.11 0.03 1.06 1.16 0.10 

Saimiri sciureus 10 1.11 0.03 1.07 1.15 0.08 

Varecia variegata 15 1.17 0.04 1.10 1.24 0.14 
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  HC/Geomean    

Species N  Mean Std 
Dev 

Min Max Range 

Alouatta palliatta palliatta 20 0.84 0.03 0.79 0.88 0.09 

Aotus lemurinus griseimembra 14 0.94 0.03 0.89 0.98 0.09 

Ateles geoffroyi ornatus 16 0.79 0.03 0.73 0.84 0.11 

Chiropotes chiropotes 15 0.89 0.03 0.83 0.93 0.10 

Eulemur fulvus albifrons 16 0.96 0.03 0.91 1.01 0.10 

Galago senegalensis 10 1.06 0.02 1.02 1.08 0.06 

Hapalemur griseus griseus 10 0.94 0.04 0.87 0.99 0.12 

Lagothrix lagotricha 16 0.84 0.04 0.75 0.89 0.14 

Lepilemur mustelinus leucopus 13 0.95 0.03 0.91 1.00 0.09 

Nycticebus coucang 11 0.97 0.05 0.88 1.05 0.17 

Pithecia pithecia 15 0.90 0.02 0.86 0.93 0.07 

Propithecus verreauxi 11 0.94 0.03 0.89 1.00 0.10 

Saimiri sciureus 10 0.99 0.02 0.97 1.04 0.07 

Varecia variegata 15 0.91 0.03 0.86 0.97 0.11 
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  PC/Geomean    

Species N  Mean Std 
Dev 

Min Max Range 

Alouatta palliatta palliatta 20 0.99 0.03 0.94 1.06 0.13 

Aotus lemurinus griseimembra 14 0.94 0.04 0.90 1.01 0.11 

Ateles geoffroyi ornatus 16 1.01 0.04 0.93 1.06 0.14 

Chiropotes chiropotes 15 0.96 0.03 0.89 1.01 0.12 

Eulemur fulvus albifrons 16 0.91 0.03 0.83 0.96 0.13 

Galago senegalensis 10 0.93 0.04 0.87 1.01 0.14 

Hapalemur griseus griseus 10 0.94 0.03 0.91 1.01 0.10 

Lagothrix lagotricha 16 1.00 0.04 0.93 1.08 0.15 

Lepilemur mustelinus leucopus 13 0.91 0.02 0.87 0.94 0.07 

Nycticebus coucang 11 0.91 0.03 0.87 0.97 0.10 

Pithecia pithecia 15 0.95 0.02 0.93 0.98 0.05 

Propithecus verreauxi 11 0.96 0.04 0.89 1.01 0.12 

Saimiri sciureus 10 0.91 0.02 0.88 0.95 0.07 

Varecia variegata 15 0.93 0.03 0.87 0.97 0.10 
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Appendix D: Normality plots for species data 
Alouatta palliata 
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Aotus lemurinus 

HCvAC                                          HCvPC                                           PCvAC 
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Ateles geoffroyi 
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AC/Geomean                              HC/Geomean                          PC/Geomean 

 
 

AC                                                     HC                                                PC 
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Chiropotes chiropotes 

HCvAC                                          HCvPC                                             PCvAC 
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Eulemur fulvus 
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Galago senegalensis 
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Hapalemur griseus 
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AC/Geomean                              HC/Geomean                          PC/Geomean 

 
 

AC                                                     HC                                                PC 
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Lagothrix lagotricha 

HCvAC                                          HCvPC                                             PCvAC 
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Lepilemur mustelinus 

HCvAC                                          HCvPC                                             PCvAC 

 
 

AC/Geomean                              HC/Geomean                          PC/Geomean 

 
 

AC                                                     HC                                                PC 
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Nycticebus coucang 

HCvAC                                          HCvPC                                             PCvAC 
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Pithecia pithecia 

HCvAC                                          HCvPC                                             PCvAC 
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Propithecus verreauxi 

HCvAC                                          HCvPC                                             PCvAC 
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Saimiri sciureus 

HCvAC                                          HCvPC                                             PCvAC 
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Varecia variegata 
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Appendix E: Box-and-Whisker plots for small-bodied 
strepsirrhines 
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Appendix F: Box-and-Whisker plots for medium-bodied 
strepsirrhines 
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Appendix G: Box-and-Whisker plots for large-bodied 
strepsirrhines 
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Appendix H: Box-and-Whisker plots for small-bodied 
platyrrhines 
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Appendix I: Box-and-Whisker plots for medium-bodied 
platyrrhines 
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Appendix J: Box-and-Whisker plots for large-bodied 
platyrrhines 
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Appendix K: PGLS model statistics for radii of curvature 
and canal angles (strepsirrhines) 
 
 

