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ABSTRACT 
 
 
 
 
 

Phalangeal curvature is often used to infer arboreal locomotion in fossil primate species. 
This is based off an hypothesis of plasticity linked to a loading model that suggests that, 
when flexed during grasping, a curved phalanx will experience lower internal strains than 
a straight phalanx. This dissertation is the first in vivo test of this hypothesis. By 
examining grasping pressures exerted by individual manual and pedal digits during 
above-branch, below-branch and vertical-branch locomotion, and comparing those 
pressures to proximal manual and pedal phalangeal curvature, a number of well-accepted 
but untested hypotheses regarding the relationship between digital form and grasping 
were tested. 4 adults (2 males, 2 females) each from 4 species of lemur (Lemur catta, 
Propithecus coquereli, Varecia rubra) were induced to cross an artificial substrate 
instrumented with a pressure pad at the stated orientations. Digital pressures were then 
compared to the proximal phalangeal curvature of the same individuals. Findings do not 
demonstrate any relationship between arboreal grasping at any orientation and digital 
pressures. This project fails to support previously long-held hypotheses regarding the 
biological role of phalangeal curvature, and introduces the strong likelihood that a much 
more complex model of loading is necessary to understand primate phalangeal curvature. 
Until such a model is devised and tested, using phalangeal curvature to infer arboreal 
behavior is unsupportable, and should be avoided. 
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CHAPTER 1: INTRODUCTION 

 

 

 

 

Chapter Summary: This chapter introduces the goals of this study, summarizes previous 

work that highlights the need for this research, and describes the specific hypotheses that 

will be addressed. Section 1.1 covers the history and purpose of studying functional 

morphology, 1.2 reviews the study of grasping morphology in primates and 1.3 the study 

of grasping behavior in primates. Section 1.4 examines the use of lemurs in studies of 

primate grasping, 1.5 and 1.6 describe the role of body size and substrate diameter in 

grasping behavior, respectively and section 1.7 summarizes the hypotheses examined in 

this study. 

 

Through the unique application of novel pressure-sensor technology, this study is 

the first to examine the role of substrate orientation on grasping pressures during arboreal 

locomotion in primates. This study used three species of captive-bred adult lemurs that 

vary significantly in morphology and arboreal locomotor behaviors (Gebo & Simons 

1987; Jungers et al. 1997). The in vivo experimental data were then used to relate among-

digit variation in arboreal grasping function to variation in phalangeal form. Interspecific 
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analyses examined how grasping pressure varies in the same arboreal behaviors across 

species, while intraspecific analyses examined variation in grasping pressure within 

autopods at different arboreal behaviors, and across autopods during similar arboreal 

behaviors. Additionally, this research addressed the utility of using manual versus pedal 

phalanges, and pooling digits, in locomotor reconstructions of fossil taxa. These 

experimental data contribute to a greater understanding of the functional underpinnings 

of arboreal locomotion and aid considerably in behavioral reconstructions of fossil 

primates. These novel analyses will also considerably benefit our knowledge of the 

adaptive and theoretical significance of variation in skeletal form in primate and non-

primate mammals.   

 

1.1 The Study of Functional Morphology 

The aim of functional morphology is to illuminate how a given structure works in 

a behavioral context. This can be pursued at an organismal, systemic, tissue, cellular 

and/or molecular level. The theoretical and methodological framework on which the 

discipline of functional morphology is built has developed remarkably in the past 150 

years (Ashley-Ross & Gillis 2002; Bock & von Wahlert 1965; Bock 1999; Fleagle 1985; 

Frost 1979; Hildebrand 1989; Lanyon & Baggott 1976; Lanyon 1980; Lauder 1995; 

Lauder et al. 1995; Wake 1992). Bock and von Wahlert (1965) introduced a number of 

concepts that clarified the terminology with which functional morphologists discussed 

and viewed their field. Most important was separating what had previously been 

somewhat vague and interchangeable terms to allow functional morphology to move 
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forward with more focused studies. In particular, they emphasized the role of 

environment in the form-function complex, and the importance of environmental 

parameters of the model organism in pursuing questions about selection and adaptation. 

Such approaches allow for the study of the biological role of a feature – a holistic 

understanding of how that particular anatomical feature interacts both within the 

environment of the organism and the environment in which the organism itself lives. 

Identifying a feature’s biological role will tell us how that feature functions in a living 

context, and subsequently help to identify possible functions on which selective pressures 

may act. In short, understanding a feature’s biological role will make for more accurate 

reconstructions of the evolutionary history of the feature, by focusing more specifically 

on how that feature functioned in a living context, rather than on all the ways it may have 

been used based solely on an understanding of the underlying morphology.  

Regardless of whether or not the specific study of biological role is intended, 

there are numerous ways to pursue questions of functional morphology. Early methods 

relied primarily on comparison of skeletal forms across species (Elftman & Manter 1935; 

Gregory 1928; Keith 1928; Morton 1924; Napier 1967). By examining extant taxa to 

extant outgroups with similar behavioral patterns, conclusions were drawn linking similar 

morphology to those shared behaviors. Such conclusions could include inferences of the 

functional morphology of limb proportions, digital proportions, tooth size and shape, and 

basic shape and sizes of joints and muscles. However, simply the presence of similar 

morphology and behavior does not guarantee that said behaviors are linked to those 

morphologies. For this reason, studies of functional morphology quickly began to explore 

the possible functions of specific anatomical features (Backhouse 1966; Hicks 1953; 
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Jouffroy et al. 1973; Napier 1955; 1956; Preuschoft 1970; 1973; Washburn 1947). Such 

studies usually involved the use of biomechanical and mathematical models to explain 

likely motions at joints, and magnitudes of forces generated by strides or chewing. Some 

studies employ experimental models to verify inferences built from comparative methods 

or mathematical models – perturbing an animal to alter behavior, and then examining the 

relevant morphology for correlated changes. While all three of these strategies have 

advanced as new methods of measurement, modeling of experimental manipulation have 

progressed, musculoskeletal functional morphology studies still follow these basic 

patterns. Regardless of approach, all functional morphology studies have one thing in 

common – they assume that musculoskeletal form is reflective of function, meaning the 

morphology is either plastic, or inherited but actively maintained by selection. For this 

reason, many studies focus on phylogenetically diverse comparisons to eliminate the risk 

of inaccurately identifying symplesiomorphies as functionally relevant traits. 

In the study of primates, as the role of mosaic evolution has become more evident, 

researchers have focused more on the functional morphology of individual biological 

systems to better understand their behavioral correlates, and then have integrated 

information on these components to more fully comprehend organismal evolution and 

musculoskeletal function. These systems can include feeding, reproduction and 

locomotion – all systems composed of multiple musculoskeletal elements and relying on 

specific behaviors to allow for interaction with the environment. Furthermore, in attempts 

to parse out the role of mosaicism, some of these systems, particular locomotor, are 

broken down further – as different locomotor signatures have been found in the upper and 

lower limbs within the same species (Day & Napier 1964; Duncan et al. 1994b; Eliot & 
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Jungers 2000; Gebo & Schwarz 2006; Griffin 2007; Harcourt-Smith & Aiello 2004b; 

Kohler & Moya-Sola 1997; Latimer & Lovejoy 1990b; Latimer & Lovejoy 1990c; 

Latimer 1991; Marzke et al. 2007; Matarazzo 2007; Stern & Susman 1983; Stern et al. 

1995; Susman 1979; Susman et al. 1984). Understanding the whole organism as a 

collection of individual systems that may give differing morphological signals is crucial 

in understanding which systems may be phylogenetic as opposed to plastic, and aids in 

the more accurate interpretation of fossil remains, as described in greater detail below. 

 

Functional Morphology and Fossil Reconstructions 

 Traditionally, reconstructions of fossil behavior have relied on classic 

morphological techniques. These have included basic comparisons of linear metrics 

(Bush et al. 1982; Day & Napier 1964; Duncan et al. 1994b; Eliot & Jungers 2000; Gebo 

& Simons 1987; Hamrick et al. 1995; Jablonski 1993; Jungers et al. 1994; Jungers et al. 

1997; Kohler & Moya-Sola 1997; Latimer & Lovejoy 1990b; Latimer & Lovejoy 1990c; 

Latimer 1991; Lovejoy 1988; Stern & Susman 1983; Susman 1979; Wunderlich et al. 

1996), qualitative evaluations of shape and size (Cope 1881; DuBrul & Laskin 1961; 

Elftman & Manter 1935; Gregory 1928; Hicks 1953; Keith 1928; Morton 1924), as well 

as newer methods including geometric morphometrics (Almécija et al. 2013; Daver et al. 

2014; Frost et al. 2003; Harcourt-Smith et al. 2008; Pontzer et al. 2010), 3D analysis 

(Congdon et al. 2011; Hammond et al. 2013; Harvati et al. 2004; Isler 2005) and finite 

element analysis (Rayfield 2007; Richmond et al. 2005; Ross 2005; Ross et al. 2005; 

Strait et al. 2007). However, these approaches all share similar methodology in that they 
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rely on comparison to extant material to draw conclusions regarding function in extinct 

species. Unfortunately, many early studies of functional morphology in fossils did so in 

the absence of work regarding the biological role of that feature in living primates, and in 

some cases poor understanding of the behavior of the comparative extant species.  

An inherent difficulty with evaluating adaptation and behavior in fossil taxa is 

that one cannot investigate the biological role of a feature – how an organism actually 

uses a given morphology during its lifetime (Bock and von Wahlert 1965). To facilitate 

paleobiological reconstructions, function and behavior have to be inferred from 

comparative analyses of living analogs with similar morphologies (Kay & Cartmill 

1977). However, as form and behavior are not always highly correlated, this is an 

inherent problem when functional hypotheses are tested solely with comparative evidence 

(Lauder et al. 1995). Indeed, to more directly verify the functional inputs into 

morphological variation in living and extinct taxa, there is an increasing recognition of 

the unique importance of experimental data regarding the biological role of a feature of 

interest (Boyer et al. 2007; Brainerd et al. 2010; Burr et al. 1996; Byron et al. 2011; 

Carlson et al. 2005; Carlson & Judex 2007; Chang et al. 2000; Congdon et al. 2012; 

Demes et al. 1994; Demes et al. 1995; Demes et al. 1998; Demes et al. 2006; Demes 

2007; Hamrick et al. 1998; Hanna 2006; Hanna & Schmitt 2011b; Hildebrand 1962; 

1980; 1985; 1989; Hirokawa & Kumakura 2003; Hylander 1985; Hylander et al. 1987; 

Hylander & Johnson 1997; Isler 2005; Jasarevic et al. 2010; Kimura et al. 1979; Kivell et 

al. 2010; Lammers et al. 2006; Lammers 2007; 2009; Lanyon et al. 1975; Lanyon & 

Baggott 1976; Larson & Stern 1986; 1987; Larson et al. 1991; Larson & Stern 2007; 

Marzke & Wullstein 1996; Marzke et al. 1998; Menegaz et al. 2009; Menegaz et al. 
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2010; Nakatsukasa et al. 2006; Nicholson-Lopez et al. 2008; Nyakatura & Fischer 2010b; 

Pontzer et al. 2010; Ravosa et al. 2000; Ravosa & Hogue 2004; Ravosa et al. 2010; 

Schmidt & Fischer 2000b; Schmidt 2005; Schmitt 1994; 2003; Schmitt & Lemelin 2004; 

Shapiro & Jungers 1994; Shapiro & Young 2012; Sockol et al. 2007; Susman & Stern 

1979; Swartz et al. 1989; Thexton & Hiiemae 1997; Tuttle & Basmajian 1978; Vilensky 

1983; 1987; Wake 1992; Whitehead & Larson 1994; Wunderlich & Schaum 2007; 

Zumwalt et al. 2006). 

 

Functional Morphology and Experimental Techniques 

 Experimental techniques have been part of the discipline of functional 

morphology for over a century. Starting with the use of photographic techniques to 

analyze locomotor kinematics through the development of electromyography and strain 

gauge technology and imaging, to more modern approaches that integrate these data for 

comprehensive musculoskeletal analyses, it has become clear how beneficial in vivo 

techniques can be for exploring a form:function complex (Biewener 1983b; Biewener et 

al. 1983; Biewener & Taylor 1986; Biewener & Dial 1995; Boyer et al. 2007; Burr et al. 

1996; Chang et al. 2000; Congdon et al. 2012; Demes et al. 1998; Demes 2007; Demes & 

Carlson 2009; Hamrick et al. 1998; Hanna 2006; Hanna & Schmitt 2011b; Hirokawa & 

Kumakura 2003; Hylander et al. 1987; Hylander & Johnson 1997; Jasarevic et al. 2010; 

Jouffroy et al. 1973; Jungers & Stern 1981; Kivell et al. 2010; Lammers et al. 2006; 

Lammers 2007; 2009; Lanyon et al. 1975; Lanyon & Baggott 1976; Lanyon 1980; Larson 

& Stern 1986; 1987; Larson et al. 1991; Larson & Stern 2007; Marzke et al. 1998; 
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Ravosa et al. 2008; Ravosa et al. 2010; Ravosa et al. 2013; Schmidt & Fischer 2000a; 

Shapiro & Jungers 1994; Stern et al. 1977; Stern et al. 1980b; Stern & Susman 1981; 

Susman & Stern 1979; Swartz et al. 1989; Tuttle & Basmajian 1978). Additionally, 

techniques that involve experimental manipulation of animals or systems can provide an 

integrated understanding of how behavior, physiology and morphology interact. Such 

methods are common in many biological fields that commonly rely on laboratory animal 

models as research tools, but have been gaining popularity amongst functional 

morphologists. 

Biological anthropology in particular has seen increasing efforts to incorporate 

modern approaches and experimental techniques, starting notably with Sherwood 

Washburn’s call for a greater focus on evolutionary processes and multidisciplinary 

approaches in his “The New Physical Anthropology” (1951). Primate researchers 

subsequently began to avail themselves of experimental techniques and controlled studies 

of alert organisms in order to better comprehend the biological role of morphological 

features (Biewener 1983b; Byron et al. 2011; Jungers & Stern 1981; Larson et al. 1991; 

Ravosa et al. 2013; Sargis 2001; Shapiro & Jungers 1994; Stern et al. 1977). In doing so, 

biological anthropologists are able to apply a broader knowledge of extant forms to bring 

greater understanding to fossil taxa than could be accomplished solely via comparative 

analysis. This allows exploration of nuances that are often lost in a more traditional 

approach, including parsing the differences between possible behaviors and likely 

behaviors, which can help differentiate between reconstructions of the full range of 

behaviors a species was capable of, and the suite of behaviors in which the species was 

likely engaged. Without knowledge of the plasticity of a feature, it’s relevance to extant 
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behavior and it’s range of variation in living species, such distinctions are virtually 

impossible to make, meaning some experimental data is necessary to fully explore those 

issues. While fossil studies are invaluable for mapping the trajectory of change in a 

feature, they tend to direct research disproportionately towards the functional 

morphology of the elements recovered, rather than towards a global understanding of the 

biological role of multiple features within a species, regardless of their representation in 

the fossil record. In fact, because it is practically impossible to determine the biological 

role of a fossil entirely from a comparative skeletal analysis, such attempts to do so in 

extant species are often never made. 

This integrative dissertation research continues to advance the field of functional 

morphology by combining novel in vivo experimental techniques focused on collection of 

grasping pressure data with more traditional morphological analyses of phalangeal form 

to address the biological role of phalangeal curvature. This combination of approaches is 

ideal for facilitating the first exploration of the biomechanical correlates of arboreal 

grasping behaviors as it includes analyses of variation in the skeletal anatomy of the same 

organisms employed to obtain in vivo grasping pressures. Such an approach is only 

possible through the employ of particular methods – in this case the combination of 

experimental data from live animals and the ability to calculate phalangeal curvature 

from x-rays of those same animals. The biological role of a feature requires knowledge of 

how environment, behavior and form all interact, and skeletal-based locomotor 

reconstructions strive to reconstruct this role primarily, if not solely, from the resultant 

morphology of the bone. The biological role of phalangeal curvature is particularly 

important because it is one of a suite of features commonly referenced in the 
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reconstruction of retained arboreal behaviors in early bipeds (Alba et al. 2010; Almecija 

et al. 2009; Bush et al. 1982; Deane et al. 2005; Deane & Begun 2008; 2010; Harcourt-

Smith & Aiello 2004b; Lorenzo et al. 1999b; Moya-Sola et al. 2004; Nakatsukasa et al. 

2003; Preuschoft 1970; Stern & Susman 1983; Susman 1979; Susman et al. 1984; Tuttle 

1981; Ward et al. 1999). While a range of variation of phalangeal curvature exists in 

extant primates and can be reliably associated with increased arboreal behaviors (Deane 

& Begun 2008), accurate reconstructions of fossil behavior require a solid understanding 

of the relationship between form and function in the living comparative species. In the 

case of phalangeal curvature, these interactions are still poorly understood, and this study 

brings significant clarity to this important issue in biological anthropology. 

Kinematics is a branch of classical mechanics that describe motion without 

addressing the causes of such movement.  This includes several minimally invasive 

methods which facilitate access to wild and captive primates, particularly in those cases 

where videography is the primary means of data collection.  The analysis of locomotor 

behaviors has entailed the quantification of excursion angles at multiple joints (in 

multiple planes) as well as stride length, footfall patterns and the position of the limbs 

and limb segments (Cartmill et al. 2002; Hildebrand 1962; 1980; 1985; 1989; Isler 2005; 

Schmitt 1994; Schmitt & Lemelin 2002; 2004; Vilensky 1983; 1987; 1989; Vilensky et 

al. 1990; Vilensky et al. 1994).  Such studies have focused on normal as well as atypical 

movements.  For example, quadrupedal primates have been trained to walk bipedally and 

weight belts have been strapped to individuals so as to shift the body’s center of mass 

(Ogihara et al. 2007; Young et al. 2007).  Although used more sparingly, 

cineradiography, or moving radiographs, has been used in analyses of primate feeding 
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and locomotor behaviors (Jenkins et al. 1978; Jouffroy et al. 1973; Schmidt & Fischer 

2000a; Schmidt 2005; Thexton & Hiiemae 1997; Whitehead & Larson 1994).  The 

majority of work on the kinematics and kinetics of primates has differentially focused on 

adults, with there being few ontogenetic studies (but see Bezanson 2012; Lawler 2006; 

Patel et al. 2013; Raichlen 2005b; a; Russoa & Young 2011; Young et al. 2010; Young 

2012b; a). 

In contrast to kinematics, kinetics is the study of motion and its underlying 

force(s).  In practice, most primate kinematic studies strive to correlate external 

observations of motion with the underlying anatomy and/or information regarding 

evolutionary changes in the features or behaviors being examined, thus readily 

facilitating observations regarding the kinetics of the system.  Kinetic studies of 

locomotion frequently include primates being induced to walk, run, climb, or otherwise 

move across force-plates that record substrate reaction forces.  Such data are important 

for addressing questions regarding mass transfer among limbs and across hands and/or 

feet, as well as the force vectors on individual limb elements (Carlson & Judex 2007).  

Studies that employ force-plate technology can also examine changes in weight 

distribution throughout a stride, and thus enable inferences regarding changes in balance 

and the center of mass during movements (Schmitt 1994; Young et al. 2007).  All such 

methods allow the analysis of variation in gait as it relates to changes in an animal’s 

mass, speed, support size or substrate being traversed. 

Due to their inherent nature, force-plate studies are largely limited to laboratory 

subjects.  Nonetheless, such data are often combined with information regarding bone 
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strain to develop a more comprehensive understanding of how forces are experienced by 

different skeletal elements in an organism.  For similar reasons, as cineradiography 

visualizes actual in vivo movements of skeletal elements, it lends itself easily to 

descriptions of the association between the underlying bony morphology and observed 

movements (Brainerd et al. 2010; Hylander et al. 1987; Jouffroy et al. 1973; Schmidt & 

Fischer 2000b; Whitehead & Larson 1994). 

Many kinematics and kinetic studies of the postcranium strive to address 

questions surrounding the evolution of specific gaits or postures.  Bipedalism has 

attracted considerable attention as has the evolution of a suite of locomotor traits unique 

to primates (Bishop 1964; Boyer et al. 2007; Cartmill 1974a; b; 1985; 1992; Franz et al. 

2005; Gebo 1985; 1987; Gebo & Dagosto 1988; Gebo 1992; Gebo & Chapman 1995; 

Hanna & Schmitt 2011a; Jenkins et al. 1978; Lammers 2007; 2009; Lemelin 1999; 

McGraw 1998; Meldrum et al. 1997; Remis 1998; Sargis 2001; Sargis et al. 2007; 

Schmitt 1994; Schmitt & Lemelin 2002; Vereecke et al. 2005; Vilensky et al. 1994).  As 

a counterpart to work regarding the origin of bipedalism, there are a number of studies 

that address the abandonment of more ‘primitive’ locomotor patterns by more recent 

hominoid taxa (Isler 2005; Ogihara et al. 2007; Schmitt & Lemelin 2002; Vereecke et al. 

2005).  Due to the prominence of research addressing this particular suite of 

bioanthropological questions, it is not uncommon to see species as diverse as lemurs, 

hominoids, primate sister taxa and even opossums being regularly used as experimental 

subjects (Burr et al. 1982; Franz et al. 2005; Rasmussen 1990; Schmitt & Lemelin 2002).  
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Another experimental method that has been useful in the exploration of locomotor 

morphology but is limited due to its invasive nature is electromyography (EMG). EMG 

has been used in a number of primate species to identify specific muscles and muscle 

groups that are active during a variety of movements (Boyer et al. 2007; Hamrick et al. 

1998; Jungers & Stern 1981; Larson & Stern 1986; 1987; Larson et al. 1991; Marzke et 

al. 1998; Shapiro & Jungers 1994; Stern et al. 1977; Stern et al. 1980; Stern et al. 1980b; 

Stern & Susman 1981; Susman & Stern 1979; Tuttle & Basmajian 1978). These studies 

have often focused on particular joints though, as a global understanding of muscle use 

would be highly invasive and difficult to perform as an experiment on living primates. 

Strain-gauge data pose similar complications linked to the methodology required. 

The use of surgically applied strain-gauges can relay data on bone deformation during 

various locomotor behaviors (Biewener et al. 1983; Biewener & Taylor 1986; Biewener 

& Dial 1995; Burr et al. 1996; Demes et al. 1998; Demes 2007; Demes & Carlson 2009; 

Hylander 1985; Hylander & Johnson 1997; Lanyon et al. 1975; Swartz et al. 1989), but a 

whole-body exploration would be methodologically prohibitive. As such, the majority of 

these studies have focused on specific regions, namely the mandible, head and single 

limb elements. 

There are also valuable methods that have yet to be applied specifically to 

primates, but have been used to illuminate the study of locomotion in other taxa. Perhaps 

the most prominent of these is the x-ray reconstruction of moving morphology 

(XROMM). XROMM combines 3D models of skeletal elements and cineradiography 

data to create a 3 dimensional moving model of morphology. It has been used to explore 
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locomotor and feeding behaviors in reptiles and sloths (Brainerd et al. 2010; Fischer et al. 

2010; Nyakatura & Fischer 2010a; b), and would be a valuable and minimally invasive 

means of studying primate locomotion across the entire body.  

This study further advances the use of experimental methods in the study of 

functional morphology by applying novel technology (pressure-sensing mats) to the 

collection of pressure data exerted during a largely understudied primate behavior – 

arboreal grasping. Application of these data to increase the understanding of arboreal 

locomotion in lemurs and extrapolating such findings to other primate taxa as appropriate 

is completely in keeping with the spirit of experimental work in biological anthropology.   

 

 

1.2 The Study of Primate Grasping Morphology 

The method by which phalangeal curvature is measured has undergone an 

evolution of its own. A comparison of the mean radius of curvature of manual and pedal 

proximal phalanges for digits 2-5 in chimpanzees, Pan paniscus (bonobos), gorillas and 

Homo sapiens (humans) found that all 4 digits in both hands and feet exhibited a similar 

pattern in which bonobos were the most curved, humans the least curved, and 

chimpanzees and gorillas morphologically intermediate (Stern and Susman 1983).  

However, radius of curvature was found to be highly correlated with phalangeal length 

and thus might affect the quantification of curvature in those comparisons where there is 

variation in relative and/or absolute variation in digit size. Following this discovery, a 
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measure of curvature independent of length known as “included angle” has been 

subsequently applied to samples of manual and pedal proximal phalanges in living 

hominoids and Hadar hominins (Burr et al. 1982; Franz et al. 2005; Lovejoy 1988; 

Rasmussen 1990; Schmitt & Lemelin 2002; Stern & Susman 1983; Stern et al. 1995; 

Susman 1979; Susman et al. 1984; Susman 1998).  Although included angle is 

independent of digit length, the interspecific pattern of phalangeal curvature differed little 

from prior findings, with orangutans and hylobatids exhibiting the highest levels of 

curvature and chimpanzees occupying morphospace intermediate to orangutans and 

gorillas (Stern et al. 1995; Susman et al. 1984). A more recent study advocated a third 

means of characterizing phalangeal form via polynomial curve-fitting (Deane and Begun 

2008) to test for a functional link between phalangeal curvature and generalized 

locomotor categories in primates. They found that greater manual and pedal phalangeal 

curvature characterized clades identified by increased arboreal activities (generally stated 

as time spent moving arboreally).   

In this study, manual digits were tested for significant variation among digits 

within species, and none was found.  Pedal digits were pooled (Deane and Begun 2008).  

In fact, many comparisons of phalangeal curvature have pooled values for individual 

digits (Deane & Begun 2008; Jungers et al. 1997; Stern & Susman 1983; Stern et al. 

1995; Susman et al. 1984), assuming that there is no significant difference in curvature 

among digits in the same grasping appendage within species.  However, emerging data 

for both human and non-human primates indicate that individual digits are employed 

differentially during the grasping and manipulation of objects in a non-arboreal setting 

(Crast et al. 2009; Pylatiuk et al. 2006).  It is therefore possible that the function of 
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individual digits may also vary during arboreal grasping behaviors.  If, as discussed at 

greater length below, phalangeal curvature reduces the magnitude of internal strains 

experienced by the bone during grasping, as has been previously suggested (Preuschoft 

2004; Richmond 2007), variation in use of digits during grasping could result in variation 

in phalangeal curvature among digits, and digits should therefore be examined 

individually. 

This study is the first to explore the biomechanical role of phalangeal curvature of 

individual digits in living primates, and by using high resolution polynomial curve fitting 

(HR-PCF), a method that models the dorsal curvature of a bone as a polynomial to give a 

measure of curvature that is independent of length and does not assume uniform 

curvature across the bone, addresses variation in curvature across digits in a 

biomechanically meaningful way. By exploring variation in curvature within autopods, 

the results of this study provides definitive evidence regarding the relative utility of 

included angle vs HR-PCF, as well as the usefulness of pooling digits during analyses. 

 

The biofunctionality of bone curvature 

Bones are subjected to a number of loads, including tension, compression, torsion, 

shear and bending.  The immediate consequence of loading a bone is deformation of the 

skeletal tissue (Lanyon & Rubin 1985).  The ratio of shape change from deformation to 

the original dimensions of the element is defined as strain, and the resistance of the tissue 

to deformation is defined as stress (Currey 2002).  Together, the applied load and 
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resulting stress and strain can result in either elastic shape change, in which the 

deformation will be completely recovered upon unloading, or plastic shape change, in 

which changes resulting from the deformation are not recoverable, potentially leading to 

fractures (Lanyon & Rubin 1985).  The point at which elastic deformation becomes 

plastic is marked by the point at which the material properties of the bone cannot 

accommodate an increase in stress proportional to the continuing deformation, and results 

in permanent alterations to the bone.  

Osteogenic responses to continued plastic deformation can result in increased 

bone deposition (modeling) and Haversian remodeling to maintain the integrity of the 

bone, and/or increase the strength of the element at specific locations that are 

experiencing strains of high frequency and/or magnitude, resulting in permanent changes 

to the shape of the element (Carter & Beaupre 2001; Lanyon & Baggott 1976; Lanyon 

1980). Alternatively, the process of natural selection may have favored a bone that 

develops a curved shape over the ontogeny of an individual as the result of genetically 

determined growth patterns, independent of any epigenetic influence of behavior. There 

is still debate regarding the nature of bone curvature – whether it is the result of a plastic 

response or not (Bertram & Biewener 1988; Carter & Beaupre 2001; Lanyon 1980; 

Lanyon & Rubin 1985; Ruff et al. 2006). Prior research has demonstrated both a plastic 

response to bending and an ontogenetic increase in curvature in various skeletal elements 

(Hylander 1985; Hylander & Johnson 1997; Richmond 1998). Unfortunately ontogenetic 

studies cannot rule out a plastic response to ontogenetic changes in behavior in wild 

populations, as these changes may be genetically driven. Experimental studies that alter 

behavior in a controlled manner would be necessary to determine the possible plasticity 
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of a particular skeletal feature. As it is also likely that plasticity varies across elements 

within and across taxa, an ultimate determination of the nature of bone curvature remains 

difficult to come by. 

When a bone (homogenously composed of equally distributed material) 

experiences a bending load, resulting from either the application of an eccentric-axial 

load or a bending moment (any force with a tendency to twist or rotate), compression 

(shortening) occurs on one side of the element, and tension (lengthening) occurs on the 

opposite side (i.e. compression posteriorly and tension anteriorly) (Fig 1.1).  These result 

in concave (inward) bending along the surface experiencing compression, and convex 

(outward) bending along the surface experiencing tension.  Under such a loading regime, 

osteogenic processes may result in permanent curvature of the bone (Bertram & 

Biewener 1988; Richmond 2007; Ruff et al. 2006). 

When a bone (see above) is curved, the neutral axis (along which there are no 

stresses) does not pass through the geometric centroid (center) of the element (Hylander 

1985).  For this reason, pure bending is impossible - any applied bending load will also 

result in axial, shear or torsional forces, and curved bones will experience bending in the 

plane of curvature (in-plane bending) even under centric-axially compressive loads 

(Bertram & Biewener 1988).  When a bending load is applied in the plane of curvature, 

the pattern of bending stress is distributed non-linearly, with any stress (compressive or 

tensile) along the concave (inner) surface being the highest (Fig 1.2) (Hylander 1985). 

Bones loaded in bending have a higher risk of failure than bones loaded purely in centric-

axial compression due to the tensile component of the bending moment (bones are 

weaker in tension than compression) (Currey 2002).   
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Because curvature increases strain magnitudes and results in bending even when 

loads are centric-axial, the plastic development of longitudinal bone curvature may seem 

maladaptive.  There are several possible explanations for bone curvature.  These include: 

A: counteracting bending by increasing the ratio of compression to tension within the 

bone (Frost 1979).  This can be achieved by altering the morphology of the bone such 

that applied bending loads result in strains that oppose the pattern of compressive and 

tensile strains created by the curvature, essentially acting to bend the bone in the direction 

opposite the curvature (serving to ‘bend open’ a curved bone). This has been suggested to 

be the case in mandibular curvature (Hylander 1985).  B: creation of space to allow for 

expanded muscle bellies without altering attachment points (Lanyon 1980).  In such a 

case, curvature is hypothesized to be the result of a large muscle belly ‘pushing’ against 

the long bone.  C: the generation of stress levels high enough to ensure healthy 

maintenance of the bone tissue (Lanyon & Rubin 1985).  If continued dynamic patterns 

of strain provide a benefit to bone tissue by inducing a continued osteogenic response, 

bending loads applied to a curved bone may engender strains of high enough magnitude 

to ensure this response.  D: to increase the predictability of the loads being experienced 

(by controlling the direction of the load-induced bending) (Bertram & Biewener 1988; 

Lanyon & Rubin 1985). This restricts the region of the bone in which failure as a result of 

these most often experienced loads is likely to occur, allowing for optimization of bone 

deposition to strengthen the element and prevent such failure.  This hypothesis also 

suggests that curvature works to ‘direct’ bending loads along the plane of curvature.  

While this allows for osteogenic responses to maximize an element’s resistance to  
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Fig 1.1: Stress distribution patterns in loaded columns.  (a) A 
centric axially compressive load (F) produces an even stress 
distribution where all portions of the cross-section carry an 
equal proportion of the stress.  The stress distribution 
diagram for the section across the column at midlength is 
given at left.  (b) Two equivalently stressed columns.  An 
eccentrically applied axial load (F) or a combination of 
centric axial load (F) plus a bending moment (M) will 
produce an uneven stress distribution.  Note that in each of 
the two columns at the right the stress is greatest at the 
external (compression) surface, and that an axis of zero 
longitudinal stress exists (neutral axis).   The stress 
distribution diagram for this loading situation is shown at 
right resulting from the combination of the two force 
components (compression and bending).  (c) Bending in a 
curved column results from applied axial loads acting about 
its longitudinal curvature.  The geometry of a goat femur is 
compared with the curved column used in the present 
analysis.  Small arrows indicate compression and tension 
surfaces.  From Bertram and Biewener, 1988. 
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Fig 1.2: This diagram models bending strains in 
a mandible, in which the bending is in the plane 
of curvature, but the application of force is not.  
However, this image is informative in the 
particular case of phalanges because, while the 
direction in which the force is applied differs 
(phalanges are bent by a force applied in the 
same plane as the curvature), the resulting 
strain distribution is similar, in which 
compression occurs on the convex (outer) 
surface, and tension on the concave (inner) 
surface, essentially bending the bone ‘straight’ 
or ‘open’.  From Hylander 1985. 

frequently experienced bending regimes and restrict the diversity of bending regimes 

experienced by the element, it also serves to sacrifice overall bone strength.  As a result, 

any bending regimes occurring outside the plane of curvature may result in a higher risk 

of failure, and the risk of fracture due to traumatic injury may also be increased, as the 

direction and magnitude of such an event is unpredictable.  It is very likely that one or 

more of these hypotheses contribute differentially to the curvature observed in various 

skeletal elements within and across taxa (Biewener 1983a). 
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Phalanges are an excellent example of the element-specific nature of the 

relationship between bone curvature and strain patterns.  In phalanges, arboreal grasping 

is hypothesized to create a loading regime in which both the joint reaction forces and the 

flexor muscle forces result in parasagittal bending in the plane of curvature (Preuschoft 

1973; Richmond 2007).  These phalanges are hypothesized to experience compression 

along the dorsal surface resulting in concave (inward) bending in the parasagittal plane 

(Richmond 2007).  However, curved phalanges exhibit curvature in which the dorsum is 

convex.  

A commonly accepted hypothesis addressing the functional relevance of convex 

dorsal curvature in the phalanges of highly arboreal primates is that this curvature 

decreases the magnitude of both the compressive and tensile strains within the bone 

during suspensory grasping (Fig 1.3) (Preuschoft 1973; Richmond 2007).  This is 

achieved by improving the bone’s alignment with joint reaction forces so that the bone is 

aligned more closely with the direction of the load (Biewener 1983a) and/or altering the 

internal strain environment such that the ratio of dorsal compression to ventral tension is 

higher than that in the straight phalanx, resulting in net compression (Frost 1979).  In 

silico data have shown that the curved phalanx does experience lower dorsal compressive 

and ventral tensile strains during suspensory grasping than a comparable straight phalanx 

experiencing the same loading regime (as predicted), and raises the ratio of compressive 

to tensile strains, thus decreasing the likelihood of failure while being loaded in axial 

bending in the parasagittal plane (Richmond 2007). 

These questions can be further explored via studies of the ontogeny and plasticity 

of this feature.  Some studies have drawn attention to the need for more data on ontogeny  
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Fig 1.3: Example of below-branch suspension in Varecia 
variegata variegata. This type of arboreal posture is 
assumed to induce high bending forces in manual and 
pedal phalanges. 
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and plasticity in bone functional adaptation (Congdon 2012; Demes 2007; Frost 1979; 

Richmond 1998; 2007; Ruff 2000; Ruff et al. 2006), but a better understanding of how 

specific behaviors change ontogenetically (such as grasping pattern during suspensory 

behaviors) and ontogenetic changes in phalangeal curvature will further clarify the extent 

to which this feature may be exhibiting an osteogenic response to loading.  For example, 

high frequencies of suspensory climbing in juveniles may exhibit a disproportionate 

remodeling effect on phalanges, resulting in adult phalangeal form that does not closely 

correlate to adult patterns of behavior. Subsequent in vivo bone strain data could further 

of application and magnitude of joint reaction and flexor muscle forces.  An in silico 

model similar to that developed by Richmond (2007) could also be useful. Additionally, 

the Richmond model suggests that Frost’s hypothesis regarding bone curvature as a 

means of increasing the ratio of compressive to tensile strains is relevant to phalangeal 

curvature, a possibility that could also be further explored with additional bone strain 

data.   

 Studies have relied on phalangeal curvature to infer arboreal grasping in both 

extant and extinct primates (Alba et al. 2010; Alemseged et al. 2006; Almecija et al. 

2007; 2009; Congdon 2012; Deane & Begun 2008; 2010; Jungers et al. 1997; 

Nakatsukasa et al. 2003; Richmond 1998; 2007; Stern & Susman 1983; Stern et al. 1995; 

Susman et al. 1984; Wunderlich et al. 1996). It has been posited that phalangeal curvature 

conveys a functional advantage during arboreal grasping (specifically below-branch 

suspension) by mitigating high internal bone strains (Preuschoft 2004; Richmond 2007). 

In this model, digits that exert relatively greater pressures during grasping will have 

phalanges that experience greater forces during grasping and subsequently exhibit 
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increased phalangeal curvature. This study introduces the first in vivo data capable of 

testing the hypothesis that phalangeal curvature is positively related to digital and 

autopodal surface pressures during arboreal grasping.  

Morphological correlates of arboreal grasping in the hands and feet are critical for 

reconstructing locomotor and postural behaviors in Miocene hominoids and assessing the 

transition from arboreal climbing to terrestrial bipedalism in early hominids (Almecija et 

al. 2009; Deane & Begun 2008; Stern et al. 1995; Susman et al. 1984). One feature that 

has commonly been used to infer the presence of arboreal grasping in fossil taxa is 

phalangeal curvature (Almecija et al. 2007; Deane & Begun 2008; Jungers et al. 1997; 

Kivell et al. 2011; Lovejoy et al. 2009; Nakatsukasa et al. 2003). This inference derives 

from the observation that extant primate species engaging in high frequencies of arboreal 

activity, suspensory behaviors in particular, also exhibit the most highly curved 

phalanges (Congdon 2012; Deane & Begun 2008; Gebo 1996; Jungers et al. 1997; 

Susman et al. 1984; Thorpe & Crompton 2006) (see Table 1.l). In Miocene apes, 

phalangeal curvature is often used to draw comparisons to the locomotor repertoires of 

other extant apes. Both Pierolapithecus and Hispanopithecus have been assigned general 

locomotor categories based in part off of phalangeal curvature, with Pierolapithecus 

being identified as engaging more frequently in above branch quadrupedalism (Fig 1.4) 

rather than below-branch suspension, and Hispanopithecus exhibiting behaviors similar 

to that of modern orangutans, including frequent below-branch suspension and 

quadrumanous activities (Almecija et al. 2007; 2009; Deane & Begun 2008; 2010). In 

hominids, phalangeal curvature is often used to debate the transition from arboreality to 

dedicated terrestrial bipedalism (Kivell et al. 2011; Lovejoy et al. 2009; Stern et al. 1995; 
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Ward 2002). For example, the relatively pronounced pedal phalangeal curvature of 

Ardipithecus ramidus contributed to a locomotor reconstruction that includes retained 

climbing abilities (Lovejoy et al. 2009). In contrast, the relative lack of curvature in the  

 

 

 

manual phalanges of Australopithecus sediba has led to the suggestion that this taxon 

primarily employed its hands for tool manipulation rather than arboreal climbing (Kivell 

et al. 2011). Perhaps most notably, phalangeal curvature is commonly cited in the debate 

regarding the locomotor affinities of Australopithecus afarensis (Stern et al. 1995; 

Susman et al. 1984; Ward 2002). Phalangeal curvature, if functionally relevant to 

arboreal behaviors, would be evidence of retained climbing abilities in a taxon often 

argued to be an obligate biped (see Latimer 1991 for review), assuming that this feature is 

either plastic or being actively maintained by selective pressures.   

As in silico data suggests that phalangeal curvature serves to minimize internal 

bone strains while grasping (Richmond 2007), it is generally presumed that phalangeal 

curvature is an adaptation to high magnitude grasping forces (Preuschoft 1970; 1973; 

Fig 1.4: An example of above-branch quadrupedal postures in Lemur catta. 
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Richmond 2007). It can therefore be hypothesized that species engaging in arboreal 

activities that require higher grasping forces will exhibit greater phalangeal curvature 

when compared to other species. It can be additionally hypothesized that, within species, 

digits exerting greater pressures while grasping could be expected to exhibit higher 

degrees of phalangeal curvature both within and across autopods. However, without 

experimental data comparing phalangeal curvature and relative grasping pressures, these 

hypotheses remain untested in an in vivo context. Among digit variation in phalangeal 

curvature has been found in orangutans (Congdon 2012), and there is behavioral evidence 

regarding among-digit variation in grasping function in human and non-human primates 

(Crast et al. 2009; Gebo 1985; Pylatiuk et al. 2006). Thus, grasping pattern may vary not 

only inter- and intra-specifically, but across digits within autopods in response to the 

properties of items being grasped.  

 

 

1.3 The Study of Primate Grasping Behaviors 

Both manual and pedal grasping have become central to debates regarding the 

evolution of primate-like grasping which employs an opposable hallux (Bloch & Boyer 

2002; Cartmill 1992; Kirk et al. 2008), the transition from arboreal climbing to terrestrial 

bipedalism in hominids (Kivell et al. 2011; Lovejoy et al. 2009; Stern & Susman 1983), 

and the locomotor diversity of Miocene apes (Almecija et al. 2007; Deane & Begun 

2008; Nakatsukasa et al. 2003) and Malagasy lemurs (Jungers et al. 1997; Wunderlich et 
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al. 1996). However, despite the importance of understanding arboreal grasping in 

primates, very few of these studies have specifically explored grasping function in an 

arboreal environment (but see Byron et al. 2011; Meldrum et al. 1997; Sargis 2001; 

Youlatos 2008). While research has focused on how grasping varies in regards to tool use 

and other manual manipulative behaviors (Adams-Curtis et al. 2000; Almecija et al. 

2010; Backhouse 1966; Bury et al. 2009; Bush et al. 1982; Chadwick & Nicol 2001; 

Christel 1993; Costello & Fragaszy 1988; Crast et al. 2009; Lorenzo et al. 1999a; Marzke 

et al. 1992; Marzke & Wullstein 1996; Marzke et al. 1998; 2007; Napier 1955; 1956; 

1961; Palmqvist et al. 1996; Pylatiuk et al. 2006; Shrewsbury et al. 2003; Smith 2000; 

Susman 1979; Susman & Stern 1979; Susman 1998), less is known about how grasping 

patterns may vary during different arboreal behaviors (but see Byron et al. 2011; Gebo 

1985; Gebo & Dagosto 1988; Kingston et al. 2010; Meldrum et al. 1997; Richmond 

2007; Sargis 2001; Youlatos 2008). A clearer understanding of how various aspects of 

arboreal behaviors impact grasping pressure, and how arboreal grasping pressures 

correlate with the underlying skeletal morphology are essential to improving the quality 

of locomotor reconstructions that infer arboreal behaviors in primates. The transition 

from arboreal locomotion to terrestrial bipedalism is a key element to understanding 

hominin evolution. Accurately reconstructing this transition is necessary to identify the 

one or more species in which terrestrial bipedalism evolved, understanding the potential 

evolutionary pressures that drove the development of terrestrial bipedalism, and 

ultimately identifying the still-unknown members of the ancestral human lineage. But 

without knowledge of the morphology underlying various arboreal behaviors across a 

range of skeletal elements, such reconstructions can never be reliable, or complete. 



