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Abstract

Primates and many other animals that move in an arboreal environment often
cling, sometimes for long periods, on vertical supports. Primates, however, face a special
challenge in that almost all primates bear nails on the tips of their digits rather than
claws. Squirrels and other arboreal animals possess claws and/or adhesive pads on their
digits in order to hold their weight on vertical substrates. Assuming the ancestral
primate was arboreal and lost claws prior to the radiation of primates this paradox has
important implications and raises a significant question about living primates and early
primate evolution: how can primates maintain vertical postures without claws and how
did early primates meet this challenge? Primate vertically clinging and grasping
postures (VCG) have been studied in the wild and theoretical models of VCG postures
have been described. This dissertation builds on this work, by studying the
biomechanics of VCG postures in primates. Based on mechanical models, it was
hypothesized VCG posture in primates will vary in three ways.

Hypothesis 1: Species with different morphological features associated with
different locomotor modes will vertically cling and grasp in different ways.

Hypothesis 2: As substrate size increases, primates will place their arms to the
side of the support and adjust posture and muscle recruitment in order to maintain a

necessary tangential to normal force ratio to resist gravity.
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Hypothesis 3: On substrates of the same relative size, larger animals should be
less effective at maintaining VCG postures due to scaling relationships between muscle
strength and body mass.

The sample consisted of multiple individuals from eight strepsirrhine species at
the Duke Lemur Center. The sample varied in locomotor mode —habitual vertical
clinging and leaping (VCL) compared to less specialized arboreal quadrupeds--and
body mass—100 to 4,000 grams. Subjects were videorecorded while holding VCG
postures on substrates of increasing size. Substrate preference data were calculated
based on frequency and duration of VCG postures on each substrate. Qualitative
kinematic data were recorded for a maximum of thirty trials per individual, per
substrate. Angular data were calculated for forelimbs and hindlimbs from these videos
for ten trials per individual per substrate. In addition, kinetic data from an imbedded
force transducer were collected for two species that vary in locomotor mode, but not
body mass.

There are several significant and relevant results from this study that address
both primate functional anatomy and locomotor evolution. Hypothesis one was
supported by hand and hindlimb joint postures, shown to be highly sensitive to
locomotor mode. VCL primates exhibited deeply flexed limbs and more hand grasping
(wrapping around the substrate) versus parallel hand postures and use of bowed finger

postures compared to less specialized primates. Kinetically, species were shown to bear



the majority of their weight in their hindlimbs relative to their forelimbs. The forelimb
joints and foot showed little variation by habitual locomotor mode. Hypothesis two
found support in that species tend to prefer smaller substrates, clinging less frequently
for shorter durations as substrate size increases. Hand posture changed as size
increased, as primates (except for the slow lorises) in this study grasped with their
pollex on smaller substrates, but the pollex disengaged in grasping on larger substrates.
Hypothesis three was not supported; body mass did not influence VCG postures.
Taken together, the finding that the forelimb held a wide range of postures on
each substrate size for all species and played a limited role in weight-bearing suggests
the forelimb free to move (to adjust posture and or forage). The hindlimb plays a more
specific role in weight-bearing and is more sensitive to variations in primate anatomy.
Additionally, these findings lead to hypotheses concerning the relatively short pollexes
of primates, and that the ancestral primate was smaller than 100g and preferred small

substrates as found in a fine-branch niche.
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1. Introduction

The invasion of the arboreal environment is seen as a key adaptive shift
associated with the origin of primates (Cartmill 1972; Cartmill 1974b; Jenkins 1974;
Lemelin and Schmitt 2007; Schmitt and Lemelin 2002; Wood-Jones 1916). One of the
classic musculoskeletal adaptations of the earliest primates is the evolution of grasping
feet and hands with nails rather than claws (Cartmill 1972; Cartmill 1974a; Cartmill
1974b; Cartmill 1985; Cartmill 1992; Wood-Jones 1916). Although the exact functional or
selective pressure leading to the loss of claws in early primates is unclear, the association
between arboreal activity and clawlessness raises a critical paradox in the study of
evolutionary morphology: how do primates maintain an effective grip on vertical
substrates without claws? The answer to that question will illuminate the potential
challenges and constraints faced by extant and extinct primates, allow specific inferences
about positional behavior in the earliest primates, and shed light on the selective
pressures influencing primate locomotor evolution. Though answering that large a
question is impossible for a single dissertation, by studying posture and loading on
vertical supports in living strepsirrhines of various body sizes, this dissertation will be
the first to directly address the question of weight support on vertical supports in a

clawless mammal and begins to explore these questions.