Log AC 
     Equation n p-value R

2
 (adj) AICc λ 

Y =0.122949(Log BM) - 0.039474 7 0.00 0.88 -17.98 0.81 

Y = 0.161013(Log BrM) + 0.403506 7 0.00 0.83 -15.86 1.00 

Y = 0.088010(Log BM) + 0.044241(Log BrM) + 0.088815 7 0.01 0.85 -11.31 0.95 

      Log HC 
     Equation n p-value R

2
 (adj) AICc λ 

Y =0.074077(Log BM) + 0.160950 7 0.01 0.68 -17.31 0 

Y = 0.105705(Log BrM) + 0.408978 7 0.01 0.69 -17.37 0 

Y = 0.036355(Log BM) + 0.055949(Log BrM) + 0.281852 7 0.06 0.63 -10.75 0 

      Log PC 
     Equation n p-value R

2
 (adj) AICc λ 

Y =0.115994(Log BM) -  0.163709 7 0.01 0.78 -14.39 0 

Y = 0.105705(Log BrM) + 0.408978 7 0.01 0.69 -14.52 0 

Y = 0.056211(Log BM) + 0.088669(Log BrM) + 0.027899 7 0.03 0.76 -8.14 0 

 

BM = Body Mass 

BrM = Brain Mass 

 

 

 

 

 

 

 



 

185 

HCvAC 
     Equation n p-value R

2
 (adj) AICc λ 

Y =2.8603(Log BM) + 72.6932 7 0.08 0.38 41.43 0 

Y = 4.2536(Log BrM) + 81.8319 7 0.06 0.44 40.81 0 

Y =-0.09817(Log BM) + 4.38793(Log BrM) + 82.17521 7 0.22 0.30 47.81 0 

      HCvPC 
     Equation n p-value R

2
 (adj) AICc λ 

Y =1.2349(Log BM) + 84.8043 7 0.43 -0.05 42.76 0 

Y = 1.6743(Log BrM) + 89.1627 7 0.46 -0.06 42.85 0 

Y = 1.37287(Log BM) - 0.20466(Log BrM) + 84.36209 7 0.76 -0.31 49.76 0 

      PCvAC 
     Equation n p-value R

2
 (adj) AICc λ 

Y =0.068413(Log BM) + 90.489439 7 0.94 -0.94 35.21 0 

Y = 0.62801X2 + 89.36762 7 0.61 -0.13 34.83 0 

Y =-4.5968(Log BM) + 6.9193(Log BrM) + 105.4416 7 0.24 0.27 37.17 0 

 

 

BM = Body Mass 

BrM = Brain Mass 
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Appendix L: PGLS model statistics for radii of curvature 
and canal angles (platyrrhines) 
 

Log AC 
     Equation n p-value R

2
 (adj) AICc λ 

Y =0.133373(Log BM) - 0.074370 7 0.01 0.77 -12.39 0 

Y = 0.185008(Log BrM) + 0.278582 7 0.01 0.68 -10.03 0 

Y = 0.118164(Log BM) + 0.023695(Log BrM) - 0.043941 7 0.04 0.71 -5.45 0 

      Log HC 
     Equation n p-value R

2
 (adj) AICc λ 

Y =0.018464(Log BM) + 0.544041 7 0.46 -0.07 -15.51 0 

Y =0.026865(Log BrM) + 0.588170 7 0.46 -0.07 -15.51 0 

Y = 0.0098627(Log BM) + 0.0134009(Log BrM) + 0.5612504 7 0.78 -0.33 -8.54 0 

      Log PC 
     Equation n p-value R

2
 (adj) AICc λ 

Y =0.126035(Log BM) - 0.213640 7 0.00 0.80 -14.45 0 

Y = 0.172591(Log BrM) + 0.128350 7 0.01 0.68 -11.18 0 

Y = 0.1232690(Log BM) + 0.0043095(Log BrM) - 0.2081061 7 0.03 0.75 -7.45 0 

 

BM = Body Mass 

BrM = Brain Mass 
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HCvAC 
     Equation n p-value R

2
 (adj) AICc λ 

Y =1.9806(Log BM) + 75.7595 7 0.19 0.18 40.82 0 

Y = 3.2228(Log BrM) + 79.2041 7 0.13 0.27 39.98 0 

Y = -0.71088(Log BM) + 4.19331(Log BrM) + 81.14443 7 0.36 0.10 46.92 0 

      HCvPC 
     Equation n p-value R

2
 (adj) AICc λ 

Y =(Log BM) + 7 0.59 -0.13 42.41 0 

Y =1.8458(Log BrM) + 87.9728 7 0.41 -0.03 41.79 0 

Y =-2.8176 (Log BM) + 5.6923(Log BrM) + 95.6633 7 0.60 -0.16 48.04 0 

      PCvAC 
     Equation n p-value R

2
 (adj) AICc λ 

Y =1.17931(Log BM) + 87.74811 7 0.21 0.15 34.30 0 

Y = 2.29011(Log BrM) + 88.39698 7 0.07 0.43 31.58 0 

Y = 5.4950(Log BM) - 2.3476(Log BrM) + 94.8047 7 0.11 0.50 36.07 0 

 

BM = Body Mass 

BrM = Brain Mass 
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