29 

 

By increasing our understanding of the details of arboreal grasping, this study 

speaks specifically to the relationship between phalangeal morphology and digital 

grasping pressure. The loss of arboreal grasping specialization in the hominid fossil 

record (Alemseged et al. 2006; Bush et al. 1982; Deane & Begun 2008; Duncan et al. 

1994a; Gebo 1992; 1996; Harcourt-Smith & Aiello 2004a; Kivell et al. 2011; Latimer & 

Lovejoy 1990a; Latimer & Lovejoy 1990b; Lovejoy 1988; Lovejoy et al. 2009; 

Oliwenstein 1995; Rein 2011; Richmond et al. 2001; Stern & Susman 1983; Ward 2002) 

has been very heavily debated throughout the literature. Specifically, retained arboreal 

abilities in hominid species such as Australopithecus afarensis speak to the timing of the 

evolution of habitual bipedality, which is assumed to have required morphological 

changes that would eliminate climbing abilities (Stern 2000; Ward 2002). One particular 

feature relevant to arboreal behavior that is referenced is phalangeal curvature – which is 

moderate enough in australopiths relative to extant apes to suggest possible retained 

arboreal abilities (Stern & Susman 1983; Stern et al. 1995; Susman 1979; Susman et al. 

1984). As this study explored the in vivo relationship between grasping pressure and 

phalangeal curvature, any evidence of climbing specific patterns of curvature within 

autopods or plasticity of curvature in response to use could be applied to the analysis of 

hominid phalanges to explore possible retained arboreal capabilities in greater depth. 

The data from this study could be applied in similar ways to address questions 

regarding the presence of specific grasping behaviors in various primate taxa (Almecija et 

al. 2007; Gebo 1996; Meldrum et al. 1997; Thorpe & Crompton 2006). In regards to the 

origins of bipedality, the first detailed exploration of phalangeal curvature and grasping 

pressure during both suspensory and vertical-clinging (Fig 1.5) will serve to identify 
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specific morphological patterns that may distinguish those two behaviors from each 

other, thereby identifying morphological signatures that are specific to types of 

arboreality, rather than just arboreality as a general suite of behaviors. Identifying such 

signatures will not only allow for more accurate reconstructions of fossil behavior, but 

will allow for a more accurate timeline of bipedal evolution. Should vertical climbing 

induce a specific, identifiable morphological signature, this research could help identify 

species in which the orthogonal posture that likely preceded bipedality was present 

(Crompton et al. 2003; Kohler & Moya-Sola 1997; Stanford 2006). Additionally, as the 

evolution of the precision grip in humans is considered key in tool use (Marzke et al. 

1992; Marzke et al. 1998; Susman 1998), and one of the many hallmarks of the human 

lineage, details on individual digit use in a phylogenetically primitive taxon like 

strepsirrhines can help to identify how early in primate evolution differentiation of use 

among autopods and individual digits occurred. There is already a precedent for 

exploring different grasp types in lemurs (Gebo 1985; Morton 1924) – this study provides 

data that complements previous studies by that attempt to describe grasp types based off 

of gross autopodal anatomy. Those studies did much to suggest possible differences in 
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digit use and how they may vary in response to properties of substrate, but this study 

finally supplies the data necessary to test these hypotheses. Ultimately, this study will 

result in data that can be applied to explore numerous avenues of future research beyond 

the scope of the hypotheses explored within, and described below. 

 

Primate Grasping and Substrate Orientation 

 The nature of the locomotor environment of an arboreal animal differs 

significantly from that of a terrestrial animal in that arboreal substrates are discontinuous, 

Fig 1.5: Example of vertical clinging behavior in Propithecus 
verreauxi.  
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mobile, and variable in both width and orientation (Cartmill 1974a). In order to navigate 

such a habitat successfully, arboreal animals exhibit not only specific anatomical 

adaptations, but also particular locomotor accommodations. Previous in vivo studies of 

arboreal locomotion have employed a range of experimental techniques, including EMG 

(Hirokawa & Kumakura 2003; Jungers & Stern 1981; Larson & Stern 1986), bone strain 

(Burr et al. 1982; Swartz et al. 1989) and kinematics and behavioral observation (Cannon 

& Leighton 1994; Cant 1987; 1992; Fleagle 1976; Fleagle & Mittermeier 1980; Franz et 

al. 2005; Gebo 1987; Hanna 2006; Hanna & Schmitt 2011b; a; Hunt 1991; Isler 2005; 

Kivell et al. 2010; Lammers et al. 2006; Lammers 2007; McGraw 1996; 1998; Sargis 

2001; Schmitt & Lemelin 2002; 2004; Schmitt et al. 2005), but these have focused 

primarily on limb use and gait mechanics rather than arboreal grasping. However, there 

are some mathematically verified assumptions regarding the relationship between 

grasping and substrate properties that can be easily tested via experimental methods. 

Previous work has demonstrated that substrate orientation can influence aspects of 

arboreal locomotion (Cartmill 1985; Hanna & Schmitt 2011b; Kivell et al. 2010; 

Lammers et al. 2006; Lammers 2007). When ascending or descending a broad substrate, 

palmar and plantar pressures are increased as compared to locomotion across a level 

substrate (Kivell et al. 2010; Lammers 2007). Additionally, it has been reported that the 

arboreal opossum Monodelphis domestica moves more slowly along sloped substrates 

(Lammers et al. 2006), and that peak vertical forces are consistently higher in the lower-

placed limb, regardless of ascension or declension (Lammers 2007). Substrate orientation 

also has an effect on properties of gait mechanics (such as limb excursion angles) in 

primates and other arboreal mammals (Nyakatura et al. 2008; Schmidt & Fischer 2011; 



33 

 

Young 2009) and has been observed to influence the position of hands, feet, and digits in 

aye-ayes (Krakauer et al. 2002).  

Horizontal Substrates: When an animal is on top of a substrate (above-branch) oriented 

parallel to the ground, the force of gravity combines with the mass of the animal, and is 

directed in complete opposition to the normal force, serving to aid in maintaining position 

on the substrate (Cartmill 1974a). Relatively small-bodied arboreal mammals can rely on 

terrestrial locomotor adaptations for above-branch travel on horizontal supports. In this 

case, specialized arboreal locomotor adaptations only become necessary when the 

supports become notably slender (Fig 1.6). In most arboreal mammals, claws allow for 

travel along these supports (Cartmill 1974a). However, arboreal primates, lacking claws, 

have been observed to rely on below-branch suspension and travel to manage these more 

slender branches (Cartmill 1985; Fleagle 1985). This is an important evolutionary 

adaptation, as fruits and other valuable food items are often located at the end of these 

more slender and pliable terminal branches. But when either maintaining position or 

traveling in suspension, the force of gravity combines with the mass of the animal 

oriented in the same direction as the normal force, pulling the animal away from the 

support (Cartmill 1974a; 1985). Theoretically such behaviors would require higher 

grasping pressures to maintain position than would above-branch locomotion across the 

same substrate. 

 Non-horizontal/Vertical Substrates: As the orientation of the substrate to the ground 

approaches 90º, more of the gravitational force is directed tangentially to the substrate,  
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Fig 1.6: An animal standing on a relatively small horizontal cylinder (top) can easily 
roll or pitch into a position where its center of mass (c) no longer lies above its narrow 
base of support, whereupon gravity produces a rotatory moment of magnitude (Wm) 
that topples the animal from the support. This can be resisted in several ways: by 
using grasping extremities (bottom left) to generate a torque (white arrow) equal and 
opposite to Wm (black arrow), by hanging underneath the support (bottom center) or 
by reducing height of C above the support (bottom right), producing a relative 
increase in the size of the support polygon (dashed lines). From Cartmill (1985) 
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such that it has both a normal and tangential component (Cartmill 1974a) (Fig 1.7). The 

tangential component increases as the orientation of the substrate approaches 90°, until a 

vertical position it is oriented entirely tangential to the support. In postures performed on 

sloped or vertical substrates, it is frictional forces that allow an arboreal animal to 

maintain its position. An animal can increase the frictional force by increasing the 

magnitude of the normal force (Cartmill 1974a; Lammers 2007; 2009). In the case of 

clawless arboreal mammals, such as primates, the normal force is directly a result of the 

animal’s grasping strength, and would be represented by increased pressure being exerted 

by the cheiridia against the support (assuming the subtending angle is approaching 180°. 

See Fig 1.8). This is especially necessary when employing vertical supports because in 

such cases, the tangentially directed gravitational force would overcome the force of 

static friction generated only by the properties of the animal’s digital pads and the 

support, and result in the animal falling. Therefore, the pressure necessary to maintain an 

animal’s position on a vertical support should be higher than the pressure necessary for 

that same animal to maintain position on an identical horizontal support.  
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Species % Arboreality Manual Phalangeal 
Curvature 

Pedal 
Phalangeal 
Curvature 

Gorilla gorilla <3% (Tuttle and Watts 
1985) 

@ 0.05 (Deane and 
Begun 2008) 

@ 0.05 (Deane 
and Begun 
2008) 

Pan troglodytes <20% (Doran 1993b) @ 0.08 (Deane and 
Begun 2008) 

@ 0.10 (Deane 
and Begun 
2008) 

Pan paniscus >50% (Doran 1993a) @ 0.10 (Deane and 
Begun 2008) 

@ 0.09 (Deane 
and Begun 
2008) 

Pongo 
pygmaeus 

>69% (Cant 1987) @ 0.15 (Deane and 
Begun 2008) 

@ 0.20 (Deane 
and Begun 
2008) 

Hylobates 
syndactylus 

>75% (Fleagle 1980a) @ 0.13 (Deane and 
Begun 2008) 

@ 0.13 (Deane 
and Begun 
2008) 

Table 1.1: Collection of behavioral frequencies and mean phalangeal curvature (as a first order 
polynomial calculated via HR-PCF) from published literature. 

 

 

Fig 1.7: An animal’s weight (W) can be analyzed 
into forces normal to its support (load, L) and 
tangential to its support (T). These values change 
with support angulation (α). From Cartmill 
(1985) 
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1.4 Lemurs and Studies of Grasping 

Lemurs are particularly suited to studies of arboreal grasping because they exhibit 

a wide range of climbing behaviors and frequencies. Lemur is regarded as a generalized 

terrestrial quadruped with retained climbing abilities, Propithecus as a vertical clinger 

and leaper that spends most of its time in an arboreal environment, and Varecia as a 

generalized arboreal quadruped that spends a notable amount of time in various below-

branch suspensory postures (Gebo 1987; Meldrum et al. 1997; Table 1.1). These species 

represent a range of behavioral diversity similar to that of extant apes (Gebo 1996; 

Meldrum et al. 1997; Thorpe & Crompton 2006). Specifically when considering 

percentages of below-branch suspension, the behavior generally considered to be most 

closely linked with phalangeal curvature, we see comparable patterns in that gorillas 

exhibit frequencies similar to that of Lemur, chimpanzees similar to Propithecus (Jungers 

et al. 1997), and orangutans (Thorpe & Crompton 2006) similar to Varecia. This range of 

behavioral diversity makes these taxa an ideal representation of the range of possible 

grasping variability across other primate groups, including extant apes.  

These taxa also exhibit a range in degree of phalangeal curvature (Jungers et al. 

1997). Lemur exhibits a mean pedal phalangeal curvature of 43.6°, Propithecus a mean 

manual curvature of 38° and Varecia a mean manual curvature of 49.2° (Jungers et al. 

1997). For comparison, gorillas have previously been reported to exhibit a range of 

curvature around 48°, and chimpanzees around 50° (Congdon 2012; Stern et al. 1995). 

As hominid fossil phalanges are often compared to African apes for the purposes of 

inferring locomotor behaviors (Kivell et al. 2011; Lovejoy et al. 2009; Stern & Susman 
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1983), the fact that this sample exhibits comparable curvatures bodes well for its ability 

to discriminate between locomotor behaviors with at least the level of discretion inferred 

from chimpanzees and gorillas. Of particular note is the fact that Varecia exhibits higher 

degrees of phalangeal curvature than Propithecus. This is in spite of the fact that 

Propithecus exhibits a greater frequency of overall arboreal activity than Varecia (Gebo 

1987). Here the difference in curvature may be directly linked to Varecia’s greater 

propensity for suspension (Meldrum et al. 1997), a possibility that will be explored by the 

data collected for this study. With all these factors considered together, lemurs are an 

ideal primate taxon for the study of arboreal grasping in an experimental setting. 

Certain predictions can be made based off preliminary knowledge of the 

morphology of these taxa that extend beyond the hypotheses that are central to this 

project. It is expected that Varecia individuals in this study will exhibit the most 

pronounced phalangeal curvature of the three examined taxa. Because Varecia engages in 

the highest frequency of hindfoot suspension, it can also be predicted that they are most 

likely to show a difference in curvature across autopods, with pedal phalanges exhibiting 

greater curvature than manual phalanges. Lemur catta is predicted to exhibit the lowest 

degrees of manual and pedal phalangeal curvature, and is expected to be the least likely 

taxon to exhibit a difference in curvature across autopods. Propithecus is predicted to 

present an intermediate state of phalangeal curvature between these other two taxa.  

Preliminary research was performed regarding the extent of intra-digital variation 

in phalangeal curvature in Lemur, Propithecus, and Varecia (Table 1.2). Included angle 

(Stern et al. 1995) was calculated for proximal pedal phalanges from Lemur (n=3), and 
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proximal manual phalanges from Propithecus (n=4) and Varecia (n=3). In all three taxa, 

the lowest p-values are yielded upon intraspecific comparison of 2nd and 4th digits (0.08 

in Lemur; 0.06 in Propithecus; 0.66 in Varecia), and in all cases the 4th digit mean is 

lower than the 2nd digit mean, underscoring a trend of more curved second digits in all 3 

taxa. An interspecific comparison of lemur manual phalanges indicates that homologous 

digits 2-4 are significantly more curved in Varecia vs. Propithecus (p=0.05). These 

results are consistent with previous work where Propithecus exhibits less phalangeal 

curvature than Varecia (Jungers et al. 1997), despite higher frequencies of arboreal 

activities (Gebo 1987). This finding may be the result of Varecia engaging in below-

branch suspension (quadrupedal and bipedal) at greater frequencies than Propithecus 

(Meldrum et al. 1997). The trend towards greater curvature exhibited in digit 2 supports a 

study by Gebo (Gebo 1985), which suggests that lemurs engage in a “I-II” adductor pedal 

grasp where the first two pedal digits exhibit enhanced grasping abilities. The preliminary 

data presented above suggest this also applies to lemur hands.  

 Lemur Catta Propithecus Varecia 
 Dig2 Dig3 Dig4 Dig5 Dig2 Dig3 Dig4 Dig5 Dig2 Dig3 Dig4 Dig5 

N 3 3 3 3 4 4 4 4 3 3 3 3 
Mean 

Curvature 47.2 41.6 40.0 45.5 41.4 37.1 34.2 39.4 48.4 51.7 46.9 49.8 

St. Dev 1.4 5.4 5.1 4.3 2.5 3.8 3.9 5.0 4.0 9.1 2.8 6.1 
Table 1.2: Results of pilot study displaying mean digital curvature as included angle for the three 
study species. Dig = Digit. Data collected from AMNH. 

When considered as a whole, this preliminary research suggests these lemur taxa 

exhibit morphological differences among digits that may indicate differences in grasping 

pressure distribution across the autopod, as well as phalangeal curvature indicative of 

arboreal behaviors that are dependent on specific postures elicited on certain substrate 

orientations (namely below-branch suspension). When considering the fact that these 3 
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taxa engage in locomotor repertoires characterized by notable differences in postural 

behaviors that can be distinguished by substrate orientation (i.e. vertical clinging vs. 

below-branch suspension), this possibility becomes more likely. Such findings encourage 

exploration of the association between properties of substrate, variation in arboreal 

grasping pressure and phalangeal curvature in arboreal primates, which is the goal of this 

dissertation. 

 

 

1.5 Body Size 

 Body size has long been observed to influence various aspects of locomotion, 

including basic locomotor pattern and substrate selection.  Larger primates are generally 

observed to spend more of their arboreal time climbing, in comparison to smaller bodied 

primates that engage in more arboreal leaping, and have been consistently theorized to 

access larger supports, although ample evidence exists to indicate this is not always the 

case. Numerous studies have attempted to identify size-dependent choices in arboreal 

behavior (Cant 1992; Demes et al. 1996; Fleagle 1976; Fleagle & Mittermeier 1980; 

Fleagle 1985; Gebo 1987; Lawler 2006; Lemelin & Jungers 2007), specifically in an 

effort to identify wide-ranging rules that can be used to describe arboreal locomotion 

across primate taxa. By studying three separate species that vary in body size and 

proportion, this study has produced data that can examine locomotor preferences as well 

as details of hand and foot use as they may pertain to such size differences. 



41 

 

 It has long been understood that body size can influence arboreal locomotor 

behavior as it pertains to substrate selection and posture (Cartmill 1985; Fleagle & 

Mittermeier 1980; Fleagle 1985; Lemelin & Schmitt 2004; McGraw 1998; Remis 1995; 

1998), but questions regarding its impact on hand and foot use remain unexplored. In the 

case of skeletal features considered diagnostic of arboreality, such as phalangeal 

curvature, it is assumed this feature will be more pronounced in larger animals as a result 

of the increased grasping forces necessitated by the greater body mass. However, in the 

absence of an understanding of the relationship between body mass and grasping 

pressure, this assumption cannot be evaluated.  

The absence of any direct observations of grasping pressure during climbing in 

primates has resulted in a lack of specific predictions regarding the relationship between 

body size and autopod use during climbing. In accordance with Newton’s second law of 

motion, as pressure is equivalent to force per unit area, and force=mass x acceleration, 

larger animals should exert greater pressures at equivalent speeds. It is therefore 

predicted that grasping pressure will increase proportionately with increases in mass. 

However, it is also possible that an allometric relationship may exist between grasping 

pressure magnitude and body size. This study examines the scaling relationship between 

body mass and grasping pressures across the entire autopod and individual digits, as well 

as between body size and overall autopod size, and body size and digit length. However, 

it should be noted that, although the sample employed in this study represents a 100% 

difference in body size, it does not include a difference in order of magnitude, and 

therefore a body size effect that is the result of much greater mass differences cannot be 

addressed. 
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1.6 Substrate Diameter 

Prior work notes that substrate diameter may influence aspects of arboreal 

locomotion (Fleagle 1976; Fleagle & Mittermeier 1980), with some substrates being of 

such large diameter as to negate the need for grasping (Fig 1.8). In this scenario, taxa that 

routinely access relatively large-diameter supports would grasp less than other primates, 

independent of the total time spent locomoting arboreally (Fleagle 1976; Fleagle & 

Mittermeier 1980), as moving on such relatively broad substrates would be akin to 

quadrupedal terrestrial locomotion. Substrate diameter has been found to influence 

elements of gait, including limb excursion angles, duty factor and stride frequency 

(Lemelin & Cartmill 2010; Schmitt 2003; Shapiro & Young 2012). While the distribution 

of force during palmigrade-plantigrade terrestrial quadrupedal movement has been 

described in a number of primate species (Kivell et al. 2010; Patel & Wunderlich 2010; 

Vereecke et al. 2003; Wunderlich & Jungers 2009), there are no in vivo data 

characterizing the distribution and magnitude of pressure in primate hands or feet during 

arboreal grasping. When grasping substrates of increasing diameters, a greater proportion 

of the grip force is directed tangentially to the substrate (Cartmill 1985), such that the 

grasping pressure (being equal to the proportion of the force directed perpendicularly to 

the substrate) will decrease.  
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However, it is unclear if substrate diameter has any impact on variation in 

grasping pressure, and the relationship between grasping pressure and substrate diameter 

has not been tested in extant primates. This lack of data hinders our understanding of 

grasping morphology in both extinct and extant primates, as well as how hand and foot 

use may have evolved across primates. Without knowledge of how substrate orientation 

and diameter can influence grasping pressures, studies of variation in arboreal locomotion 

within and across taxa will be incomplete. The data from this study includes information 

on relative substrate diameter and grasping dynamics, as the three study species included 

vary in autopod size. As such, this study partially addresses the role of substrate diameter 

on both patterns of digit use and grasping magnitudes, the results of which will serve as 

preliminary data for a future study on the role of substrate diameter in grasping pressure 

and autopod use. 

 

Fig 1.8: A clawless animal grasping an object with a circular 
cross section exerts adduction force (A) along the chord of 
the arc (θ) that the animal subtends. Adduction force can be 
analyzed into a component normal to the surface (L) and a 
tangential component (T). From Cartmill (1985). 
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1.7 Hypotheses  

Using novel pressure-sensor technology, the relationship between grasping 

pressure of adult lemurs from three species (Lemur catta, Propithecus coquereli, and 

Varecia rubra) and properties of substrate were examined in this study by studying the 

effect of substrate orientation on grasping pressure magnitude and distribution. 

Additionally, the appropriateness of phalangeal curvature as a morphological feature used 

to infer arboreal behaviors in fossil primates was examined. Specifically, four hypotheses 

were tested:  

 

Hypothesis 1: Grasping pressure increases with increasing substrate orientation. 

 It has been mathematically demonstrated that, as the orientation of the substrate to 

the ground increases (approaches 180°), a greater proportion of the animal’s weight is 

directed away from the substrate (rather than in a direction perpendicular to the substrate, 

which aids the animal in maintaining position, assuming the subtending angle remains 

unchanged and close to 180°) (Cartmill 1985). The pressure being directed normal to the 

substrate must increase for the animal to maintain position, such that for this study, the 

greatest pressures for all behaviors will be exerted on the greatest orientation, and the 

pressure exerted by an autopod at a particular behavioral type (locomotor, postural or 

static grasping) will increase from the least to greatest orientation. 

This was tested within individuals, species and taxon with a series of ANOVAs in 

both the right hand and foot that compare pressures exerted by homologous regions 
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across orientation. There are two specific predictions tested in conjunction with this 

hypothesis, that pressures exerted during vertical-branch locomotion will be greater than 

those exerted during above-branch locomotion, and that pressures exerted during below-

branch locomotion will be greater than both other orientations. These predictions apply to 

all anatomical regions examined (individual digits, pooled lateral digits, and the overall 

autopod). In addition to testing the above stated predictions, the data from this hypothesis 

will be used to explore the relationships between grasping pressure and orientation across 

individuals and species to provide a more complete initial description of these behaviors. 

 

Hypothesis 2: Transitional locomotor behaviors exert higher pressures than the 

stereotypical behaviors performed at the same substrate orientation. 

 This can be inferred from the understanding that higher accelerations (as 

observed during running and leaping behaviors) should result in higher forces per unit 

area, and that changes in position (as performed during turning or transitioning between 

positions on the substrate) should require higher grasping pressures to maintain balance. 

Previous work has suggested that certain ‘non-typical’ behaviors require a compromise 

between energetics and balance (Wunderlich & Schaum 2007). Under the assumption 

that more complex behaviors require increased digital engagement to maintain balance 

and position, this study can explore the relative complexity of a variety of such 

transitional behaviors through both grasping pressure magnitude and variation in digit 

use. By collecting these data, this study is first to quantify a range of behaviors that fall 

outside the category of typical arboreal locomotion. These behaviors are often overlooked 



46 

 

during studies of arboreality, but their relevance to the functional morphology of 

autopods in arboreal primates has yet to be explored and as such, marginalizing such 

behaviors because they are difficult to quantify is premature. 

Within species, pressure magnitudes across behaviors performed at the same 

orientation were evaluated via ANOVA. At within individual, within species and within 

taxon levels of analysis, pressure magnitude was evaluated via qualitative comparison of 

transitional behavior pressures to pressures exerted during stereotypical behaviors at the 

same orientation. There are three specific predictions being tested by this hypothesis; that 

running, above-branch leaping, above-branch landing and above-branch turning exert 

higher pressures than above-branch locomotion, that vertical-branch leaping and vertical-

branch landing exert higher pressures than vertical-branch locomotion, and that below-

branch flipping will exert higher pressures than below-branch locomotion. In addition to 

testing the above stated predictions, the data from this hypothesis will be used to provide 

initial descriptions of these behaviors across individuals and species, providing an 

important understanding of little-studied locomotor activities. 

  

Hypothesis 3: Phalangeal curvature is positively correlated with digital grasping 

pressures. 

 Primate taxa that routinely engage in arboreal activities that may require increased 

grasping pressure, such as below-branch suspension, also exhibit increased phalangeal 

curvature (Congdon 2012; Deane & Begun 2008; Stern et al. 1995; Susman et al. 1984). 
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As such, it is likely that digits exerting the greatest pressures will exhibit the most curved 

phalanges, and phalangeal curvature will exhibit a positive relationship with grasping 

pressure both within and across species.  

If (as stated above) variation in digit use during arboreal grasping exists within an 

individual autopod, pooling digits could obscure such important variation, and 

reconstructions that do so could overlook valuable information regarding hand and/or 

foot use. In addition to the risks previously stated in pooling digits within autopod, 

despite little work comparing manual and pedal phalangeal use or curvature within taxa, 

an assumption of many studies is that phalanges from either hands or feet are equally 

informative for inferring arboreal grasping behavior. This is despite some differences in 

curvature between hands and feet of the same species (Deane & Begun 2008; Stern et al. 

1995; Susman et al. 1984). Without such data to verify this assumption, treating manual 

and pedal phalanges as equally informative regarding locomotor signature can result in a 

loss of important variation across autopods. This study contributes to resolving these 

issues by testing the hypothesis that phalangeal curvature is positively correlated to 

digital grasping pressures in the adults of 3 lemur taxa. 

This was tested within individual, within species and within taxon via Pearson’s 

R. Significant correlations were displayed as a reduced major axis graph. One specific 

prediction was tested as part of this hypothesis; that significant values of Pearson’s R will 

be increasingly higher when regressing phalangeal curvature against greater digital 

pressure magnitudes. In addition to testing the above stated predictions, the data from this 

hypothesis will be used to describe variation across individuals and species to create a 
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more complete understanding of the range of morphological variation in the phalangeal 

form of lemurs. 

 

Hypothesis 4: Morphological patterns observed in the subjects from the experimental 

sample are reflected in homologs from wild-caught adult conspecifics. 

Morphological patterns linking behavior to skeletal form in the experimental 

sample are either the result of a retained relationship between form and function as 

inherited from an ancestral state or a reflection of a plastic response of the skeletal form 

to physical forces. In either case, the wild population of lemurs should also exhibit any 

morphological patterns observed in the experimental sample as the DLC lemurs share 

both locomotor behavior and ancestry with wild lemur populations. Differences in pattern 

across samples could indicate differences in use, and would be evidence supporting the 

hypothesis that phalangeal curvature is plastic rather than phylogenetic.  

Analyses of variance were used to compare curvature across digits within 

autopods and across homologous digits from differing autopods within each sample, and 

to compare identical digits across samples to identify shared or contrasting patterns of 

curvature.  Two specific predictions are tested by this hypothesis; that differences in 

phalangeal curvature among digits within autopods found in the Duke sample will also be 

present in the comparative sample, and that differences in phalangeal curvature among 

digits across autopods found in the Duke sample will also be present in the comparative 

sample. 
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 These four hypotheses, in conjunction with the in depth analyses of the behaviors 

observed as part of testing these hypotheses, will serve as the most complete description 

of hand and foot use during arboreal locomotion in primates to-date. 
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CHAPTER 2: MATERIALS AND METHODS 

 

 

 

 

Chapter Summary: This chapter describes the experimental set-up, pressure-sensing 

device, and details of the sample of animals used in this study. Statistical analyses as they 

are applied to each hypothesis are described, as well as additional analyses performed to 

enhance understanding of the behaviors described by this study. Videos displaying 

specific behaviors are provided. 

 

Grasping pressures exerted by the right hand and foot, and individual digits, were 

recorded during a series of locomotor behaviors performed on experimental substrates of 

differing orientations (above-branch/0°, vertical/90°, below-branch/180°) to evaluate the 

role of substrate orientation in arboreal grasping in adults of Varecia rubra, Propithecus 

coquereli, and Lemur catta. Digital pressures were compared to phalangeal curvature 

from the same subjects for which the behavioral data were obtained, facilitating a novel 

characterization of how substrate orientation interacts with grasping pressures and 

phalangeal curvature both within and across species with the primary goal of testing 4 

hypotheses. H1: Grasping pressure increases with increasing substrate orientation, H2: 

Grasping pressures exerted during ‘transitional locomotion’ are higher than stereotypical 

locomotion at the same orientation, H3: Phalangeal curvature is positively correlated with 

high digital grasping pressures and H4: Morphological patterns observed in the 



51 

 

experimental sample persist in wild caught populations. Only proximal phalanges were 

examined as they are considered to be subjected to similar bending stresses as middle 

phalanges; therefore no significant differences in phalangeal curvature within digits were 

anticipated (Preuschoft 1970; 1973).  

 

 

2.1 Materials 

 

Sample 

 The lemur sample was drawn from the population at the Duke Lemur Center 

(DLC: Durham, NC), which is an active breeding colony of about 15 strepsirrhine taxa in 

a naturally modeled environment. The DLC offers a diverse range of choices in arboreal 

substrates, making it unlikely that the locomotor repertoire of these animals is notably 

different from that exhibited in the wild. Additionally, the behaviors modeled by this 

study are regularly performed by both the study sample and their wild counterparts. Thus, 

any hypothesized relationship between phalangeal curvature and grasping behaviors is 

likely to be preserved. This population is accustomed to regular handling and interaction 

with both DLC staff and visiting researchers, and has undergone training that makes it 

cooperative in locomotor studies. 

  Four adult individuals (2 males, 2 females) from each species (Lemur catta (ring-

tailed lemurs), Propithecus coquereli (sifakas), Varecia rubra (red-ruffed lemurs) were 

selected based off their earlier performance during training, as well as health and 

availability by the DLC veterinary and technician staff. See Table 2.1 for demographic 
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details on the sample. These species were selected because they display a range of 

locomotor behaviors and degree of phalangeal curvature. Lemur is regarded as a 

generalized terrestrial quadruped with retained climbing abilities, Propithecus as a 

vertical clinger and leaper that spends most of its time in an arboreal environment, and 

Varecia as a generalized arboreal quadruped that spends a notable amount of time in 

various below-branch suspensory postures (Gebo 1987; Meldrum et al. 1997). Animal 

care and use protocols were obtained both from the University of Missouri (Protocol 

#7545) and Duke University (Protocol #A308-12-12) in accordance with all institutional 

and federal guidelines for the use of live primates in research. 

 A comparative skeletal sample of proximal phalanges from these same species 

was collected as mediolateral photographs from collections at the American Museum of 

Natural History in New York (AMNH), Field Museum of Natural History in Chicago 

(FMNH), and Museum of Comparative Zoology in Cambridge (MCZ). Only digits that 

could be identified as a specific digit and assigned to the right side were included. 

Juvenile, pathological and zoo specimens were excluded. See Table 2.2 for details. 

 

Equipment 

 An artificial substrate consisting of 2 inch diameter PVC pipe was instrumented 

with a pressure-sensing Tactilus seat pad supplied by Sensor Products Inc. (Fig 2.1). This 

device was originally designed to measure pressures exerted by humans during sitting or 

lying down postures, and therefore is designed to conform to a non-linear surface and be 

variably compressed across its length. The seat pad was a 43cm x 43cm square with a 

matrix of 32 sensors x 32 sensors, each sensor covering an area of 1.82 cm2, calibrated to  



53 

 

 

Genus Individual Sex Age (yrs) Weight (kg) 
Lemur Birgitta F 2 1.92 

Gretl F 1 2.04 
Johan M 2 2.58 
Rolfe M 2 2.32 

Propithecus Lucius M 8 3.72 
Matilda F 5 4.48 
Pompeia F 4 4.88 
Romulus M 3 3.93 

Varecia Aries M 5 3.78 
Esther F 3 4.20 

OJ M 3 3.92 
Phoebe F 3 4.49 

Table 2.1: Demographic details of sample, including sex, age and weight 

 

 

Genus Digit 1 Digit 2 Digit 3 Digit 4 Digit 5 
Lemur 0 0 3 3 2 3 3 3 3 3 

Propithecus 1 1 5 2 5 2 5 2 4 2 
Varecia 1 1 4 2 3 2 4 2 4 1 

Table 2.2: Breakdown of comparative skeletal sample, displaying number of phalanges measured by species 
(Hand, Foot) 

 

 

Figure 2.1: Stock photo of the Tactilus pressure-sensing mat. 
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a pressure range of 0 to 345 kilopascals (kPa). The length of the mat exceeded the 

circumference of the artificial substrate; therefore the additional length of mat was rolled  

up inside the substrate. As a result, only 11 rows of sensors were exposed and therefore 

relevant for this study. The pressure mat output data via a cable extending from one end 

of the mat to an electronic hub that then communicated with the laptop computer 

provided by Sensor Products Inc. via a USB cable. Pressure data are output as a rainbow 

display as well as numeric pressure values specific to each sensor for each frame of the 

pressure recording, facilitating analysis of relative applied pressure across an autopod. 

Associated software provided by Sensor Products Inc. allowed for the calculation of a 

number of statistics. Those that were considered for this project include average pressure 

across a series of sensors and surface area of stimulated sensors. 

Video cameras were used to record every animal session from multiple angles. 

All three orientations had one camera (“documentary”) that filmed a wide shot of the 

experimental area (a Canon FS400), one providing a close lateral view of the substrate 

(“lateral”) that recorded specifically the autopods as they crossed the substrate (a Sony 

Handycam HDR-SR11), and one that was placed inside the experimental area to record 

an opposite side lateral view (“inside”) for the above-branch and vertical-branch 

substrate, or in a position to record the top (“above”) of the below-branch substrate (a 

Sony Handycam HDR-CX260).  

 

Experimental Set-Up 

A room at the DLC permanently designated for research use was dedicated 

exclusively to this project for the duration of the study. This room is divided into two 
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segments, separated by Plexiglas, to provide an enclosed space for the animals and 

trainers that is separate from the space where electronic and other equipment is located, 

and researchers can observe the work (Fig 2.2).  

Three substrate orientations were used, identified by the orientation of the 

animal’s body to the ground when on the substrate: 0° was a horizontal substrate in which 

above-branch behaviors were performed, 90° was a vertical substrate in which orthogonal 

behaviors were performed, and 180° was a horizontal substrate in which suspensory 

behaviors were performed (Fig 2.3). It should be noted that while the orientation of the 

above-branch and below-branch substrates are technically the same (i.e. horizontal), in 

order to aid the trainers in inducing the appropriate behaviors, the above-branch 

orientation was mounted on a platform approximately one foot off the ground while the 

below-branch orientation was suspended from brackets approximately 1.5 meters off the 

ground. All lemurs were induced to walk quadrupedally across all 3 experimental 

substrates. Additionally, a series of non-induced transitional behaviors were performed 

on the substrates and subsequently included for analysis. These include turning on the 

above-branch orientation, flipping on the below-branch orientation, running on the 

above-branch orientation and leaping and landing on the above and vertical-branch 

orientations. Due to the uniformity of the pressure-sensor material, friction was regarded 

as a constant.  
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Figure 2.2: Stock photo of the Tactilus pressure-sensing mat. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

C 

Figure 2.3: Images of the 3 experimental set-ups, A= above branch, B= below branch, C= vertical branch. 

A 

B 

C 
Figure 2.2: Photographs of research room. A= inside the experimental area, where the animals and trainers 
worked. B= the observation area, C= close up of computer terminal. 
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2.2 Methods 

 

Identifying and Classifying Footfalls and Handfalls 

The included locomotor behaviors can be categorized as one of 6 types: 

locomoting, turning, running, flipping, leaping and landing. Locomoting was performed 

on all three orientations, turning was performed on the above-branch orientation, running 

was performed on the above-branch orientation, flipping was performed on the below-

branch orientation and leaping and landing were performed on the above-branch and 

vertical-branch orientations (see Table 2.3). Locomoting passes were defined as those 

made by the right hand or foot towards the center of the pressure pad that occurred as part 

of a continuous stride during a diagonal sequence gate that started at a point prior to the 

sensor pad and ended at a point beyond the pad (walking or striding) 

(https://vimeo.com/88176656) . Turning passes were defined as those in which the 

animal rotated 180 degrees on the right hand or foot from a position facing one end of the 

substrate to facing the other end (https://vimeo.com/88177898). Running passes were 

defined as those in which the animal engaged in a higher speed diagonal sequence gait 

that approximated ambling. In Propithecus coquereli, running passes were bipedal 

(https://vimeo.com/88180878). Flipping passes were defined as those in which the animal 

rotated 180 degrees on the right hand or foot around the substrate such that the body 

moves from a position below-branch to a position above-branch on the horizontal 

substrate (https://vimeo.com/88180880). Leaping passes were defined as those in which 

the animal pushed off the substrate on the right hand/foot, and landing passes were 

https://vimeo.com/88176656
https://vimeo.com/88177898
https://vimeo.com/88180878
https://vimeo.com/88180880
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defined as those in which the animal landed on the substrate from a higher or adjacent 

position on the right hand/foot (https://vimeo.com/88180879). 

 

 Locomoting Turning Running Flipping Jumping Landing 
Above-
branch All All L. catta, P. 

coquereli NA L. catta, P. 
coquereli P. coquereli 

Below-
Branch All NA NA L. catta, V. 

rubra NA NA 

Vertical-
Branch All NA NA NA L. catta, P. 

coquereli P. coquereli 

Table 2.3: Tabular display of all behaviors as they were performed by specific species at each orientation. 
NA=not applicable. 

 

Once successful passes were identified, handfalls and footfalls were isolated from 

the pressure outputs. This was done by synchronizing the video with the progression of 

stimulated sensors on the pressure pad as viewed on the pressure output. Usable 

hand/footfalls were those that could be clearly isolated from other hand/footfalls, and 

could be properly oriented such as to categorize stimulated sensors to at least one of 3 

general anatomical regions – palmar/plantar, pollical/hallucal, or lateral digits (Tables 2.4 

and 2.5). Identification of anatomical region was accomplished by using the video and 

orientation of the pressure-sensing pad on the substrate to identify the position of the 

autopod on the 2D pressure output in both time and space (Fig 2.4). Specific details on 

digit placement as determined from the video and anatomical measures were then used to 

identify individual digits when possible. 

 

 

 

 

https://vimeo.com/88180879
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Genus Individual Above Below Vertical 
Lemur Birgitta 13 19 5 4 13 15 

Gretl 10 19 2 1 8 8 
Johan 15 14 1 0 10 11 
Rolfe 8 10 3 3 6 6 

Propithecus Lucius 8 7 0 0 5 5 
Matilda 7 7 2 2 8 10 
Pompeia 4 6 6 5 8 8 
Romulus 12 10 8 8 10 7 

Varecia Aries 9 9 7 6 13 12 
Esther 7 5 7 3 7 7 

OJ 8 9 4 3 10 9 
Phoebe 5 7 3 4 7 6 

Table 2.4: Number of locomotor passes by individual, sorted by autopod for each of the 3 experimental substrate 
(Hand, Foot) 

 

Table 2.5: Number of transitional passes by individual, sorted by autopod for each of the 4 transitional 
behaviors. 

 

 

 

 

 

 

 

Genus Individual Running 
(Hand, Foot) 

Leaping 
Hand 

(Above, 
Vertical) 

Leaping 
Foot 

(Above, 
Vertical) 

Turning (Hand, 
Foot) 

Flipping (Hand, 
Foot) 

Lemur Birgitta 2 2 0,0 2,1 0 0 1 2 
Gretl 1 1 0,0 0,0 0 0 0 1 
Johan 0 0 0,0 1,1 2 1 0 1 
Rolfe 0 0 0,1 0,1 1 1 0 0 

Propithecus Lucius 0 7 0,4 6,1 0 2 0 0 
Matilda 0 0 0,0 0,1 0 0 0 0 
Pompeia 0 0 0,0 0,0 0 0 0 0 
Romulus 0 2 0,0 3,0 0 0 0 0 

Varecia Aries 0 0 0,0 0,0 0 0 0 0 
Esther 0 0 0,0 0,0 1 0 1 1 

OJ 0 0 0,0 0,0 2 0 2 0 
Phoebe 0 0 0,0 0,0 0 0 0 0 
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Figure 2.4: Illustration of method for identifying anatomical regions on the pressure output. A= still shot from 
lateral video, highlighting right foot. B= still shot from above video highlight right foot. Placement of digits 1-5 
is visible here. C= pressure output for right foot from this locomotor pass. The mat is oriented with the bottom 
of the pressure output meeting the top of the mat under the tape (in blue). As such, viewing the output from the 
bottom up models the mat from the top of the substrate, around the back and to the front. When viewing the 
substrate laterally, the left side of the mat is the left side of the output. C.1= overall region encompassing all 
relevant sensors, C.2= anatomical set 1 including the hallux and lateral digits as a whole, C.3= anatomical set 2 
with thumb, digit 2, 3 and 4. 
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Pressure Measures 

 Once usable hand/footfalls were identified on the pressure output, all sensors 

stimulated during all three stride phases (touch-down, stance, and toe-off) were selected 

as one region. For all anatomy, the anatomical plane of reference used is that of a 

pronograde quadruped. Additional regions were then assigned to the first digit and lateral 

digits (as a whole), and the sensors specific to those regions were selected. Finally, 

regions were assigned to each of the 4 lateral digits individually, as applicable, and the 

sensors specific to those regions were selected. This resulted in as few as one region and 

as many 7 individual regions of analysis (not all regions contributed to every grasp), with 

varying degrees of overlap (the lateral digit region includes 4 of the 5 individual digital 

regions, and the overall region includes all other regions) (Fig 2.4). Regardless of 

substrate orientation the mat was oriented on the substrate such that the top and bottom 

edges of the substrate meet near the top of the substrate (under blue painter’s tape always 

highly visible in the video), and extending towards the back of the substrate (the surface 

facing the wall, away from the lateral and documentary camera views) around the bottom 

of the substrate and up the front to the top, such that pressures exerted in a corresponding 

pattern would extend up from the bottom of the output and terminate at the top (Fig 2.4). 

 The pressure software recorded passes at a rate of approximately 35-40 frames per 

second. Each of these frames can provide a statistical representation of the hand/footfall 

at that instant, by providing mean, minimum and maximum pressures and total surface 

area covered at that moment. For each region, an average pressure per frame as measured 

across all the sensors stimulated during that frame was output as part of the software’s set 

of statistics. The highest of these values for the entire stride was recorded for each region, 
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and recorded as the maximum average pressure for the region for that pass. Surface area 

represented the area of stimulated sensors at each frame. The highest of these values 

across the entire stride was also recorded (maximum surface area). Additionally, the 

number of frames per stride was recorded. This set of measures was recorded for every 

usable hand/footfall from every usable pass for each animal in all behaviors, such that 

each animal could be represented by a set of maximum average values for each 

anatomical region at each behavior. At no time during this study did the pressure exerted 

by any experimental animal exceed the pre-calibrated upper limit of the mat (345 kPa). 