Clawless, arboreal primates face a significant biomechanical challenge as they
inhabit the complex, three-dimensional environment of forests. While the grasping
extremities of primates easily encircle small branches, they are less readily able to cling
to larger substrates because primates cannot dig into the bark as do claw-bearing
animals such as squirrels (Cartmill 1974a; Cartmill 1974b; Cartmill 1979; Cartmill 1985).
Arboreal primates are shown to maintain postures on vertical supports (Dagosto 1994;
Fleagle 1988; Fontaine 1990; Garber 1991; Garber 1992; Gebo and Chapman 1995; Hunt et
al. 1996; Morbeck 1977; Napier and Walker 1967; Walker 1974; Walker 1979), but the
strategies used by nailed primates to maintain posture is currently unclear, as primates
may change limb posture, increase contact force, or a combination of the two (Cartmill
1974a; Cartmill 1979; Cartmill 1985; Garber 1992; Jenkins 1974; Jungers 1976; Jungers
1977; Orkin and Pontzer 2011). When primates maintain postures, the loading patterns
on limbs influence the animal’s anatomy and energy use (McGraw 2000; McGraw and
Sciulli 2011; Prost 1965; Rose 1974a; Rubin et al. 2001; Rubin et al. 2002b; Washburn
1957). While loads are not as high during postural behaviors relative to locomotor
behaviors, static loads induce bone remodeling (Rubin et al. 2001; Rubin et al. 2002b).

To study the challenges of weight support on vertical supports by clawless
animals, this dissertation focuses on what I call “vertical clinging and grasping” (VCG),

to distinguish it from the more active vertical clinging and leaping (VCL) behavior that



has received more attention over the past forty years. VCG is defined here as any
posture where the animal supports its weight on a substrate that is parallel with the
force of gravity, where support diameter can be very small or large (Figure 1). This
behavior was selected due to the prior theoretical framework described by (Cartmill
1974a; Cartmill 1979; Cartmill 1985), where it is used to describe why being clawless
should be disadvantageous in an arboreal habitat. VCG has also been explored as part of
VCL behaviors (Anemone 1990; Demes et al. 1998; Fleagle 1988; Fleagle and Anapol
1992; Gebo and Dagosto 1988; Godfrey 1988; Jungers 1976; Jungers 1977; Kinzey et al.
1975; Napier and Walker 1967; Szalay and Dagosto 1980; Walker 1974). But despite these
two research trends, no experimental data necessary to evaluate the biomechanics of
VCG has ever been collected. To fill this gap, this dissertation collects data on variation
in VCG postures and loading patterns as substrate size increases for eight species
strepsirrhine primate of diverse body sizes and locomotor modes. The origins of claw
loss will not be directly explored; instead an analysis of how primates support
themselves on vertical supports is the focus of this study. This study will be able to
explore the effect of anatomy, body size, and substrate size on the biomechanics of VCG
and provide insight into substrate use in early primates (Orkin and Pontzer 2011; Soligo

and Martin 2006).



1.1 The influence of posture on musculoskeletal anatomy

Arboreal primates face very different biomechanical challenges from those faced
by terrestrial animals and they solve these challenges of balance, directional change, and
crossing gaps in a variety of ways. Functional morphologists have identified specific
anatomical traits which reflect these behaviors (Anemone 1990; Ashton and Oxnard
1964; Fleagle 1988; Fleagle 1977; Fleagle and Anapol 1992; Harrison 1989; Johnson and
Shapiro 1998; Jolly 1967; Larson 1993; Napier and Walker 1967; Rose 1988; Stern and
Oxnard 1973; Walker 1974), and some of the most informative work has been done by
comparing species of different locomotor modes performing a single behavior, i.e.
walking, ambling, leaping and climbing (Demes et al. 1999; Demes et al. 1995; Hanna et
al. 2008; Larson 2007; Larson et al. 2000; Schmitt 1999; Schmitt et al. 2006; Shapiro and
Jungers 1994). These studies have provided functional insights to primate
musculoskeletal anatomy (Larson 2007; Larson et al. 2000; Schmitt 1999; Shapiro and
Jungers 1994). However, most of this research has focused on locomotor behaviors,
although as described by (Prost 1965), primate positional behavior is made up of both
locomotor and postural behaviors.