 To confirm the accuracy of the mat, calibration was verified at the end of the 

study. A circular 500 g weight of 3.81cm diameter was placed on the mat. The force per 

unit area of this weight was calculated as 0.04 kg-force/cm2, which equals 3.92kPa, the 

value reported by the mat, confirming accurate calibration.  

 

Anatomical Measures 

  Each subject was anaesthetized and mediolaterally oriented radiographs were 

obtained for the calculation of curvature of proximal phalanges in all digits from the right 

hand and foot (Fig 2.5). Curvature was calculated using high-resolution polynomial 

curve-fitting (HR-PCF) (Deane et al. 2005). Total digit length, length of the first phalanx 

of each digit, palmar/plantar width at metapodial heads and the full length of the autopod 

from palmar/plantar base to the base of the third digit were obtained as caliper 

measurements while the animals were anaesthetized (Fig 2.6). Body mass for each animal 

was also collected. 
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 A comparative skeletal sample consisting of manual and pedal phalanges 

representing all 3 study species was collected from museum collections at the American 

Museum of Natural History (AMNH), the Field Museum (FM) and the Museum of 

Comparative Zoology (MCZ). Phalanges were photographed in a mediolateral view and 

the photographs were processed for HR-PCF analysis. See Table 2.6 for details on 

comparative sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: X-ray of right hand of Matilda, Propithecus coquereli. This angle allowed 
for analysis of proximal phalanges from digits 2-5 
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 Total N Digit 1 
(Manual, 
Pedal) 

Digit 2 
(Manual 
Pedal) 

Digit 3 
(Manual, 
Pedal) 

Digit 4 
(Manual, 
Pedal 

Digit 5 
(Manual, 
Pedal) 

L. catta 23 0, 0 3, 3 2, 3 3, 3 3, 3 
P. coquereli 30 1,1 5, 2 5, 2 5, 2 5, 2 
V. rubra 25 0,2 4,2 4,2 4,2 4,2 
Table 2.6: Distribution of comparative skeletal sample among digits and species. 

 

 

 

 

A 
B 

C 

D 

Figure 2.6: Illustration of approximate anatomical 
measurements. A= length of digit, B= length of 
proximal phalanx, C= width of autopod, D= length of 
autopod. Actual measurements were based off tactile 
detection of anatomical markers (i.e. metapodial and 
phalangeal heads). 
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Data Transformation 

 Video files were edited into segments, one for each pass. Step maps were then 

created for each pass, in which the order of hand/footfalls was recorded on graph paper to 

facilitate analysis of the pressure data. As the pressure output could not be cut to create 

separate files for each pass, the start and end frames for each pass were recorded and 

matched to the corresponding video segment and step map.  

 X-rays included the entire hand or foot (Fig 2.5). For analysis of curvature, each 

proximal phalanx was cropped from the x-ray and saved as an individual file. An outline 

of the phalanx was then traced in Microsoft PowerPoint. The outline was saved as a 

separate file and then uploaded into PaintShop Pro, where it was converted to .raw format 

for analysis by the HR-PCF software (Fig 2.7). Photographs of the comparative skeletal 

sample were processed in the same way, with the outline traced from the mediolateral 

photographs. The HR-PCF software provided values for the polynomial (ax2+bx+c) that 

described the parabola formed by the dorsal outline of the phalanx. The first coefficient 

of the polynomial (a) represents a unitless measure of the magnitude of curvature (a 

higher number indicates greater dorsal curvature). It was this value that was used for 

analysis. 

 Not every anatomical region was an active part of the grasp for every 

hand/footfall. Percentage of contribution was calculated for each anatomical region by 

dividing the number of passes for which each region was active by the total number of 

passes performed for that behavior. 
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Figure 2.7: Progression of transformation of phalangeal image for analysis. A= X-ray, 
B=outline made in powerpoint, C= raw image in HR-PCF software, D= analysis of 
curvature elements, E= estimation of curvature, with percent conformity (0.96). 
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2.3 Data Analysis 

 See Figure 2.8 for a breakdown of the types and level of analyses being applied to 

each analytical section of this project. First, statistical analyses as necessary to test the 

four experimental hypotheses were performed (see Table 2.7 for hypotheses and 

prediction). Then, a series of statistical analyses to test for an allometric relationship 

between digital pressure magnitude and digit length or body mass were performed. 

Finally, a series of statistical analyses to describe handfalls and footfalls within 

individuals, across individuals, within species, across species and within taxon 

(superfamily Lemuroidea) were performed to illustrate the nature of the variation in 

grasping at each of these levels of analysis within all behaviors. 

Statistical analyses were performed at several levels. “Within autopod within behavior” 

refers to comparisons of pressure exerted at different anatomical regions from the same 

autopod (hand or foot) to other anatomical regions in that autopod during a particular 

behavior. For example, the comparison of the pollical pressure exerted during above-

branch locomotion to second manual digit pressure exerted during above-branch 

locomotion.  “Within autopod across behavior” refers to comparisons of pressure exerted 

at the same anatomical regions from the same autopod during different behaviors. For 

example, the pressure exerted by the pollex during above-branch locomotion compared to 

the pressure exerted by the pollex during below-branch locomotion. “Across autopod 

within behavior” refers to comparisons of pressure exerted at homologous anatomical 

regions from different autopods at the same behavior. For example, the pressure exerted 

by the pollex during above-branch locomotion to the pressure exerted by the hallux 
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during above-branch locomotion. These analyses were performed at within individual 

(comparison of values within each individual), across individual (comparison of values 

specific to individuals within a species to other individuals within the same species), 

within species (comparison of values pooled by individuals within a species), across 

species (comparison of values as representative means for each species) and within taxon 

(comparison of values pooled by species) levels as necessary. For all of these 

comparisons, ‘across’ can be considered the variable being examined and ‘within’ the 

control – comparisons never had more than one variable. 

 

H1: Grasping pressure increases with increasing 
substrate orientation 

Prediction 1: Pressures exerted during vertical-branch 
locomotion will be greater than those exerted during 
above-branch locomotion 
 
Prediction 2: Pressures exerted during below-branch 
locomotion will be greater than those exerted during 
both vertical and above-branch locomotion 

H2: Grasping pressures exerted during 
‘transitional locomotion’ are higher than 
stereotypical locomotion at the same orientation 

Prediction 1: Running, above-branch leaping, above-
branch landing and above-branch turning exert higher 
pressures than above-branch locomotion. 
 
Prediction 2: Vertical-branch leaping and vertical-
branch landing exert higher pressures than vertical-
branch locomotion. 
 
Prediction 3: Below-branch flipping will exert higher 
pressures than below-branch locomotion 

H3: Phalangeal curvature is positively correlated 
with high digital grasping pressures 

Prediction 1: Phalangeal curvature will show 
increasingly higher R values when regressed against 
higher digital pressures. 

H4: Morphological patterns observed in the 
experimental sample persist in wild caught 
populations 

Prediction 1: Differences in phalangeal curvature 
among digits within autopods found in the Duke 
sample will also be present in the comparative sample. 
 
Prediction 2: Differences in phalangeal curvature 
among digits across autopods found in the Duke 
sample will also be present in the comparative sample. 

Table 2.7: The four hypotheses tested by this project and their accompanying predictions. 
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In describing details of hand/footfall patterns as they vary within and across 

behaviors, species and autopods, comparisons can be considered in two sets, the first 

being one of more general anatomic region, in which pressure across the entire autopod 

(overall pressure), first digit pressure and lateral digit pressure (as a whole) were cross-

compared to each other, and the second set being one in which the pressures exerted by 

each individual digit were cross-compared to each other. These two sets will be 

repeatedly referred to throughout the description of the statistical analyses applied to this 

data set as anatomical set 1 and anatomical set 2, respectively. Conducting the analyses in 

this way allowed for the examination of the utility of pooling digits, by facilitating 

comparisons of results between anatomical set one (in which all lateral digits are 

considered together) and set two (in which they are considered individually). All 

hypotheses were tested in both the hand and the foot. All statistics were run in R, using 

the SMATR, MASS, and PSYCH libraries as well as additional code composed 

specifically for this study that ran multiple pairwise ANOVAs (Mann-Whitney) at once. 

The alpha level was set at ≤ 0.05 for all tests of significance. 

 

H1: Grasping pressure increases with increasing substrate orientation. 

In accordance with the hypothesis, it is predicted that pressures exerted during 

vertical-branch locomotion will be greater than those during above-branch locomotion, 

and pressures exerted during below-branch locomotion will be the highest of all.  

Within Individuals: Mann-Whitney U tests were used to test for differences 

among autopodal maximum average pressures at the same behavior across orientations. 
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These comparisons were performed for all elements (individual digits and autopodal 

regions) in both anatomical sets within autopod across behavior to determine which 

behaviors elicited the highest pressures at different anatomical regions for each 

individual. 

 Within Species: Mann-Whitney U tests were used to test for differences among 

autopodal maximum average pressures at the same behavior across orientations. These 

comparisons were performed for all elements in both anatomical sets within autopod 

across behavior to determine which behaviors elicited the highest pressures at different 

anatomical regions for each species. 

 Within Taxon: Mann-Whitney U tests were used to test for differences among 

autopodal maximum average pressures at the same behavior across orientations. These 

comparisons were performed for all elements in both anatomical sets within autopod 

across behavior to determine which behaviors elicited the highest pressures at different 

anatomical regions across all three species. 

 

H2: Grasping pressures exerted during ‘transitional locomotion’ are higher than 

stereotypical locomotion at the same orientation. 

In accordance with the hypothesis, it is predicted that running, above-branch 

leaping and landing, and above-branch turning will exert higher pressures than above-

branch locomotion, vertical-branch leaping and landing will exert higher pressures than 

vertical-branch locomotion, and below-branch flipping will exert higher pressures than 

below-branch locomotion. 



72 

 

Within Species: Scatter plots were used to illustrate differences in maximum 

average pressure magnitude exerted at various anatomical regions across behaviors at the 

same orientation. Mann-Whitney U tests were used to compare the pressures exerted 

during transitional behaviors across anatomical region within anatomical sets. 

Comparisons were performed for all elements in both sets of anatomical regions within 

autopod within orientation to identify any transitional behaviors in which pressures were 

greater than stereotypical locomotion at the same orientation within each species. Low Ns 

made individual analyses unlikely to yield worthwhile results. 

Within Taxon: Scatter plots were used to illustrate differences in pressure 

magnitude exerted at various anatomical regions across behaviors. Comparisons were 

performed for all elements in both sets of anatomical regions within autopod within 

orientation to identify any transitional behaviors in which pressures were greater than 

stereotypical locomotion at the same orientation across all three species. 

 

H3: Phalangeal curvature is positively correlated with high digital grasping pressures. 

In accordance with the hypothesis, it is predicted that phalangeal curvature will 

show increasingly higher R values when regressed against higher digital pressures, with 

the highest pressures demonstrating the highest correlation. Regressions will also be 

performed for curvature against the maximum average pressure exerted across all 

behaviors. It should also be noted that, while digits that were never employed by any 

individual in a species during a particular behavior were excluded from those related 

analyses, a value of 0 kPa was assigned to digits that were not engaged during a 

particular pass.   
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Within Individuals: Pearson’s R was calculated to compare curvature to the mean 

maximum average pressure exerted by each digit within autopod within behavior to 

determine which behaviors exhibited the most significant correlations. Significant 

correlations were displayed graphically as a reduced major axis linear regression to 

illustrate these relationships within individuals. 

Within Species: Pearson’s R was calculated to compare curvature to the mean 

maximum average pressure within digit within behavior and within autopod within 

behavior to determine which behaviors exhibited the most significant correlations. 

Significant correlations were displayed graphically as a reduced major axis linear 

regression to illustrate these relationships within each species. 

Within Taxon: Pearson’s R was calculated to compare curvature to the mean 

maximum average pressure and within digit within behavior and within autopod within 

behavior to determine which behaviors exhibited the most significant correlations. 

Significant correlations were displayed graphically as a reduced major axis linear 

regression to illustrate relationships across all three species. 

 

H4: Morphological patterns observed in the experimental sample persist in wild caught 

populations. 

 In accordance with the hypothesis, it is predicted that morphological patterns of 

curvature will be the same in the wild sample as they are in the Duke sample.  

Within Species: Jitter plots were used to illustrate differences in curvature by 

digit. Mann-Whitney U tests were used to test for significant differences in curvature 

within samples to identify morphological patterns within samples, and between Duke 
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samples and wild samples via pairwise comparisons of individual digits and samples 

pooled by autopod to determine if the two samples were significantly different at the 

species level. 

Across Species: Jitter plots were used to illustrate differences in curvature by 

digit. Mann-Whitney U tests were used to test for significant differences in curvature 

within and between Duke samples and wild samples via pairwise comparisons of 

individual digits and samples pooled by autopod to identify across-species morphological 

patterns. 

Within Taxon: Jitter plots were used to illustrate differences in curvature by digit. 

Mann-Whitney U tests were used to test for significant differences in curvature within 

and between Duke samples and wild samples via pairwise comparisons of individual 

digits and samples pooled by autopod to identify morphological patterns that persist at 

the taxon level. 

 

Descriptive Statistics 

 In addition to the four testable hypotheses stated above, a number of descriptive 

statistical analyses were performed. These analyses provided a greater context for 

understanding the behaviors performed here, and function as the first quantitative 

description of digit use in these species at these three substrate orientations. 

Within Individual: Percentages of contribution of the identified anatomical 

regions to  each type of grasp (classed by behavior) were calculated to demonstrate basic 

differences in autopod use within autopod across orientation and across autopod within 

orientation at each behavior. Mean maximum average pressures (the mean of the 
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maximum average pressures collected as described above) and standard errors for each 

behavior were used to describe the pressure exerted at each region for each behavior. 

Mann-Whitney U tests were used to compare the pressures exerted by the two sets of 

anatomical regions (as described above) in the following ways: within autopod within 

behavior and across autopod within behavior to identify differences in autopod use within 

and across autopods for each individual. 

Across Individuals: Comparisons of maximum average pressures were made 

across individuals with Mann-Whitney U tests in accordance with the two sets of 

anatomical regions within autopod within behaviors and across autopods within 

behaviors to identify which individuals exerts the highest pressures at each orientation. 

Within Species: Comparisons of maximum average pressures were made within 

species (with all individuals pooled) with Mann-Whitney U tests for both sets of 

anatomical regions. These comparisons were made within autopod within behavior and 

across autopod within behavior to identify differences in autopod use within and across 

autopods for each species. 

Across Species: Comparisons of maximum average pressure were made with 

Mann-Whitney U tests within autopod within behavior and across autopod within 

behavior to identify which species exerts the highest pressures at each orientation. 

Within Taxon: Comparisons of maximum average pressure were made with 

Mann-Whitney U tests within autopod within behavior and across autopod within 

behavior to identify differences in autopod use within and across autopods for all three 

species pooled. 
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The relationship between pressure magnitude and size 

Because locomotor patterns can vary with size (e.g. Fleagle 1976; Fleagle & 

Mittermeier 1980), the 100% difference in body size between L. catta and P. coquereli 

necessitates a consideration of the possibility of an allometric effect of body size on 

digital pressure output. Coupled with the intermediate body size of V. rubra, such a 

relationship could have implications for the distribution of relative grasping pressures in 

larger arboreal primates, such as apes. Therefore, the relationship between digit pressure 

and digit length, body mass, and overall autopod pressure and body mass were explored. 

Within Individual: Pearson’s R was used to characterize the relationship between 

average pressure and individual digit length within autopod within behavior. 

Within Species: Pearson’s R was used to characterize the relationship between 

average pressure and individual digit length within autopod within behavior.  

 Within Taxon: Pearson’s R was used to characterize the relationship between 

average pressures assigned to all elements in the two sets of anatomical regions and body 

mass, as well as that between average pressure and individual digit length within autopod 

within behavior. 
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CHAPTER 3: TESTING THE HYPOTHESES 

 

 

 

 

Chapter Summary: Results for the 4 tested hypotheses are presented as tables and 

figures. Hypothesis 1 states that grasping pressure increases with substrate orientation, 

and was tested with a series of ANOVAs (p≤0.05) at within individual, within species, 

and within taxon levels. Hypothesis 2 states that pressures exerted during transitional 

behaviors are higher than that exerted during locomotor behaviors at the same 

orientation, and was tested with a series of ANOVAs (p≤0.05) and distribution 

comparison via jitter plot. Hypothesis 3 states that phalangeal curvature correlates most 

closely to the highest digital grasping pressures, and was tested with a series of Pearson’s 

correlations and reduced major axis regressions. Hypothesis 4 states that morphological 

patterns present in the experimental sample will match those in a museum sample of 

wild-caught individuals, and was tested with a series of ANOVAs (p≤0.05) and 

distribution comparison via jitter plot. 
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 Results will often be discussed as anatomical set 1 and anatomical set 2. Set 1 

refers to the palmar/plantar region, first digit, and lateral digits pooled. Anatomical set 2 

is all 5 digits analyzed individually. 

 

 

3.1: Grasping Pressures Increase with Substrate Orientation 

 

Within Individual 

Lemur: When considering anatomical set one, Birgitta, Gretl and Johan exerted 

significantly greater overall manual pressure during above-branch locomotion than 

vertical-branch locomotion. For manual lateral digits, Birgitta exerts significantly greater 

above-branch pressure than vertical pressure. For pedal overall pressure, Birgitta exerts 

significantly greater pressure during above and vertical-branch locomotion than below-

branch locomotion and Rolfe exerts significantly greater above-branch pressure than 

vertical-branch pressure. Johan exerts significantly greater pressure with the hallux 

during vertical-branch locomotion than above-branch locomotion. Rolfe exerts 

significantly greater lateral digit pressure during above-branch locomotion than vertical-

branch locomotion (Table 3.1). 
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When considering anatomical set two, Birgitta exerts significantly greater 

pressure with manual digit 2 during above-branch locomotion than vertical-branch 

locomotion, and Johan does so with pedal digit 2 (Table 3.2). 

 Propithecus:  When considering anatomical set one, Matilda exerts significantly 

greater manual overall pressure during below-branch locomotion than vertical-branch 

locomotion and Romulus exerts significantly greater manual overall pressure during 

above and below-branch locomotion than vertical. Matilda exerts significantly greater 

manual lateral digital pressure during below-branch locomotion than above-branch 

locomotion, and Pompeia and Romulus exert significantly greater manual lateral digital 

pressure during below-branch locomotion than both above and vertical-branch 

locomotion (Table 3.3). In the foot, Lucius exerts significantly greater overall pressures 

during above-branch locomotion than vertical. Matilda exerts significantly greater overall 

above-branch pressure than vertical-branch pressure. Pompeia and Romulus exert 

significantly greater overall above-branch pressure than below or vertical-branch 

pressure. Lucius exerts significantly greater hallucal pressure during vertical-branch 

locomotion than above-branch locomotion. Romulus exerts significantly greater lateral 

digital pressures during below-branch locomotion than vertical-branch locomotion (Table 

3.3). 

When considering anatomical set two, Romulus exerts significantly greater 

pressure with manual digit 2 during vertical-branch locomotion than above-branch 

locomotion (Table 3.4).
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 Parameter Above vs 
Below 

Above vs 
Vertical 

Below vs 
Vertical 

Birgitta Overall 0.34, 0.01 <0.01, 0.20 0.13, 0.04 
first Digit 0.20, 0.27 0.38, 0.94 0.06, 0.22 

Lateral Digits 0.09, 0.79 0.05, 0.41 0.83, 0.60 
Gretl Overall 0.06, 0.90 <0.01, 1.00 0.09, 1.00 

first Digit NA, NA 0.20, 0.28 NA, NA 
Lateral Digits NA, NA NA, 0.41 0.13, NA 

Johan Overall 0.38, NA <0.01, 0.07 0.18, NA 
first Digit NA, NA NA, 0.05 NA, NA 

Lateral Digits NA, NA 0.84, 0.41 NA, NA 
Rolfe Overall 0.92, 0.05 0.30, 0.01 0.26, 0.90 

first Digit NA, 0.38 NA, 0.06 NA, 0.90 
Lateral Digits 0.27, 0.10 0.54, 0.01 0.23, 0.49 

Table 3.1: Lemur catta within individual p-values for mean regional pressures (kPa) across substrate (hand, foot). 

 

 Digit Above vs 
Below 

Above vs 
Vertical 

Below vs 
Vertical 

Birgitta 2 0.25, 0.68 0.04, 0.10 0.78, 0.72 
3 NA, NA NA, NA 0.78, 0.79 
4 NA, NA NA, NA 0.64, 1.00 

Gretl 2 NA, NA NA, 0.41 NA, NA 
3 NA, NA NA, NA 0.13, NA 

Johan 2 NA, NA 0.43, 0.03 NA, NA 
3 NA, NA 0.28, 0.09 NA, NA 

Rolfe 2 0.80, 0.26 0.63, 0.14 1.00, 1.00 
3 NA, NA NA, NA 0.07, 0.53 
4 NA, NA NA, NA 0.80, 1.00 

Table 3.2: Lemur catta within individual p-values for mean digital pressures (kPa) across substrate (hand, foot) 
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 Parameter Above vs 
Below 

Above vs 
Vertical 

Below vs 
Vertical 

Lucius Overall NA, NA 0.62, <0.01 NA, NA 
first Digit NA, NA 1.00, 0.02 NA, NA 

Lateral Digits NA, NA 0.22, 0.50 NA, NA 
Matilda Overall 0.33, 0.06 0.07, <0.01 0.04, 0.36 

first Digit NA, 0.86 0.18, 0.33 NA, 0.33 
Lateral Digits 0.02, 0.80 0.97, 0.63 0.03, 0.47 

Pompeia Overall 0.76, <0.01 0.81, <0.01 0.14, 0.09 
first Digit NA, 1.00 0.53, 1.00 NA, 0.10 

Lateral Digits 0.04, 1.00 1.00, 1.00 <0.01, 0.85 
Romulus Overall 0.62, <0.01 <0.01, 0.01 0.02, 0.07 

first Digit 0.08, 0.08 0.70, 0.33 0.07, 0.09 
Lateral Digits 0.03, 0.27 0.33, 0.53 0.05, 0.01 

Table 3.3: Propithecus coquereli within individual p-values for mean regional pressures (kPa) across substrate 

 

 Digit Above vs 
Below 

Above vs 
Vertical 

Below vs 
Vertical 

Lucius 2 NA, NA 0.11, 0.63 NA, NA 
3 NA, NA 1.00, 0.86 NA, NA 

Matilda 2 0.42, NA 0.31, 0.51 0.29, NA 
3 0.20, NA 0.09, NA 0.07, 0.89 

Pompeia 2 NA, 1.00 0.86, 0.86 NA, 1.00 
3 NA, NA NA, NA 0.11, 0.79 
4 NA, NA NA, NA 0.13, NA 

Romulus 2 0.04, 0.20 0.17, 0.28 0.29, 0.59 
3 NA, 0.10 NA, 0.57 0.37, 0.17 
4 NA, 0.13 NA, 1.00 0.01, 0.13 

Table 3.4: Propithecus coquereli within individual mean digital pressures (kPa) across substrate 
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Varecia: For anatomical set one, Aries and Phoebe exert significantly greater overall 

manual pressure during above-branch locomotion than both below and vertical. Esther 

and OJ exert significantly greater overall manual pressure during above-branch 

locomotion than vertical-branch locomotion. Phoebe exerts significantly greater pollical 

pressure during above-branch locomotion than vertical-branch locomotion. Aries and 

Phoebe exert significantly greater manual lateral digital pressure during below-branch 

locomotion than vertical. OJ exerts significantly greater manual lateral digital pressure 

during vertical-branch locomotion than above (Table 3.5). Aries exerts significantly 

greater overall pedal pressure during above-branch locomotion than both below and 

vertical-branch locomotion. OJ exerts significantly greater overall pedal pressure during 

above-branch locomotion than vertical. OJ and Phoebe exert significantly greater hallucal 

pressure during vertical-branch locomotion than below-branch locomotion. Esther exerts 

significantly greater pedal lateral digital pressure during below-branch locomotion than 

vertical (Table 3.5). 

 Aries exerts significantly greater manual digital pressure during below-branch 

locomotion than vertical-branch locomotion with digit 2 and 4 (Table 3.6). 
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Within Species 

 Lemur:  When considering anatomical set one, overall manual pressures are 

significantly greater during above and below-branch locomotion than vertical-branch 

locomotion. Lateral manual above-branch digital pressures are significantly greater than 

vertical. Overall pedal pressures are significantly greater during above-branch locomotion 

than vertical-branch locomotion. Vertical-branch hallucal pressures are significantly 

greater than above-branch hallucal pressures. Lateral pedal digital pressures are 

significantly greater during below and vertical-branch locomotion than above-branch 

locomotion (Table 3.7). 

 When considering anatomical set two, manual digit 2 exerts significantly greater 

pressure during above-branch locomotion than during vertical-branch locomotion (Table 

3.8).
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 Parameter Above vs Below Above vs Vertical Below vs Vertical 
Aries Overall 0.09, <0.01 <0.01, <0.01 <0.01, 0.29 

first Digit 0.07, 0.43 0.09, 0.28 0.44, 0.49 
Lateral Digits 0.18, 0.46 0.92, 0.86 <0.01, 0.82 

Esther Overall 0.21, 0.39 0.03, 0.76 0.46, 0.38 
first Digit 0.39, 0.70 0.38, 0.79 0.38, 0.93 

Lateral Digits NA, 0.86 NA, 0.23 0.84, 0.02 
OJ Overall 0.27, 0.93 0.04, 0.05 0.36, 0.28 

first Digit 0.53, 0.07 0.56, 0.28 0.86, 0.02 
Lateral Digits 0.06, 0.10 0.04, 0.68 0.89, 0.09 

Phoebe Overall 0.79, 0.23 0.01, 0.07 0.03, 0.76 
first Digit 0.20, 0.25 0.03, 0.25 0.61, 0.02 

Lateral Digits 0.91, NA 0.13, NA 0.01, 0.53 
Table 3.5: Varecia rubra within individual p-values for mean regional pressures (kPa) across substrate 

 

 

 Digit Above vs Below Above vs Vertical Below vs Vertical 
Aries 2 0.39, 0.46 1.00, 0.9 0.02, 0.86 

3 NA, NA NA, NA 0.11, 0.27 
4 NA, NA NA, NA 0.01, 1.00 
5 NA, NA NA, NA 0.10, NA 

Esther 2 NA, NA NA, 0.80 0.66, NA 
3 NA, NA NA, NA 0.53, 0.23 
4 NA, NA NA, NA 0.65, 0.07 
5 NA, NA NA, NA 0.53, NA 

OJ 2 0.86, NA 0.35, 0.94 0.55, NA 
3 0.11, NA 0.13, NA 0.57, 0.80 
4 NA, NA NA, NA 0.91, 0.10 
5 NA, NA NA, NA NA, NA 

Phoebe 2 0.80, NA 0.29, NA 0.26, 0.10 
3 NA, NA NA, NA 0.39, 0.80 
4 NA, NA NA, NA 0.23, NA 

Table 3.6: Varecia rubra within individual p-values for mean digital pressures (kPa) across substrate 
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 Parameter Above vs Below Above vs Vertical Below vs Vertical 
Lemur Overall 0.52, 0.38 <0.01, 0.02 0.01, 0.25 

first Digit 1.00, 0.35 0.25, 0.01 0.25, 0.27 
Lateral Digits 0.25, 0.03 0.03, 0.02 0.47, 0.80 

Propithecus Overall 0.43, <0.01 <0.01, <0.01 <0.01, 0.68 
first Digit 0.25, 0.62 0.77, 0.01 0.25, 0.02 

Lateral Digits 0.03, 0.15 0.01, 0.30 0.07, 0.28 
Varecia Overall 0.02, 0.02 <0.01, <0.01 <0.01, 0.53 

first Digit 0.05, 0.23 0.19, 0.08 0.63, 0.01 
Lateral Digits 0.11, 0.07 0.77, 0.63 0.01, 0.41 

Table 3.7: Within species p-values for mean regional pressures (kPa) across substrate (hand, foot) 

 

 

 

 

  Above vs Below Above vs Vertical Below vs Vertical 
Lemur 2 0.63, 0.81 0.03, 0.64 1.00, 0.30 

3 1.00, NA 0.25, 0.50 0.47, 0.50 
4 NA, NA NA, NA 0.38, 1.00 

Propithecus 2 0.03, 0.81 0.33, 0.63 0.23, 0.20 
3 0.16, 0.75 0.09, 0.56 0.07, 0.70 
4 0.50, 1.00 1.00, 1.00 0.05, 0.12 
5 1.00, NA NA, NA NA, NA 

Varecia 2 0.20, 0.16 0.62, 0.62 0.77, 0.16 
3 0.25, NA 0.75, NA 0.06, 0.05 
4 NA, NA NA, 1.00 0.10, 0.02 

Table 3.8: Within species p-values for mean digital pressure (kPa) across substrate (hand, foot)
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 Propithecus:  When considering anatomical set one, manual overall pressures are 

significantly greater during above and below-branch locomotion than vertical-branch 

locomotion. Manual lateral digital pressures are significantly greater during both below 

and vertical-branch pressure than during above-branch locomotion. Pedal overall 

pressures are significantly greater during above-branch locomotion than below or 

vertical. Hallucal pressures are higher during above and below-branch locomotion than 

vertical-branch locomotion. Lateral pedal digital pressures are significantly greater during 

vertical-branch locomotion than above-branch locomotion, and significantly greater 

during below-branch locomotion than vertical-branch locomotion (Table 3.7). 

 When considering anatomical set two, manual digit 2 exerts significantly greater 

pressure during below-branch locomotion than above-branch locomotion. Manual digit 4 

exerts significantly greater pressure during below-branch locomotion than vertical-branch 

locomotion (Table 3.8). 

 Varecia:  For anatomical set one, manual overall above-branch pressures are 

significantly greater than both below and vertical-branch, and below-branch pressures are 

significantly greater than vertical-branch pressures. Above-branch pollical pressures are 

significantly greater than below-branch pollical pressures. Manual lateral digital 

pressures are significantly greater during below-branch locomotion than vertical-branch 

locomotion. Pedal overall pressures are higher during above-branch locomotion than both 

below and vertical. Hallucal pressures are higher during vertical-branch locomotion than 

below-branch locomotion (Table 3.7).  
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 When considering anatomical set two, pedal digits 3 and 4 exert significantly 

greater pressures during below-branch locomotion than vertical-branch locomotion 

(Table 3.8). 

 

Within Taxon 

 For anatomical set one, overall manual pressures are significantly greater during 

above and below-branch locomotion than vertical-branch locomotion. Both above and 

vertical-branch pollical pressures are significantly greater than below-branch pollical 

pressures. Manual lateral digital pressure is significantly greater during below-branch 

locomotion than vertical-branch locomotion. Overall pedal pressures are significantly 

greater during above-branch locomotion than both below and vertical. Above-branch 

hallucal pressures are significantly greater than below-branch hallucal pressures but 

lower than vertical-branch pressures, and vertical-branch pressures are higher than 

below-branch pressures (Table 3.9).  

 When considering anatomical set two, below-branch manual digit 3 pressures are 

significantly greater than above and vertical-branch pressures, and vertical-branch 

pressures for manual digit 3 are significantly greater than above-branch. Below-branch 

manual digit 4 pressures are significantly greater than vertical pressures. Pedal digit 2 

exerts significantly greater pressure during above-branch locomotion than below-branch 

locomotion (Table 3.9). 
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 Above vs Below Above vs Vertical Below vs Vertical 
Overall 0.13, <0.01 <0.01, <0.01 0.01, 0.25 

first Digit <0.01, <0.01 0.09, 0.01 0.02, <0.01 
Lateral Digits 0.06, 0.33 0.92, 0.13 <0.01, 1.00 

2nd Digit 0.63, 0.03 0.81, 0.12 0.66, 0.29 
3rd Digit 0.01, 0.21 0.02, 0.29 <0.01, 0.66 
4th Digit NA, 0.29 NA, 0.57 0.01, 0.09 
5th Digit NA, NA NA, NA 0.40, NA 

Table 3.9: Within taxon p-values for mean regional and digital pressures (kPa) across substrate 

 

 

3.2: Transitional Behaviors Exert Higher Pressures Than Stereotypic Motion 

 

 Transitional behaviors include turning, which is a 180° change of position on an 

above-branch substrate, flipping, which is a transition from below-branch to above-

branch position on the below-branch substrate, jumping, which is a leap off the above-

branch or vertical-branch substrate, landing, which is returning from a jump onto an 

above-branch or vertical-branch substrate, and running, which was motion on the above-

branch substrate that was fast enough to require the transition to a lateral sequence gait 

(both limbs on one side move, and then both contralateral limbs move). 

 

Within Species 

 Lemur:  There were no significant differences in mean pressure (Table 3.10, 

Table 3.11)) across any anatomical regions during any of the transitional behaviors for 

Lemur catta. 



89 

 

 

 Overall first Digit Lateral Digits Digit 2 Digit 3 Digit 4 Digit 5 
Flipping (Mean, SE) Lemur Rear 21.46, 2.70 28.07, 11.26 19.55, 4.33 9.55, 3.14 18.32, 3.03 13.58, 5.18 18.58, 11.46 

Varecia Front 31.97, 6.71 NA, NA 27.1, 4.01 6.16, 2.82 8.29, 1.60 20.38, 7.68 NA, NA 
Above Jumping (Mean, SE) Lemur Rear 44.75, 17.21 6.35, 0.73 24.27, 4.32 25.3, 24.9 19.61, 8.98 NA, NA NA, NA 

Propithecus Rear 34.11, 3.04 33.66, 11.34 12.13, 4.70 3.91, 1.06 12.69, 7.55 NA, NA NA, NA 
Vertical Jumping (Mean, SE) Lemur Rear 23.32, 6.71 32.19, 12.98 21.87, 5.38 14.64, 6.11 11.47, 5.57 NA, NA NA, NA 

Propithecus Front 10.97, 4.39 10.00, 9.41 5.04, 0.40 4.22, 0.85 9.15, 5.95 4.57, 1.28 NA, NA 
Above Landing (Mean, SE) Propithecus Rear 55.24, 25.52 15.80, 1.98 25.64, 19.40 NA, NA NA, NA NA, NA NA, NA 

Vertical Landing (Mean, SE) Propithecus Rear 14.24, 4.29 6.79, 0.04 10.36, 1.87 NA, NA NA, NA NA, NA NA, NA 
Running (Mean, SE) Lemur Front 23.15, 6.58 NA, NA 27.83, 4.94 17.24, 5.96 35.50, 16.03 NA, NA NA, NA 

Lemur Rear 21.71, 12.72 9.66, 4.05 18.07, 14.46 NA, NA NA, NA NA, NA NA, NA 
Propithecus Rear 27.30, 2.72 19.28, 4.39 9.00, 1.80 9.82, 2.43 2.84, 1.42 2.22, 2.05 2.91, 0.63 

Turning (Mean, SE) Lemur Front 31.76, 9.29 18.94, 17.59 NA, NA NA, NA NA, NA NA, NA NA, NA 
Lemur Rear 29.35, 2.03 NA, NA NA, NA NA, NA NA, NA NA, NA NA, NA 

Propithecus Rear 25.78, 13.6 5.86, 2.15 12.97, 9.34 4.05, 0.42 NA, NA NA, NA NA, NA 
Varecia Rear 32.37, 1.65 20.79, 4.68 11.26, 3.51 13.62, 5.87 NA, NA NA, NA NA, NA 

Table 3.10: Within species mean regional and digital pressures and SE for transitional behaviors 
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  Overall vs 
D1 

Overall vs 
LDs 

D1 vs 
LDs 

D1 vs 
D2 

D1 vs 
D3 

D1 vs 
D4 

D1 vs 
D5 

D2 vs 
D3 

D2 vs 
D4 

D2 vs 
D5 

D3 vs 
D4 

D3 vs 
D5 

D4 vs 
D5 

Flipping Lemur Rear 1.00 0.77 0.69 0.20 0.69 0.69 0.80 0.11 0.69 0.13 0.49 0.13 0.13 
Varecia Rear NA 0.82 NA NA NA NA NA 0.70 0.40 NA 0.70 NA NA 

Above 
Jumping 

Lemur Rear 0.10 0.80 0.20 1.00 1.00 1.00 NA 1.00 1.00 NA 1.00 NA NA 
Propithecus 

Rear 
0.66 0.01 0.19 0.04 0.38 NA NA 0.40 NA NA NA NA NA 

Vertical 
Jumping 

Propithecus 
Rear 

1.00 0.35 1.00 1.00 1.00 1.00 NA 1.00 1.00 NA 1.00 NA NA 

Above 
Landing 

Propithecus 
Rear 

0.10 0.80 1.00 NA NA NA NA NA NA NA NA NA NA 

Vertical 
Landing 

Propithecus 
Rear 

0.33 0.67 0.33 NA NA NA NA NA NA NA NA NA NA 

Running Lemur Front NA 0.82 NA NA NA NA NA 0.40 NA NA NA NA NA 
Lemur Rear 0.80 0.51 0.80 NA NA NA NA NA NA NA NA NA NA 
Propithecus 

Rear 
0.16 <0.01 0.11 0.16 0.02 0.07 0.15 0.06 0.15 0.15 0.80 1.00 1.00 

Turning Lemur Front 0.55 NA NA NA NA NA NA NA NA NA NA NA NA 
Propithecus 

Rear 
0.33 0.67 1.00 0.67 NA NA NA NA NA NA NA NA NA 

Varecia Rear 0.33 0.33 0.33 0.67 NA NA NA NA NA NA NA NA NA 
Table 3.11: Within species p-values for mean regional and digital pressures (kPa) comparing locomotion to transitional behaviors (D=digit, LD=digits2-5 pooled
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When comparing flipping pressures to below-branch locomotor pressures, overall 

pedal flipping pressures all tended to be higher than locomotor pressures, and most 

hallucal and lateral flipping digit pressures were higher or near the high end of the 

locomotor pressure range (Figure 3.1). For anatomical set two, pressures for pedal digits 

3 and 4 were within or above the high end of the locomotor range (Figure 3.2). 

When comparing above-branch jumping to above-branch locomoting, manual 

overall (Figure 3.3) and pedal overall pressures are higher than the range described by 

locomoting pressures (Figure 3.4). When considering anatomical set two, both pedal 

digits 2 and 3 exert pressures during jumping that are above the range of those digits 

during above-branch locomotion (Figure 3.5). For vertical-branch jumping, pedal overall 

pressures are above the range of vertical-branch locomotion (Figure 3.6), but individual 

digital pressures are not (Figure 3.7). 

When engaged in above-branch landing, overall pedal, hallucal and lateral pedal 

digit pressures all tend to be higher than above-branch locomotor pressures (Figure 3.8).  

When running on the above-branch substrate, no manual regional (Figure 3.9) or 

individual digit pressures (Figure 3.10) are consistently higher than above-branch 

locomotor pressures. Pedal overall and lateral digital pressures were occasionally higher 

than the above-branch locomotor range. During above-branch running, hallucal pressures 

are consistently above the range of above-branch locomoting pressures (Figure 3.11). 

Only pedal digit 4 exerts pressures above the range of above-branch locomotion (Figure 

3.12).
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Figure 3.1: Lemur catta mean pedal regional pressures (kPa) for flipping and below-branch locomotion. 

 

 

Figure 3.2: Lemur catta mean pedal digital pressures (kPa) for flipping and below-branch locomotion 
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Figure 3.3: Lemur catta mean manual regional pressures (kPa) for above-branch locomotion and above-branch 
jumping. 

 
Figure 3.4: Lemur catta mean pedal regional pressures (kPa) for above-branch locomotion and above-branch 

jumping 
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Figure 3.5: Lemur catta mean pedal digital pressures (kPa) for above-branch locomotion and above-branch 
jumping 

 
Figure 3.6: Lemur catta mean pedal regional pressures (kPa) for vertical-branch locomotion and vertical-branch 

jumping 
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Figure 3.7: Lemur catta mean pedal digital pressures (kPa) for vertical-branch locomotion and vertical-branch 
jumping. 

 
Figure 3.8: Lemur catta mean pedal regional pressures (kPa) for above-branch locomotion and above-branch 

landing. 
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Figure 3.9: Lemur catta mean manual regional pressures (kPa) for above-branch locomotion and above-branch 
running. 

 
Figure 3.10: Lemur catta mean manual digital pressures (kPa) for above-branch locomotion and above-branch 

running. 
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Figure 3.11: Lemur catta mean pedal regional pressures (kPa) for above-branch locomotion and above-branch 
running. 

 

Figure 3.12: Lemur catta mean pedal digital pressures (kPa) for above-branch locomotion and above-branch 
running. 
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During turning on the above-branch substrate in the hand, only the pollex exerted 

pressures above the range of above-branch locomotion (Figure 3.13). No regions (Figure 

3.14) in the foot exerted pressures outside the above-branch locomotor range. 

 Propithecus: During jumping from the above-branch substrate Propithecus 

exerted significantly greater pedal pressures with the overall autopod than with the lateral 

digits, and significantly greater pressures with the hallux than pedal digit 2. During 

running, overall pedal pressures are significantly greater than lateral digit pressures, and 

hallucal pressures are significantly greater than pedal digit 3 (Table 3.10, Table 3.11). 

 During above-branch jumping, pollical pressures are above the high end of the 

above-branch locomotor range (Figure 3.15), as are hallucal pressures (Figure 3.16). 

Pedal digit 2 exerts above-branch jumping pressures that are at or above the high end of 

the above-branch locomotor range (Figure 3.17). During vertical branch jumping, manual 

and pollical pressures extend above the vertical-branch locomotor range (Figure 3.18), 

but the lateral manual digits do not (Figure 3.19). No vertical-branch jumping pedal 

pressures are consistently higher than vertical-branch locomoting pressures (Figure 3.20). 

 During above-branch running, only hallucal pressures are consistently higher than 

hallucal above-branch locomotor pressures (Figure 3.21, Figure 3.22) 

During above-branch turning overall pedal, hallucal and lateral digital pressures 

all extend higher than the above-branch locomotor range (Figure 3.23), but individual 

pedal digits do not (Figure 3.24). 
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 Varecia:  There were no significant differences across any anatomical regions 

during any of the transitional behaviors for Varecia rubra (Table 3.10, Table 3.11).  

 

 
Figure 3.13: Lemur catta mean manual regional pressures (kPa) for above-branch locomotion and above-branch 

turning. 
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Figure 3.14: Lemur catta mean pedal regional pressure (kPa) for above-branch locomoting and above-branch 
turning 

 
Figure 3.15: Propithecus coquereli mean manual regional pressures (kPa) for above-branch locomotion and 

above-branch jumping 
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Figure 3.16: Propithecus coquereli mean pedal regional pressures (kPa) for above-branch locomotion and above-
branch jumping 

 
Figure 3.17: Propithecus coquereli mean pedal digital pressures (kPa) for above-branch locomotion and above-

branch jumping. 
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Figure 3.18: Propithecus coquereli mean manual regional pressures (kPa) for vertical-branch locomotion and 
vertical-branch jumping. 

 
Figure 3.19: Propithecus coquereli mean manual digital pressures (kPa) for vertical-branch locomotion and 

vertical-branch jumping. 
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Figure 3.20: Propithecus coquereli mean pedal regional pressures (kPa) for vertical-branch locomotion and 
vertical-branch landing. 

 
Figure 3.21: Propithecus coquereli mean pedal regional pressures (kPa) for above-branch locomotion and above-

branch running. 
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Figure 3.22: Propithecus coquereli mean pedal digital pressures (kPa) for above-branch locomotion and above-
branch running. 

 
Figure 3.23: Propithecus coquereli mean pedal regional pressures (kPa) for above-branch locomotion and above-

branch turning 
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Figure 3.24: Propithecus coquereli mean pedal digital pressures (kPa) for above-branch locomotion and above-
branch turning 

 

When comparing flipping pressures to below-branch locomotor pressures, overall 

manual and lateral digit pressures are equal to or higher than the highest values in the 

locomotor range (Figure 3.25). For anatomical set two, only digit 5 exerted pressure 

higher than the below-branch locomotor range (Figure 3.26). 

 When engaged in above-branch turning, pedal overall and hallucal pressures both 

extend higher than the above-branch locomotor range (Figure 3.27), as does pedal digit 2 

(Figure 3.28). 
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Within Taxon 

 During leaping from the above-branch substrate, overall pedal pressure is 

significantly greater than lateral digit pressure. During turning, overall pedal pressure is 

significantly greater than both hallucal and lateral digit pressure (Table 3.12, Table 3.13). 

 When considering flipping pressures as compared to below-branch locomotion, 

overall manual and lateral digit pressures are at or above the high end of the locomotor 

range (Figure 3.29). When considering anatomical set two, only digit 5 exerts pressure 

that is higher than the locomotor range (Figure 3.30). 

 During above-branch jumping, manual overall and pollical pressures extend 

above the above-branch locomotor range (Figure 3.31). Pedal overall and hallucal 

pressures are higher than or at the high end of the above-branch locomotor range (Figure 

3.32), as are pressures for pedal digits 2 and 3 (Figure 3.33). For vertical-branch jumping, 

pollical pressure is slightly higher than vertical-branch locomotor pressure (Figure 3.34). 
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Figure 3.25: Varecia rubra mean manual regional pressures (kPa) for below-branch locomotion and below-
branch flipping. 

 
Figure 3.26: Varecia rubra mean manual digital pressures (kPa) for below-branch locomotion and below-branch 

flipping. 
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Figure 3.27: Varecia rubra mean pedal regional pressures (kPa) for above-branch locomotion and above-branch 
turning 

 
Figure 3.28: Varecia rubra mean pedal digital pressures (kPa) for above-branch locomotion and above-branch 

turning 
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 Overall first Digit Lateral Digits Digit 2 Digit 3 Digit 4 Digit 5 
Flipping (Mean, SE) Front 27.82, 6.31 NA, NA 24.16, 4.08 4.70, 2.47 10.06, 2.10 17.1, 6.35 NA, NA 

Rear 19.9, 2.61 28.47, 8.73 17.63, 3.89 8.49, 2.66 17.14, 2.63 13.98, 4.03 16.68, 9.08 
Above Jumping (Mean, SE) Rear 37.66, 5.63 23.42, 8.42 16.17, 4.08 12.46, 9.47 16.15, 5.19 NA, NA NA, NA 

Vertical Jumping (Mean, SE) Front 9.19, 3.58 10.00, 9.41 5.13, 0.30 NA, NA NA, NA NA, NA NA, NA 
Above Landing (Mean, SE) Rear 45.08, 20.71 13.60, 2.61 25.64, 19.40 NA, NA NA, NA NA, NA NA, NA 

Turning (Mean, SE) Front 26.72, 8.28 NA, NA NA, NA NA, NA NA, NA NA, NA NA, NA 
Rear 29.16, 3.77 11.76, 4.03 11.44, 3.25 8.83, 3.66 13.03, 9.57 NA, NA NA, NA 

Table 3.12: Within taxon mean regional and digital pressures (kPa) and SE for transitional behaviors. Lateral digits = digits 2-5 pooled. 

 

 

  Overall vs 
D1 

Overall vs 
LDs 

D1 vs 
LDs 

D1 vs 
D2 

D1 vs 
D3 

D1 vs 
D4 

D1 vs 
D5 

D2 vs 
D3 

D2 vs 
D4 

D2 vs 
D5 

D3 vs 
D4 

D3 vs 
D5 

D4 vs 
D5 

Flipping Front NA 0.88 NA NA NA NA NA 0.20 0.20 NA 0.89 NA NA 
Rear 0.55 0.60 0.31 0.10 0.31 0.31 1.00 0.06 0.42 0.25 0.69 0.57 0.25 

Above 
Jumping 

Rear 0.06 0.01 0.85 0.09 0.93 NA NA 0.29 NA NA NA NA NA 

Vertical 
Jumping 

Front 1.00 0.88 1.00 NA NA NA NA NA NA NA NA NA NA 

Above 
Landing 

Rear 0.11 0.80 1.00 NA NA NA NA NA NA NA NA NA NA 

Turning Front 0.64 NA NA NA NA NA NA NA NA NA NA NA NA 
Rear 0.02 0.02 1.00 0.49 0.80 NA NA 1.00 NA NA NA NA NA 

Table 3.13: Within taxon p-values comparing mean regional and digital pressures (kPa) of locomoting and transitional behaviors. D=digit, LD= digits 2-5 pooled.
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Figure 3.29: Within taxon mean manual regional pressures (kPa) for below-branch locomotion and below-
branch flipping 

 
Figure 3.30: Within taxon mean manual digital pressures (kPa) for below-branch locomotion and below-branch 

flipping
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Figure 3.31: Within taxon mean manual regional pressures (kPa) for above-branch locomotion and above-
branch jumping 

 
Figure 3.32: Within taxon mean pedal regional pressures (kPa) for above-branch locomotion and above-branch 

jumping 
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Figure 3.33: Within taxon mean pedal digital pressures (kPa) for above-branch locomotion and above-branch 
jumping 

 
Figure 3.34: Within taxon mean manual regional pressures (kPa) for vertical-branch locomotion and vertical-

branch jumping 
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 During above-branch landing, only pedal overall pressures are above the range of 

above-branch overall pedal pressures (Figure 3.35). 

 During manual above-branch turning, only the pollex exerts pressures above the 

above-branch locomotor range (Figure 3.36). In the foot, only pedal digit 2 exerts 

pressures above the above-branch locomotor range (Figure 3.37, Figure 3.38). 

 

 

 
Figure 3.35: Within taxon mean pedal regional pressures (kPa) for above-branch locomotion and above-branch 

landing 
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Figure 3.36: Within taxon mean manual regional pressures (kPa) for above-branch locomotion and above-
branch turning 

 
Figure 3.37: Within taxon mean pedal regional pressures (kPa) for above-branch locomotion and above-branch 

turning 
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Figure 3.38: Within taxon mean pedal digital pressures (kPa) for above-branch locomotion and above-branch 
turning 

 

 

3.3: Phalangeal curvature is positively correlated with the highest grasping pressure 

magnitudes. 

 

Within Individual 

 Lemur: When pooling digits by autopod, Gretl exhibits a significant negative 

correlation of pedal phalangeal curvature with below-branch locomoting pressures (Table 

3.14, Figure 3.39). 
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  Hand Foot 
ID Substrate R P R P 

Birgitta Above 0.42 0.73 0.79 0.42 
Below 0.48 0.42 0.22 0.72 

Vertical 0.48 0.42 0.71 0.18 
Gretl Above 0.89 0.30 0.61 0.58 

Below <0.01 0.99 0.90 0.04 
Vertical 0.21 0.74 0.14 0.82 

Johan Above 0.97 0.17 0.98 0.12 
Below 0.58 0.31 NA NA 

Vertical 0.69 0.19 0.34 0.57 
Rolfe Above 0.41 0.73 0.15 0.90 

Below 0.05 0.94 0.49 0.40 
Vertical 0.35 0.56 0.66 0.23 

Table 3.14: Lemur catta within individual correlations of mean digital pressures (kPa) with phalangeal 
curvature for locomotor behaviors, pooled by autopod 

 

 

 

 
Figure 3.39: Lemur catta Gretl RMA regression of pedal digital curvature to pedal digital pressure for below-

branch locomotion. R=0.90. 
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Johan exhibits a significant positive correlation of pedal phalangeal curvature 

with pedal vertical jumping pressures (Table 3.14, Figure 3.40).  

There are no significant correlations of digital curvature with maximum digital 

pressures in the hand or the foot (Table 3.14). 

 Propithecus: When pooling digits by autopod, Matilda exhibits a significant 

negative correlation of manual phalangeal curvature with above-branch locomoting 

pressures (Table 3.15, Figure 3.41). Romulus exhibits a significant negative correlation 

of pedal phalangeal curvature with above-branch locomotor pressures (Table 3.15, Figure 

3.42) and Pompeia with below-branch locomotor pressures (Table 3.15, Figure 3.43).  

Lucius exhibits a significant negative correlation of pedal phalangeal curvature 

with pedal running pressures (Table 3.15, Figure 3.44).  

Lucius and Pompeia show a significant negative correlation of pedal phalangeal 

curvature with the maximum mean pressures exerted by each digit across all behaviors 

(Table 3.14, Figure 3.45, Figure 3.46). 

 Varecia: When pooling digits by autopod (Table 3.16), Esther (Figure 3.47), and 

OJ (Figure 3.48) exhibit a significant negative correlation of pedal phalangeal curvature 

with vertical-branch locomoting pressures, and Phoebe with manual (positive) (Figure 

3.49) and pedal curvature (negative) (Figure 3.50). Phoebe also exhibits a significant 

negative correlation of pedal phalangeal curvature with above-branch locomoting 

pressures (Figure 3.51). 
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ID Behavior Autopod R P 
Birgitta Flipping Rear 0.16 0.80 

Jumping (Above) Rear 0.75 0.25 
Gretl Flipping Rear 0.48 0.41 
Johan Flipping Rear 0.32 0.60 

Jumping (Vertical) Rear 1.00 0.02 
Lucius Jumping (Above) Rear 0.96 0.18 

Jumping (Vertical) Rear 0.63 0.37 
Running Rear 0.94 0.02 

Esther Flipping Front 0.33 0.67 
OJ Flipping Front 0.58 0.61 

Table 3.15: Within individual correlations of mean digital pressures with phalangeal curvature for transitional 
behaviors, pooled by autopod 

 

 

 
Figure 3.40: Lemur catta Johan RMA regression of pedal digital curvature to pedal digital pressure for vertical-

branch jumping. R=1.00 
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  Hand Foot 
  R P R P 

Lemur Birgitta 0.45 0.44 0.62 0.26 
Gretl 0.06 0.92 <0.01 1.00 
Johan 0.08 0.84 0.66 0.27 
Rolfe 0.05 0.93 0.44 0.46 

Propithecus Lucius 0.41 0.49 0.88 0.05 
Matilda 0.15 0.80 0.46 0.44 
Pompeia 0.30 0.63 0.89 0.04 
Romulus 0.25 0.69 0.82 0.09 

Varecia Aries 0.64 0.25 0.27 0.66 
Esther 0.47 0.42 0.97 0.01 

OJ 0.53 0.36 0.81 0.09 
Phoebe 0.84 0.07 0.70 0.19 

Table 3.16: Within individual correlations of maximum digital pressures (kPa) with digital curvature, pooled by 
autopod 

 

 

 

 

 

  Hand Foot 
ID Substrate R P R P 

Lucius Above 0.80 0.10 0.61 0.27 
Below NA NA NA NA 

Vertical 0.10 0.87 0.81 0.10 
Matilda Above 0.88 0.05 0.80 0.10 

Below 0.50 0.39 0.22 0.72 
Vertical 0.21 0.74 0.86 0.06 

Pompeia Above 0.64 0.25 0.84 0.07 
Below 0.68 0.19 0.93 0.02 

Vertical 0.68 0.20 0.82 0.09 
Romulus Above 0.33 0.59 0.92 0.03 

Below 0.29 0.63 0.37 0.54 
Vertical 0.15 0.80 0.72 0.17 

Table 3.17: Propithecus coquereli within individual correlations of mean digital pressures (kPa) with digital 
curvature, pooled by autopod 
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Figure 3.41: Propithecus coquereli Matilda RMA regression of manual digital curvature against manual digital 
pressure (kPa) for above-branch locomotion. R=0.88 

 

 

Figure 3.42: Propithecus coquereli Romulus RMA regression of pedal digital curvature against pedal digital 
pressure (kPa) for above-branch locomotion. R=0.92 



121 

 

 

Figure 3.43: Propithecus coquereli Pompeia RM regression of pedal digital curvature against pedal digital 
pressure for below-branch locomotion. R=0.93 

 

 

Figure 3.44: Propithecus coquereli Lucius RMA regression of pedal digital curvature against pedal digital 
pressure for above-branch running. R=0.94 
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Figure 3.45: Propithecus coquereli Lucius RMA regression of pedal digital curvature against maximum pedal 
digital pressures. R=0.88 

 
Figure 3.46: Propithecus coquereli Pompeia RMA regression of pedal digital curvature against pedal maximum 

digital pressures. R=0.89 
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  Hand Foot 
ID Substrate R P R P 

Aries Above 0.43 0.47 0.85 0.07 
Below 0.04 0.95 0.74 0.15 

Vertical 0.26 0.67 0.38 0.53 
Esther Above 0.08 0.90 0.76 0.13 

Below 0.07 0.91 0.24 0.70 
Vertical 0.68 0.20 0.88 0.05 

OJ Above 0.12 0.85 0.77 0.13 
Below <0.01 1.00 0.16 0.80 

Vertical 0.39 0.51 0.89 0.04 
Phoebe Above 0.20 0.75 0.97 0.01 

Below 0.85 0.07 0.77 0.13 
Vertical 0.95 0.01 0.99 <0.01 

Table 3.18: Varecia rubra within individual correlations of mean digital pressured (kPa) with digital curvature, 
pooled by autopod 

 

 

 

 
Figure 3.47: Varecia rubra Esther RMA regression of pedal digital curvature against pedal digital pressure for 

vertical-branch locomotion. R=0.88 
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Figure 3.48: Varecia rubra OJ RMA regression of pedal digital curvature against pedal digital pressure (kPa) 
for vertical-branch locomotion. R=0.89 

 
Figure 3.49: Varecia rubra Phoebe RMA regression of manual digital curvature against manual digital pressure 

for vertical-branch locomotion. R=0.95 
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Figure 3.50: Varecia rubra Phoebe RMA regression of pedal digital curvature against pedal digital pressure for 
vertical-branch locomotion. R=0.99 

 
Figure 3.51: Varecia rubra Phoebe RMA regression of pedal digital curvature against pedal digital pressure for 

above-branch locomotion. R=0.97 
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Esther shows a significant negative correlation of pedal phalangeal curvature with 

the maximum mean pressures (Table 3.15) exerted by each digit across all behaviors 

(Figure 3.52). 

 

Within Species 

 Lemur: When considering anatomical set two (Table 3.17), there is a significant 

positive correlation of pollical phalangeal curvature and vertical-branch locomoting 

pressure (Figure 3.53). 

There are no significant correlations of individual digital pressures with curvature 

for either transitional behaviors (Table 3.18) maximum digital pressures (Table 3.19), or 

for locomotor behaviors when pooled by autopod (Table 3.21) 

 When pooling digits by autopod (Table 3.22), there is a significant negative 

correlation of pedal phalangeal curvature with pedal vertical jumping pressures (Table 

3.23, Figure 3.54). 

 Propithecus: When considering anatomical set two (Table 3.17), there is a 

significant negative correlation of manual digit 2 with vertical-branch locomoting 

pressures (Figure 3.55).  

When digits are pooled by autopod (Table 3.22), there is a significant negative 

correlation of both manual (Figure 3.56) and pedal (Figure 3.57) phalangeal curvature 
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with above-branch locomotor pressures, and of pedal phalangeal curvature to vertical 

locomotor pressures (Figure 3.58).  

 

 

 
Figure 3.52: Varecia rubra Esther RMA regression of pedal digital curvature against pedal maximum digital 

pressures. R=0.97 



128 

 

 

 

  Hand (R, P) Foot (R, P) 
Genus Substrate Dig 

1 
Dig 
2 

Dig 
3 

Dig 
4 

Dig 
5 

Dig 
1 

Dig 
2 

Dig 
3 

Dig 
4 

Dig 
5 

Lemur Above 0.56, 
0.69 

0.56, 
0.69 

0.69, 
0.31 

NA, 
NA 

NA, 
NA 

0.56, 
0.69 

0.38, 
0.85 

0.65, 
0.42 

NA, 
NA 

NA, 
NA 

Below 0.36, 
0.87 

0.34, 
0.89 

0.89, 
0.21 

0.35, 
0.87 

NA, 
NA 

0.68, 
0.69 

0.90, 
0.40 

0.90, 
0.51 

0.99, 
0.15 

NA, 
NA 

Vertical 1.00, 
0.01 

0.58, 
0.66 

0.86, 
0.25 

0.87, 
0.24 

0.86, 
0.26 

0.50, 
0.75 

0.53, 
0.72 

0.74, 
0.46 

0.81, 
0.34 

0.85, 
0.27 

Propithecus Above 0.80, 
0.36 

0.40, 
0.84 

0.74, 
0.46 

0.16, 
0.98 

0.29, 
0.91 

0.84, 
0.29 

0.32, 
0.90 

0.36, 
0.13 

0.37, 
0.86 

NA, 
NA 

Below 0.65, 
0.72 

0.59, 
0.77 

0.91, 
0.39 

0.79, 
0.57 

0.68, 
0.70 

0.96, 
0.24 

0.96, 
0.24 

0.84, 
0.51 

0.70, 
0.68 

NA, 
NA 

Vertical 0.90, 
0.19 

0.99, 
0.01 

0.90, 
0.20 

0.21, 
0.96 

0.87, 
0.23 

0.85, 
0.29 

0.38, 
0.86 

0.13, 
0.98 

0.65, 
0.58 

0.80, 
0.36 

Varecia Above 0.40, 
0.84 

0.79, 
0.37 

0.26, 
0.93 

NA, 
NA 

NA, 
NA 

0.65, 
0.58 

0.79, 
0.37 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Below 0.97, 
0.05 

0.32, 
0.90 

0.64, 
0.59 

0.90, 
0.20 

0.60, 
0.64 

0.77, 
0.59 

0.70, 
0.52 

0.75, 
0.44 

0.96, 
0.09 

0.85, 
0.28 

Vertical 0.64, 
0.59 

0.99, 
0.02 

0.41, 
0.84 

0.72, 
0.48 

0.88, 
0.23 

0.20, 
0.96 

0.88, 
0.23 

0.81, 
0.34 

0.80, 
0.35 

1.00, 
0.01 

Table 3.19: Within species correlations of mean digital pressure (kPa) with digital curvature 
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Figure 3.53: Lemur catta RMA regression of manual digit 1 curvature against manual digit 1 pressure (kPa) for 

vertical-branch locomotion. R=1.00 

 

 

 Dig 1 (R, P) Dig 2 (R, P) Dig 3 (R, P) Dig 4 (R, P) Dig 5 (R, P) 
Flipping (Rear) 0.04, 0.98 0.42, 0.72 0.98, 0.12 0.89, 0.30 0.50, 0.67 

Table 3.20: Lemur catta within species correlations of digital pressures (kPa) with digital curvature for 
transitional behaviors 

 

 

 Hand (R, P) Foot (R, P) 
Genus Dig 1 Dig 2 Dig 3 Dig 4 Dig 5 Dig 1 Dig 2 Dig 3 Dig 4 Dig 5 
Lemur 0.73, 

0.23 
0.23, 
0.77 

0.04, 
0.96 

0.07, 
0.93 

0.70, 
0.30 

0.35, 
0.65 

0.32, 
0.68 

0.25, 
0.75 

0.77, 
0.23 

0.49, 
0.51 

Propithecus 0.82, 
0.18 

0.49, 
0.51 

0.02, 
0.98 

0.35, 
0.65 

0.66, 
0.34 

0.50, 
0.50 

0.66, 
0.34 

0.12, 
0.88 

0.05, 
0.95 

0.71, 
0.29 

Varecia 0.55, 
0.45 

0.58, 
0.42 

0.21, 
0.79 

0.16, 
0.84 

0.32, 
0.68 

0.37, 
0.63 

0.39, 
0.61 

0.67, 
0.33 

0.53, 
0.47 

0.77, 
0.23 

Table 3.21: Within species correlations of maximum digital pressures with digital curvature 
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  Hand Foot 
ID Substrate R P R P 

Lemur Above 0.38 0.65 0.13 0.96 
Below 0.38 0.55 0.68 0.08 

Vertical 0.61 0.11 0.62 0.10 
Propithecus Above 0.68 0.04 0.74 0.01 

Below 0.56 0.25 0.58 0.22 
Vertical 0.29 0.72 0.72 0.02 

Varecia Above 0.25 0.79 0.87 <0.01 
Below 0.41 0.48 0.44 0.41 

Vertical 0.78 <0.01 0.86 <0.01 
Table 3.22: Within species correlations of mean digital pressures (kPa) with digital curvature, pooled by 

autopod 

 

 

 Behavior (Autopod) R P 
Lemur Flipping (Rear) 0.30 0.28 

Vertical Jumping (Rear) 0.86 0.01 
Running (Front) 0.93 0.07 

Propithecus Running (Rear) 0.47 0.28 
Table 3.23: Within species correlations of mean digital pressures (kPa) with digital curvature for transitional 

behaviors, pooled by autopod 
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Figure 3.54: Lemur catta RMA regression of pedal digital curvature against pedal digital pressure for vertical-
jumping. R=0.86 

 

 Hand Foot 
 R P R P 

Lemur 0.32 0.18 0.32 0.16 
Propithecus 0.04 0.87 0.54 0.01 

Varecia 0.51 0.02 0.58 0.01 
Table 3.24: Within species correlations of maximum digital pressures with digital curvature, pooled by autopod 
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Figure 3.55: Propithecus coquereli RMA regression of manual digit 2 curvature against manual digit 2 pressure 
(kPa) for vertical-branch locomotion. R=0.99 

 

Figure 3.56: Propithecus coquereli RMA regression of manual digital curvature against manual digital pressure 
(kPa) for above-branch locomotion. R=0.68 
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Figure 3.57: Propithecus coquereli RMA regression of pedal digital curvature against mean pedal digital 
pressure (kPa) or above-branch locomotion. R=0.74 

 
Figure 3.58: Propithecus coquereli RMA regression of pedal digital curvature against mean pedal digital 

pressures (kPa) for vertical-branch locomotion. R=0.72 
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Pedal phalangeal curvature is also significantly negatively correlated with the 

maximum mean pressures exerted by each digit across all behaviors (Table 3.19, Figure 

3.59). 

 Varecia: When considering anatomical set two (Table 3.19), there is a significant 

positive correlation of pollical pressures with below-branch locomoting pressures (Figure 

3.60), manual digit 2 with vertical-branch locomoting pressures (Figure 3.61), and pedal 

digit 5 with vertical-branch locomoting pressures (Figure 3.62). When pooling digits by 

autopod (Table 3.22), there is a significant positive correlation of manual phalangeal 

curvature with vertical-branch locomoting pressures  

 
Figure 3.59: Propithecus coquereli RMA regression of pedal digital curvature against maximum pedal digital 

pressures (kPa). R=0.54 
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Figure 3.60: Varecia rubra RMA regression of manual digit 2 curvature against manual digit 2 mean digital 
pressure (kPa) for below-branch locomotion. R=0.97 

 

 

Figure 3.61: Varecia rubra RMA regression of manual digit 2 curvature against manual digit 2 mean pressure 
(kPa) for vertical branch locomotion. R=0.99 
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Figure 3.62: Varecia rubra RMA regression of pedal digit 5 curvature against pedal digit 5 mean pressure (kPa) 
for vertical-branch locomotion. R=1.00 

(Figure 3.63) and a significant negative correlation of pedal phalangeal curvature with 

above (Figure 3.64) and vertical-branch locomotor pressures (Figure 3.65).  

Manual and pedal phalangeal curvature is also significantly correlated with the 

maximum mean pressures exerted by each digit across all behaviors (Table 3.20, Figure 

3.66, Figure 3.67), the former positively and the latter negatively. 

 

Within Taxon 

 When considering anatomical set two (Table 3.24), there is a significant positive 

correlation of pedal digit 4 with below-branch locomoting pressures (Figure 3.68) and 

pedal digit 5 with vertical-branch locomoting pressures (Figure 3.69). 
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 There are no significant correlations for anatomical set two with digital pressures 

during transitional behaviors (Table 3.25) or maximum digital pressures (Table 3.26). 

 When digits are pooled by autopod (Table 3.27), pedal phalangeal curvature is 

significantly negatively correlated with above-branch locomotor pressures (Figure 3.70) 

and both manual (Figure 3.71) and pedal (Figure 3.72) phalangeal curvatures are 

correlated with vertical-branch locomotor pressures (the former positively and the latter 

negatively).  

Pedal phalangeal curvature is significantly negatively correlated with maximum 

mean pressures (Table 3.27, Figure 3.73) exerted by each digit across all behaviors.



138 

 

 

 

Figure 3.63: Varecia rubra RMA regression of manual digital curvature against mean manual digital pressure 
(kPa) for vertical-branch locomotion. R=0.78 

 

Figure 3.64: Varecia rubra RMA regression of pedal digital curvature against mean pedal digital pressure (kPa) 
for above-branch locomotion. R=0.87. 
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Figure 3.65: Varecia rubra RMA regression of pedal digital curvature against mean pedal digital pressures (kPa) 
for vertical-branch locomotion. R=0.86 

 
Figure 3.66: Varecia rubra RMA regression of manual digital curvature against maximum manual digital 

pressure (kPa). R=0.51 
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Figure 3.67: Varecia rubra RMA regression of pedal digital curvature against maximum pedal digital pressure (kPa). R=0.58 

 

 Hand (R, P) Foot (R, P) 
 Dig 1 Dig 2 Dig 3 Dig 4 Dig 5 Dig 1 Dig 2 Dig 3 Dig 4 Dig 5 

Above 0.47, 0.12 0.28, 0.39 0.07, 0.83 0.11, 0.74 0.07, 0.83 0.30, 0.34 0.08, 0.81 0.37, 0.24 0.20, 0.53 0.07, 0.83 
Below 0.28, 0.41 0.12, 0.72 0.31, 0.36 0.29, 0.39 0.15, 0.65 0.59, 0.07 0.60, 0.07 0.58, 0.08 0.70, 0.03 0.08, 0.82 

Vertical 0.34, 0.28 0.46, 0.14 0.48, 0.12 0.39, 0.21 0.21, 0.50 0.57, 0.06 0.02, 0.96 0.24, 0.46 0.33, 0.29 0.64, 0.02 
Table 3.25: Within taxon correlations of mean digital pressures (kPa) with digital curvature. 
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Figure 3.68: Within taxon RMA regression of pedal digit 4 against mean pedal digit 4 pressure (kPa) for below-
branch locomotion. R=0.70 
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Figure 3.69: Within taxon RMA regression of pedal digit 5 curvature against mean pedal digit 5 pressure (kPa) 
for vertical-branch locomotion. R=0.64 
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 Dig 1 (R, P) Dig 2 (R, P) Dig 3 (R, P) Dig 4 (R, P) Dig 5 (R, P) 
Flipping Front NA, NA 0.69, 0.51 0.88, 0.31 0.64, 0.56 NA, NA 
Flipping Rear <0.01, 1.00 0.09, 0.91 0.06, 0.94 0.44, 0.56 0.99, 0.07 

Table 3.26: Within taxon correlations of digital pressures (kPa) with digital curvature for transitional behaviors 

 

 

 Dig 1 (R, P) Dig 2 (R, P) Dig 3 (R, P) Dig 4 (R, P) Dig 5 (R, P) 
Front 0.25, 0.43 0.26, 0.41 0.10, 0.75 0.25, 0.44 0.38, 0.23 
Rear 0.28, 0.40 0.11, 0.74 0.35, 0.27 0.23, 0.48 0.17, 0.60 

Table 3.27: Within taxon correlations of maximum digital pressures (kPa) with digital curvature 

 

 R P R P 
Above 0.11 0.43 0.51 <0.01 
Below 0.27 0.07 <0.01 0.99 

Vertical 0.34 0.01 0.53 <0.01 
Above Jumping NA NA 0.04 0.93 

Turning NA NA 0.01 0.99 
All Maxes 0.24 0.07 0.42 <0.01 

Table 3.28: Within taxon correlations of mean digital pressures (kPa) with digital curvature, pooled by autopod 

 

Figure 3.70: Within taxon RMA regression of pedal digital curvature against mean pedal digital pressure (kPa) 
for above-branch locomotion. R=0.51 
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Figure 3.71: Within taxon RMA regression of manual digital curvature against mean manual digital pressures 
(kPa) for vertical-branch locomotion. R=0.34 

 

Figure 3.72: Within taxon RMA regression of pedal digital curvature against mean pedal digital pressures (kPa) 
for vertical-branch locomotion. R=0.53 
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Figure 3.73: Within taxon RMA regression of pedal digital curvature against maximum pedal digital pressures 
(kPa). R=0.42 

 

3.4: Morphological patterns in the captive sample are present in the wild population 

 

Within Species 

 Lemur: When comparing digits within autopod (Table 3.28), the Duke sample 

exhibits significantly greater manual curvature in digits 2 and 5 than digits 1 and 4. In the 

foot, digit 2 exhibits significantly greater curvature than digit 1. There are no differences 

within autopod for the comparative sample (Table 3.29).  

When comparing homologous digits across autopod, there are no significant 

differences in either the Duke or comparative samples (Table 3.30).
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 Hand (Mean, SE) Foot (Mean, SE) 
 Digit 1 Digit 2 Digit 3 Digit 4 Digit 5 Digit 1 Digit 2 Digit 3 Digit 4 Digit 5 

Duke Lemur 0.04, 0.02 0.10, 0.01 0.08, 0.01 0.07, <0.01 0.10, 0.01 0.04, 0.01 0.07, 0.01 0.06, 0.01 0.06, 0.01 0.07, 0.01 
Comparative  

Lemur 
NA, NA 0.08, 0.01 0.05, <0.01 0.06, <0.01 0.09, 0.01 NA, NA 0.07, <0.01 0.05, 0.01 0.05, 0.03 0.06, 0.01 

Duke 
Propithecus 

0.05, 0.01 0.09, 0.01 0.09, <0.01 0.09, 0.01 0.09, <0.01 <0.01, 0.01 0.04, 0.01 0.06, 0.01 0.07, 0.01 0.09, 0.01 

Comparative 
Propithecus 

0.04, NA 0.05, 0.01 0.05, <0.01 0.05, 0.01 0.05, 0.01 0.03, NA 0.03, <0.01 0.04, 0.01 0.04, <0.01 0.06, 0.01 

Duke 
Varecia 

0.10, 0.01 0.13, 0.02 0.10, 0.01 0.10, <0.01 0.10, 0.01 0.02, 0.01 0.09, 0.01 0.09, 0.01 0.10, 0.01 0.11, 0.01 

Comparative 
Varecia 

0.07, NA 0.09, 0.01 0.09, 0.01 0.10, 0.01 0.09, 0.01 0.06, NA 0.08, <0.01 0.08, 0.01 0.08, 0.02 0.07, NA 

Table 3.29: Mean digital curvature and SE for Duke and comparative samples 

 

 first vs 2nd 
(Hand, 
Foot) 

first vs 3rd 
(Hand, 
Foot) 

first vs 4th 
(Hand, 
Foot) 

first vs 5th 
(Hand, 
Foot) 

2nd vs 3rd 
(Hand, 
Foot) 

2nd vs 4th 
(Hand, 
Foot) 

2nd vs 5th 
(Hand, 
Foot) 

3rd vs 4th 
(Hand, 
Foot) 

3rd vs 5th 
(Hand, 
Foot) 

4th vs 5th 
(Hand, 
Foot) 

Duke Lemur 0.03, 0.03 0.06, 0.49 0.20, 0.69 0.03, 0.11 0.34, 0.34 0.03, 0.11 0.89, 1.00 0.20, 0.89 0.34, 0.34 0.03, 0.49 
Comparative 

Lemur 
NA, NA NA, NA NA, NA NA, NA 0.20, 0.70 0.40, 0.70 0.40, 0.70 0.20, 1.00 0.20, 0.70 0.10, 1.00 

Duke 
Propithecus 

0.03, 0.11 0.03, 0.03 0.11, 0.03 0.03, 0.03 0.89, 0.34 1.00, 0.06 1.00, 0.03 1.00, 0.49 0.49, 0.11 0.89, 0.34 

Comparative 
Propithecus 

0.67, 1.00 0.33, 1.00 0.67, 0.67 0.80, 0.67 0.84, 0.67 1.00, 0.33 1.00, 0.33 0.55, 1.00 1.00, 0.33 0.73, 0.33 

Duke Varecia 0.34, 0.03 0.69, 0.03 0.34, 0.03 0.89, 0.03 0.34, 0.89 0.34, 0.89 0.34, 0.34 0.49, 0.89 0.69, 0.34 1.00, 0.34 
Comparative 

Varecia 
0.67, 1.00 0.33, 1.00 0.80, 0.67 0.80, 0.67 0.84, 0.67 1.00, 0.33 1.00, 0.33 0.55, 1.00 1.00, 0.33 0.73, 0.33 

Table 3.30: P-values comparing digital curvature within autopods for Duke and comparative samples 
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When pooling digits by autopod (Table 3.32), mean manual phalangeal curvature 

is significantly greater than mean pedal phalangeal curvature in the Duke sample. There 

are no differences in the comparative sample (Table 3.32). 

When comparing anatomical set two within autopod, and when pooled by 

autopod, there are no significant differences in curvature between the Duke and 

comparative samples (Table 3.33). 

 Manual digits 2, 3 and 4 of the comparative sample are at or below the low end of 

the range of curvature of the Duke sample (Figure 3.74). Pedal digit 3 and 4 of the 

comparative sample include curvatures higher that are higher than the Duke range, and 

digits 4 and 5 include curvatures that are lower than the Duke range (Figure 3.75). 

 Propithecus: When comparing digits within autopod (Table 3.28), manual digits 

2, 3 and 5 exhibit significantly greater curvature than manual digit 1. Pedal digits 3, 4 and 

5 exhibit significantly greater curvature than pedal digit 1 and pedal digit 5 exhibits 

significantly greater curvature than pedal digit 2. There are no significant differences in 

the comparative sample (Table 3.29). 

 When comparing homologous digits across autopod, manual digit 2 exhibits 

significantly greater curvature than pedal digit 2 in the Duke sample, but there are no 

differences in the comparative sample (Table 3.30).  

When pooling digits by autopod (Table 3.32), mean manual phalangeal curvature 

is significantly greater than mean pedal phalangeal curvature in the Duke sample, but the 

comparative sample is not significantly different (Table 3.32).
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 Digit 1 Digit 2 Digit 3 Digit 4 Digit 5 
Duke Lemur 1.00 0.06 0.11 0.20 0.06 

Comparative Lemur NA 0.70 1.00 0.70 0.20 
Duke Propithecus 0.06 0.03 0.11 0.34 0.49 

Comparative Propithecus 1.00 0.19 0.38 0.86 0.80 
Duke Varecia 0.03 0.11 0.49 0.69 0.69 

Comparative Varecia 1.00 0.19 0.38 0.86 0.80 
Table 3.31: P-values comparing digital curvature of homologous digits across autopod for Duke and comparative samples 

 

 

 Hand (Mean, SE) Foot (Mean, SE) P value (Hand vs Foot) 
Duke Lemur 0.08, 0.01 0.06, <0.01 <0.01 

Comparative Lemur 0.07, 0.01 0.06, 0.01 0.24 
Duke Propithecus 0.08, 0.01 0.05, 0.01 <0.01 

Comparative Propithecus 0.05, <0.01 0.04, <0.01 0.15 
Duke Varecia 0.11, 0.01 0.08, 0.01 0.05 

Comparative Varecia 0.09, <0.01 0.08, <0.01 0.04 
Table 3.32: Mean curvature and SE of digits pooled by autopod for Duke and comparative samples, p-values comparing pooled digits across autopod 

 

 

 Digit 1 (Hand, Foot) Digit 2 (Hand, Foot) Digit 3 (Hand, Foot) Digit 4 (Hand, Foot) Digit 5 (Hand, Foot) Pooled (Hand, Foot) 
Lemur NA, NA 0.40, 1.00 0.13, 1.00 0.23, 0.86 0.86, 0.63 0.26, 0.77 

Propithecus 1.00, 0.40 0.02, 0.80 0.02, 0.53 0.02, 0.13 0.03, 0.13 <0.01, 0.29 
Varecia 0.40, 0.40 0.20, 0.80 0.23, 0.53 1.00, 0.53 0.49, 0.40 0.05, 0.11 

Table 3.33: P-values comparing digital curvature across Duke and comparative samples 
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Figure 3.74: Lemur catta manual digital curvature for Duke and comparative samples 

 
Figure 3.75: Lemur catta pedal digital curvature for Duke and comparative samples 
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 When comparing across samples, Duke Propithecus coquereli exhibits 

significantly greater manual phalangeal curvature in digits 2- 5 than the comparative 

sample. When digits are pooled by autopod, mean manual phalangeal curvature is 

significantly greater in the Duke sample than the comparative sample (Table 3.33). 

 Manual digits 2-5 of the comparative sample are all below the range of curvature 

of the Duke sample (Figure 3.76). Pedal digits 2-5 of the comparative sample are at the 

low end or below the range of curvature of the Duke sample (Figure 3.77). 

 Varecia: When comparing digits within autopod (Table 3.28), pedal digits 2-5 

exhibit significantly greater curvature than pedal digit 1 in the Duke sample. There are no 

differences in the comparative sample (Table 3.29).  

 
Figure 3.76: Propithecus coquereli manual digital curvature for Duke and comparative samples 
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Figure 3.77: Propithecus coquereli pedal digital curvature for Duke and comparative samples 

 

When comparing homologous digits across autopod, manual digit 1 exhibits 

significantly greater curvature than pedal digit 1 in the Duke sample. There are no 

differences in the comparative sample (Table 3.30).  

When pooling digits by autopod (Table 3.32), mean manual phalangeal curvature 

is significantly greater than mean pedal phalangeal curvature in both the Duke and 

comparative samples (Table 3.32). 

 When comparing digits pooled by autopod across samples, mean manual 

phalangeal curvature is significantly greater in the Duke Varecia sample than the 

comparative sample (Table 3.33). 
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 For all manual digits, the comparative sample extends below the range of 

curvature of the Duke sample. Digit 4 also extends above the Duke range (Figure 3.78). 

For pedal digit 1, the comparative sample is above the Duke range. Pedal digits 2-4 all 

extend below the Duke range (Figure 3.79). 

 

 

 
Figure 3.78: Varecia rubra manual digital curvature of Duke and comparative samples 
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Figure 3.79: Varecia rubra pedal digital curvature for Duke and comparative samples. 

 

Summary of Results: While below-branch pressures are consistently higher than above-

branch pressures, they are not always higher than vertical-branch pressures. Additionally, 

there are differences in digit use across orientations. Some transitional behaviors 

consistently exert higher pressures than stereotypical behaviors at the same orientation, 

most notable jumping and landing. There are very few significant positive correlations of 

phalangeal curvature with pressures at any orientation. There are morphological patterns 

present in the Duke sample that are not reflected in the wild comparative sample.
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Chapter 4: DESCRIPTIVE STATISTICS: QUANTIFYING BEHAVIOR AND 

THE SIZE/PRESSURE RELATIONSHIP 

 

 

 

 

Chapter Summary: This chapter includes a series of additional analyses that are outside 

the scope of the study hypotheses but important to fully understanding the behaviors 

observed. Section 4.1 includes descriptions of the external measurements taken of the 

study sample. Section 4.2 describes hand and foot use during locomotion at each 

orientation as a percentage of contribution at within individual, within species and across 

species levels. Section 4.3 compares pressure magnitudes exerted across anatomical 

regions, digits and autopods at each orientation via ANOVA (p≤0.05) within individual, 

across individual within species, across species and within taxon. Section 4.4 tests the 

sample for an allometric relationship between digital pressure and digit length within 

individual, within species and within taxon, and the relationship between digit pressure 

and autopod pressure and body mass at the within taxon level. These were all tested with 

Pearson’s correlation. All comparisons that yielded significant R values were subjected to 

a reduced major axis regression to identify the nature of the correlation. 
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Results will often be discussed as anatomical set 1 and anatomical set 2. Set 1 refers to 

the palmar/plantar region, first digit, and lateral digits pooled. Anatomical set 2 is all 5 

digits analyzed individually. 

 

 

4.1 External Measurements 

 Lemur: Body masses range from 1.92kg (Birgitta) to 2.58kg (Johan). In the hand, 

the fourth digit is consistently the longest (Table 4.1), as is the first digit in the foot (but 

see Rolfe) (Table 4.2); however among the lateral digits the fourth is the longest. Length 

of the palmar/plantar region is greater than width of the palmar/plantar region, and the 

overall area of the foot is more than twice as large as that of the hand. 

 Propithecus: Body masses range from 3.72kg (Lucius) to 4.88kg (Pompeia). In 

the hand, the fourth digit is consistently the longest (Table 4.1), as is the first digit in the 

foot. However, among the lateral digits the fourth is the longest (Table 4.2). Length of the 

palmar/plantar region is greater than width. 

 Varecia: Body masses range from 3.78 (Aries) to 4.49 (Phoebe) (Table 4.1). In 

the hand, the fourth digit is consistently the longest (Table 4.1). This pattern is repeated 

in the foot. Palmar/plantar length is greater than width (Table 4.2). 
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Genus Name Mass D1 P1 D2 P2 D3 P3 D4 P4 D5 P5 Width Length Area 
Lemur Birgitta 1.92 21 12 25 9 27 7 29 8 23 6 21 38 798 

Gretl 2.04 23 11 25 11 28 9 30 7 26 7 21 37 777 
Johan 2.58 24 7 24 8 28 9 28 12 22 8 18 39 702 
Rolfe 2.32 12 7 22 7 26 11 31 11 26 14 23 38 874 

Propithecus Lucius 3.72 22 12 25 9 36 9 44 10 36 12 24 48 1152 
Matilda 4.48 30 12 32 9 39 14 44 16 32 15 20 48 960 
Pompeia 4.88 26 12 35 12 42 21 48 20 38 14 26 52 1352 
Romulus 3.93 26 16 26 16 38 22 44 20 38 9 24 48 1152 

Varecia Aries 3.78 28 11 38 18 39 19 39 15 34 16 32 53 1696 
Esther 4.195 30 14 33 16 36 13 40 15 37 11 29 51 1479 

OJ 3.92 30 9 33 12 34 9 37 13 30 13 26 51 1326 
Phoebe 4.49 26 10 31 11 33 13 39 15 31 8 31 53 1643 

Table 4.1: Within individual body mass (kg) and hand measures (mm). D=digit, P=proximal phalanx. 