Postural and locomotor behaviors differ in some ways, and yet are similar in
others (Prost 1965). First, they differ in that, a locomotor behavior is one where animal

moves its center of mass (CoM) over significant distances, whereas a postural behavior



is one where the CoM moves very little, or not at all. Prost argues that locomotion and
posture differ only in threshold, where a locomotor behavior moves the CoM more than
the threshold value, and a postural behavior moves the CoM less than the threshold
value, to be determined by the researcher in a given context. Prost did not make a more
precise distinction, because he noted that animals can sway during sitting, meaning that
the CoM will move, but it is not a locomotor behavior.

Second, Prost (1965) also emphasized similarities between locomotor and
postural behaviors. While intuitively it seems as though postural behaviors would
require very little energy expenditure, as the CoM is not moving, Prost (1965) uses the
example of flexed quadrupedal hanging to point out that large amounts of energy can be
used during postural behaviors. He describes postures such as this in terms of the
necessity of maintaining a state of equilibrium. In the case of flexed quadrupedal
hanging, keeping the CoM suspended in space below a branch requires handholds on
the branch above, and so at a minimum the digital flexors will be engaged.

Postural behaviors will influence musculoskeletal anatomy. Ischial callosities
have long been understood as adaptations to sitting, although the adaptive scenarios of
sitting have differed among authors (McGraw and Sciulli 2011; Rose 1974a; Vilensky
1978; Washburn 1957). Ischial callosities are regions of skin and subdermal tissue,

superficial to ischial tuberosities, forming a very tough surface that prevents slipping



(Rose 1974a). They are present only in cercopithecids and hylobatids (Rose 1974b).
Washburn (1957) was the first to identify a function to ischial callosities, as an
adaptation for sitting upright on branches while sleeping. From his observations,
Washburn described the sitting postures that cercopithecids hold, where most of the
animal’s weight is borne by the ischia, feet are on the substrate and hands are next to the
feet. Whereas most other primates hold their weight on the feet while sitting, and ischia
can be held off the ground. Rose (1974a) further studied the differences in ischial
tuberosity size in 66 primate species from all major taxonomic and locomotor groups. He
was thus able to compare species with ischial callosities to those without ischial
callosities. He found that animals with ischial callosities have ischial tuberosities that are
flat, and flare out from the ischial ramus with a uniform surface. Whereas primates
without ischial callosities have ischial tuberosities that are curved and bear marks that
are muscle attachment sites (Rose 1974a).

Washburn (1957) and Rose (1974a) suggested that ischial callosities are
sitting/sleeping adaptations. Vilensky (1978) elaborated on this when he argued that
ischial callosities were advantageous during feeding on small branches based on
behavioral observations. He drew the comparison that while New World monkeys do
not have ischial callosities, they instead have prehensile tails to facilitate feeding on

small branches. More recently, McGraw and Sciulli (2011) tightened the connection



between ischial callosities and use of a small-branch niche. For seven cercopithecids,
ischial callosity size increases as the frequency of sitting while foraging in the terminal-
branch niche increases.

Current experimental evidence supports the idea that postural behaviors will
influence skeletal anatomy. It is commonly held that large-magnitude, peak forces that
load limbs with regularity shape bone (Frost 1990) by causing microstrains which would
initiate trabecular bone remodeling (Burr et al. 1985). However, more recent research by
Rubin and colleagues (Rubin et al. 2001; Rubin et al. 2002b) suggests that trabecular bone
will remodel under low-magnitude, high-frequency conditions, such as would occur
under muscular contraction (Rubin et al. 2001; Rubin et al. 2002a; Rubin et al. 2002b).
They stimulated the hindlimbs of adult sheep by placing them on a vibrating force
platform for a period of 20 minutes daily for a year. The density of trabeculae were
34.2% higher in the treatment group than in a control group (Rubin et al. 2001; Rubin et
al. 2002a; Rubin et al. 2002b), which was achieved by both a spacing decrease of 36.1%
and number increase of 45.6%. These increases in strength have also been associated
with increases in the trabeculae in the plane of weight bearing (Rubin et al. 2002a).
Further research on static postures is critical to reveal more details of the ways that static

postures may influence primate anatomy.