 

Genus Name Mass D1 P1 D2 P2 D3 P3 D4 P4 D5 P5 Width Length Area 
Lemur Birgitta 1.92 37 12 26 10 28 11 31 14 21 10 36 69 2484 

Johan 2.58 32 11 26 7 26 8 26 10 20 9 35 70 2450 
Gretl 2.04 32 14 27 9 32 13 32 10 25 9 36 54 1944 
Rolfe 2.32 20 9 28 11 30 11 33 14 27 11 34 68 2312 

Propithecus Lucius 3.72 45 20 18 6 24 8 30 11 29 10 26 54 1404 
Romulus 3.93 54 26 22 9 26 15 34 13 34 12 27 54 1458 
Matilda 4.48 40 20 31 11 31 11 33 13 32 11 43 55 2365 
Pompeia 4.88 50 23 32 11 31 12 36 15 36 9 44 60 2640 

Varecia Aries 3.78 34 19 28 12 30 14 36 19 30 16 35 62 2170 
Esther 4.195 34 16 25 11 30 11 36 17 32 12 41 63 2583 
Phoebe 4.49 29 13 26 10 30 13 34 12 32 11 41 64 2624 

OJ 3.92 31 12 23 10 30 12 33 13 31 10 18 63 1134 
Table 4.2: Within individual body mass (kg) and foot measures (mm). D=digit, P=proximal phalanx.
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4.2 Hand and Foot Use 

Within Individual  

Above-branch Lemur: While all individuals showed contribution from the 

palmar/plantar region and digits 1 and 2, only Birgitta and Johan showed contribution 

from digit 3, and no individuals showed contributions from digits 4 and 5 (Table 4.3).  

Below-branch Lemur:  The plantar region contributes more often to the grasp than 

the palmar region in Birgitta and Gretl, but not Rolfe, who relies more heavily on the 

palmar region (Table 4.3). Gretl shows the most consistent use of pedal digits 1 through 

3, but she also shows the most disparity between manual and pedal digit use.  

Vertical-branch Lemur:  Gretl, Johan and Rolfe all use digit 5 as part of the grasp, 

with the males exhibiting contribution both manually and pedally (Table 4.3). There is a 

good deal of variation in palmar/plantar contribution, both across autopods and 

individuals.  

Above-branch Propithecus: All individuals exhibited contribution from both the 

palmar and planter regions during all passes. Digits 1 and 2 exhibited the highest 

percentages of contribution, with values decreasing in more lateral digits. Digit 5 was 

only employed by Matilda, and only in the manus (Table 4.4). 

Below-branch Propithecus: All individuals used the palmar region more often than the 

plantar region. Matilda showed the highest percentage of digit use across all 5 digits in 

the hand and the foot. In the hand, digit 1 showed the highest percentage of contribution 
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across individuals, but in the foot digit 3 was the most common contributor to the grasp 

(Table 4.4). 

Vertical-branch Propithecus: The plantar region contributes more frequently to a 

pedal grasp than the palmar region does for manual grasps for all individual. The more 

medial digits (1 and 2) contribute more often in manual than pedal grasps, while the more 

lateral digits (3 and 4) contribute more often to pedal grasp (Table 4.4). 

Above-branch Varecia: Only the plantar region contributes to all footfalls at this 

orientation. Hallucal contribution is slightly more frequent than pollical contribution, and 

digits 3, 4 and 5 do not contribute in either the hand or the foot (but see OJ) (Table 4.5). 

Below-branch Varecia: The females tend towards more frequent use of the 

palmar/plantar regions than the males. Only Phoebe does not exhibit 100% contribution 

of the hallux, and all 4 individuals exhibit 100% contribution from the manual 4th digit 

(Table 4.5). 

Vertical-branch Varecia: Phoebe exhibits no plantar contribution at this 

orientation. There is a consistent trend of higher percentages of contribution by manual 

digits than homologous pedal digits. Only Phoebe exhibits no contribution from either the 

manual or pedal fifth digit (Table 4.5). 
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  Total 
Passes 
(Hand, 
Foot) 

% Including 
palmar/plantar 

area (Hand, 
Foot) 

% 
Including 
Digit 1 
(Hand, 
Foot) 

% 
Including 
Digit 2 
(Hand, 
Foot) 

% 
Including 
Digit 3 
(Hand, 
Foot) 

% 
Including 

Digit 4 
(Hand, 
Foot) 

% 
Including 

Digit 5 
(Hand, 
Foot) 

Above Birgitta 13, 19 100, 100 23, 47 38, 42 8.5 0, 0 0, 0 
Gretl 10, 19 100, 100 40, 63 10, 52 0, 0 0, 0 0, 0 
Johan 15, 14 100, 100 7, 86 47, 36 20, 21 0, 0 0, 0 
Rolfe 8, 10 100, 100 38, 60 38, 60 0, 0 0, 0 0, 0 

Below Birgitta 5, 4 60, 50 40, 50 60, 75 60, 75 40, 50 0, 0 
Gretl 2, 1 50, 0 0, 100 0, 100 100, 100 100, 0 0, 0 
Johan 1, 0 0, NA 100, NA 100, NA 0, NA 0, NA 0, NA 
Rolfe 3, 3 66, 100 33, 100 67, 100 100, 67 67, 67 0, 0 

Vertical Birgitta 13, 15 46, 20 54, 60 62, 60 62, 33 46, 20 0, 0 
Gretl 8, 8 100, 38 50, 100 75, 100 50, 63 13, 38 13,0 
Johan 10, 11 20, 0 50, 91 50, 64 80, 91 20, 64 20, 9 
Rolfe 6, 6 17, 50 17, 100 67, 33 83, 67 50, 50 33, 50 

Table 4.3: Lemur catta within individual locomotor passes, % by region. 

 

  Total 
Passes 
(Hand, 
Foot) 

% Including 
palmar/plantar 

area (Hand, 
Foot) 

% 
Including 

Digit 1 
(Hand, 
Foot) 

% 
Including 

Digit 2 
(Hand, 
Foot) 

% 
Including 

Digit 3 
(Hand, 
Foot) 

% 
Including 

Digit 4 
(Hand, 
Foot) 

% 
Including 

Digit 5 
(Hand, 
Foot) 

Above Lucius 8, 7 100, 100 50, 86 88, 43 38, 29 13, 14 0, 0 
Matilda 7, 7 100, 100 86, 86 57, 57 43, 14 14, 14 14, 0 
Pompeia 4, 6 100, 100 50, 33 100, 33 0, 17 0, 0 0, 0 
Romulus 12, 10 100, 100 50, 80 58, 80 0, 50 0, 20 0, 0 

Below Lucius 0,0 NA, NA NA, NA NA, NA NA, NA NA, NA NA, NA 
Matilda 2, 2 100, 50 50, 100 100, 50 100, 100 50, 50 50, 0 
Pompeia 6, 5 100, 20 17, 60 67, 40 67, 60 33, 20 0, 0 
Romulus 8, 8 100, 88 50, 75 50, 75 88, 75 88, 50 38, 0 

Vertical Lucius 5, 5 60, 80 40, 100 80, 80 60, 100 40, 60 0, 20 
Matilda 8, 10 75, 90 63, 90 75, 70 85, 70 50, 30 0, 0 
Pompeia 8. 8 50, 75 50, 75 38, 63 50, 63 50, 25 25, 13 
Romulus 10, 7 60, 57 60, 86 50, 86 50, 50 60, 33 20, 0 

Table 4.4: Propithecus coquereli within individual locomotor passes, % by region. 
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Within Species 

Above-branch Lemur: Pressure is most commonly applied by the palmar/plantar 

region, with little contribution from the digits. Digits 4 and 5 do not contribute to the 

grasp at all (Table 4.6).  

Below-branch Lemur:  Below-branch locomotion shows contribution from the 

palmar/plantar region in roughly half of all footfalls. In both the hand and the foot, the 

third digit is the most commonly used digit, and in no footfall did the fifth digit 

contribute to the grasp (Table 4.6).  

Vertical-branch Lemur:  Vertical-branch locomotion exhibits the lowest 

percentage of footfalls including palmar/plantar pressures (Table 4.6). This is the only 

orientation that has any contribution from the fifth digit of either the hand or foot, and 

also sees roughly equal percentages of contribution from digits one through 3 (Table 4.6).  

Above-branch Propithecus: Percentage of contribution was higher for the more 

medial digits 1 and 3 than the most lateral digits 4 and 5 in both the hand and the foot, 

with the highest percentages coming from digit 2 in the hand, but 1 in the foot (Table 

4.6). 

Below-branch Propithecus: Digit 3 contributes most often to the suspensory grasp 

in both the hand and the foot. The greatest difference across autopods is in digit 1, where 

the hallux contributes to more than twice as many grasps as the pollex (Table 4.6).
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  Total 
Passes 
(Hand, 
Foot) 

% Including 
palmar/plantar 

area (Hand, 
Foot) 

% 
Including 
Digit 1 
(Hand, 
Foot) 

% 
Including 
Digit 2 
(Hand, 
Foot) 

% 
Including 
Digit 3 
(Hand, 
Foot) 

% 
Including 
Digit 4 
(Hand, 
Foot) 

% 
Including 
Digit 5 
(Hand, 
Foot) 

Above Aries 9,9 100, 100 67, 67 56, 56 0, 0 0, 0 0, 0 
Esther 7,5 86, 100 43, 60 33, 40 0, 0 0, 0 0, 0 

OJ 8,9 100, 100 50, 78 50, 78 38, 0 0, 11 0, 11 
Phoebe 5,7 80, 100 60, 71 40, 14 0, 0 0, 0 0, 0 

Below Aries 7, 6 57, 17 29, 100 43, 67 86, 50 100, 67 43, 33 
Esther 7, 3 86, 100 71, 100 71, 33 100, 100 100, 100 57, 33 

OJ 4, 3 75, 67 50, 100 75, 33 100, 67 100, 100 0, 67 
Phoebe 3, 4 100, 50 67, 75 100, 50 100, 75 100, 75 33, 75 

Vertical Aries 13, 12 77, 83 69, 67 69, 67 77, 58 46, 25 23, 0 
Esther 7, 7 71, 71 86, 71 86, 57 100, 57 57, 71 29, 14 

OJ 10, 9 100, 78 50, 89 60, 56 80, 33 60, 33 20, 0 
Phoebe 7, 6 43, 0 86, 100 86, 83 71, 33 57, 17 0, 0 

Table 4.5: Varecia rubra within individual locomotor passes, % by region. 

 

  Total 
Passes 
(Hand, 
Foot) 

% Including 
palmar/plantar 

area (Hand, 
Foot) 

% 
Including 

Digit 1 
(Hand, 
Foot) 

% 
Including 

Digit 2 
(Hand, 
Foot) 

% 
Including 

Digit 3 
(Hand, 
Foot) 

% 
Including 

Digit 4 
(Hand, 
Foot) 

% 
Including 
Digit 5 
(Hand, 
Foot) 

Lemur Above 46, 62 100, 100 24, 68 35, 47 9, 6 0, 0 0, 0 
Below 11, 8 55, 63 36, 75 45, 88 73, 75 55, 50 0, 0 

Vertical 37, 40 46, 23 51, 100 62, 65 68, 60 35, 40 14, 10 
Propithecus Above 31, 30 100, 100 58, 77 72, 60 19, 30 6, 13 3, 0 

Below 16, 15 100, 60 38, 73 63, 67 81, 80 63, 47 25, 0 
Vertical 31, 30 61, 77 55, 87 58, 73 58, 67 52, 33 13, 7 

Varecia Above 29, 30 93, 100 55, 70 41, 50 10, 0 0, 3 0, 3 
Below 21, 16 76, 50 52, 94 67, 50 95, 69 100, 81 38, 50 

Vertical 38, 34 74, 65 68, 79 71, 65 79, 47 53, 35 18, 3 
Table 4.6: Within species locomotor passes, % by region. 

 

Vertical-branch Propithecus: In the hand, digits 1, 2, 3 and 4 show roughly equal 

percentages of contribution. In the foot, the first 3 digits contribute the most grasps (Table 4.6). 
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Above-branch Varecia: The plantar region contributes to the grasp more often 

than the palmar region. The three more medial digits show greater percentages of 

contribution in the hand, while the two most lateral digits only show contribution in the 

foot (Table 4.6). 

Below-branch Varecia: The palmar region contributes more often to the grasp 

than the plantar region. The hallux shows greater contribution than the pollex, but digits 

2-4 contribute more in manual than pedal grasps (Table 4.6). 

Vertical-branch Varecia: The palmar region contributes more often to the grasp 

than the plantar region. The hallux shows greater contribution than the pollex, but all 

other digits show greater manual contribution than pedal (Table 4.6). 

 

Across Species 

 Above-branch: Lemur and Propithecus both exhibit 100% contribution for both 

palmar and plantar regions. Varecia exhibits 100% contribution with the plantar region, 

but only 93% with the palmar region (Table 4.6). 

 Below-branch:  Lemur exhibits the lowest percentage of contribution for the 

palmar region, but the highest for the plantar region. All 3 species see the most 

contribution from digit 3 in both the hand and the foot (Table 4.6). 
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 Vertical-branch: Lemur exhibits the lowest percentage of contribution for both the 

palmar and plantar regions. All 3 species exhibit contributions from both the manual and 

pedal 5th digit (Table 4.6). 

 

 

4.3 Pressure Magnitudes 

 

Within Individual 

Above-branch Lemur: All four individuals exerted significantly greater overall 

pressures than first digit and lateral digit pressures in both the hand (Table 4.7) and foot 

(Table 4.8), but only Johan exhibited greater lateral digital pressures than first digit 

pressures, in the hand (Table 4.9).  

 Comparing pressures across digits within autopods (Table 4.10), only Birgitta and 

Johan exhibit any significant differences in the hand. For Birgitta, digit 2 exerts 

significantly greater pressure than digit 3, and for Johan, digit 2 exerts significantly 

greater pressures than digits 1 or 3. In the foot, Johan exerts significantly greater pressure 

with digit 1 than with digit 3 (Table 4.11). 

 When comparing regions from anatomical set 1 (Table 4.10, Table 4.11), Johan 

exerts significantly greater overall pressure with the hand, while Rolfe exerts 

significantly greater pressure with the foot (Table 4.12). Johan exerts greater hallucal 
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pressure than pollical pressure. Comparing pressures within digits across autopods (Table 

4.13), only Johan shows a significant difference, with the hallux exerting significantly 

greater pressures than the pollex. 

Below-branch Lemur: Only Birgitta exerts greater overall manual pressures than 

manual lateral digital pressures (Table 4.7), no other individual show significant 

differences in regionally exerted pressures in the manus or pedis (Table 4.9). 

 Comparing pressures across digits within autopods (Table 4.10), no individual 

exhibits significant differences in pressures exerted among manual or pedal digits (Table 

4.11). 

 Considering pressures exerted by regions from anatomical set one compared 

across autopod (Table 4.7, Table 4.8), there are no significant differences (Table 4.12). 

When considering anatomical set two (Table 4.10), there are no significant differences 

among homologous digits across autopods (Table 4.13).  

Vertical-branch Lemur: All four individuals exert greater overall pressures than 

pollical pressures (Table 4.7), only Birgitta exerts greater overall manual pressures than 

lateral manual digital pressures, and Rolfe exerts greater lateral digital pressures than 

pollical pressures (Table 4.9). Birgitta exerts greater overall pedal pressures than hallucal 

and lateral pedal digital pressures (Table 4.8), and Rolfe exerts greater overall pedal 

pressures than lateral pedal digital pressures. Contrastingly, Johan exerts greater hallucal 

pressures than lateral pedal digital pressures (Table 4.9).  
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Comparing pressures across digits within autopods (Table 4.10), only Gretl lacks 

any significant differences across manual digits. Birgitta and Rolfe exert greater pressure 

with manual digit 3 than digit 1, and Johan exerts greater pressure with digit 3 than with 

digits 4 or 5. Rolfe also exhibits greater pressure with digit 3 than 5. In the pedis, Birgitta 

exerts greater pressure with digits 1 and 2 than 3, and greater pressure with digit 1 than 4. 

Gretl exerts greater pressure with digit 1 than digits 3 or 4. Johan exerts greater pressure 

with digit 1 than digits 2, 3 or 4, and greater pressure with digit 3 than digit 2, and Rolfe 

exerts greater pressure with digit 1 than all other pedal digits (Table 4.11). 

 Comparing across autopod, Birgitta, Gretl and Johan all exert greater overall 

pedal pressure than overall manual pressure (Table 4.7, Table 4.8). Gretl, Johan and 

Rolfe exert greater hallucal pressure than pollical pressure, and Rolfe exerts greater 

pressure with the pedal lateral digits than manual lateral digits (Table 4.12). When 

considering individual digits, Birgitta exerts significantly greater pressures with pedal 

digit 2 than manual digit 2 (Table 4.13). 
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  Above Mean, SE Below Mean, SE Vertical Mean, SE 
  Overal

l 
Polle

x 
Lat. 
Digs 

Overal
l 

Polle
x 

Lat. 
Digs 

Overal
l 

Polle
x 

Lat. 
Digs 

Lemur Birgitta 15.18, 
2.61 

0.48, 
0.28 

5.29, 
2.56 

9.19, 
2.30 

2.13, 
1.43 

2.30, 
0.71 

4.95, 
0.78 

0.61, 
0.27 

2.60, 
0.87 

Gretl 18.15, 
2.78 

5.20, 
2.53 

1.41, 
1.41 

9.52, 
1.26 

0, 0 10.14
, 1.88 

4.25, 
0.90 

2.65, 
2.13 

3.28, 
1.51 

Johan 30.43, 
3.30 

0.86, 
0.86 

10.13
, 4.36 

17.88, 
NA 

2.11, 
NA 

17.88
, NA 

7.62, 
1.18 

3.23, 
1.66 

7.22, 
2.31 

Rolfe 10.37, 
2.20 

1.57, 
1.13 

1.50, 
1.00 

11.67, 
3.58 

0.11, 
0.11 

13.60
, 3.62 

6.62, 
0.95 

0.07, 
0.07 

6.11, 
0.76 

Propithecu
s 

Lucius 18.67, 
3.84 

4.56, 
2.83 

5.32, 
2.33 

NA, 
NA 

NA, 
NA 

NA, 
NA 

21.43, 
9.71 

3.63, 
3.20 

9.35, 
3.26 

Matilda 18.07, 
4.67 

6.45, 
2.13 

1.60, 
0.73 

30.26, 
5.65 

1.01, 
1.01 

32.94
, 5.34 

6.29, 
0.59 

2.25, 
1.03 

5.63, 
1.62 

Pompeia 15.08, 
5.04 

13.18, 
8.94 

6.14, 
2.21 

18.00, 
2.64 

0.11, 
0.11 

12.82
, 5.16 

12.52, 
5.40 

6.48, 
3.09 

4.32, 
1.63 

Romulu
s 

21.09, 
2.58 

4.88, 
2.49 

3.01, 
1.27 

19.78, 
3.56 

1.02, 
0.44 

14.82
, 4.68 

9.59, 
1.66 

3.83, 
1.68 

5.94, 
2.26 

Varecia Aries 16.41, 
1.19 

5.66, 
1.80 

5.38, 
3.11 

13.96, 
1.37 

0.47, 
0.33 

16.73
, 2.17 

5.78, 
0.45 

3.36, 
1.07 

5.11, 
0.97 

Esther 15.32, 
1.65 

2.90, 
2.18 

0.33, 
0.33 

11.67, 
1.95 

3.61, 
2.06 

11.75
, 1.98 

9.74, 
1.37 

2.96, 
1.00 

11.41
, 3.30 

OJ 18.19, 
3.47 

5.75, 
3.11 

2.54, 
1.89 

11.85, 
2.51 

0.87, 
0.50 

13.10
, 4.92 

9.59, 
1.15 

4.20, 
2.12 

8.79, 
1.85 

Phoebe 17.50, 
2.40 

5.92, 
3.63 

9.13, 
3.75 

16.26, 
5.47 

1.03, 
0.55 

16.48
, 2.75 

6.07, 
1.04 

1.33, 
0.43 

6.08, 
2.37 

Table 4.7: Within individual mean regional pressures (kPa) for the hand. 
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  Above Mean, SE Below Mean, SE Vertical Mean, SE 
  Overall Hallux Lat. 

Digs 
Overall Hallux Lat. 

Digs 
Overall Hallux Lat. 

Digs 
Lemur Birgitta 16.04, 

1.74 
6.34, 
2.20 

2.26, 
0.93 

7.38, 
0.97 

2.53, 
2.23 

5.31, 
2.59 

12.31, 
1.17 

10.17, 
3.67 

7.15, 
2.37 

Gretl 15.04, 
1.74 

6.48, 
2.49 

5.46, 
1.97 

15.43, 
NA 

4.47, 
NA 

15.43, 
NA 

15.17, 
3.61 

15.56, 
5.71 

10.56, 
4.91 

Johan 19.15, 
2.19 

10.01, 
2.84 

9.83, 
4.56 

NA, 
NA 

NA, 
NA 

NA, 
NA 

12.96, 
1.70 

18.63, 
3.23 

8.14, 
2.25 

Rolfe 22.38, 
2.96 

4.23, 
2.64 

6.91, 
2.73 

9.87, 
3.39 

11.75, 
3.52 

5.68, 
2.32 

11.98, 
2.50 

26.49, 
9.89 

2.45, 
0.64 

Propithecus Lucius 22.29, 
1.98 

0.49, 
0.21 

1.72, 
0.92 

NA, 
NA 

NA, 
NA 

NA, 
NA 

7.16, 
0.84 

5.46, 
1.28 

6.31, 
2.38 

Matilda 20.97, 
2.54 

6.07, 
2.79 

4.31, 
2.51 

7.48, 
0.55 

3.78, 
1.45 

11.06, 
4.58 

9.56, 
1.09 

10.28, 
2.65 

3.12, 
0.89 

Pompeia 29.26, 
2.43 

7.32, 
7.19 

3.39, 
2.54 

8.53, 
1.69 

2.70, 
1.81 

2.93, 
1.33 

14.70, 
2.28 

13.06, 
3.94 

10.67, 
4.88 

Romulus 22.16, 
3.35 

6.32, 
1.57 

7.88, 
2.35 

7.92, 
1.16 

3.22, 
1.25 

7.57, 
2.12 

12.05, 
2.37 

10.39, 
3.50 

4.90, 
2.17 

Varecia Aries 17.09, 
0.71 

4.45, 
1.89 

3.52, 
1.26 

7.59, 
1.14 

5.53, 
1.98 

7.08, 
1.56 

10.85, 
1.48 

10.29, 
3.49 

5.82, 
1.93 

Esther 14.51, 
3.04 

6.54, 
3.56 

3.54, 
2.56 

8.63, 
2.55 

3.23, 
0.50 

6.95, 
1.51 

12.43, 
2.52 

6.42, 
2.70 

3.59, 
1.04 

OJ 15.73, 
1.35 

9.49, 
2.72 

5.14, 
2.04 

14.77, 
3.01 

3.12, 
1.84 

16.10, 
2.15 

11.03, 
1.60 

16.29, 
3.81 

4.72, 
2.30 

Phoebe 23.30, 
3.64 

6.25, 
3.14 

3.28, 
3.28 

15.09, 
3.79 

1.16, 
0.41 

12.98, 
5.04 

14.51, 
2.63 

16.56, 
4.51 

7.29, 
3.01 

Table 4.8: Within individual mean regional pressures (kPa) for the foot. 
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  Above p-values (Manual, 
Pedal) 

Below p-values (Manual, 
Pedal) 

Vertical p-values 
(Manual, Pedal) 

  Overall 
vs first 

Dig 

Overall 
vs Lat. 
Digs 

first 
Dig 
vs 
Lat 
Dig 

Overall 
vs first 

Dig 

Overall 
vs Lat. 
Digs 

first 
Dig 

vs Lat 
Dig 

Overall 
vs first 

Dig 

Overall 
vs Lat. 
Digs 

first 
Dig 

vs Lat 
Dig 

Lemur Birgitta <0.01, 
<0.01 

0.01, 
<0.01 

0.29, 
0.39 

0.06, 
0.31 

0.02, 
0.69 

0.75, 
0.46 

<0.01, 
0.04 

0.03, 
0.02 

0.10, 
0.73 

Gretl <0.01, 
<0.01 

<0.01, 
<0.01 

0.18, 
0.72 

0.22, 
NA 

1.00,  
NA 

0.22, 
NA 

0.02, 
0.72 

0.29, 
0.16 

0.18, 
0.51 

Johan <0.01, 
0.01 

<0.01, 
0.02 

0.01, 
0.15 

NA, 
NA 

NA, 
NA 

NA, 
NA 

0.02, 
0.17 

0.38, 
0.10 

0.11, 
0.04 

Rolfe <0.01, 
<0.01 

<0.01, 
<0.01 

1.00, 
0.56 

0.08, 
0.70 

0.82, 
0.40 

0.08, 
0.20 

<0.01, 
0.70 

0.87, 
0.01 

<0.01, 
0.90 

Propithecus Lucius 0.01, 
<0.01 

<0.01, 
<0.01 

0.36, 
0.90 

NA, 
NA 

NA, 
NA 

NA, 
NA 

0.09, 
0.46 

0.42, 
0.84 

0.24, 
1.00 

Matilda 0.07, 
<0.01 

<0.01, 
<0.01 

0.06, 
0.40 

0.33, 
0.33 

0.67, 
1.00 

0.33, 
0.33 

0.01, 
0.74 

0.75, 
<0.01 

0.22, 
0.05 

Pompeia 0.66, 
0.06 

0.18, 
<0.01 

1.00, 
0.66 

<0.01, 
0.06 

0.57, 
0.06 

0.06, 
1.00 

0.10, 
0.64 

0.03, 
0.32 

0.96, 
0.75 

Romulus <0.01, 
<0.01 

<0.01, 
<0.01 

1.00, 
0.52 

<0.01, 
0.03 

0.38, 
0.96 

0.01, 
0.27 

0.03, 
0.61 

0.12, 
0.02 

0.67, 
0.28 

Varecia Aries <0.01, 
<0.01 

0.03, 
<0.01 

0.52, 
0.72 

<0.01, 
0.47 

0.18, 
0.63 

<0.01, 
0.48 

0.08, 
0.47 

1.00, 
0.05 

0.29, 
0.53 

Esther 0.01, 
0.21 

<0.01, 
0.06 

0.26, 
0.50 

0.03, 
0.20 

0.90, 
1.00 

0.03, 
0.10 

<0.01, 
0.25 

0.80, 
0.03 

0.05, 
0.61 

OJ 0.02, 
0.08 

<0.01, 
<0.01 

0.70, 
0.21 

0.03, 
0.10 

0.88, 
1.00 

0.03, 
0.10 

0.05, 
0.34 

0.85, 
0.01 

0.15, 
0.02 

Phoebe 0.06, 
0.01 

0.17, 
0.01 

0.50, 
0.12 

0.10, 
0.03 

1.00, 
1.00 

0.10, 
0.20 

<0.01, 
0.94 

1.00, 
0.06 

0.14, 
0.09 

Table 4.9: Within individual p-values comparing mean regional pressures (kPa) within autopods. 
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  Manual Digital Pressures (Mean, SE) Pedal Digital Pressures (Mean, SE) 
  1 2 3 4 5 1 2 3 4 5 

Above Birgitta 0.75, 
0.47 

12.03, 
4.53 

0.20, 
0.20 

NA, 
NA 

NA, 
NA 

8.24, 
2.60 

2.88, 
1.13 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Gretl 13.01, 
3.76 

3.52, 
3.52 

NA, 
NA 

NA, 
NA 

NA, 
NA 

8.21, 
3.02 

6.92, 
2.36 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Johan 1.61, 
1.61 

22.62, 
8.44 

0.69, 
0.56 

NA, 
NA 

NA, 
NA 

11.68, 
3.06 

11.60, 
5.27 

0.56, 
0.39 

NA, 
NA 

NA, 
NA 

Rolfe 3.14, 
2.09 

3.00, 
1.79 

NA, 
NA 

NA, 
NA 

NA, 
NA 

6.04, 
3.62 

9.86, 
3.33 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Below Birgitta 2.66, 
5.45 

1.44, 
2.01 

2.20, 
3.15 

2.76, 
7.35 

NA, 
NA 

3.37, 
12.57 

8.70, 
20.01 

7.03, 
16.15 

1.75, 
6.43 

NA, 
NA 

Gretl NA, 
NA 

NA, 
NA 

12.35, 
0.97 

7.59, 
5.06 

NA, 
NA 

4.47, 
NA 

0.25, 
NA 

15.43, 
NA 

NA, 
NA 

NA, 
NA 

Johan 2.11, 
NA 

17.88, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Rolfe 0.11, 
0.11 

1.18, 
0.60 

17.71, 
7.40 

9.25, 
6.91 

NA, 
NA 

11.75, 
3.52 

4.50, 
3.00 

3.58, 
2.23 

1.86, 
1.69 

NA, 
NA 

Vertical Birgitta 0.88, 
0.35 

3.21, 
1.26 

4.76, 
2.09 

2.09, 
0.92 

NA, 
NA 

16.95, 
4.99 

12.65, 
3.27 

2.82, 
1.30 

1.10, 
0.60 

NA, 
NA 

Gretl 3.53, 
2,80 

7.21, 
6.87 

1.53, 
0.53 

0.30, 
0.30 

6.21, 
6.21 

15.56, 
5.71 

9.29, 
5.16 

3.23, 
1.45 

1.73, 
0.90 

NA, 
NA 

Johan 4.04, 
1.99 

7.13, 
3.85 

4.13, 
0.81 

1.21, 
1.06 

3.74, 
3.25 

20.49, 
2.92 

2.59, 
0.91 

10.37, 
3.23 

5.30, 
2.32 

0.25, 
0.25 

Rolfe 0.07, 
0.07 

3.38, 
1.96 

4.00, 
1.89 

3.61, 
1.98 

0.30, 
0.21 

26.46, 
9.89 

0.72, 
0.52 

3.52, 
2.05 

0.63, 
3.68 

0.21, 
0.09 

Table 4.10: Lemur catta within individual mean digital pressures (kPa). 
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  1 vs 2 
(hand, 
foot) 

1 vs 3 
(hand, 
foot) 

1 vs 4 
(hand, 
foot) 

1 vs 5 
(hand, 
foot) 

2 vs 3 
(hand, 
foot) 

2 vs 4 
(hand, 
foot) 

2 vs 5 
(hand, 
foot) 

3 vs 4 
(hand, 
foot) 

3 vs 5 
(hand, 
foot) 

4 vs 5 
(hand, 
foot) 

Above Birgitta 0.09, 
0.18 

0.34, 
NA 

NA, 
NA 

NA, 
NA 

0.03, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Gretl 0.18, 
0.74 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Johan 0.01, 
0.17 

0.41, 
<0.01 

NA, 
NA 

NA, 
NA 

0.02, 
0.22 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Rolfe 1.00, 
0.34 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Below Birgitta 0.88, 
0.7 

1.00, 
0.4 

0.47, 
0.82 

NA, 
NA 

0.56, 
1.00 

0.88, 
0.40 

NA, 
0.40 

0.66, 
NA 

NA, 
NA 

NA, 
NA 

Gretl NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

0.67, 
NA 

NA, 
NA 

NA, 
NA 

Johan NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Rolfe 0.35, 
0.20 

0.08, 
0.20 

0.35, 
0.10 

NA, 
NA 

0.10, 
1.00 

0.51, 
0.70 

NA, 
NA 

0.40, 
0.82 

NA, 
NA 

NA, 
NA 

Vertical Birgitta 0.16, 
0.60 

0.02, 
0.01 

0.47, 
<0.01 

NA, 
NA 

0.57, 
0.02 

0.51, 
<0.01 

NA, 
NA 

0.18, 
0.31 

NA, 
NA 

NA, 
NA 

Gretl 0.52, 
0.13 

0.68, 
0.05 

NA, 
0.02 

NA, 
NA 

0.69, 
0.32 

NA, 
0.08 

NA, 
NA 

NA, 
0.50 

NA, 
NA 

NA, 
NA 

Johan 0.83, 
<0.01 

0.43, 
0.03 

0.15, 
<0.01 

0.27, 
NA 

0.56, 
0.02 

0.12, 
0.76 

0.18, 
NA 

0.02, 
0.09 

0.03, 
NA 

0.95, 
NA 

Rolfe 0.06, 
0.01 

0.02, 
0.02 

0.18, 
<0.01 

0.46, 
<0.01 

0.47, 
0.27 

1.00, 
0.79 

0.23, 
1.00 

0.62, 
0.16 

0.04, 
0.16 

0.33, 
0.80 

Table 4.11: Lemur catta within individual p-values, comparing mean digital pressures (kPa) within autopod. 
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  Above-branch Propithecus: Comparing pressures exerted by regions from 

anatomical set one, the males exert overall manual pressures (Table 4.7) that are 

significantly greater than those exerted by just the first or lateral digits (Table 4.9). 

Matilda exerts greater overall manual pressure than manual lateral digit pressure. In the 

foot (Table 4.8), all individuals exert greater overall pressure than lateral digits, and only 

Pompeia does not exert greater overall pressure than hallucal pressure (Table 4.9). 

 Comparing pressures exerted by anatomical set two, Matilda exerts significantly 

greater pollical pressures than that of any other manual digit (Table 4.14). In the pedis, 

Lucius exerts greater hallucal than 4th digit pressures, Matilda exerts greater hallucal than 

3rd and 4th digit pressures, and Romulus exerts greater hallucal than 4th digit pressures and 

greater 2nd digit than 4th digit pressures (Table 4.15). 

Comparing pressure within regions from anatomical set one (Table 4.7, Table 4.8) 

across autopods, no individual exhibits significant differences in pressures exerted by the 

hand as compared to the foot (Table 4.12). Neither are there any significant differences in 

pressure magnitudes across autopods when considering anatomical set two (Table 4.14, 

Table 4.13). 

Below-branch Propithecus: Comparing pressures exerted by anatomical set one (Table 

4.7, Table 4.8), Pompeia and Romulus exert significantly greater pressure across the 

overall hand than by the pollex. Additionally, Romulus exerts greater pressure with the 

manual lateral digits than the pollex. In the foot, Romulus exerts greater overall pressure 

than hallucal pressure (Table 4.9). 
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  Above (Hand vs Foot) Below (Hand vs Foot) Vertical (Hand vs Foot) 
  Overall first 

Digit 
Lat. 

Digits 
Overall first 

Digit 
Lat. 

Digits 
Overall first 

Digit 
Lat. Digits 

Lemur Birgitta 0.71 0.09 0.85 1.00 0.89 0.62 <0.01 0.11 0.42 
Gretl 0.29 0.55 0.55 0.67 0.48 0.67 0.02 0.01 0.19 
Johan 0.02 <0.01 0.54 NA NA NA 0.02 <0.01 0.92 
Rolfe <0.01 0.45 0.20 0.70 0.08 0.20 0.13 <0.01 <0.01 

Propithecus Lucius 0.23 1 0.14 NA NA NA 0.01 0.20 0.55 
Matilda 0.80 0.65 0.74 0.33 0.33 0.33 0.03 0.03 0.30 
Pompeia 0.11 0.72 0.23 0.02 0.11 0.30 0.51 0.26 0.63 
Romulus 0.97 0.21 0.08 <0.01 0.21 0.37 0.46 0.13 1.00 

Varecia Aries 0.43 0.62 0.85 <0.01 0.01 <0.01 <0.01 0.36 0.91 
Esther 0.64 0.49 0.29 0.57 0.36 0.27 0.38 0.61 0.12 

OJ 0.81 0.30 0.13 0.28 0.21 0.63 0.72 0.03 0.09 
Phoebe 0.53 0.50 0.25 1.00 0.72 0.63 <0.01 <0.01 0.95 
Table 4.12: Within individual p-values for mean regional pressures (kPa) across autopods.
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   Digit 1 Digit 2 Digit 3 Digit 4 Digit 5 
Lemur Above Birgitta 0.13 0.06 NA NA NA 

Gretl 0.15 0.35 NA NA NA 
Johan <0.01 0.11 0.70 NA NA 
Rolfe 0.92 0.26 NA NA NA 

Below Birgitta 0.85 0.40 0.23 1.00 NA 
Gretl NA NA 0.67 NA NA 
Johan NA NA NA NA NA 
Rolfe 0.08 0.40 0.10 0.82 NA 

Vertical Birgitta <0.01 0.02 0.37 0.30 NA 
Gretl 0.02 0.56 0.74 NA NA 
Johan <0.01 0.65 0.36 0.10 NA 
Rolfe <0.01 0.35 0.81 0.61 1.00 

Propithecus Above Lucius 0.94 0.13 0.94 NA NA 
Matilda 0.37 1.00 0.34 0.91 NA 
Pompeia 0.85 1.00 NA NA NA 
Romulus 0.40 0.16 NA NA NA 

Vertical Lucius NA NA NA NA NA 
Matilda 0.33 0.33 0.33 1.00 NA 
Pompeia 0.04 0.11 0.06 0.56 NA 
Romulus 0.07 0.94 0.84 0.10 NA 

Below Lucius 0.39 0.29 0.90 0.90 NA 
Matilda 0.04 0.68 0.03 0.14 NA 
Pompeia 0.33 0.52 0.65 0.50 0.35 
Romulus 0.31 0.18 0.33 0.01 NA 

Varecia Above Aries 0.22 0.83 NA NA NA 
Esther 1.00 0.35 NA NA NA 

OJ 0.68 0.47 NA NA NA 
Phoebe 0.79 0.49 NA NA NA 

Below Aries 0.01 0.94 0.19 0.01 0.57 
Esther 0.36 0.24 0.67 1.00 0.63 

OJ 0.21 0.20 0.06 1.00 NA 
Phoebe 0.72 0.05 0.63 0.63 0.40 

Vertical Aries 0.83 0.20 0.31 0.42 NA 
Esther 0.11 0.46 0.07 1.00 1.00 

OJ 0.02 0.42 <0.01 0.06 NA 
Phoebe <0.01 0.82 0.11 0.13 NA 

Table 4.13: Within individual p-values for mean digital pressures (kPa) across autopods
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   Manual Digital Pressures (Mean, SE) Pedal Digital Pressures (Mean, SE) 
  1 2 3 4 5 1 2 3 4 5 

Above Lucius 5.22, 
3.19 

4.95, 
2.72 

1.11, 
0.55 

2.14, 
2.14 

NA, 
NA 

0.58, 
0.23 

1.63, 
0.95 

1.61, 
1.08 

0.14, 
0.14 

NA, 
NA 

Matilda 7.52, 
2.17 

2.27, 
1.05 

1.55, 
0.95 

1.10, 
1.10 

0.35, 
0.35 

6.07, 
2.79 

6.93, 
4.92 

2.02, 
2.02 

0.23, 
0.23 

NA, 
NA 

Pompeia 13.18, 
8.94 

6.14, 
2.21 

NA, 
NA 

NA, 
NA 

NA, 
NA 

14.64, 
14.31 

6.30, 
4.86 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Romulus 6.51, 
3.17 

3.99, 
1.57 

NA, 
NA 

NA, 
NA 

NA, 
NA 

7.02, 
1.56 

10.36, 
3.25 

3.89, 
2.92 

0.17, 
0.13 

NA, 
NA 

Below Lucius NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Matilda 1.01, 
1.01 

9.82, 
0,81 

39.57, 
4.82 

26.31, 
26.31 

11.60, 
11.60 

3.78, 
1.45 

1.84, 
1.84 

5.71, 
3.10 

7.82, 
7.82 

NA, 
NA 

Pompeia 0.17, 
0.17 

13.63, 
4.27 

23.34, 
9.45 

12.72, 
7.45 

NA, 
NA 

4.49, 
2.62 

3.26, 
1.92 

3.70, 
0.56 

2.98, 
2.98 

NA, 
NA 

Romulus 1.17, 
0.48 

10.31, 
4.80 

19.55, 
7.78 

18.15, 
3.97 

1.51, 
0.72 

4.30, 
1.40 

6.69, 
1.71 

12.87, 
3.53 

8.40, 
4.71 

NA, 
NA 

Vertical Lucius 4.53, 
3.97 

10.12, 
3.07 

7.06, 
3.42 

7.63, 
6.84 

NA, 
NA 

5.46, 
1.28 

5.04, 
2.07 

8.45, 
3.82 

1.31, 
0.64 

0.42, 
0.42 

Matilda 3.00, 
1.24 

4.07, 
1.85 

8.85, 
1.71 

2.92, 
1.20 

NA, 
NA 

11.42, 
2.67 

2.24, 
0.84 

4.45, 
1.98 

0.68, 
0.46 

NA, 
NA 

Pompeia 10.36, 
4.07 

5.11, 
4.31 

5.59, 
2.21 

5.14, 
2.10 

3.53, 
2.22 

17.42, 
3.71 

8.59, 
6.25 

17.73, 
7.89 

3.70, 
2.63 

0.83, 
0.83 

Romulus 6.38, 
2.28 

10.19, 
4.09 

3.82, 
1.01 

6.71, 
3.34 

3.81, 
2.93 

12.12, 
3.59 

5.14, 
2.50 

2.50, 
1.48 

0.25, 
0.16 

NA, 
NA 

Table 4.14: Propithecus coquereli within individual mean digital pressures (kPa) 
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  1 vs 2 
(hand, 
foot) 

1 vs 3 
(hand, 
foot) 

1 vs 4 
(hand, 
foot) 

1 vs 5 
(hand, 
foot) 

2 vs 3 
(hand, 
foot) 

2 vs 4 
(hand, 
foot) 

2 vs 5 
(hand, 
foot) 

3 vs 4 
(hand, 
foot) 

3 vs 5 
(hand, 
foot) 

4 vs 5 
(hand, 
foot) 

Above Lucius 0.52, 
0.81 

0.41, 
0.37 

NA, 
0.02 

NA, 
NA 

0.12, 
0.86 

NA, 
0.25 

NA, 
NA 

NA, 
0.46 

NA, 
NA 

NA, 
NA 

Matilda 0.04, 
0.48 

0.02, 
0.04 

0.01, 
0.01 

0.01, 
NA 

0.56, 
0.18 

0.18, 
0.10 

0.13, 
NA 

0.45, 
1.00 

0.25, 
1.00 

1.00, 
NA 

Pompeia 1.00, 
1.00 

NA, 
0.64 

NA, 
NA 

NA, 
NA 

NA, 
0.35 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Romulus 0.93, 
0.45 

NA, 
0.06 

NA, 
<0.01 

NA, 
NA 

NA, 
0.06 

NA, 
<0.01 

NA, 
NA 

NA, 
0.09 

NA, 
NA 

NA, 
NA 

Below Lucius NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Matilda 0.33, 
0.67 

0.33, 
0.67 

1.00, 
1.00 

1.00, 
NA 

0.33, 
0.67 

1.00, 
1.00 

1.00, 
NA 

1.00, 
1.00 

0.33, 
NA 

1.00, 
NA 

Pompeia 0.03, 
0.70 

0.03, 
1.00 

0.41, 
0.38 

NA, 
NA 

0.69, 
0.82 

0.88, 
1.00 

NA, 
NA 

0.47, 
0.66 

NA, 
NA 

NA, 
NA 

Romulus 0.32, 
0.24 

0.01, 
0.03 

<0.01, 
0.94 

0.89, 
NA 

0.30, 
0.24 

0.16, 
0.47 

0.22, 
NA 

0.62, 
0.17 

0.01, 
NA 

<0.01, 
NA 

Vertical Lucius 0.19, 
1.00 

0.66, 
0.84 

0.88, 
0.06 

NA, 
0.02 

0.49, 
0.20 

0.31, 
0.20 

NA, 
0.07 

0.66, 
0.14 

NA, 
0.03, 

NA, 
0.35 

Matilda 0.70, 
0.01 

0.02, 
0.03 

0.94, 
<0.01 

NA, 
NA 

0.13, 
0.69 

0.57, 
0.06 

NA, 
NA 

0.02, 
0.03 

NA, 
NA 

NA, 
NA 

Pompeia 0.29, 
0.06 

0.46, 
0.87 

0.46, 
0.01 

0.24, 
<0.01 

0.53, 
0.75 

0.53, 
0.28 

0.82, 
0.06 

1.00, 
0.11 

0.45, 
0.04 

0.59, 
0.46 

Romulus 0.70, 
0.13 

0.52, 
0.03 

0.94, 
0.01 

0.17, 
NA 

0.34, 
0.17 

0.34, 
0.01 

0.08, 
NA 

1.00, 
0.32 

0.36, 
0.33 

0.17, 
NA 

Table 4.15: Propithecus coquereli within individual p-values for mean digital pressures (kPa) across autopod. 

 

 

When examining pressures exerted by anatomical set two (Table 4.14), Pompeia exerts 

greater pressure with manual digits 2 and 3 than digit 1, and Romulus exerts greater pressure 

with manual digits 3 and 4 than digit 1. Romulus also exerts greater pressures with manual 

digits3 and 4 than digit 5. In the foot, Romulus exerts greater pressure with digit than digit 1 

(Table 4.15). 

 Comparing values across autopods (Table 4.7, Table 4.8), Pompeia and Romulus exert 

greater overall pressures in the hand than the foot (Table 4.12). When comparing homologous 
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digits across autopods (Table 4.14), Pompeia exerts greater hallucal pressure than pollical 

pressure (Table 4.13). 

For anatomical set one (Table 4.7), Matilda and Romulus exert greater overall pressures 

than pollical pressures, and Pompeia exerts greater manual overall pressure than manual lateral 

digits (Table 4.9). In the foot (Table 4.8), Matilda and Romulus exert greater overall pressures 

than lateral digit pressures (Table 4.9). 

 For anatomical set two (Table 4.14), Matilda exerts greater pressure with manual digit 3 

than manual digit 1 or 4 (Table 4.15). In the foot, Lucius exerts greater pressure with digit 3 than 

digit 1 and digit 5. Matilda exerts greater pressures with digit 1 than digit 2, 3 and 4 and greater 

pressure with digit 3 than 5. Pompeia exerts greater pressure with digit 1 than digits 4 or 5, and 

greater pressure with digit 3 than 5. Romulus exerts greater pressure with digit 1 than digit 3 or 

4, and greater pressure with digit 2 than 4. 

 When comparing across autopods, Lucius exerts greater overall manual than pedal 

pressures (Table 4.7, Table 4.8), while Matilda exerts greater overall pedal pressures than 

manual pressures. Matilda also exerts greater hallucal pressures than pollical pressures (Table 

4.12). 

 Comparing across digits, Matilda exerts greater pressure with manual digit 3 than pedal 

digit 3 (Table 4.14), and Romulus exerts greater pressure with manual digit 4 than pedal digit 4 

(Table 4.13).
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Above-branch Varecia: Aries, Esther and OJ all exert significantly greater overall 

manual pressures (Table 4.7) than pollical or manual lateral digit pressures. Aries and 

Phoebe both exert significantly greater overall pedal pressures than hallucal or pedal 

lateral digit pressures (Table 4.8). OJ exerts greater overall pedal pressure than pedal 

lateral digit pressure (Table 4.9). 

 OJ exerts significantly greater pressure with pedal digits 1 and 2 than pedal digit 4 

(Table 4.16). No other individuals show significant differences in digital pressures within 

autopod (Table 4.17). 

 There are no significant differences across autopods for the regions assigned to 

anatomical set one (Table 4.7, Table 4.8, Table 4.12), neither are there any differences in 

anatomical set two across autopods (Table 4.16, Table 4.13). 

 Below-branch Varecia: Aries, Esther and OJ all exert significantly greater overall 

manual pressure and manual lateral digit pressure than pollical pressure (Table 4.7). 

Phoebe exerts significantly greater overall pressure than hallucal pressure (Table 4.8, 

Table 4.9). 

 In the hand (Table 4.16), Aries exerts significantly greater pressures with digits 3 

and 4 than digit 1. Esther exerts greater pressure with digit 3 than 1 or 5. OJ exerts 

significantly greater pressures with both digits 3 and 4 than digit 1. In the foot, there were 

no significant differences among digits within autopods for any individual (Table 4.17). 

 Aries exerts significantly greater overall pressure with the hand (Table 4.7) than 

foot (Table 4.8), greater hallucal pressure than pollical pressure, and greater manual 
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lateral digit pressure than pedal lateral digit pressure (Table 4.12). Aries exerts greater 

pressures with manual digit 4 (Table 4.16) than pedal digit 4 (Table 4.13). 

 Vertical-branch Varecia: Esther and Phoebe exert greater overall manual pressure 

than pollical pressure (Table 4.7, Table 4.9). Esther and OJ exert greater pedal overall 

pressures than pedal lateral digit pressure, and OJ exerts greater hallucal pressure than 

pedal lateral digit pressure (Table 4.8, Table 4.9). 

Aries exerts significantly greater pressure with manual digit 3 (Table 4.16) than 

manual digits 2 or 4. Esther exerts significantly greater pressures with manual digits 1, 2 

and 3 than manual digit 5, and greater pressure with manual digit 3 than manual digit 4. 

Aries exerts greater pressure with the hallux and pedal digit 2 than pedal digit 4. Esther 

exerts greater hallucal pressure than pedal digit 4 pressure. OJ exerts greater pressure 

with the hallux than with digits 2, 3 or 4. Phoebe exerts greater pressure with pedal digit 

1 than pedal digits 3 or 4, and greater pressure with pedal digit 2 than pedal digit 4 (Table 

4.17). 

 Aries and Phoebe exert greater overall pedal pressure than manual pressure (Table 

4.7, Table 4.8). OJ and Phoebe exert greater hallucal pressures than pollical pressures 

(Table 4.12). OJ exerts greater pressure with manual digit 3 than pedal digit 3 (Table 

4.16, Table 4.13). 
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  Manual Digital Pressures (Mean, SE) Pedal Digital Pressures (Mean, SE) 
  1 2 3 4 5 1 2 3 4 5 

Above Aries 7.28, 
1.90 

6.92, 
3.85 

NA, 
NA 

NA, 
NA 

NA, 
NA 

4.71, 
1.84 

3.52, 
1.26 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Esther 7.76, 
3.82 

0.76, 
0.76 

NA, 
NA 

NA, 
NA 

NA, 
NA 

10.91, 
4.28 

5.90, 
3.86 

NA, 
NA 

NA, 
NA 

NA, 
NA 

OJ 7.66, 
3.89 

4.37, 
3.05 

2.33, 
1.90 

NA, 
NA 

NA, 
NA 

9.49, 
2.72 

5.09, 
2.05 

NA, 
NA 

0.18, 
0.18 

NA, 
NA 

Phoebe 15.22, 
0.67 

9.87, 
4.96 

NA, 
NA 

NA, 
NA 

NA, 
NA 

8.75, 
3.90 

4.59, 
4.59 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Below Aries 0.47, 
0.33 

9.72, 
4.70 

12.37, 
3.54 

13.69, 
2.31 

9.29, 
1.16 

5.53, 
1.98 

3.51, 
1.37 

5.15, 
2.87 

2.32, 
1.39 

2.77, 
2.36 

Esther 3.61, 
2.06 

7.99, 
4.07 

14.85, 
4.78 

8.28, 
2.10 

3.82, 
2.10 

3.23, 
0.50 

0.28, 
0.28 

9.06, 
3.03 

7.59, 
2.15 

0.84, 
0.84 

OJ 0.87, 
0.50 

5.21, 
3.27 

14.32, 
3.17 

15.16, 
6.89 

NA, 
NA 

3.12, 
1,84 

0.17, 
0.17 

3.18, 
1.63 

17.18,  
3.54 

17.39, 
8.85 

Phoebe 1.03, 
0.55 

26.68, 
11.93 

12.84, 
1.38 

16.77, 
6.03 

1.69, 
1.69 

1.16, 
0.41 

0.17, 
0.10 

8.69, 
4.57 

10.59, 
7.41 

12.31, 
6.79 

Vertical Aries 4.37, 
1.22 

3.37, 
0.90 

8.68, 
1.78 

3.35, 
0.94 

0.46, 
0.25 

4.92, 
1.98 

9.94, 
3.33 

5.98, 
2.26 

1.64, 
1.06 

NA, 
NA 

Esther 2.96, 
1.00 

13.47, 
5.24 

10.29, 
2.94 

3.93, 
1.76 

0.63, 
0.49 

8.99, 
3.08 

4.22, 
1.13 

2.87, 
1.29 

1.70, 
0.68 

1.37, 
1.37 

OJ 5.25, 
2.53 

10.31, 
4.64 

11.76, 
1.86 

6.36, 
2.05 

0.73, 
0.68 

18.33, 
3.64 

4.78, 
2.71 

2.21, 
1.19 

1.10, 
0.54 

NA, 
NA 

Phoebe 1.55, 
0.44 

7.40, 
3.54 

7.21, 
2.60 

2.42, 
1.19 

NA, 
NA 

16.56, 
4.51 

7.06, 
3.65 

2.04, 
1.32 

0.63, 
0.63 

NA, 
NA 

Table 4.16: Varecia rubra within individual mean digital pressures (kPa). 
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  1 vs 2 
(hand, 
foot) 

1 vs 3 
(hand, 
foot) 

1 vs 4 
(hand, 
foot) 

1 vs 5 
(hand, 
foot) 

2 vs 3 
(hand, 
foot) 

2 vs 4 
(hand, 
foot) 

2 vs 5 
(hand, 
foot) 

3 vs 4 
(hand, 
foot) 

3 vs 5 
(hand, 
foot) 

4 vs 5 
(hand, 
foot) 

Above Aries 0.44, 
0.72 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Esther 0.08, 
0.40 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

OJ 0.68, 
0.21 

0.36, 
NA 

NA, 
<0.01 

NA, 
NA 

0.56, 
NA 

NA, 
<0.01 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Phoebe 0.37, 
0.13 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Below Aries 0.37, 
0.47 

0.01, 
0.57 

<0.01, 
0.20 

0.37, 
0.12 

0.51, 
1.00 

0.48, 
0.57 

1.00, 
0.35 

0.80, 
0.80 

0.43, 
0.53 

0.30, 
0.67 

Esther 0.70, 
0.08 

0.02, 
0.20 

0.07, 
0.20 

1.00, 
0.08 

0.20, 
0.08 

0.52, 
0.08 

0.60, 
1.00 

0.54, 
1.00 

0.03, 
0.08 

0.10, 
0.08 

OJ 0.30, 
0.18 

0.03, 
1.00 

0.03, 
0.10 

NA, 
0.70 

0.11, 
0.35 

0.20, 
0.08 

NA, 
0.35 

1.00, 
0.10 

NA, 
0.51 

NA, 
0.70 

Phoebe 0.10, 
0.18 

0.10, 
0.25 

0.10, 
0.77 

1.00, 
0.77 

0.70, 
0.18 

0.70, 
0.18 

0.18, 
0.18 

0.70, 
1.00 

0.08, 
1.00 

0.18, 
1.00 

Vertical Aries 0.85, 
0.17 

0.08, 
0.88 

0.34, 
0.04 

NA, 
NA 

0.03, 
0.38 

1.00, 
0.01 

NA, 
NA 

0.02, 
0.07 

NA, 
NA 

NA, 
NA 

Esther 0.22, 
0.31 

0.08, 
0.15 

0.95, 
0.06 

0.04, 
0.03 

0.90, 
0.75 

0.11, 
0.22 

0.02, 
0.27 

0.05, 
1.00 

0.01, 
0.27 

0.18, 
0.13 

OJ 0.42, 
0.01 

0.08, 
<0.01 

0.71, 
<0.01 

NA, 
NA 

0.32, 
0.50 

0.87, 
0.31 

NA, 
NA 

0.10, 
0.63 

NA, 
NA 

NA, 
NA 

Phoebe 0.07, 
0.09 

0.13, 
0.01 

0.94, 
<0.01 

NA, 
NA 

0.94, 
0.21 

0.30, 
0.03 

NA, 
NA 

0.17, 
0.46 

NA, 
NA 

NA, 
NA 

Table 4.17: Varecia rubra within individual p-values of mean digital pressures (kPa) within autopod
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Across Individuals 

Above-branch Lemur: Comparing regions from anatomical set one within autopod 

(Table 4.7), Johan exerts significantly greater overall manual pressures than Birgitta, 

Gretl and Rolfe and greater manual lateral digit pressures than Gretl (Table 4.18). In the 

foot (Table 4.8), Rolfe exerts significantly greater overall pressure than Gretl (Table 

4.18). 

When comparing regions from anatomical set two (Table 4.10), Rolfe exerts 

greater pressure with the second pedal digit than Birgitta (Table 4.19).  

Below-branch Lemur: Comparing pressures from anatomical set one (Table 4.7, 

Table 4.8), Rolfe exerts significantly greater pressures with the lateral manual digits than 

Birgitta (Table 4.18). There were no significant differences in foot use across individuals. 

When comparing pressures from anatomical set two (Table 4.10), there was no 

significant difference in digit use for the hand or foot across individuals (Table 4.19). 

Vertical-branch Lemur: When comparing pressures from regions assigned to 

anatomical set one (table 4.7), Rolfe exerts greater lateral digit pressures than Birgitta or 

Gretl (Table 4.18). In the foot (Table 4.8), Rolfe exerts greater hallucal pressure than 

Birgitta (Table 4.18).  
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  Birgitta vs. 
Gretl 

Birgitta vs. 
Johan 

Birgitta 
vs. Rolfe 

Gretl vs. 
Johan 

Gretl vs. 
Rolfe 

Johan vs. 
Rolfe 

Above Overall 0.78, 0.71 0.01, 0.29 0.46, 0.06 0.01, 0.14 0.32, 0.03 <0.01, 0.27 
first Digit 0.21, 0.65 0.29, 0.07 0.44, 0.94 0.06, 0.16 0.58, 0.54 0.11, 0.07 

Lateral 
Digits 

0.19, 0.34 0.45, 0.87 0.65, 0.17 0.04, 0.69 0.27, 0.58 0.35, 0.54 

Below Overall 0.86, 0.40 0.33,NA 0.79, 0.86 0.67, NA 0.80, 1.00 1.00, NA 
first Digit NA, 0.72 1.00, NA 0.74, 0.11 NA, NA NA, 0.50 NA, NA 

Lateral 
Digits 

0.10, 0.40 0.33, NA 0.04, 0.86 0.67, NA 0.80, 0.50 1.00, NA 

Vertical Overall 0.55, 1.00 0.15, 0.18 0.10, 0.30 0.15, 0.97 0.11, 0.95 0.71, 0.52 
first Digit 0.82, 0.16 0.60, 0.07 0.14, 0.05 0.92, 0.49 0.18, 0.34 0.15, 0.16 

Lateral 
Digits 

0.74, 0.28 0.12, 0.35 0.02, 0.78 0.17, 0.90 0.02, 0.18 0.79, 0.18 

Table 4.18: Lemur catta p-values of mean regional pressures (kPa) across individual (Hand, Foot) 

 

 Digit Birgitta vs. 
Gretl 

Birgitta vs. 
Johan 

Birgitta vs. 
Rolfe 

Gretl vs. 
Johan 

Gretl vs. 
Rolfe 

Johan vs. 
Rolfe 

Above 1 0.21, 0.65 0.29, 0.07 0.44, 0.94 0.06, 0.16 0.58, 0.54 0.11, 0.07 
2 0.19, 0.27 0.52, 0.92 0.20, 0.05 0.08, 0.61 0.54, 0.30 0.27, 0.33 
3 NA, NA 0.52, 0.21 NA, NA NA, NA NA, NA NA, NA 

Below 1 NA, 0.72 1.00, NA 0.74, 0.11 NA, NA NA, 0.50 NA, NA 
2 NA, 0.50 1.00, NA 1.00, 0.70 NA, NA NA, 0.64 0.50, NA 
3 0.12, 0.50 NA, NA 0.06, 0.70 NA, NA 1.00, 0.50 NA, NA 
4 0.24, NA NA, NA 0.58, 1.00 NA, NA 1.00, NA NA, NA 

Vertical 1 0.82, 0.16 0.60, 0.07 0.14, 0.05 0.92, 0.49 0.18, 0.34 0.15, 0.16 
2 0.77, 0.28 0.85, 0.01 0.81, <0.01 0.65, 0.31 0.81, 0.04 0.74, 0.13 
3 0.21, 0.73 0.34, 0.04 0.91, 0.67 0.02, 0.07 0.47, 1.00 0.49, 0.09 
4 NA, 0.78 0.18, 0.13, 1.00, 0.95 NA, 0.23 NA, 0.89 0.26, 0.27 
5 NA, NA NA, NA NA, NA NA, NA NA, NA 1.00, NA 

Table 4.19: Lemur catta p-values of mean digital pressures (kPa) across individual (Hand, Foot) 
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For pressures exerted by elements in anatomical set two (Table 4.10), Johan 

exerts significantly greater pressure with manual digit 3 than Gretl, Birgitta exerts 

significantly greater pressure with pedal digit two than Johan or Rolfe, and Gretl exerts 

greater pressure with pedal digit 2 than Rolfe. In pedal digit 3, Johan exerts greater 

pressure than Birgitta (Table 4.19). 

 Above-branch Propithecus: When comparing pressures from regions assigned to 

anatomical set one (Table 4.7), Pompeia exerts significantly greater pressures with her 

manual lateral digits than Matilda (Table 4.20), and Pompeia exerts overall pedal 

pressures than Lucius or Matilda (Table 4.8), and greater hallucal pressures than Lucius 

(Table 4.20). 

When considering pressures across digits within the same autopod (Table 4.14), 

Matilda and Romulus exert greater hallucal pressures than Lucius (Table 4.21). 

 Below-branch Propithecus: When considering pressures exerted by anatomical 

set one (Table 4.7, Table 4.8), there are no differences across any individuals (Table 

4.20). Neither are there any differences when considering homologous digits within 

autopods (Table 4.14, Table 4.21). 

 Vertical-branch Propithecus: Comparing pressures from anatomical set one 

(Table 4.7, Table 4.8), Lucius and Pompeia both exert greater overall manual pressures 

than Matilda, and Pompeia exerts greater overall pedal pressure than Lucius (Table 4.20). 

 In regards to pressures exerted by individual digits (Table 4.14), Pompeia exerts 

significantly greater hallucal pressures than Lucius (Table 4.21). 
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  Lucius vs 
Matilda 

Lucius vs 
Pompeia 

Lucius vs 
Romulus 

Matilda vs 
Pompeia 

Matilda vs 
Romulus 

Pompeia vs 
Romulus 

Above Overall 0.87, 0.90 0.93, 0.02 0.52, 0.41 0.93, 0.02 0.65, 0.60 0.32, 0.09 
first Digit 0.26, 0.03 0.65, 0.34 1.00, 0.06 1.00, 0.12 0.21, 0.66 0.56, 0.13 

Lateral 
Digits 

0.16, 0.59 0.55, 0.94 0.23, 0.07 0.04, 0.76 0.79, 0.28 0.12, 0.19 

Below Overall NA, NA NA, NA NA, NA 0.14, 0.86 0.27, 0.89 0.95, 1.00 
first Digit NA, NA NA, NA NA, NA 0.38, 0.56 1.00, 0.90 0.15, 0.82 

Lateral 
Digits 

NA, NA NA, NA NA, NA 0.13, 0.17 0.18, 0.69 0.75, 0.12 

Vertical Overall <0.00, 0.16 0.44, 0.05 0.16, 0.10 0.01, 0.08 0.20, 0.31 0.27, 0.52 
first Digit 0.76, 0.51 0.69, 0.21 0.56, 0.43 0.78, 0.76 0.75, 1.00 0.89, 0.86 

Lateral 
Digits 

0.34, 0.30 0.24, 0.94 0.29, 1.00 0.56, 0.72 0.82, 0.66 0.82, 1.00 

Table 4.20: Propithecus coquereli p-values of mean regional pressures (kPa) across individual (Hand, Foot) 

 

 Digit Lucius vs 
Matilda 

Lucius vs 
Pompeia 

Lucius vs 
Romulus 

Matilda vs 
Pompeia 

Matilda vs 
Romulus 

Pompeia vs 
Romulus 

Above 1 0.22, 0.04 0.77, 0.90 0.79, 0.03 0.91, 0.73 0.31, 0.43 0.81, 0.64 
2  0.62, 0.76 0.30, 0.59 0.96, 0.06 0.11, 0.91 0.59, 0.22 0.31, 0.64 
3 0.94, 0.63 NA, 0.88 NA, 0.65 NA, 0.75 NA, 0.18 NA, 0.62 
4 NA, 1.00 NA, NA NA, 0.87 NA, NA NA, 0.88 NA, NA 
5 NA, NA NA, NA NA, NA NA, NA NA, NA NA, NA 

Below 1 NA, NA NA, NA NA, NA 0.58, 1.00 1.00, 0.86 0.22, 0.90 
2 NA, NA NA, NA NA, NA 0.53, 1.00 0.88, 0.29 0.50, 0.26 
3 NA, NA NA, NA NA, NA 0.53, 1.00 0.33, 0.43 0.65, 0.02 
4 NA, NA NA, NA NA, NA 0.81,  0.75 1.00, 1.00 0.39, 0.69 
5 NA, NA NA, NA NA, NA NA, NA 0.63, NA NA, NA 

Vertical 1 0.75, 0.30 0.38, 0.01 0.24, 0.18 0.27, 0.27 0.24, 0.86 0.66, 0.48 
2 0.17, 0.28 0.18, 0.71 0.91, 0.93 0.65, 0.48 0.39, 0.32 0.23, 0.82 
3 0.67, 0.35 0.90, 0.79 0.39, 0.17 0.31, 0.52 0.04, 0.37 0.71, 0.25 
4 0.91, 0.38 0.71, 0.92 0.34, 0.20 0.41, 0.73 0.48, 0.94 0.93, 0.78 
5 NA, NA NA, 0.54 NA, NA NA, NA NA, NA 0.92, NA 

Table 4.21: Propithecus coquereli p-values of mean digital pressures (kPa) across individual (Hand, Foot)
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 Above-branch Varecia: There are no significant differences in exerted pressure 

across individuals for regions in anatomical set one (Table 4.7, Table 4.8, Table 4.22). 

For anatomical set 2 (Table 4.18), Phoebe exerts significantly greater pollical pressure 

than Aries (Table (4.23). 

 Below-branch Varecia: OJ exerts significantly greater lateral pedal digit pressures 

than Aries (Table 4.8, Table 4.22). OJ exerts significantly greater pressure with pedal 

digit 4 than Aries (Table 4.18, Table 4.23). 

 Vertical-branch Varecia: Esther and OJ exert significantly greater overall manual 

pressures than Aries (Table 4.7, Table 4.22). OJ and Phoebe exert significantly greater 

hallucal pressures than Aries (Table 4.8, Table 4.22).  
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  Aries vs 
Esther 

Aries vs 
OJ 

Aries vs 
Phoebe 

Esther vs 
OJ 

Esther vs 
Phoebe 

OJ vs 
Phoebe 

Above Overall 0.61, 0.24 0.96,0.49 0.61, 0.14 0.78, 0.52 0.53, 0.11 1.00,0.07 
first Digit 0.32, 1.00 0.73,0.21 0.94, 0.83 0.57, 0.50 0.86, 0.74 0.81,0.39 

Lateral 
Digits 

0.11, 0.78 0.65,0.79 0.78, 0.22 0.19, 0.59 0.08, 0.52 0.32,0.07 

Below Overall 0.53, 0.71 0.64,0.17 0.83,0.11 0.92,0.40 0.52,0.23 0.59,0.63 
first Digit 0.17,0.90 0.58,0.71 0.37,0.17 0.77,1.00 1.00,0.06 1.00,0.40 

Lateral 
Digits 

0.21,0.90 0.53,0.05 1.00,0.35 1.00,0.10 0.27,0.40 0.63,0.86 

Vertical Overall 0.02,0.84 0.01,0.86 0.88,0.29 0.89,0.92 0.10,0.53 0.03,0.33 
first Digit 1.00,0.83 0.65,0.20 0.58,0.24 0.49,0.09 0.28,0.10 0.62,1.00 

Lateral 
Digits 

0.15,0.83 0.09,0.97 0.91,0.48 0.59,0.59 0.46,0.52 0.35,0.32 

Table 4.22: Varecia rubra p-values of mean regional pressures (kPa) across individual (Hand, Foot) 

 

 

 Digit Aries vs 
Esther 

Aries vs 
OJ 

Aries vs 
Phoebe 

Esther vs 
OJ 

Esther vs 
Phoebe 

OJ vs 
Phoebe 

Above 1 1.00,0.35 0.83,0.21 0.03,0.42 0.90,0.85 0.20,1.00 0.52,0.89 
2 0.35,0.70 0.82,0.79 1.00,0.46 0.35,0.71 0.35,0.49 0.69,0.21 
3 NA,NA NA,NA NA,NA NA,NA NA,NA NA,NA 
4 NA,NA NA,NA NA,NA NA,NA NA,NA NA,NA 
5 NA,NA NA,NA NA,NA NA,NA NA,NA NA,NA 

Below 1 0.17,0.90 0.58,0.71 0.37,0.17 0.77,1.00 1.00,0.06 1.00,0.40 
2 0.79,0.22 1.00,0.22 0.10,0.23 1.00,1.00 0.17,1.00 1.00,1.00 
3 0.71,0.36 0.79,1.00 0.67,0.51 0.79,0.40 0.83, 0.86 0.86,0.72 
4 0.10,0.10 1.00,0.03 0.52,0.59 0.79,0.20 0.27,0.86 0.86,0.40 
5 1.00,1.00 NA,0.20 0.61,0.21 NA,0.35 0.63,0.36 NA,1.00 

Vertical 1 0.38,0.19 0.62,0.01 0.21,0.02 0.91,0.13 0.43,0.33 0.85,0.75 
2 0.28,0.44 0.40,0.07 0.18,0.44 0.77,0.55 0.73,1.00 1.00,0.43 
3 0.66,0.56 0.27,0.13 0.70,0.13 0.69,0.36 0.47,0.39 0.23,0.94 
4 0.88,0.15 0.19,0.90 0.87,0.42 0.44,0.26 0.77,0.04 0.21,0.63 
5 1.00,NA 0.87,NA NA,NA 0.94,NA NA,NA NA,NA 

Table 4.23: Varecia rubra p-values of mean digital pressures (kPa) across individual (Hand, Foot)
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Within Species 

Above-branch Lemur: Pressures exerted across the entire autopod are greater than 

those exerted by both the first digit and lateral digits, but there is no difference between 

the first and lateral digits (Table 4.24, Table 4.25). When considering individual digits 

(Table 4.26), digits 1 and 2 exert significantly greater pressures than digit 3 in both the 

hand and the foot (Table 4.27).  

When looking at autopodal regions from anatomical set one (Table 4.24), only 

first digit use varies across autopods (Table 4.28). There is no difference across 

homologous digits (Table 4.29). 

Below-branch Lemur: Overall autopodal pressure (Table 4.24) is greater than 

pollical but not hallucal pressures. There is no significant difference across major pedal 

components during below-branch locomotion, but in the hand the lateral digits exert 

higher pressures than the pollex (Table 4.25). There is no significant difference in digital 

pressures within autopods (Table 4.27). 

When comparing across autopods, only first digit use varies (Table 4.28). There is 

no significant difference across homologous digits (Table 4.29). 

Vertical-branch Lemur: In the hand (Table 4.24), the lateral digits contribute 

higher pressures than the pollex, and the pressures across the entire autopod are higher 

than both the pollex and lateral digits (Table 4.25). In the foot (Table 4.24), the hallux 

and overall autopod exert higher pressures than the lateral digits (Table 4.25). 
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  Manual Mean, SE Pedal Mean, SE 
 Orientation Overall Pollex Lat. digs Overall Hallux Lat. Digs 

Lemur Above 19.96, 1.84 1.82, 0.68 5.36, 1.68 17.46, 1.05 6.87, 1.27 5.70, 1.32 
Below 10.71, 1.52 1.19, 0.69 8.22, 2.04 9.32, 1.54 6.23, 2.25 6.71, 1.89 

Vertical 5.79, 0.52 1.67, 0.66 4.56, 0.82 13.01, 1.00 16.02, 2.53 7.40, 1.46 
Propithecus Above 19.00, 1.81 6.22, 1.69 3.69, 0.85 23.33, 1.47 5.10, 1.62 4.71, 1.16 

Below 20.42, 2.25 0.68, 0.26 16.34, 3.37 8.06, 0.80 3.12, 0.87 6.49, 1.45 
Vertical 11.41, 1.85 4.07, 1.10 5.99, 1.06 11.11, 0.99 10.25, 1.60 6.08, 1.51 

Varecia Above 16.83, 1.13 5.06, 1.26 4.02, 1.33 17.70, 1.18 6.73, 1.35 3.95, 1.08 
Below 13.12, 1.14 1.68, 0.74 14.34, 1.38 11.00, 1.44 3.55, 0.89 10.22, 1.64 

Vertical 7.61, 0.55 3.13, 0.71 7.48, 1.01 11.87, 0.95 12.19, 1.91 5.33, 1.05 
Table 4.24: Within species mean regional pressures (kPa). 

 

  Manual p-values Pedal p-values 
  Overall vs 

Pollex 
Overall vs 
Lat. Digs 

Pollex vs 
Lat. Digs 

Overall vs 
Hallux 

Overall vs 
Lat. Digs 

Hallux vs 
Lat. Digs 

Lemur Above <0.01 <0.01 0.14 <0.01 <0.01 0.16 
Below <0.01 0.31 <0.01 0.32 0.29 0.79 

Vertical <0.01 0.03 <0.01 0.61 <0.01 0.03 
Propithecus Above <0.01 <0.01 0.92 <0.01 <0.01 0.90 

Below <0.01 0.32 <0.01 <0.01 0.24 0.19 
Vertical <0.01 <0.01 0.13 0.25 <0.01 0.03 

Varecia Above <0.01 <0.01 0.52 <0.01 <0.01 0.08 
Below <0.01 0.57 <0.01 <0.01 0.64 <0.01 

Vertical <0.01 0.54 <0.01 0.65 <0.01 0.01 
Table 4.25: Within species p-values of mean regional pressure (kPa) within autopod. 
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  Manual Digital Pressures (Mean, SE) Pedal Digital Pressures (Mean, SE) 
  Digit 

1 
Digit 

2 
Digit 

3 
Digit 

4 
Digit 

5 
Digit 

1 
Digit 

2 
Digit 

3 
Digit 

4 
Digit 

5 
Above Lemur 4.63, 

2.84 
10.29, 
4.60 

0.22, 
0.16 

NA, 
NA 

NA, 
NA 

8.54, 
1.16 

7.81, 
1.91 

0.16, 
0.13 

NA, 
NA 

NA, 
NA 

Propithecus 8.11, 
1.76 

4.34, 
0.82 

0.66, 
0.39 

0.81, 
0.51 

0.09, 
0.09 

7.08, 
2.89 

6.30, 
1.80 

2.00, 
0.71 

0.13, 
0.05 

NA, 
NA 

Varecia 9.48, 
1.92 

5.48, 
1.92 

0.58, 
0.58 

NA, 
NA 

NA, 
NA 

8.47, 
1.33 

4.78, 
0.50 

NA, 
NA 

0.04, 
0.04 

NA, 
NA 

Below Lemur 1.22, 
0.68 

5.12, 
4.26 

5.45, 
2.76 

4.90, 
2.14 

NA, 
NA 

6.53, 
2.63 

4.48, 
2.43 

8.68, 
3.52 

1.20, 
0.60 

NA, 
NA 

Propithecus 0.78, 
0.31 

11.26, 
1.20 

27.49, 
6.14 

19.06, 
3.95 

4.37, 
3.64 

4.19, 
0.21 

3.93, 
1.44 

7.42, 
2.78 

6.40, 
1.72 

NA, 
NA 

Varecia 1.49, 
0.72 

12.40, 
4.85 

13.59, 
0.59 

13.47, 
1.84 

3.70, 
2.02 

3.26, 
0.89 

1.03, 
0.83 

6.52, 
1.42 

9.42, 
3.10 

8.33, 
3.93 

Vertical Lemur 2.13, 
0.98 

3.88, 
1.14 

3.60, 
0.71 

1.81, 
0.70 

2.56, 
0.48 

19.87, 
2.43 

6.31, 
2.80 

4.98, 
1.80 

2.19, 
1.06 

0.12, 
0.07 

Propithecus 6.07, 
1.59 

7.37, 
1.62 

6.33, 
1.07 

5.60, 
1.03 

1.83, 
1.06 

11.61, 
2.45 

5.26, 
1.30 

8.28, 
3.38 

1.48, 
0.77 

0.31, 
0.20 

Varecia 3.53, 
0.81 

8.64, 
2.15 

9.48, 
0.99 

4.01, 
0.84 

0.45, 
0.16 

12.20, 
3.16 

6.49, 
1.30 

3.28, 
0.92 

1.27, 
0.25 

0.34, 
0.34 

Table 4.26: Within species mean digital pressures (kPa). 
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  1 vs 2 
(hand, 
foot) 

1 vs 3 
(hand, 
foot) 

1 vs 4 
(hand, 
foot) 

1 vs 5 
(hand, 
foot) 

2 vs  
3 

(hand, 
foot) 

2 vs 4 
(hand, 
foot) 

2 vs 5 
(hand, 
foot) 

3 vs 4 
(hand, 
foot) 

3 vs 5 
(hand, 
foot) 

4 vs 5 
(hand, 
foot) 

Above Lemur 0.34, 
0.89 

0.03, 
0.03 

NA, 
NA 

NA, 
NA 

0.03, 
0.03 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Propithecus 0.06, 
1.00 

0.03, 
0.20 

0.03, 
0.03 

0.03, 
0.02 

0.03, 
0.11 

0.03, 
0.03 

0.03, 
0.02 

1.00, 
0.03 

0.41, 
0.02 

0.41, 
0.07 

Varecia 0.20, 
0.11 

0.03, 
NA 

NA, 
0.03 

NA, 
NA 

0.05, 
NA 

NA, 
0.03 

NA, 
NA 

NA, 
NA 

NA, 
NA 

NA, 
NA 

Below Lemur 1.00, 
1.00 

0.38, 
0.70 

0.25, 
0.10 

NA, 
NA 

0.77, 
0.70 

0.77, 
0.40 

NA, 
NA 

1.00, 
0.10 

NA, 
NA 

NA, 
NA 

Propithecus 0.10, 
0.70 

0.10, 
0.70 

0.10, 
0.70 

0.70, 
NA 

0.10, 
0.40 

0.20, 
0.40 

0.40, 
NA 

0.40, 
1.00 

0.10, 
NA 

0.10, 
NA 

Varecia 0.03, 
0.20 

0.03, 
0.20 

0.03, 
0.20 

0.49, 
0.89 

0.34, 
0.06 

0.49, 
0.06 

0.11, 
0.11 

0.69, 
0.69 

0.03, 
1.00 

0.06, 
1.00 

Vertical Lemur 0.69, 
0.03 

0.20, 
0.03 

1.00, 
0.03 

1.00, 
0.03 

0.89, 
0.89 

0.34, 
0.34 

0.69, 
0.34 

0.11, 
0.20 

0.49, 
0.03 

1.00, 
0.03 

Propithecus 0.89, 
0.06 

0.89, 
0.49 

1.00, 
0.03 

0.11, 
0.03 

0.69, 
0.89 

0.69, 
0.06 

0.03, 
0.03 

0.69, 
0.06 

0.03, 
0.03 

0.11, 
0.19 

Varecia 0.11, 
0.20 

0.03, 
0.06 

0.89, 
0.03 

0.03, 
0.03 

1.00, 
0.11 

0.11, 
0.03 

0.03, 
0.03 

0.03, 
0.03 

0.03, 
0.03 

0.03, 
0.10 

Table 4.27: Within species p-values of mean digital pressures (kPa) within autopods. 

 

 Above (Hand vs Foot) Below (Hand vs Foot) Vertical (Hand vs Foot) 
 Overall first 

Digit 
Lat. 

Digits 
Overall first 

Digit 
Lat. 

Digits 
Overall first 

Digit 
Lat. 

Digits 
Lemur 0.64 <0.01 0.36 0.66 0.04 0.62 <0.01 <0.01 0.38 

Propithecus 0.05 0.92 0.87 <0.01 0.02 0.05 0.39 0.01 0.69 
Varecia 0.60 0.23 0.57 0.24 <0.01 0.06 <0.01 <0.01 0.04 

Table 4.28: Within species p-values of mean regional pressures (kPa) across autopod. 

  Digit 1 Digit 2 Digit 3 Digit 4 Digit 5 
Above Lemur 0.34 0.69 0.88 NA NA 

Propithecus 0.49 0.49 0.11 0.88 NA 
Varecia 0.89 0.89 NA NA NA 

Below Lemur 0.06 0.86 0.63 0.28 NA 
Propithecus 0.10 0.10 0.10 0.10 NA 

Varecia 0.20 0.03 0.03 0.49 0.49 
Vertical Lemur 0.03 0.89 0.89 1.00 0.18 

Propithecus 0.11 0.49 0.11 0.06 0.64 
Varecia 0.06 0.49 0.03 0.03 0.54 

Table 4.29: Within species p-values of mean digital pressures (kPa) across autopod.
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When considering individual digits within autopods, the hallux exerts greater 

pressure than all other pedal digits (Table 4.26), and pedal digits 3 and 4 exert greater 

pressure than digit 5 (Table 4.27).  

When looking at anatomical set one across autopods (Table 4.24), both overall 

use and first digit use vary across autopods (Table 4.28). There are no other differences 

across homologous digits (Table 4.29). 

Above-branch Propithecus: When comparing pressures exerted by regions 

assigned to anatomical set 1 (Table 4.24), overall pressures are significantly greater than 

those of the first digit and lateral digits in both the hand and the foot (Table 4.25). 

When considering individual digits (Table 4.26), the pollex and manual digit 2 

exert significantly greater pressures than digits 3, 4 and 5. For the foot, digits 1, 2 and 3 

exert greater pressures than digit 4 (Table 4.27). 

When examining homologous regions from anatomical set one across autopod 

(Table 4.24), the overall pedal pressures are significantly greater than the overall manual 

pressures (Table 4.28). There were no significant differences when considering 

homologous digits (Table 4.29). 

Below-branch Propithecus: For anatomical set one (Table 4.24), the overall 

manual pressures and manual lateral digit pressures are significantly greater than the 

pollex (Table 4.25). In the foot (Table 4.24), overall pedal pressures are greater than the 

hallux. There are no significant differences across digits within autopod (Table 4.25). 
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Examining anatomical set one across autopods (Table 4.24), overall manual and 

manual lateral digit pressures are significantly greater than overall pedal and pedal lateral 

digit pressures, but hallucal pressure is greater than pollical pressure (Table 4.28). There 

were no significant differences across autopod for the individual digits (Table 4.29). 

Vertical-branch Propithecus: Overall manual pressures are greater than pollical 

and manual lateral digit pressures (Table 4.24). Overall pedal pressures are greater than 

pedal lateral digit pressures (Table 4.25). 

In considering individual digits (Table 4.26) both manual digit 2 and manual digit 

3 exert greater pressure than digit 5. In the foot, the hallux exerts greater pressure than 

digit 4, and digits 1, 2, and 3 exert significantly greater pressures than digit 5 (Table 

4.28). 

When comparing across autopods, the hallux exerts significantly greater pressures 

than the pollex (Table 4.24, Table 4.28). None of the other digits show significant 

differences for this comparison (Table 4.29). 

Above-branch Varecia: Overall pressure is greater than both first digit pressure 

and lateral digit pressure in both the hand and the foot (Table 4.24, Table 4.25). Manual 

digits 1 and 2 exert significantly greater pressure than manual digit 3 (Table 4.26). Pedal 

digits 1 and 2 exert significantly greater pressure than digit 4 (Table 4.27). 

Regions from anatomical set one (Table 4.24) show no significant differences in 

exerted pressure across autopod (Table 4.28). There is no difference in pressures exerted 

by homologous digits across autopod (Table 4.29). 
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Below-branch Varecia: Overall pressures and lateral digit pressures are greater 

than first digit pressures in both the hand and the foot (Table 4.24, Table 4.25). Manual 

digits 2, 3 and 4 exert significantly greater pressure than the pollex, and manual digit 3 

exerts significantly greater pressure than digit 5 (Table 4.26). There are no differences 

among pedal digits within autopods (Table 4.27). 

The hallux exerts significantly greater pressure than the pollex (Table 4.24, Table 

4.28). Manual digits 2 and 3 exert greater pressures than their pedal counterparts (Table 

4.26, Table 4.29). 

Vertical-branch Varecia: The overall manus and manual lateral digits exert 

greater pressure than the pollex (Table 4.24). Overall pedal pressures are greater than 

pedal lateral digit pressures, and hallucal pressures are greater than pedal lateral digit 

pressures (Table 4.25). Manual digit 3 exerts significantly greater pressure than the 

pollex, and the pollex exerts significantly greater pressure than manual digit 5 (Table 

4.26). Manual digits 2, 3 and 4 exert greater pressures than manual digit 5, and manual 

digit 3 exerts greater pressure than manual digit 4. In the foot, the hallux exerts greater 

pressure than pedal digits 3 and 4, pedal digits 2 and 3 exert greater pressure than pedal 

digits 4 and 5 (Table 4.27). 

Overall pedal pressures and hallucal pressures are greater than overall manual 

pressures and pollical pressures, respectively (Table 4.24), but manual lateral digit 

pressures are greater than pedal lateral digit pressures (Table 4.28). Manual digits 3 and 4 

exert greater pressures than their homologous digits in the foot (Table 4.26, Table 4.29). 
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Across Species 

 Above-branch: When comparing pressures exerted by regions allocated to 

anatomical set 1 (Table 4.24), there are no significant differences (Table 4.30). Neither 

are there differences in digit use within autopods (Table 4.31). 

 Below-branch: There are no significant differences in pressure from regions in 

anatomical set 1 (Table 4.30) or set 2 (Table 4.31).  

 Vertical-branch: There are no significant differences in pressures exerted by 

anatomical set 1 (Table 4.30). Pressures exerted by manual digit 3 (Table 4.26) are higher 

in Propithecus than Lemur (Table 4.31). 