These studies—both anatomy and experiment—reinforce the value of studying
positional behaviors as an important aspect of functional morphology. Moreover,
adaptations for positional behaviors may be an important part of evolutionary pathways
and influenced locomotor evolution in primates. Despite this long-standing recognition
of the importance of functional understandings of positional behavior, few studies have

addressed such issues.
1.2 Defining vertical clinging and grasp  ing

An ideal behavior to continue studying static postures is what is termed here as
“vertical clinging and grasping” (VCG), in order to distinguish it from the more active
vertical clinging and leaping (VCL) behavior that has received much attention over the
past forty years. VCG is defined here as any posture where the animal supports its
weight on a substrate that is parallel with the force of gravity, where support diameter
can be relatively small or large (Figure 1). Wood-Jones (1916) primarily discussed
clinging in terms of the differences between it and those locomotor behaviors that would
be termed today as “habitual locomotor modes”. He also did not refer to clinging as
vertical weight support, avoiding one of the factors that anatomy. His perspective on
“clinging” is illustrated by the fact that he classified the slow loris (Nycticebus coucang),
the koala (Phascolarctus), and sloths (Bradypodida) as arboreal clingers because of their

propensity to hang inverted from branches, and describes the digits of their hands as



having a hook-like morphology (Wood-Jones 1916). He uses these species to contrast
them with non-lorisine primates, who he describes as having a forelimb free from
weight-bearing, a concept termed the “emancipation of the forelimb” (Wood-Jones
1916). In his scenario, an adept arboreal climber would have a forelimb free from weight
support, in order to be more mobile to reach in a complex environment for new
supports. But, if most primates had a hook-like morphology, they are adapted for
weight support during arboreal clinging, not climbing (Wood-Jones 1916). Eliot Smith

(1927) and Le Gros Clark (1959) echoed the way Wood-Jones used clinging, typically

using the term along with discussions of climbing.

Figure 1: VCG postures on different -sized substrates. A) The sifaka is
wrapping hands and feet around the substrate in a vertical grasping posture. B)
Whether the individual is categorized as vertically grasping or vertically clinging
sensu Garber (1992)is unclear. C) The sifaka cannot wrap hands and feet around the
back of the substrate at all, and is in a vertical clinging posture ; it should be noted
that this picture illustrates the spread of the limbs required on such a large substrate;
in this specific case it can probably engage its digits with the bark



The study of primate positional behavior became more formalized in 1965 with
Prost’s seminal work, distinguishing locomotor from postural behaviors as discussed
above. His distinction was an important precursor to the classic work by Napier and
Walker (1967) which defined the new locomotor mode of vertical clinging and leaping.
Vertical clinging is a postural behavior, whereas leaping is the locomotor behavior,
although Napier and Walker did not specifically discuss the two portions in those terms.
However, the work brought the postural behavior of vertical clinging into the discourse,
ensuring its place as part of systematic studies of primate positional behavior. As a
result, most arboreal primates have been shown to vertically cling, albeit sometimes
rarely (Dagosto 1994; Fleagle 1988; Fontaine 1990; Garber 1991; Garber 1992; Gebo and
Chapman 1995; Hunt 1992; Hunt et al. 1996; Morbeck 1977; Napier and Walker 1967;
Walker 1974; Walker 1979).

Next, Cartmill (1974a; 1974b; 1979; 1985) emphasized vertical clinging in the
context of the problem of clawlessness in primates. He showed that vertically clinging
on large tree trunks should be difficult for most primates because they do not have
claws to dig into the surface such as squirrels do, with the notable exceptions of
Callitrichines who have claw-like nails, the aye-aye (Daubentonia madagascarensis), and
the needle-clawed bushbabies, (Euoticus), although for the latter two species it is unclear

how much they engage their claws during positional behaviors (Charles-Dominique
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1977; Curtis and Feistner 1994; Krakauer et al. 2002). The specific mechanics of his
argument will be more thoroughly discussed below; his work is another example of
bringing the behavior of vertical clinging into prominence in the anthropological
literature.