 

Within Taxon 

 Above-branch: Higher overall manual pressures are exerted than pollical or 

manual lateral digit pressures (Table 4.32, Table 4.33). Digits 1 and 2 exert significantly 

greater pressure than digit 3 in both the hand and the foot (Table 4.34, Table 4.35). 

 When comparing values across autopod, there is no significant difference among 

pressures from regions in anatomical set 1 (Table 4.36), nor are there significant 

differences across homologous digits (Table 4.37). 

 Below-branch: In both the hand and the foot (Table 4.32), overall pressures and 

lateral digit pressures are greater than first digit pressures (Table 4.33). Manual digits 2, 3 

and 4 (Table 4.34) all exert significantly greater pressure than digit 1, and manual digits 3 



195 

 

and 4 exert greater pressures than digit 5 (Table 4.35). In the foot, digit 3 exerts greater 

pressure than digit 2 (Table 4.35). 

 When comparing values across autopod (Table 4.32), overall manual pressures 

are greater than pedal pressures, hallucal pressures are greater than pollical pressures, and 

manual lateral digit pressures are greater than pedal lateral digit pressures (Table 4.36). 

Among individual digits (Table 4.34), manual digit 2 exerts greater pressure than pedal 

digit 2 (Table 4.37). 

 Vertical-branch: In the hand (Table 4.32), overall and lateral digit pressures are 

greater than pollical pressures (Table 4.33). In the foot (Table 4.32), overall and hallucal 

pressures are greater than lateral digit pressures (Table 4.33). Among individual digits 

(Table 4.34), manual digit 3 exerts greater pressure than manual digit 1, manual digits 1, 

2, 3 and 4 exert greater pressure than manual digit 5, and manual digit 3 exerts greater 

pressure than manual digit 4. In the foot, digit 1 exerts greater pressure than digits 2-5, 

digits 2, 3 and 4 exert greater pressure than digit 5, and digit 3 exerts greater pressure 

than digit 4 (Table 4.35) 

 When considering across autopod comparisons, overall pedal and hallucal 

pressures are greater than overall manual and pollical pressures, respectively (Table 

4.36). Among individual digits, manual digits 3 and 4 exert greater pressure than their 

pedal counterparts (Table 4.37).
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  Lemur vs Propithecus Lemur vs Varecia Varecia vs Propithecus 
Above Overall 0.89, 0.20 0.89, 0.89 0.49, 0.20 

first Digit 0.11, 0.49 0.06, 1.00 0.49, 0.69 
Lateral Digits 0.69, 0.49 1.00, 0.34 1.00, 1.00 

Below Overall 0.06, 0.70 0.49, 1.00 0.06, 0.23 
first Digit 0.86, 0.70 0.69, 0.63 0.63, 1.00 

Lateral Digits 0.40, 1.00 0.69, 0.40 0.86, 0.63 
Vertical Overall 0.11, 0.34 0.34, 0.49 0.20, 0.69 

first Digit 0.11, 0.20 0.20, 0.49 0.49, 0.49 
Lateral Digits 0.69, 0.89 0.34, 0.49 0.49, 0.89 

Table 4.30: Across species p-values of mean regional pressures (kPa) (Hand, Foot) 

 

  Lemur vs Propithecus Lemur vs Varecia Varecia vs Propithecus 
Above Digit 1 0.20, 0.69 0.20, 0.89 0.34, 0.69 

Digit 2 0.69, 0.69 0.69, 0.34 0.69, 0.34 
Digit 3 0.64, 0.06 0.87, 0.87 0.87, 0.18 
Digit 4 NA, NA NA, NA NA, NA 
Digit 5 NA, NA NA, NA NA, NA 

Below Digit 1 1.00, 1.00 0.69, 0.23 0.86, 0.40 
Digit 2 0.40, 1.00 0.20, 0.23 0.40, 0.23 
Digit 3 0.06, 1.00 0.06, 0.06 0.40, 0.86 
Digit 4 0.06, 0.10 0.06, 0.06 0.40, 0.86 
Digit 5 0.11, NA 0.06, NA 1.00, NA 

Vertical Digit 1 0.11, 0.11 0.34, 0.20 0.20, 1.00 
Digit 2 0.11, 0.89 0.11, 0.89 0.69, 0.89 
Digit 3 0.20, 0.69 0.03, 0.34 0.11, 0.20 
Digit 4 0.06, 0.69 0.11, 0.89 0.34, 0.89 
Digit 5 0.66, 0.64 0.77, 0.87 0.88, 0.87 

Table 4.31 Across species p-values of mean digital pressures (kPa) (Hand, Foot) 
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 Manual Mean, SE Pedal Mean, SE 
 Overall Pollex Lat Digits Overall Hallux Lat Digits 

Above 17.87, 1.37 4.78, 0.97 4.31, 0.90 19.83, 1.27 6.17, 0.71 4.77, 0.69 
Below 15.46, 1.83 1.13, 0.33 14.78, 2.22 10.27, 1.08 4.14, 0.92 9.11, 1.43 

Vertical 8.70, 1.35 2.88, 0.50 6.32, 0.73 12.06, 0.65 13.30, 1.68 6.23, 0.77 
Table 4.32: Within Taxon mean regional pressures (kPa) 

 

 Hand P-values Foot P-values 
 Overall vs 

Pollex 
Overall vs 
Lat. Digs 

Pollex vs 
Lat. Digs 

Overall vs 
Hallux 

Overall vs 
Lat. Digs 

Hallux vs 
Lat. Digs 

Above <0.01 <0.01 0.80 <0.01 <0.01 0.11 
Below <0.01 0.97 <0.01 <0.01 0.29 0.01 

Vertical <0.01 0.14 <0.01 0.25 <0.01 <0.01 
Table 4.33: Within Taxon p-values of mean regional pressures (kPa) within autopod 

 

  Digit 1 Digit 2 Digit 3 Digit 4 Digit 5 
Hand Above 7.40, 1.31 6.70, 1.71 0.49, 0.23 NA, NA NA, NA 

Below 1.20, 0.35 9.44, 2.39 14.42, 3.24 11.88, 2.23 3.98, 1.75 
Vertical 3.91, 0.79 6.63, 1.07 6.47, 0.87 3.81, 0.65 1.62, 0.61 

Foot Above 8.03, 1.04 6.30, 0.89 0.92, 0.37 NA, NA NA, NA 
Below 4.52, 0.88 2.94, 0.95 7.44, 1.30 6.05, 1.67 NA, NA 

Vertical 14.56, 1.81 6.02, 1.02 5.51, 1.34 1.65, 0.42 0.26, 0.12 
Table 4.34: Within Taxon mean digital pressure (kPa) 

 

  1 vs 2 1 vs 3 1 vs 4 1 vs 5 2 vs 3 2 vs 4 2 vs 5 3 vs 4 3 vs 5 4 vs 5 
Hand Above 0.38 <0.01 NA NA <0.01 NA NA NA NA NA 

Below <0.01 <0.01 <0.01 0.32 0.20 0.45 0.17 0.82 0.01 0.04 
Vertical 0.10 0.04 0.93 0.02 0.93 0.06 <0.01 0.02 <0.01 0.02 

Foot Above 0.18 <0.01 NA NA <0.01 NA NA NA NA NA 
Below 0.25 0.08 1.00 NA 0.01 0.25 NA 0.31 NA NA 

Vertical <0.01 <0.01 <0.01 <0.01 0.44 <0.01 <0.01 <0.01 <0.01 <0.01 
Table 4.35: Within Taxon p-values of mean pressures (kPa) for digits within autopod. 

 

 Overall (Hand vs Foot) first Digit (Hand vs Foot) Lat. Digs (Hand vs Foot) 
Above 0.32 0.07 0.51 
Below 0.01 <0.01 0.04 

Vertical <0.01 <0.01 0.93 
Table 4.36: Within Taxon p-values of mean regional pressures (kPa) across autopods 
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 1Fv1R 2Fv2R 3Fv3R 4Fv4R 5Fv5R 
Above 0.63 0.59 0.40 NA NA 
Below <0.01 0.04 0.11 0.07 NA 

Vertical <0.01 0.67 0.18 0.01 0.08 
Table 4.37: Within Taxon p-values of mean digital pressures (kPa) across autopod 

 

  Hand Foot 
Substrate ID P of R R P of Slope Slope P of R R P of Slope Slope 

Above Birgitta 0.64 0.29 <0.01 -71.0 0.42 0.47 <0.01 43.51 
Gretl 0.08 0.83 <0.01 -96.57 0.99 0.01 <0.01 -84.67 
Johan 0.95 0.04 <0.01 89.31 0.20 0.69 <0.01 58.13 
Rolfe 0.11 0.79 <0.01 -25.70 0.22 0.67 <0.01 -52.73 

Below Birgitta 0.58 0.34 <0.01 59.30 0.15 0.74 <0.01 37.60 
Gretl 0.06 0.87 <0.01 98.39 0.51 0.40 <0.01 80.69 
Johan 0.53 0.38 <0.01 -92.57 NA NA NA NA 
Rolfe 0.99 0.01 <0.01 21.25 0.93 0.06 <0.01 -41.83 

Vertical Birgitta 0.52 0.39 <0.01 59.63 0.12 0.79 <0.01 38.18 
Gretl 0.15 0.75 <0.01 -11.16 0.14 0.75 <0.01 68.21 
Johan 0.36 0.52 <0.01 -6.10 0.02 0.94 <0.01 10.17 
Rolfe 0.13 0.77 <0.01 5.01 0.20 0.69 <0.01 -9.96 

Table 4.38: Lemur catta within individual allometry of mean digital pressures (kPa) and digit length (mm), 
pooled by autopod (isometric slope =2.0) 

 
 

  Hand Foot 
Substrate ID P of R R P of Slope Slope P of R R P of Slope Slope 

Above Lucius 0.60 0.32 <0.01 -26.81 0.83 0.14 <0.01 -21.19 
Matilda 0.61 0.31 <0.01 -6..92 0.70 0.84 <0.01 71.85 
Pompeia 0.09 0.83 <0.01 -43.58 0.53 0.38 <0.01 45.98 
Romulus 0.01 0.97 <0.01 -40.15 0.87 0.10 <0.01 -22.94 

Below Lucius NA NA NA NA NA NA NA NA 
Matilda 0.12 0.78 <0.01 8.83 0.74 0.20 <0.01 73.77 
Pompeia 0.81 0.15 <0.01 35.53 0.46 0.44 <0.01 37.24 
Romulus 0.48 0.42 <0.01 5.65 0.86 0.11 <0.01 -23.84 

Vertical Lucius 0.69 0.24 <0.01 -28.17 0.82 0.14 0.01 -3.70 
Matilda 0.60 0.32 <0.01 48.80 0.66 0.27 <0.01 72.78 
Pompeia 0.20 0.69 0.03 -1.69 0.42 0.47 <0.01 6.14 
Romulus 0.31 0.57 0.04 -1.73 0.95 0.04 <0.01 -22.77 

Table 4.39: Propithecus coquereli within individual allometry of mean digital pressure (kPa) to digit length (mm) 
pooled by autopod (isometric slope =2.0) 
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4.4: Digit length: 

 

Within Individual 

Lemur: For correlations of mean digital pressure and digit length, there are no 

significant correlations in the hand at any orientation. In the foot, Johan exhibits a 

significant correlation with vertical-branch maximum pressures. The relationship is 

positively allometric (Table 4.38). 

Propithecus: For correlations of mean digital pressure and digit length, Romulus 

shows significant correlations for above-branch pressures in the hand (Table 4.39). This 

relationship is positively allometric but with a negative slope. There are no significant 

relationships in the hand for either below-branch or vertical-branch pressures. Neither are 

there any significant relationships in the foot, for any orientation (Table 4.39). 

Varecia: For correlations of mean digital pressure with digit length in the hand, 

Esther exhibits positively scaling allometry with a negative slope for above-branch 

locomotion in the hand. Also in the hand, Aries exhibits positive allometry during below-

branch locomotion. In the foot, OJ and Phoebe exhibit positive allometry during below-

branch locomotion (Table 4.40). 
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Within Species 

Lemur: When considering regressions of digits pooled by autopod, Lemur catta 

shows positive allometry with a negative slope in the hand during above-branch 

locomotion (Table 4.41).  

Propithecus: When considering regressions of digits pooled by autopod, 

Propithecus coquereli shows positive allometry with a negative slope in the hand during 

above-branch locomotion(Table 4.41). 

Varecia: When considering regressions of digits pooled by autopod, Varecia 

rubra shows positive allometry with a negative slope in the hand during above-branch 

locomotion, and positive allometry with a positive lsope in the foot during below-branch 

locomotion (Table 4.41).  

 

Within Taxon 

When considering the relationship between digit length and pressure for 

individual digits (Table 4.42), in the hand digit 5 exhibits positive allometry during 

below-branch locomotion and digits 1 and 4 exhibit positive allometry during vertical-

branch locomotion. In the foot, digit 3 exhibits positive allometry with a negative slope 

during above-branch locomotion. When digits are pooled by autopod (Table 4.43), the 

hand exhibits positive allometry with a negative slope during above-branch locomotion, 

and positive allometry with a positive slope during below-branch locomotion.



201 

 

  Hand Foot 
Substrate ID P of R R P of Slope Slope P of R R P of Slope Slope 

Above Aries 0.37 0.51 <0.01 -69.85 0.79 0.17 <0.01 -93.34 
Esther 0.03 0.91 <0.01 -84.54 0.49 0.41 <0.01 -70.90 

OJ 0.73 0.21 <0.01 -108.17 0.71 0.23 <0.01 -52.81 
Phoebe 0.19 0.70 <0.01 -70.05 0.10 0.81 <0.01 -96.71 

Below Aries 0.02 0.95 <0.01 10.05 0.78 0.18 0.01 -3.68 
Esther 0.51 0.40 <0.01 5.36 0.19 0.70 <0.01 10.58 

OJ 0.24 0.65 <0.01 90.53 0.02 0.94 <0.01 13.38 
Phoebe 0.20 0.69 <0.01 10.04 0.03 0.91 <0.01 18.29 

Vertical Aries 0.78 0.18 <0.01 7.73 0.77 0.19 <0.01 77.08 
Esther 0.76 0.20 <0.01 -10.96 0.76 0.19 <0.01 -5.34 

OJ 0.31 0.58 <0.01 12.58 0.70 0.24 <0.01 -55.83 
Phoebe 0.86 0.11 <0.01 53.76 0.45 0.45 <0.01 -77.30 

Table 4.40: Varecia rubra within individual allometry of mean digital pressure (kPa) and digit length (mm) 
pooled by autopod (isometric slope = 2.0) 

 
 

  Mean regressions (Hand, Foot) 
  P of R R P of Slope Slope 

Above Lemur 0.05, 0.76 0.44, 0.07 <0.01, <0.01 -44.05, 53.81 
Propithecus 0.01, 0.94 0.60, 0.02 <0.01, <0.01 -37.85, 29.09 

Varecia 0.01, 0.06 0.57, 0.42 <0.01, <0.01 -74.01, -76.14 
Below Lemur 0.93, 0.29 0.02, 0.30 <0.01, <0.01 43.74, 48.24 

Propithecus 0.71, 0.73 0.10, 0.09 <0.01, <0.01 24.21, 32.80 
Varecia 0.08, <0.01 0.40, 0.71 <0.01, <0.01 33.85, 12.20 

Vertical Lemur 0.35, 0.09 0.22, 0.39 <0.01, <0.01 19.60, 32.95 
Propithecus 0.98, 0.95 0.01, 0.01 <0.01, <0.01 -24.64, 21.08 

Varecia 0.45, 0.64 0.18, 0.11 <0.01, <0.01 32.74, -55.32 
Table 4.41: Within species allometry of mean digital pressure (kPa) and digit length (mm) pooled by autopod 

(isometric slope = 2.0) 
 

 
  Mean (Hand, Foot) 

Orientation Digit P of R R P of Slope Slope 
Above 1 0.17, 0.59 0.42, 0.17 <0.01, <0.01 3.53, -3.12 

2 0.50, 0.14 0.22, 0.45 <0.01, <0.01 -4.90, 3.67 
3 0.70, 0.04 0.12, 0.59 <0.01, <0.01 -50.08, -95.18 
4 0.17, 0.86 0.43, 0.06 <0.01, <0.01 34.59, -76.50 
5 0.82, 0.59 0.07, 0.17 <0.01, <0.01 22.44, 22.46 

Below 1 058, 0.57 0.19, 0.21 <0.01, <0.01 18.77, -2.04 
2 0.29, 0.52 0.35, 0.23 <0.01, <0.01 30.81, 13,60 
3 0.23, 0.50 0.39, 0.24 <0.01, <0.01 33.30, -9.30 
4 0.09, 0.29 0.54, 0.37 <0.01, <0.01 30.03, 109.27 
5 0.04, 0.24 0.63, 0.41 <0.01, <0.01 46.75, 62.68 

Vertical 1 <0.01, 0.16 0.84, 0.43 <0.01, <0.01 5.17, -1.94 
2 0.57, 0.82 0.18, 0.07 <0.01, <0.01 3.50, -5.13 
3 0.06, 0.51 0.55, 0.21 <0.01, <0.01 3.42, -7.75 
4 0.02, 0.29 0.68, 0.33 <0.01, <0.01 4.80, -8.89 
5 0.88, 0.64 0.05, 0.15 <0.01, <0.01 42.16, -46.40 

Table 4.42: Within taxon allometry of mean digital pressure (kPa) and digit length (mm) (isometric slope = 2.0) 
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4.5: Body mass 

 

Within Taxon 

When considering the relationship between body mass and mean digital pressure 

for individual digits (Table 4.44), in the hand digit 1 shows positive allometry during 

above-branch locomotion. Digit 5 exhibits positive allometry during below-branch 

locomotion, and digits 2, 3 and 4 exhibit positive allometry during vertical branch 

locomotion.  

When considering the relationship between body mass and overall autopodal 

pressure (Table 4.45), there is an isometric relationship for the hand during below-branch 

locomotion. 

 

 Mean (Hand, Foot) 
Orientation P of R R P of Slope Slope 

Above 0.01, 0.97 0.35, 0.01 <0.01, <0.01 -36.54, -43.32 
Below 0.01, 0.15 0.37, 0.21 <0.01, <0.01 29.60, 34.58 

Vertical 0.45, 0.54 0.10, 0.08 <0.01, <0.01 18.67, 29.05 
Table 4.43: Within taxon allometry of mean digital pressure (kPa) and digit length (mm) pooled by autopod 

(isometric slope =2.0) 
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  Mean (Hand, Foot) 
Orientation Digit P of R R P of Slope Slope 

Above 1 0.02, 0.91 0.65, 0.04 <0.01, <0.01 2.71, -2.51 
2 0.36, 0.79 0.29, 0.08 <0.01, 0.01 -2.63, -1.73 
3 0.73, 0.75 0.11, 0.10 <0.01, <0.01 -25.03, 25.38 
4 0.39, 0.21 0.27, 0.39 <0.01, <0.01 19.53, 21.48 
5 0.39, 0.65 0.27, 0.15 <0.01, <0.01 11.64, 14.31 

Below 1 0.17, 0.25 0.44, 0.40 <0.01, 0.01 14.31, -1.63 
2 0.06, 0.54 0.58, 0.22 <0.01, <0.01 16.10, -4.56 
3 0.33, 0.55 0.32, 0.22 <0.01, 0.02 16.55, -1.55 
4 0.33, 0.07 0.32, 0.59 <0.01, <0.01 16.33, 16.10 
5 0.04, 0.21 0.62, 0.44 <0.01, <0.01 26.61, 26.04 

Vertical 1 0.08, 0.22 0.53, 0.39 <0.01, 0.01 3.94, -1.56 
2 0.04, 0.85 0.60, 0.06 <0.01, <0.01 1.88, 2.41 
3 0.01, 0.64 0.69, 0.15 <0.01, <0.01 1.71, 2.06 
4 0.03, 0.71 0.64, 0.12 <0.01, <0.01 2.71, -2.50 
5 0.81, 0.85 0.08, 0.06 <0.01, <0.01 -24.78, 24.05 

Table 4.44: Within taxon allometry of mean digital pressure (kPa) and body mass (kg) (isometric slope = 0.66) 

 
 

  Mean (Hand, Foot) 
 Orientation P of R R P of Slope Slope 

Mass Above 0.82, 0.16 0.07, 0.43 0.67, 0.97 0.76, 0.65 
Below 0.03, 0.77 0.64, 0.11 0.11, 0.43 1.03, -0.88 

Vertical 0.08, 0.52 0.52, 0.20 0.02, 0.88 1.35, -0.63 
Table 4.45: Within taxon allometry of mean autopodal pressure (kPa) and body mass (kg) (isometric slope = 

0.66) 
 

Summary of Results: There is more variation in hand and foot use at the individual level 

than the species or taxon level. All species use the more lateral digits less frequently than 

the more medial digits, but larger bodied species use the lateral digits more often than 

smaller bodied species. Medial digits also often exert higher pressures than more lateral 

digits, although this varies across substrate. More lateral digits exert higher pressures than 

medial digits during vertical-branch and below-branch locomotion, particularly by larger-

bodied individuals. There is variation in hand and foot use within and across substrate. 

There are no consistent trends linking measures of size to pressure magnitude.
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CHAPTER 5: DISCUSSION 

 

Chapter Summary: Discussion of results is broken into three sections. 5.1 patterns of 

hand and foot use illuminated by the analyses of pressure distribution, usage frequency 

and comparisons across substrate and behaviors. 5.2 functional morphology of grasping 

and how information on the relationship between behavior and phalangeal curvature 

outlined in this study informs associated avenues of inquiry. 5.3 implications of the 

morphological findings of this study for the study of primate hand and foot evolution. 

 

 

5.1 Patterns of hand and foot use 

 The quantification of arboreal locomotion has long been a topic of study in 

primatology and biological anthropology (Cannon & Leighton 1994; Cant 1987; Dagosto 

1994; Fleagle 1976; Fleagle & Mittermeier 1980; Gebo 1987; Hanna 2006; Lawler 2006; 

Meldrum et al. 1997; Schmitt 1994). Previous studies have often neglected to fully 

describe details of hand and foot use during various arboreal activities. This study 

contributes to a more complete understanding of arboreality in primates by examining 

frequency of autopod use, magnitude of grasping pressure across the autopod, and the 

role of substrate diameter and relative size in arboreal grasping behaviors. 
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Frequency of Use 

 Patterns of hand and foot use vary across individuals within species, as well as 

across species, both within and across substrates. However, there are some larger patterns 

that appear to define the entire clade. Above-branch locomotion exhibits the highest 

percentage of contribution for the palmar/plantar surfaces. It is also the position that 

shows the least contribution by the more lateral digits (anatomical set two). This may be 

the result of substrate diameter – relatively smaller substrates may require more 

contribution from lateral digits to assist in balancing on the substrate. This possibility is 

supported by the fact that the two larger species in this study, Varecia and Propithecus, 

exhibit higher percentages of contribution during above-branch locomotion than 

homologous digits in the smaller-bodies species, Lemur.  

 For all three species, below-branch locomotion requires the second-highest 

percentage of contribution from the palmar/plantar regions. During below-branch 

locomotion, it was common for individuals from all three species to position their 

autopods to allow for maximum coverage over the top of the substrate (Figure 5.1). This 

may be a strategy that allows for reduced grasping pressure by employing the 

gravitational force to its best advantage – gravity pulls down on the digits, maximizing 

the pressure they exert forces against the substrate while potentially allowing for reduced 

muscle force. Also consistent across all three taxa is that the third digit in both the hand 

and the foot exhibit the highest percentage of contribution for all the lateral digits. The 

second highest contributor is the hallux – but notably not also the pollex. This is easily  
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A 

B 

C 

Figure 5.1: During below-branch locomotion, individuals would use a hand 
position that maximized the amount of digital area that covered the top of the 
substrate. A=Lemur catta, B=Propithecus coquereli, C=Varecia rubra. 
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explained by the difference in length between these two digits. In all three species, the 

pollex is comparatively short – for the relative diameter of the substrate, no species had 

thumbs of sufficient length to subtend a majority of the substrate. The hallux, however, is 

much longer than the pollex. During below-branch locomotion, it was commonly 

employed by placing the distal phalanx against the side of the substrate, with the 

remainder of the digit bowed up and away from the substrate (Figure 5.2) (Lemelin & 

Schmitt 1998). The hallux was often in line with the third pedal digit, which could create 

a pincer-type grasp formed by those two digits, thus explaining the high percentage of 

contribution for the 3rd pedal digit. The absence of the pollex contributing to a pincer-grip 

in the hand makes the purpose of the high contribution of the third manual digit less 

clear. Overall, the more medial digits contribute more often in the foot while the more 

lateral digits contribute more often in the hand (with the exception of digit 5, which is 

rarely employed in any species but Varecia during below-branch locomotion). This can 

likely be explained by digit length – in the foot, the length of the more medial digits 

allows them to cover more of the top of the substrate, and direct force against the 

substrate in-line or near in-line with the active hallux (Figure 5.2). In the hand, the longer 

more lateral digits are able to cover the top of the substrate, and are more important to the 

overall grasp in the absence of a useful pollex. 

 All three species show the lowest percentage of contribution by the palmar region 

during vertical-branch locomotion. This is also true for the plantar region in Lemur, but 

Propithecus and Varecia exhibit a higher percentage than below-branch locomotion. For 

these two larger bodied species, the lower placement of the foot on a vertical substrate 

positions it ideally to combat sliding by increasing the frictional force through greater 
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applied pressure (Cartmill 1985; Lammers 2009). This is further addressed below. As in 

below-branch locomotion, the highest percentages of digital contribution for Propithecus 

and Varecia are contributed by more medial digits, which are located opposite the highly 

active hallux (Figure 5.3), and allow for a pincer-like grasp across the substrate. 

However, unlike below-branch locomotion, the pollex is employed more often (although 

not nearly as often as the pollex), and may be participating in a similar pincer-like grasp 

as seen in the foot. This is supported by the fact that the more medial manual digits are 

employed more often than the more lateral manual digits. 

 These findings are of particular interest in light of Morton’s (1924) early work on 

classifying types of grasp. Morton described three basic types of grasp, the “clinging and 

B 

A 

Figure 5.2: Varecia and Lemur individuals tended to apply the distal phalanx of the 
hallux to the substrate, with the rest of the digit bowed away. A=Lemur catta, 
B=Varecia rubra. 
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perching” grasp, which is the most primitive type of grasp employed by primates, and is 

seen primarily in lemuroids, the “hallucal grasp”, which characterizes most other 

primates, and the “suspension grasp”, generally only seen in Ateles. Morton defines these 

grasp types both anatomically and behaviorally, and notes the elongated 4th and 5th digits 

that characterize the “clinging and perching” grasp. He further describes it as follows: 

Its mechanics are more easily understood by a little 
personal experiment. If one grips a two-inch rod, he gets 
his best hold by counterpressure of the thumb upon the 
area opposite the middle digit. But if this be tried on a thick 
six or seven-inch pipe or beam, the grip will be found to be 
more effective between the hallux and the outer digits 
because the width of the palm helps to cover the increased 
span.      (Morton 1924) 

 

From this description, we can surmise that the suspensory grasps in which the hallux and 

3rd digit were major contributors were successful because of the relative size of the 

substrate. This was also true for vertical-branch locomotion, in which the more medial 

digits were commonly employed, resulting in this ‘clinging and perching’ grip. As these 

findings support Morton’s descriptions, it could be possible to use relative digit 

contribution to frame hypotheses regarding patterns of substrate size and use in lemurs. 

 Gebo’s (1985) work to expand on Morton’s classifications adds further 

understanding to the findings of this study. Gebo examined mycological and osteological 

anatomy for a range of lemur species, and compared muscle belly size and attachments. 

He identified two contrasting patterns of muscle anatomy, one which emphasized the 

flexion and opposition abilities of digits 1 and 2-5 5 (I-V grasp), and a I-II grasp, in 

which the abilities of the first and second digits are enhanced to perform an ‘enhanced 
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hallucal’ grasp. Lemur, Propithecus and Varecia all fell in the latter I-II grasp category. 

What this study shows is that the characterization of grasp type in a given primate is 

highly dependent on substrate orientation. The I-II grasp characterized most of the above 

branch grasps, but the third digit is also a regular contributor during below and vertical-

branch locomotion. A similar type of grasp has also been observed during precision  

manipulation in capuchins (Christel & Fragaszy 2000; Costello & Fragaszy 1988). It can 

be therefore inferred from these findings that muscle size alone may not be an accurate 

indicator of frequency of digit use.  

 

A B C 

Figure 5.3: All 3 species tended to place the hallux in line with the most 
medial digits (2 and 3) during vertical branch locomotion. A=Lemur 
catta, B=Propithecus coquereli, C=Varecia rubra. 
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Within substrate variation in pressure magnitudes 

 By and large, digits are not major contributors to the overall grasp during above-

branch locomotion for any species. Rarely do digits 3-5 contribute at all to the grasp in 

either the hand or the foot, and the more commonly used digits 1 and 2 rarely if ever 

exert the greatest pressures across the entire autopod. For a substrate of this size, above-

branch locomotion does not appear to be much of a grasping behavior at all, and is 

perhaps best described as an activity involving contact between the palmar/plantar region 

and the substrate (Fleagle 1976; Fleagle & Mittermeier 1980). Moreover, despite 

differences in percentage contribution that suggest relative diameter influences grasping 

behavior, there are no significant differences across species in the pressures exerted 

during above-branch locomotion for any autopod region in either anatomical set one or 

two. While not a grasping behavior, chimpanzees also show within autopod differences in 

forces exerted across digits during different behaviors (terrestrial vs arboreal knuckle-

walking) (Wunderlich & Jungers 2009), suggesting that such behavioral variability 

characterizes various modes of locomotion in primates. When across-autopod differences 

exist, pedal pressures are higher than manual pressures, which is likely a reflection of the 

fact that primates primarily load their rear limbs, as opposed to most other mammals, 

which are front-loaded (Congdon et al. 2012; Raichlen et al. 2009). 

 Pressure magnitudes demonstrate that all three species have unique approaches to 

below-branch locomotion. In Lemur, there are no significant differences across autopods, 

suggesting hands and feet are equal contributors to locomotion at this orientation. 

Furthermore, there is variation across anatomical regions in the hand, but not the foot. 
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Specifically, overall manual pressures are greater than pollical pressures, and not 

different from lateral digit pressures. This is likely the result of relatively large substrate 

diameter (Fleagle 1976; Fleagle & Mittermeier 1980). For the larger-bodied species, 

longer digits were able to subtend a large portion of the top of the substrate. Lemur catta 

was not able to employ this strategy, due to relatively shorter digits. As an alternative, it 

was common for individuals of L. catta to press the distal phalanges into the top of the 

substrate, with the rest of the digit bowed away from the substrate, and the metapodial 

heads pressed firmly against the side of the substrate (Figure 5.4). This was a strategy 

regularly employed in the hand specifically, as the pedal digits of Lemur catta were long 

enough to cover the top of the substrate and apply downward pressure. The bowed-up 

digital posture was also employed occasionally in the hand of Varecia rubra, but was 

never seen in Propithecus coquereli. This is consistent with the interpretation that such a 

behavior is a compensation for shorter digits (as compared to substrate diameter), as 

Varecia digits are intermediate in length between Lemur and Propithecus. Such a strategy 

is of particular interest in light of previous work that suggests changes in body position, 

specifically the angle of the body relative to the substrate, is an effective alternate means 

of reducing stress on the digits (Krakauer et al. 2002). This option should be examined 

for all study species during below-branch locomotion, as a possible explanation for the 

absence of the predicted high digital pressures during suspension, and specifically in 

relation to the use of the bowed-up digit posture. In previous observations of this 

position, it has been alternately suggested that a bowed-up digit reduces the functional 

length of the digit, thereby reducing the strains experienced by the phalanges (Bishop 

1964; Nieschalk & Demes 1993). As the pressure data collected in this study show the 
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highest pressures exerted during the bowed up postures are located in the vicinity of the 

metacarpal heads, this is another plausible hypothesis that deserves further exploration. 

 

 

Propithecus exerts greater pressure with the hand than the foot during below-

branch locomotion, specifically relying on the palmar region and lateral digits. This 

strategy is interesting in light of the relatively long pedal digits in this species (as 

compared to the substrate diameter). Such elongation would hypothetically make the foot 

very useful during below-branch locomotion, for the reasons described above. However, 

despite the relatively shorter pollex and lateral digits that make a pincer grasp around the 

substrate more difficult (as compared to the foot of the same species), these individuals 

relied more heavily on the hand than the foot. Varecia relies more heavily on the lateral 

Figure 5.4: Lemur catta individual employing a bowed-up digit posture across multiple 
manual digits. 
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digits than the first digit in either the hand or the foot, more on the hallux than the pollex, 

and more on the manual medial digits than pedal medial digits. And yet, overall manual 

and pedal pressures do not differ, suggesting this species relies equally on both autopods, 

but uses individual components differently. The pattern of pressure distribution suggests 

that Varecia, the species that most commonly engages in this behavior, is employing a 

form of the pincer grip in both the hand and the foot, despite the relatively shorter pollical 

length. This reinforces the possibility that the pincer-like grip is ideally suited to below-

branch locomotion.  

  

 

 

 Figure 5.5: Bowed up digit position during 
vertical-branch locomotion 
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In vertical-branch locomotion, the foot consistently exerts greater overall and first digit 

pressures than the hand for all species. This makes sense when considering the direction 

of the gravitational force and risk of slipping – stronger grasping with the lower autopod 

(the foot) enhances the force of friction and aids in maintaining position on the substrate 

(Cartmill 1974a; 1985). However, the use of different regions within autopods varies 

across species. For Lemur, plantar surface pressures are the highest, along with the 

hallux. This is a result of a grasping strategy similar to that used during below-branch 

locomotion, in which digits too short to subtend much of the substrate are applied in a 

bowed up posture, where pressure is applied by the distal phalanges and metacarpal heads 

(Figure 5.5).  

Plantar surface pressures are also highest in Propithecus, but this species shows 

greater variation across lateral digits in the same autopod, with more medial pedal digits 

exerting greater pressures than the fifth. This is likely a compromise between the reliable 

pincer-like grip seen during below branch locomotion and the possible benefit of exerting 

high pressures at the lowest position on the vertical substrate. Unlike the other two 

species, Varecia exerts greater pressure with the lateral manual digits than the palmar 

region, although the plantar region exerts greater pressured than lateral pedal digits, 

demonstrating separate grasping strategies across autopod. However, overall pedal 

pressures are still higher than manual, further demonstrating the utility of increased 

grasping in the lower autopod on a vertical substrate. 
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Variation in pressure magnitude across substrate 

 Hypothesis one predicted that, in accordance with the assumptions of previous 

literature (Congdon 2012; Jungers et al. 1994; Jungers et al. 1997; Preuschoft 1970; 

Richmond 2007), below-branch suspension elicits the highest grasping pressure 

magnitudes, specifically in the digits. The findings of this study do not support this 

hypothesis. In fact, patterns of pressure magnitude across substrate orientation vary at the 

individual, species and taxon levels. This counters the assumption that suspensory 

behaviors result in a locomotor signature reflected by increased phalangeal curvature. 

At the individual level, most lemurs exert the highest overall pressures during 

above-branch and/or vertical branch locomotion. When considering lateral digit pressure 

specifically, the only individuals that exhibit significantly greater pressures during below-

branch locomotion than either above- or vertical-branch locomotion belong to Varecia 

rubra, the taxon that most commonly engages in below-branch suspension (Gebo 1987). 

Nonetheless, that difference is more consistently observed only in the foot. This could 

signify the Varecia strategy as that best suited to below-branch locomotion, as ruffed 

lemurs represent the most suspensory species studied herein. 

These patterns change slightly at the species level. Overall pressures are higher 

during below-branch locomotion than vertical-branch locomotion for Lemur and 

Propithecus in the hand (in which vertical-branch pressures are actually the lowest). 

Noticeably, overall pressures during below-branch locomotion are not the highest for 

either the hand or the foot in the highly suspensory Varecia, which contradicts the 

prediction of the hypothesis. And again these patterns are different when considering 
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individual digits. For Lemur, the relatively high overall pressures during below-branch 

locomotion are not reflected in the digits. This is likely the result of the unique bowed-up 

strategy employed by this species, as discussed above. In such a posture, the highest 

pressures are in fact being exerted by the metacarpal heads, which in this study were 

classified as part of the palmar region. This has important morphological implications, 

because the bowed-up strategy results in hyperextension at the metacarpal-phalangeal 

joint that would induce bending strains opposite to those modeled in previous studies 

(Preuschoft 1970; Richmond 2007). When considering the digits of Propithecus and 

Varecia, certain manual digits exert higher pressures during below-branch locomotion in 

the former, while certain pedal digits do so in the latter. Together this is strong evidence 

supporting the need to consider digits individually during locomotor studies (Congdon 

2012). 

At the taxon level (considering all species as one unit), again, the most consistent 

pattern is one of inconsistency. Highly variable strategies of digit and autopod use within 

and across individuals of each species result in the absence of any unifying pattern at the 

species or taxon level. However, it should be noted that in many cases, while below-

branch pressures were higher than above-branch pressures, they were not significantly 

different from vertical-branch pressures. This may suggest that these two behaviors share 

a so-called ‘high pressure’ locomotor category. When considering grasping morphology 

it should therefore be considered that either or both of these behaviors could be driving 

autopodal morphology.  
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Transitional Behaviors 

 Hypothesis 2 predicts that pressures exerted during transitional behaviors will be 

higher than stereotypical locomotor behaviors performed at the same substrate 

orientation. This hypothesis is largely supported. Most transitional behaviors employed 

pressures at magnitudes that were as high as or greater than the pressures used during 

stereotypic locomotion at the same substrate orientation. This was especially true for 

flipping and above-branch landing. As all transitional behaviors can be described as 

requiring either a change in position or direction, it makes sense that higher pressures 

would be required (Wunderlich & Schaum 2007). Increasing grasping pressure through 

the palmar/plantar surface of the autopod and/or digits could assist in maintaining balance 

when the directional axis of the body is changing. 

 Transitional behaviors were examined only at within-species and within-taxon 

levels, as these behaviors were not performed at a sufficient frequency to examine within 

individuals. Not all behaviors were performed by all species, and not all behaviors 

utilized digits. Medial digits were more commonly employed than lateral digits during 

most transitional behaviors. A notable exception to this is during flipping – Varecia rubra 

not only employs more lateral digits while flipping from a below-branch to above-branch 

position, manual digit 5 exerts pressures higher than those exerted during below-branch 

locomotion by that digit. As Varecia engages in the most suspensory behavior, it is 

possible they also do more flipping from a below-branch to above-branch position, 

suggesting their locomotor strategy for this movement is ideal, but interestingly, Lemur 

catta also employed more lateral digits (in this case, pedal digits 3 and 4) during flipping, 
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and they too exerted pressures at the high end of the below-branch locomotor range. 

Lemur performs the least amount of suspensory behavior, and in fact most of the flipping 

they performed was the result of apparent discomfort in a suspensory position. It is 

therefore interesting that they used a similar strategy as Varecia. Unfortunately, 

Propithecus did not engage in any flipping behavior, but it can be predicted that they too 

would employ a similar strategy, and these data have identified a rather uniform type of 

arboreal transition.  

Lemur catta also exerted relatively high pressures with pedal digit 4 during 

running. If previous work that describes the intrinsic digital musculature is accurate in 

describing the most lateral digits as having smaller musculature (Gebo 1985), the 

differential employment of digits 4 and 5 during these specific behaviors may suggest 

that these behaviors are particularly complex (requiring recruitment of less commonly 

used autopodal elements), and require as much active engagement across the entire 

autopod as possible. An extension of this argument is that transitional behaviors 

employing only the most medial digits, if any, at those high pressure ranges, jumping, 

landing, turning (and in the case of Propithecus bipedal running) are less complex. 

However, an earlier analysis of bipedalism in Propithecus has demonstrated it is a 

biomechanically complex behavior, and has suggested that balance has been prioritized 

over energy conservation (Wunderlich & Schaum 2007). The fact that digital pressures 

are not at the high end of the locomotor range for this behavior suggests that any 

accommodations to increase balance are occurring at the more proximal limb joints rather 

than the digits. 
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 Certain patterns of digit use do not persist at the within-taxon level. For example, 

during flipping, only manual digit 5 exerts pressures higher than the below-branch 

locomotor range. What is conserved is pollical and hallucal use. Overall, this 

demonstrates that locomotor variation in lemurs occurs among more lateral digits of both 

the hand and the foot at the species level, but digit 1 use does not, which has implications 

for the evolution of differential digit use across strepsirrhine species.  

 Previous work examining forces during vertical leaping found Propithecus 

verreauxi exerted takeoff forces that were 9.6 times their body mass (Demes et al. 1995), 

likely primarily by the hand (Demes et al. 1996).  In comparison, Propithecus coquereli 

exerted takeoff pressures approximately 7 times body mass with the hand in this study. 

The other species that engaged in vertical leaping during this study, Lemur catta, exerted 

pressures approximately 11 times body mass during takeoff. This is also in keeping with 

Demes et al (1995), as their study found a smaller bodied species (H. griseus) exerts 

higher takeoff forces for body mass than larger Propithecus species. There are two 

possible interpretations of these findings. The first is that, despite their smaller body size, 

Lemur catta is capable of generating greater leaping pressures than Propithecus. This is 

similar to the conclusion of Demes et al (1995), which suggested larger bodied vertical 

leapers waste force deforming the substrate (and it has been demonstrated that larger 

bodied primates use more energy during vertical climbing than smaller bodied primates – 

(Hanna & Schmitt 2011b). The other possible interpretation is that the smaller species 

requires higher takeoff pressures in order to cross a similar-sized gap (which would be 

relatively larger for a smaller-bodied species). Considering the fact that Propithecus is 

specialized for this behavior and Lemur is not, this seems a likely possibility (Hanna & 
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Schmitt 2011a). A more involved examination of the relationship between takeoff force, 

grasping pressure and body size would be necessary to clarify this issue. 

 

Relative Substrate Size 

 Because of the different autopod sizes across the three study species, it is possible 

to examine additional predictions regarding the role of relative substrate diameter that are 

outside the scope of the study hypotheses (Fleagle 1976; Fleagle & Mittermeier 1980). 

Previous work has outlined a number of kinematic adaptations that can increase stability 

on narrow substrates (Shapiro & Young 2012). If we assume that more of the autopod, 

particularly the digits, are engaged to maintain stability in environments of increasing 

precariousness, we would predict that the larger Varecia and Propithecus would more 

frequently engage the more lateral digits on this substrate during above-branch 

locomotion than Lemur, for which this diameter substrate is relatively larger. This 

prediction largely holds true when examining percentage of usage for the individual 

digits within species.  In the hand, both Varecia and Propithecus employ digit 3 more 

often than Lemur. In the foot, the two larger species employed digits 4 and 5 more often 

than the smaller species. And the largest species, Propithecus, employed digits 3-5 in 

both the hand and the foot more than Lemur. In accordance with the work of Fleagle and 

Mittermeier (1980), we would also expect higher pressure magnitudes in the larger 

bodied species (but see Schmitt 2003) – this is generally true, as Propithecus exerts 

higher pressures than Lemur, and at times higher pressures than the intermediately sized 

Varecia. Altogether, this reinforces previous hypotheses regarding relative substrate size. 
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 Substrate orientation must also be considered here. While above-branch 

locomotion at this diameter provides one set of behaviors across species (described 

above), we would expect something of the reverse during below-branch locomotion, in 

which the relatively large substrate diameter would prove more difficult for the smaller 

handed/footed Lemur. This does in fact hold true; Lemur individuals were reluctant to 

perform suspensory behaviors, and employed the previously described bowed-up digit 

posture. It can be conjectured that the relatively large diameter of the substrate made 

locomotion difficult for this species, and prevented appropriately high grasping 

magnitudes. Many studies have attempted to quantify substrate choice in the wild (Cant 

1992; Dagosto 1994; 1995), but a method of standardizing substrate diameter to a 

measure of size would be essential to fully accomplishing that goal. 

 

Hands vs Feet 

 It is clear from the results of this study that the hand and foot covary in there 

pressure profiles, and these patterns of variation appear to be dependent on substrate 

orientation. Within individuals, differences in pressure across autopods are most common 

during vertical-branch locomotion. Within species and within taxon, differences in 

pressure across autopod are common in both below and vertical-branch locomotion. In 

fact, within taxon there are more across-autopod differences during below-branch 

locomotion than vertical-branch locomotion. The difference in pressure magnitude 

exerted by homologous digits across autopod is also not consistent across substrate or 
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level of analysis. Pedal pressures tend to be higher than manual pressures during vertical-

branch locomotion, but the reverse is true for below-branch locomotion.  

This has interesting implications for the evolution of behavioral divergence across 

autopods. During vertical-branch locomotion, the exertion of higher pressures by the feet 

rather than the hands helps to prevent downward sliding, and also aids in maintaining 

balance and position during feeding behaviors. By not relying heavily on the hands, 

removing a hand from the substrate to manipulate food would not require a major 

readjustment of pressure distribution across the autopods. However, the same cannot be 

said for the below-branch posture, which also occurs during feeding. The higher manual 

pressures exerted during below-branch locomotion means that releasing the substrate 

with a hand to reach for or manipulate a food item would require a significant portion of 

the total grasping pressure to be transferred to the remaining three autopods, which is a 

more significant readjustment than if the majority of the grasping pressure were already 

being exerted by the feet. For this reason, there must be some benefit to loading the hands 

more heavily than the feet during below-branch locomotion. During this study it was 

observed that positional changes during below-branch locomotion were performed by the 

animal releasing the feet and pivoting around an axis formed by the shoulder girdle and 

the substrate. Such quick changes might be made easier by disproportionately loading the 

hands while in the posture. These positional changes were not observed during vertical-

branch locomotion, which would have resulted in the individual performing essentially an 

upside-down flip. 
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Pooling Digits 

 There are numerous differences in analyses that pooled digits compared to 

analyses that consider digits individually. When digits are pooled within individuals, the 

sum is at times greater than the whole, in that significant differences in pressure 

magnitude as compared across substrate only appear when digits are pooled. Within 

species, the reverse is also true, in that differences in individual digits across substrate are 

lost when digits are pooled. Within taxon, differences in individual digits across substrate 

are lost when pooled for comparisons to above-branch locomotion. What this 

demonstrates is that similar studies of pressure distribution cannot look at only pooled 

digits or individual digits and assume behavioral patterns will persist at the other level of 

analysis. 

 The effect of pooling or not pooling digits also has to be considered when 

considering morphology, and its relationship to behavior. When digits are pooled by 

species, manual digits are significantly more curved than pedal digits, but this pattern 

does not hold true for each comparison of individual digits across autopods. Additionally, 

there are significant differences in curvature across digits within autopod that clearly 

cannot be discussed when digits are pooled. The presence of differences in curvature 

across digits within autopod speaks directly to differences in use, which contradicts 

assumptions from prior research (Stern et al. 1995). In regards to the relationship between 

morphology and curvature, there are individual digits that show significant correlations 

between curvature and pressure that are lost when digits are pooled. Additionally, some 
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correlations are only significant when digits are pooled. As such, different behavioral 

signatures will be detected in studies that pool digits versus those that do not.  

 

 

5.2: The Functional Morphology of Arboreal Grasping 

 Understanding the functional morphology of the hands and feet of primates is 

essential to better knowledge of a wide range of issues in primate evolution and behavior. 

When specifically considering the functional morphology of arboreal grasping, there are 

a number of different factors to consider. This study specifically addresses the role of 

body size, digit size and autopod size in grasping magnitude, the relationship between 

phalangeal curvature and grasping magnitude, the pattern of curvature within and across 

autopods in both a captive and wild caught sample, and the implications of these findings 

for our understanding of the biological role and plasticity of phalangeal curvature. 

 

The role of body size in grasping 

 Despite previous studies that suggest a link between body size and arboreal 

biomechanics (Demes & Gunther 1989), there are few major trends regarding the links 

among body mass, digit length and grasping pressure in this study. With the exception of 

one case of isometry, those correlations that were present exhibited slopes with a 

magnitude indicating positive allometry (i.e. significantly greater than the magnitude 



226 

 

indicating isometry), although in some cases the value of that slope was negative. This 

demonstrated that in these cases, as digit length increased, digital pressure decreased at a 

rate greater than that predicted by an isometric relationship between length and pressure. 

In the case of digit length and digital pressure, observed behaviors that suggest shorter 

digits are not as useful (particularly in the hand) during below-branch locomotion 

correspond to the presence of a positively allometric relationship between digit length 

and pressure at that orientation. Few if any positively allometric associations exist for 

digit length and pressure during below-branch locomotion, and confoundingly are pedal, 

not manual. The absence of a relationship between manual digit length and pressure 

during below-branch locomotion could be the result of successful compensatory 

behaviors. This is certainly suggested by the fact that specific behaviors were observed in 

which relatively shorter manual digits were used differently (such as the bowed-up 

posture common in Lemur catta). If these behaviors successfully allowed animals to 

compensate for short digits (relative to the substrate diameter), the absence of a link 

between length and pressure makes sense, and suggests other factors are driving grasping 

force. From this we can conclude that those finger postures are advantageous, and 

somewhat successful at that, as this behavior circumvents the constraints of digit length 

on the magnitude of exerted pressure during particular behaviors.  One of those additional 

factors may be body mass. However, at the individual digits, body mass is most 

commonly correlated with digital pressure in manual digits during vertical-branch 

locomotion. This has strong implications for the importance of supplementing frictional 

forces during vertical-branch locomotion, particularly as all such relationships are 

positively allometric, with larger-bodied species applying increased arboreal grasping 
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pressures. The lack of this pattern in the foot is interesting and suggests that the hand is 

providing most of the compensation necessitated by larger mass, while other factors are 

driving grasping pressure amongst pedal digits. Also interestingly, this relationship is lost 

when digits are pooled, further demonstrating that different digits are being employed for 

grasping via different strategies that are not necessarily reflected when considered 

together. When digits are pooled, the only significant association to persist is one of 

isometry during below-branch locomotion in the hand. When combined with the data that 

demonstrates vertical-branch locomotion frequently requires equal if not greater grasping 

pressures than below-branch locomotion, these results regarding digital pressures suggest 

that vertical-branch locomotion is a complex activity that must be considered as a 

possible driving force in phalangeal and overall autopod morphology. 

 This persistence of cases of negative slopes for allometric relationships of digital 

length and pressure further underscores the multifarious nature of arboreal grasping. One 

possible explanation is that in larger-bodied lemurs, metapodials exhibit significant 

positive allometry vs. overall autopod size (i.e. the digits are composing less of the total 

autopod surface area), which could be influencing the use of these relatively shorter digits 

(Lemelin & Jungers 2007). Recall that, as with the other analyses performed in this study, 

only the right side was examined. Grasping is a dynamic process that engages both sides 

of the body, and in most cases (and in all the behaviors examined here for a size 

relationship) all four autopods. It is therefore possible that results from the left side of the 

body could be significantly different, and show different patterns. However, it should be 

noted that if handedness were invoked to explain every case of negatively scaling 

allometry found here, this would indicate a left-handed preference for every individual 
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across three species with diverse behavioral repertories and body size and dimensions, 

which, in the absence of an in-depth understanding of handedness in primate locomotion, 

seems unlikely. Previous work suggests that the scaling of phalangeal length vs. body 

mass can be attributed to differences in feeding and prey acquisition (Lemelin & Jungers 

2007). Although these findings may be suggestive of a relationship driven by feeding 

behaviors rather than locomotor behaviors, there is clearly further need for studies that 

can parse the influence of these behaviors on autopodal morphology. 

 Body size and proxies thereof may also have influenced behavioral choices in this 

study. Lemur individuals were reluctant to perform below-branch behaviors, likely 

because of the relatively large substrate diameter. But contrary to predictions regarding 

body size and preferences for suspensory behavior (Cant 1992; Cartmill 1985) and field 

observations (Dagosto & Yamashita 1998), the large-bodied Propithecus was likewise 

reticent. This was likely due to the elongate legs of this species, which facilitate vertical 

clinging and leaping, but are awkward for below-branch locomotion.  

 

Correlations of Phalangeal Curvature with Grasping Pressure 

 Across all levels of analysis, pedal digits exhibit more significant correlations 

than manual digits. Within individuals, some show significant correlations with both 

pressures during a particular behavior and maximum pressures, but only Phoebe 

exhibited a significant correlation with more than one behavior. And except for Pompeia, 

no individuals showed significant correlations with below-branch locomotor pressures, 
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contradicting the previously held assumption that phalangeal curvature is an indication of 

below-branch suspension (Almecija et al. 2007; Deane & Begun 2008; 2010; Rein 2011).  

 At the within species level of analysis, only the pollex of Varecia rubra shows a 

significant correlation of curvature with below-branch locomotor pressures. This is 

particularly noteworthy in light of the possible role digit length plays in digit use during 

below-branch locomotion – the relatively short pollex was not as commonly employed 

during suspension as the more lateral digits, although the pollex was used more often by 

Varecia individuals than those of the other two species. 

 Within taxon, only the most lateral pedal digits exhibited a correlation with 

locomotor pressures. Such a finding continues to suggest that digits within autopod are 

used differently, and should be considered individually as regards their morphological 

signatures. Ultimately this study does not support the hypothesis that phalangeal 

curvature is correlated to digital pressures exerted during any of these arboreal behaviors. 

As this study conjectured that, if classic models of phalangeal loading that assume the 

bones are loaded primarily in flexion are accurate ((Preuschoft 1970; 1973; Richmond 

2007), most of that force would be transmitted as pressure against the substrate. The 

findings detailed herein also call in to question the validity of those models. 

 However, despite the findings of this particular study, the association of extreme 

phalangeal curvature with highly dedicated arboreal lifestyles in extant primates (see 

primarily orangutans and gibbons) cannot be denied. Previous work that has relied on the 

magnitude of phalangeal curvature to identify arboreal behaviors are only unambiguous 

in classifying orangutans, due perhaps to their extremely high magnitude of manual and 
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pedal phalangeal curvature (Deane et al. 2005; Deane & Begun 2008; Jungers et al. 1994; 

Jungers et al. 1997). Thus, while the interpretation of fossil primates with extreme 

phalangeal curvature as highly arboreal (Almecija et al. 2007; Jungers et al. 1994; 

Jungers et al. 1997) may be accurate, the functional basis for this association remains 

unknown. What is most likely is that the current loading models used to infer a 

relationship between climbing and phalangeal form are inadequate. Additional research is 

necessary to identify the correct model (or models) before such relationships for more 

intermediate forms and arboreal behaviors can be considered accurate.  

Going forward, a number of issues must be kept in consideration. First, a tacit 

assumption of the current models assumes a continuous relationship between grasping 

forces and phalangeal curvature. However it is possible that this relationship is instead 

threshold based, meaning that the relationship would be undetectable below that 

threshold. And this hypothetical threshold could be linked to one or more variables. The 

threshold may be based on a frequency of a particular arboreal behavior, a magnitude of 

grasping force, or both. Body size may also play a role, as those species (both extant and 

extinct) that are at the extreme range of phalangeal curvature, exhibit body masses at 

least twice that of the species examined here (Aiello & Dean 2002; Jungers et al. 1997). 

An even more complicated possibility is that different models are relevant at different 

points on the continuum, and which model dominates being determined perhaps by body 

size or relative substrate diameter (or a combination of both). It is possible as well that 

below the threshold, a different model applies, or that there is only a relationship between 

curvature and grasping above the threshold. And lastly, all of these factors my dictate a 

different model of loading during different behaviors. It is therefore possible that each 
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and every digit is best described by a different loading model, some of which are 

threshold-based while others exist on a continuum, and that these models change for 

every behavior, and with body size and/or substrate properties, or in accordance with an 

as-yet unidentified variable. In sum, there is nothing to indicate that the relationship 

between arboreal grasping and phalangeal curvature can be described by any one loading 

model. 

Ultimately, unraveling this complex set of variables can best be done with bone 

strain data collected during in vivo experiments that model natural behaviors as closely as 

possible. In the absence of such data, or in advance of their collection, a much more 

extensive understanding of digital pressures across species, behaviors, and substrate types 

and sizes is necessary. While it is certainly possible that the manner in which the 

phalanges are being loaded is such that the majority of the force will never be translated 

into direct pressure against the substrate, it has been the too easy acceptance or dismissal 

of incompletely tested hypotheses that has plagued this topic. Therefore, a more complete 

understanding of the relationship between digital pressure and grasping behaviors across 

primates is necessary before pressure can be fully dismissed as a proxy for digital 

grasping forces. The results of this study cannot suggest an alternate model of loading in 

grasping phalanges. However, as a test of the current model it clearly demonstrates that 

much in our understanding of the relationship between phalangeal curvature and 

arboreality is unknown, demonstrating that the current model is incomplete at best, and 

completely false at worst. 
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The Biological Role of Phalangeal Curvature 

 In order to improve reconstructions of locomotor behavior in fossil species, the 

biological role of hand and foot elements must be understood. One of the goals of this 

study was to explore the biological role of phalangeal curvature in arboreal primates. The 

complex nature of the results precludes the existence of one unifying biological role of 

phalangeal curvature across primates. It seems more likely that biological role may differ 

by autopod and even by digits within autopod; that each autopod and or digit may have 

multiple roles; and that phalangeal curvature is a compromised form best fit to serve all 

of these roles. This possibility is suggested by several lines of evidence, including the fact 

that digit use varies across substrate, behavior, and species, that different digits show 

correlations with pressures exerted during different behaviors, and that in some cases 

digits show significant correlations with more than one behavior. 

 The possibility of discrete anatomical elements (such as digits, or individual 

phalanges) having multiple biological roles is not unusual (Bock & von Wahlert 1965; 

Bock 1999), and in this case makes sense when considering the nature of arboreal 

locomotion. The composition of an arboreal environment, only partially reconstructed by 

this study, requires any arboreal primate to exhibit locomotor flexibility. Even species 

that are arboreal specialists, such as the vertical clinging and leaping Propithecus must be 

able to navigate discontinuous, uncertain and mobile substrates that could require a wide 

range of behaviors outside the norm for that species. For this reason, a certain amount of 

diversity of function must be preserved. As this study has demonstrated that different 

locomotor behaviors do in fact require different grasping strategies, the lack of a single 
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and strong correlation of phalangeal curvature to one particular behavior is unsurprising. 

At present, it is unclear if arboreal grasping makes any contribution to the biological role 

of phalangeal curvature. 

 

Comparing Morphological Patterns in Wild and Captive Samples  

 None of the patterns of curvature across digits within autopod of the captive taxa 

are reflected in the museum samples. If phalangeal curvature is plastic, differences in 

curvature among digits within the same autopod suggests significant differences in use, 

and it is therefore unusual that those differences would characterize a captive population 

and not a comparative wild sample. It is generally assumed that a captive population 

would be less active and experience a less complex environment than a wild population 

(unless the latter are more energetically challenged). One would therefore predict any 

morphological differences indicating differential digit use would identify a wild-caught 

population rather than a captive one. Additionally, for both Lemur and Propithecus, when 

significant differences in curvature were detectable, the Duke sample was always more 

curved than the comparative museum sample, suggesting captive individuals are exerting 

greater digital pressures than wild counterparts. It is possible that variation in 

morphology reflects a disparity in behavioral ontogeny (Pearson & Lieberman 2004) – 

Duke juveniles may be more active, or exhibit different activity patterns, resulting in 

changes in bone shape that are less reflective of adult behavioral patterns. The presence 

of significant developmental plasticity and correspondingly divergent intraspecific 
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variation has been demonstrated in white rabbits raised throughout postweaning ontogeny 

on diets of different material properties (Ravosa et al. 2015). 

In contrast, if curvature is phylogenetic rather than plastic, the greater curvature of 

the Duke sample has interesting implications for the suggestion that the more curved 

Varecia condition is primitive (Jungers et al. 1997). If such a suggestion is true, this 

would mean that the Duke primates more closely reflect the primitive condition than the 

wild sample used here. Clearly, an hypothesis of evolutionary divergence between the 

wild and captive samples is highly implausible. Ultimately the difference in curvature 

between these two samples therefore supports an hypothesis of plasticity, but certainly 

introduces a new set of questions regarding the specific nature of that plasticity, and of 

the usefulness of wild samples as more representative of biological variation than captive 

samples. Currently, a potential solution to this dilemma can be sought in the analysis of 

the frictional coefficient of artificial substrates located at the Duke Lemur Center vs. trees 

in Madagascar environments. At the DLC, the artificial substrates these animals utilize 

during indoor housing (smooth, polished wooden polls) likely have a lower coefficient of 

friction than trees with bark. It is therefore likely that during periods of indoor housing, 

DLC lemurs must exert higher grasping pressures to prevent slipping than wild 

counterparts would on trees with bark. Particularly in Propithecus, this difference is 

apparently enough to result in a significant difference in curvature. As the lack of 

evidence linking phalangeal curvature to any of the behaviors examined here introduces 

the possibility that phalangeal curvature is unrelated to arboreal grasping, intraspecific 

differences between the samples may be attributable to as an yet unidentified parameter. 
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Plasticity and Function of Phalangeal Curvature 

 Previous studies have conjectured that phalangeal curvature is plastic (Congdon 

2012; Richmond 1998; 2007). This assumption of plasticity relies on a model that 

assumes manual and pedal proximal phalanges are primarily flexed dorsoventrally during 

arboreal grasping (Preuschoft 1970; 1973; Richmond 2007) to explain the observed 

dorsal curvature of the bone. One in vivo study found a plastic response to an arboreal 

environment in the third pedal digit of mice (Byron et al. 2011). If phalangeal curvature 

is a plastic trait, and the model presented by Richmond (2007) is accurate, we would 

expect to see in the results of this study strong correlations of manual and pedal 

phalangeal curvature with high grasping pressures – namely those exerted during 

suspensory and vertical climbing. We would also predict that the most curved phalanges 

are consistently exerting the highest pressures across all digits at all substrate 

orientations. In support of this supposition, there were a few cases of significant positive 

correlations of phalangeal curvature with pressure, indicating that the most curved 

phalanges were exerting the highest pressures. It is however important to note that these 

were a limited number of significant positive correlations (11 out of more than 200), and 

most were with pressures exerted during vertical-branch locomotion (7 of those 11).  

When we consider the high number of total correlations examined in this project, the 

extremely low number of significant positive correlations cannot be responsibly 

considered to support the Richmond (2007) model. Additionally, as this study is not a 

direct test of the plasticity of manual and pedal phalanges, the findings here, limited as 

they are, should not be used to support an hypothesis of plasticity for phalangeal 

curvature.  It should be kept in mind that no study examining the relationship between 
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form and function can speak directly to the plasticity of a feature if it does not include an 

experimental component that perturbs the system in question. Even support for 

predictions that fall from an hypothesis of plasticity can do no more than fail to disprove 

a plastic relationship. 

 What can be inferred from the findings of this study is that the currently accepted 

loading model is not accurate. A more accurate model of phalangeal loading should start 

with a further examination of the bowed-up digit position observed during this study. 

This position, observed most commonly during below-branch locomotion in Lemur catta 

individuals in this study, would require hyperextension at the metacarpophalangeal joint. 

This would induce a bending moment opposite to that hypothesized by Richmond (2007). 

However, this posture was variably observed across digits, individuals and species, which 

means it may not represent a loading model that characterizes all digits during all 

arboreal behaviors. What it does suggest is that forces influencing phalangeal shape are 

more complex than simple flexion. In this study, the bowed-up posture is likely designed 

for suspension on relatively large substrate diameters, which means it may be more 

commonly performed in Varecia and Propithecus when locomoting on larger substrates 

than that used here. It also introduces the possibility that proximal and intermediate 

phalanges are experiencing different loading regimes, and may therefore differ in their 

degree of curvature (see Matarazzo 2007). However, it is also important to consider that a 

combination of flexion and extension is being employed during digital positions that are 

not obviously part of the bowed-up posture as well.  In other words, it is possible that 

certain digits are applying pressure via extension without creating an obvious bowed-up 

posture, thereby appearing to be in flexion. An in vivo study of phalangeal strains during 
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arboreal locomotion would be necessary to answer these questions. Most importantly, 

this finding strongly suggests that there is no individual loading model that can be used to 

describe all digits during arboreal grasping. Loading patterns likely vary both across 

digits and behaviors. This is by far the strongest evidence yet supporting the necessity of 

treating phalanges as individual elements that convey unique locomotor signatures. 

 Previous work examining skeletal plasticity in response to arboreal demands has 

been performed (Byron et al. 2011). Only the third pedal digit exhibited any measurable 

change in curvature, but the study subject (mice) was not observed to grasp in the same 

manner as lemurs, rendering those findings limited in their application here. However, if 

even in such small-bodied arboreal scramblers, some plasticity was evident, it is therefore 

likely that lemur phalanges respond postnatally as well. Ultimately, despite previous in 

vitro and mathematical models, there is nothing from this study to imply that phalanges 

are loaded primarily in flexion during any of the arboreal behaviors observed here. 

 

 

5.3: Evolution of Primate Grasping 

 Strepsirrhines include extant primates with a constellation of primitive autopod 

features. Thus, studies of their functional morphology can do much to illuminate the 

evolution of primate behavior and morphology. A number of questions central to our 

understanding of primate evolution revolve around locomotor form and behavior, and 

some of these questions can at least in part be addressed via a better understanding of 
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autopodal functional morphology. The findings of this study have implications for three 

such outstanding issues – the evolution of autopodal divergence in primates, the retention 

of arboreal capabilities in bipedal hominids, and the origins of bipedality. 

 

Divergence in Autopod Function 

 It is assumed that divergence in use and functional morphology across autopods 

was a necessary evolutionary precursor to tool use and advanced food manipulation 

(Crast et al. 2009; Napier 1956; 1961). A hypothetical sign of this divergence would be 

observable differences in hand and foot use during locomotion – particularly an increased 

emphasis on feet during locomotor behavior. As a corollary, divergence of use among 

digits within the hands would also be a reasonable precursor to heightened manual 

dexterity (Hashimoto et al. 2013). Specifically, the evolution of precision grasping in the 

human lineage is considered a key step towards the ability to use tools. It is understood 

that precision grasping is something that is at best rudimentarily developed in apes. Such 

a grip requires opposition of the pollex, and it’s well recognized that this is not something 

primates outside the human lineage perform. However, it is possible that chimpanzees are 

limited in their opposition more by the length of the pollex than associated musculature. 

While opposition was not observed in this study, the ability to use individual 

digits separately is a possible precursor necessary for precision manipulation of tools. In 

considering the basal phylogenetic position of strepsirrhines, this study therefore suggests 

that the precursors for tool use in primates greatly predate the evolution of that behavior. 
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Prior work indicates that the autopods of quadrupedal monkeys are highly collinear in 

their response to selection, and it is suggested this is due to their functional similarity 

(Rolian 2009). It is further suggested that autopodal functional divergence characterizes 

the evolution of apes and humans. The difference in hand and foot function observed in 

this study brings in to question the amount of functional divergence necessary to result in 

the evolutionary decoupling observed by Rolian (2009), and/or the persistence of such 

findings across a wider range of primate species. 

 

Evolution of Bipedality 

 It is generally understood that the transition from arboreality to terrestrial 

bipedality required significant, large scale morphological changes across the entire 

hominoid body plan (Crompton et al. 2003; Crompton et al. 2008; D'Aout et al. 2004; 

Daver et al. 2014; Gregory 1928; Hunt 1996; Jablonski 1993; Lovejoy 1988; Napier 

1964; Napier 1967; Preuschoft 2004; Stern 2000; Ward 2002; Ward et al. 2011). What is 

more heavily debated is the order in which these changes occurred, and the impact of 

these changes on other locomotor behaviors (Haile-Selassie et al. 2012; Harcourt-Smith 

& Aiello 2004b; Stern & Susman 1983; Thorpe et al. 2007). Many researchers argue that 

changes necessary for incipient bipedalism required abandoning the arboreal realm, and 

with it the functional abilities necessary to perform certain arboreal locomotor behaviors. 

This debate is further fueled by disagreement over the bipedal capabilities of some early 

hominins that show morphological indicators of arboreality (Latimer & Lovejoy 1990b; 
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Latimer & Lovejoy 1990c; Latimer 1991; Stern & Susman 1983; Stern et al. 1995; 

Susman et al. 1984; Ward 2002).  

My study contributes to this debate by demonstrating that highly arboreal species 

need not have highly curved phalanges, that pooling digits can obscure locomotor 

patterns, that curvature can vary across digits within autopods, perhaps independently of 

function, and that phalangeal curvature may tell us nothing about arboreal locomotion. 

Taken together, these lines of evidence suggest that previous studies may have misjudged 

the arboreal capabilities of certain hominid species, particularly those considered to 

occupy the space at the transition from arboreality to dedicated bipedality. 

Of particular interest is Australopithecus afarensis, a species that, while largely 

understood to be bipedal, is at the center of the debate regarding modes of bipedalism 

within the human lineage. Previous studies of phalangeal curvature in this species have 

demonstrated a moderate degree of curvature (Deane & Begun 2008), but these studies 

have not examined digits individually. Other studies neglect to quantify phalangeal 

curvature at all (Bush et al. 1982). Doing so could identify variation within autopods 

which, if phalangeal curvature is plastic, would suggest differential use, and possible 

arboreal activity in the particular individual being examined. While this study cannot 

clarify the specific arboreal capabilities of A. afarensis or other fossil species, these 

results suggest the possibility that early bipeds retained arboreal capabilities deserves 

additional exploration. Alternatively, the absence of such across-digit differences could 

further support those who claim A. afarensis exhibited no climbing behaviors. In either 
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case, an examination of individual digits in this and other species could provide valuable 

evidence. 

 

Origins of Bipedalism 

 This study also has implications for the origins of bipedality. Certain studies have 

suggested that arboreal locomotor behaviors that employ upright postures are logical 

precursors to terrestrial bipedality (Crompton et al. 2003; Crompton et al. 2008; Napier 

1964; Napier 1967; Stanford 2006), as the morphology of an upright posture employed 

during these arboreal behaviors (such as vertical climbing) could easily translate to the 

upright posture necessary for bipedal walking. Additionally, it is generally assumed that 

high degrees of phalangeal curvature are an indication specifically of suspensory 

behavior, because it is thought that such behaviors elicit the highest digital pressures 

(Preuschoft 1970; 1973; Richmond 2007). As this study demonstrates that vertical 

locomotion requires pressures that are often just as high if not higher than suspensory 

locomotion, it suggests that this hypothetical upright arboreal hominoid that represents a 

bipedal precursor may also have had high degrees of phalangeal curvature. 

 This is an issue that is particularly applicable to the understanding of the Miocene 

ape fossil record, which is complex both in phylogenetic composition and representative 

functional morphology (Begun 1992), and is likely where the precursors to hominid 

bipedalism lie. Work on the comparative morphology of Miocene ape phalanges has 

suggested vertical climbing abilities in Pierolapithecus (Almecija et al. 2009). This is 
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based in part on the phalangeal curvature (calculated as an included angle) of three 

manual phalanges tentatively identified as a second, fourth, and fifth digit. The curvatures 

given for these digits have the more lateral digits 4 and 5 exhibiting higher curvature than 

the second. When pooled, these phalanges exhibit relative elongation as compared to 

quadrupedal monkeys, gorillas and humans. Should the more curved lateral digits 4 and 5 

also prove to be elongated, this would be evidence of something similar to Morton’s 

‘clinging and perching’ grasp. What this study suggests is that the currently unknown 

foot morphology of Pierolapithecus could show stronger evidence for vertical clinging 

than the hand morphology, and further support the hypothesis of de-coupling suspension 

and arboreal orthogrady predating the evolution of hominoid bipedalism. 

Hispanopithecus (Almecija et al. 2007) and Dryopithecus (Moya-Sola & Kohler 1996) 

may also occupy this space of orthograde arborealists, and the study of these species 

could also greatly benefit from an analysis of foot elements. 
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CHAPTER 6: CONCLUSIONS 

 

Chapter Summary: This study pursued several goals. In addition to testing 4 primary 

hypotheses, this study also sought to apply a new technology to the study of arboreal 

locomotion in primates, and create a data set that has applicability to future studies of 

arboreal locomotion and/or phalangeal curvature in primates and other mammals. 

Ultimately these goals were all in the interest of advancing functional morphology as a 

field, and the use of experimental techniques as a means of understanding the biological 

role of phalangeal curvature in arboreal primates. 

 

 

6.1: Hypotheses 

 

Hypothesis 1: Grasping pressure increases with substrate orientation 

 When held to the strictest standards, these data fail to disprove the null 

hypothesis. These results suggest the hypothesis itself is too simplistic to properly 

describe the relationship between substrate orientation and grasping pressure. Forming 

more specific hypotheses based on the observations of this study that are designed to 

describe the relationship between substrate orientation and grasping pressure will be 

complicated, and perhaps require further analysis of this data set. They may need to be 
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species specific, and should be informed by the knowledge gained by this study on 

differential use of digits during locomotor behaviors. These should include the hypothesis 

that lateral digits exert increasingly greater pressures as substrates approach a 90° 

orientation, and the hypothesis that handedness (i.e. an unequal distribution of grasping 

force across contralateral autopods) can be observed during different arboreal behaviors. 

 

Hypothesis 2: Pressures exerted during transitional behaviors are higher than those 

exerted during stereotypical behaviors at the same substrate orientation. 

 While sample sizes for transitional behaviors were not high enough to allow for 

ANOVA, the distribution of the data support this hypothesis. What remains unclear is the 

reason these pressures are higher. This study conjectured that transitional behaviors will 

require higher pressures either as the result of a need for increased speed or balance. 

Additional exploration of a number of other variables, primarily substrate diameter and 

compliance, will be necessary to further address these questions. Specifically, the role of 

substrate diameter in jumping, landing, and flipping needs to be explored. Furthermore, 

once larger datasets examining the biomechanics of these behaviors have been collected, 

thorough studies quantifying the frequency of these behaviors will be necessary to help 

determine their overall importance to manual and pedal morphology. 
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Hypothesis 3: Phalangeal curvature is positively correlated with grasping pressure. 

 These data fail to disprove the null hypothesis. This study therefore contradicts 

the long-held assumptions that phalangeal curvature is the result of high grasping forces. 

Ultimately these data suggest that phalangeal curvature is a compromise between forces 

experienced during a range of behaviors. This suggests that manual and pedal digits have 

complex or multiple biological roles. More specific biomechanical data is necessary to 

determine the precise forces being experienced by digits during these activities. Also, the 

possibility that digit extension is a component of arboreal grasping must be explored. 

Before invasive measures such as bone strain or EMG are attempted, 3D analysis of the 

phalangeal-metapodial joint could help to identify loading patterns that could tell us 

much about the position of the proximal phalanx during arboreal grasping. 

 

Hypothesis 4: Morphological patterns found in the experimental sample are consistent 

with those in the wild sample. 

 These data do not support this hypothesis. Morphological variation suggests 

behavioral variation, and as such it is implied there is more behavioral variable in the 

captive population than the wild population. A broader comparison of captive vs wild 

populations of different species should be performed to see if this pattern persists. 

Additionally, a more specific study of behavioral and ontogenetic patterns of the Duke 

lemurs as compared to wild lemurs would help to address the possibility of behavioral 

differences across the two groups. 
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6.2 Methodology 

 For this study, the application of pressure-sensing technology was entirely 

successful. The only genuine obstacle to data collection was reluctance of the animals to 

participate. To some extent this was the result of discomfort with the mat, which could 

largely have been a tactile response. A number of possible remedies were discussed 

during the data collection period. The likeliest option would be one that would add 

texture to the experimental surface. For researchers who choose to purchase a mat for 

their own use, this would be a simple process, but those leasing would need to examine 

options that would result in a temporary application. However, it is also possible that 

different individuals or species would be more receptive to the mat, as there was variation 

within this study sample, or that more time acclimating animals to the environmental set 

up could significantly reduce reluctance to participate. This further introduces the 

possibility that the animal’s tactile response to the pad effected these results, and 

therefore the opportunity to collect data with a more heavily textured mat will provide 

valuable context for these findings. 

 The experimental design was largely successful, but future replications should 

keep certain issues in mind. The horizontal set-ups (above and below-branch) presented 

the most difficulties. In the case of the above-branch orientation, the animals were 

inclined to leap off the substrate to perch on higher surfaces. Covering or removing these 

surfaces largely eliminated this. The below-branch set-up was slightly more complicated, 

as the rigging necessary for suspending the substrate provided an alternative climbing 

environment. It was impossible to completely discourage animals from exploring this 
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rigging, but the use of blankets covering most of the braces limited these occurrences. 

Future studies would do best to recognize that no experimental set up will be perfect in 

allowing only the behavior being tested, and additional time to accommodate animal 

distraction will be necessary for a successful study. 

 The methodological success of this study advances the use of experimental 

methods in the study of primate functional morphology in a number of ways. Validation 

of the usefulness of this technology introduces a new, minimally invasive way of 

studying autopodal biomechanics during arboreal locomotion. Additional work 

comparing pressure data to EMG and bone strain data could demonstrate this technology 

is sufficient to explore a wide range of arboreal behaviors without supplementation of 

more invasive techniques, which will make the study of climbing biomechanics in live 

primates much more accessible. 

Finally, the successful marriage of experimental methods and classic comparative 

morphological techniques serves as a further example of how traditional 

bioanthropological methods can be advanced by the application of experimental 

approaches. The application of experimental techniques to the most integral questions of 

anthropology does not have to be a battle between old and new, it can be a union in 

which both schools of thought benefit. 
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6.3 Future Work and Applications 

 The applicability and possible expansion of this study to other questions and 

avenues of exploration is vast. The specific results are particularly relevant to future 

studies of lemur locomotion, while the broader identified themes can inform studies of 

locomotion of anthropoid taxa. 

 Two major components of this study were the validation of previously untested 

technology and the initial collection of novel data across multiple species. Future work 

should strive to duplicate these methods with a larger number of individuals to verify 

consistency of these findings. While there has been no research to date demonstrating an 

effect of relatedness on arboreal grasping behavior within species, it is possible that 

relatedness among individuals influenced results, and a wider sampling of different 

groups housed at the Duke Lemur Center, and ideally lemurs housed at other locations, 

may show differing results. As a corollary, means of applying this technology in wild 

environments should be explored. Remote data collection options exist, as do portable 

sources of power, making it possible to implement this technology at a field site. 

Especially considering the morphological differences found here between the captive and 

wild populations, collecting pressure data from wild lemur populations is crucial to 

addressing the questions this study raises regarding differences in behavioral patterns 

across the two groups. 

 Additional research implementing this technology with lemurs should also focus 

more specifically on transitional behaviors. This study took advantage of such behaviors 

as they were spontaneously performed, but training methods could be developed to 
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induce animals to perform these behaviors and as such, make them the focus of a 

behavioral study. Additional analyses are necessary to fully understand where the 

pressure magnitudes exerted during these transitional behaviors fit in the larger scope of 

arboreality. 

 A wider range of primate species, both within and without strepsirrhines, should 

be studied via this technology. Variations in behavior and pressure magnitude across the 

species in this study suggest variation across strepsirrhines, and this possibility should be 

fully examined through a wider survey of species. And persistence of the behavioral 

patterns identified here must be tested through examination of non-strepsirrhine species 

to determine the extent to which they are conserved across primates. Expanding these 

methods to a wider range of primate species will be especially useful in further 

exploration of the role of body size in grasping pressure magnitude, autopod use during 

arboreal climbing and related autopodal morphology. 

 Expanding the methods and hypotheses of this study to non-primates will also be 

useful, particularly in understanding the role friction plays in behavioral differences 

across substrate orientation. Particularly in arboreal primates that employ claws to aid in 

climbing, a comparison of individual digit use within and across autopods during the 

same behaviors examined here will help to identify specific adaptations in primates 

meant to accommodate claw loss. Certain changes would have to be made to ensure the 

protection of the mat against possible puncture or tearing by claws, but an appropriate 

experimental design is theoretically feasible. 
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 This study has also identified specific avenues of morphological variation that 

deserve further exploration. These include variation in curvature within digits (across 

proximal and intermediate phalanges), as well as variation in joint shape and range of 

motion across species and metacarpal morphology. The strategy employed in this study 

by Lemur catta to compensate for a relatively large substrate diameter suggests all three 

of these features may vary across species that employ relatively differently sized 

substrate diameters, implicating a new suite of characteristics (including both soft and 

hard tissue) that could help characterize different arboreal behaviors. 

 Beyond the simple application of this technology to future studies of primate 

locomotion, this dissertation identified a number of themes that can be explored by 

various methods in anthropoids. Most important is the finding of differential digit use 

within and across autopods. Patterns of digit use vary with behavior and across closely 

related species. It is essential that, to understand the role of autopods during arboreal 

climbing in a broader context, anthropoid species be examined for similar among-digit 

variation during locomotion, both arboreal and terrestrial. While this can and should be 

explored with pressure-sensing technology, EMG and bone strain data will also be 

valuable, as will more detailed observational studies of hand and foot use during 

arboreality. This study identified noteworthy digit postures through the simple 

application of video technology – such a technique could also be used to identify 

observable differences in digit use in other primate species. 

 Currently available fossil collections should be reevaluated in light of this study’s 

evidence of variation in phalangeal curvature within and across autopods. In conjunction 
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with expanding these hypotheses to anthropoid species, reanalysis of fossil phalanges as 

individual units rather as pools assigned to autopod will help to identify links between 

morphology and behavior. The uncertainty of specific morphobehavioral patterns in this 

study is likely the result of sample size, and in no way should discourage similar 

examinations in anthropoids. Additionally, the differences found here between captive 

and wild populations must be explored across a wider range of taxa. The implication that 

the Duke population is behaviorally more variable in digit use than wild lemurs could 

have major ramifications for the study of both wild and captive populations across all 

primate species. Identifying the persistence and possible cause of this variability across 

populations is crucial to determining the relative utility of differently sourced skeletal 

collections to behavioral reconstructions and morphological comparisons. 

 The most surprising finding in this project is the absence of morphological 

variation in the wild skeletal sample as compared to the Duke sample. As this suggests 

plasticity, the immediate implication is that the Duke sample climbs more than the wild 

sample, but this seems highly counter-intuitive. Additionally, the tendency for the Duke 

sample to exhibit greater curvature than the wild sample is also hard to reconcile with 

what is generally assumed of wild vs captive samples – that wild samples are more active 

than captive samples. The increased curvature of the Duke sample suggests higher 

grasping pressures than the wild individuals. Reconciling these unusual findings will be 

particularly difficult, but they must begin with a larger sample size, and an exploration of 

other taxa. If there is a large trend of increased variation in captive primate samples as 

compared to wild counterparts, our understanding of how captivity effects activity 

patterns and what these different types of samples can tell us about skeletal plasticity and 
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functional morphology must be reexamined. If captive samples are actually more 

representative of the extreme skeletal forms primate taxa are capable of achieving, wild 

samples may only be suited to reconstruct likely behavioral patterns and not the full range 

of possible motions and activities. 

 The findings of this study also make it impossible to ignore the inadequacy of 

current popular hypotheses regarding phalangeal curvature. The association of phalangeal 

curvature with arboreality is almost universally accepted in the literature (Almecija et al. 

2007; Almecija et al. 2009; Bush et al. 1982; Congdon 2010; 2012; Deane et al. 2005; 

Deane & Begun 2008; 2010; Gebo & Schwarz 2006; Haile-Selassie et al. 2012; Hamrick 

et al. 1995; Harcourt-Smith & Aiello 2004b; Jungers et al. 1994; Jungers et al. 1997; 

Jungers et al. 2006; Kivell et al. 2011; Latimer 1991; Lovejoy 1988; Lovejoy et al. 2009; 

Moya-Sola & Kohler 1996; Moya-Sola et al. 2004; Nakatsukasa et al. 2003; Preuschoft 

1970; 1973; Rein 2011; Richmond 1998; 2007; Stern & Susman 1983; Stern et al. 1995; 

Stern 2000; Susman 1979; Susman et al. 1984; Susman 1998). And yet, there are 

currently no in vivo data to verify a relationship between arboreal grasping forces and 

phalangeal curvature, either for suspensory behaviors or any other type of arboreal 

activity. It is no longer sufficient to rely on coincidental occurrences of increased 

phalangeal curvature in extant arboreal primates (i.e. orangutans) and perpetuate the 

assumption that phalangeal curvature in fossil primates indicates an arboreal lifestyle. 

Future research must focus on refining the loading model for phalanges during arboreal 

activities and recognize that arboreality is a highly diverse set of behaviors that may 

include multiple loading models.  Until a positive in vivo relationship that accurately 

links the biomechanics of such behaviors to the internal environment of the bones is 
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identified, workers should refrain from relying on phalangeal curvature as an indication 

of arboreality. 

 

 

6.4 Biological Roles 

 To truly understand the biological role of an anatomical feature, it is necessary to 

fully understand how such a feature fits in with its environment. This includes both the 

environment that the organism lives in, and the internal environment of the organism 

itself. But most organisms, especially mammals, live in highly variable environments that 

likely require a range of behaviors to navigate (see Dagosto 1995 on locomotor 

seasonality). As such, any individual anatomical element may be called upon to perform 

multiple jobs throughout an organism’s life. These roles may change with age; they may 

vary with sex, body size, or social status. They could vary across populations of the same 

species living in slightly different environments. Fully understanding the biological role 

of an anatomical feature would require the use of both experimental and comparative 

anatomical techniques, the study of wild and captive populations, and the analysis of both 

hard and soft tissue anatomical components.  

This study attempted to combine experimental and classic morphological 

techniques to explore the biological role of phalangeal curvature in arboreal primates and 

in many ways illuminated the difficulty of such a task, by finding behavioral variation at 

the individual, species and taxon levels, and morphological variation across wild and 
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captive populations. However, the difficulty in understanding biological roles, in fact the 

possibility that such a goal is unachievable, should not be a deterrent to its continual 

pursuit. Each attempt to define a feature’s biological role provides another piece to the 

puzzle. As our understanding of evolution and fossil forms can never be more complete 

than our understanding of our living comparisons, any work that further unravels the 

details of biological roles is crucial to the reconstruction of extinct species and our 

understanding of morphological evolution. 
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