Cartmill’s work (1974a; 1974b; 1979; 1985) was particularly influential for the
work of Garber (1980; 1992), who performed studies of the positional behavior of
Callitrichines, who bear claw-like nails. His initial study compared the positional
behavior of the Panamanian tamarin (Saguinus oedipus) to the arboreal red-tailed squirrel
(Sciurus granatensis). He showed that the tamarin uses vertical supports above 11cm in
diameter relatively infrequently, for 4.5% of their total travel and movement time but the
red squirrel will move on them 25.4% of travel time. However, although they use these
substrates much less than red squirrels, Garber (1980) notes that other primates cannot
use substrates of those sizes.

Later, Garber (1992) explored patterns broadly in callitrichines, and formally
distinguished vertical grasping from vertical clinging. He defined a vertical grasping
posture as being on a relatively small support using prehensile capabilities of the hands
and feet, whereas a vertical clinging posture as one where the substrate is too large to
grasp, and thus claws must be used to engage the substrate. Garber’s (1992) definitions

form the basis of the term vertical clinging and grasping (VCG) here but they are
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modified to meet the goals of this project. While Garber’s data on clinging involves
animals that engage claws in a substrate, this dissertation focuses on clinging without
claws. My use of the term vertical clinging is any posture that is used where half the
circumference of the substrate is larger than the length of the foot will be considered a
clinging posture. On all smaller substrates, an animal is defined as using grasping

postures.

1.3 Challenges associated with VCG

1.3.1 Biomechanics of gripping

As discussed above, vertically clinging to large substrates has been evaluated in
the context of clawlessness in early primates. Once claws were lost, the arboreal
strategies of primate may have had to change, either behaviorally by only grasping
small supports, which would have limited their ability to move and forage, or
anatomically by evolving alternative mechanisms to maintain posture on vertical
supports, or perhaps both (Cartmill 1974a; Cartmill 1974b; Cartmill 1979; Cartmill 1985;
Garber 1992; Jenkins 1974; Jungers 1976; Jungers 1977; Orkin and Pontzer 2011). As
described in detail by Cartmill (1974a; 1979; 1985), primates are at a significant
disadvantage when vertically clinging to large, cylindrical vertical substrates compared
to non-primate vertebrates like squirrels and arboreal lizards that possess claws to dig

into large vertical substrates or adhesive pads (Bloch and Irschick 2005; Hamrick 1998;
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Irschick et al. 2006; Irschick et al. 1996; Russell and Higham 2009; Soligo and Martin
2006; Soligo and Muller 1999; Stork 1983; Williams and Peterson 1982; Zani 2000).
Although the adaptive explanation for clawlessness in primates is a subject of debate
(Cartmill 1974b; Cartmill 1979; Cartmill 1992; Garber 1980; Hamrick 1998; Soligo and
Martin 2006; Soligo and Muller 1999), most authors agree that bearing claws represents
the primitive condition (Cartmill 1972; Cartmill 1974a; Godinot ; Hamrick 1998; Soligo
and Martin 2006; Soligo and Muller 1999).

The challenges of clinging with clawless cheiridia (Cartmill 1974a; Cartmill 1979;
Cartmill 1985) raises important questions of the limb length and muscular force needed
to engage a substrate. Cartmill (1974a; 1979; 1985) and others (Jungers 1976; Jungers
1977) have theorized that primates increase the force applied to the substrate in order to
resist the pull of gravity. This solution requires the balance of two component forces, the
normal and tangential force (Figure 2), which have been described in a number of
theoretical descriptions of forces during vertical clinging (Cartmill 1974a; Cartmill 1979;
Cartmill 1985; Jungers 1976; Jungers 1977; Preuschoft 1990; Preuschoft and Witte 1991).
The normal force resists the tendency for the hands or feet to slip backwards, keeping
the animal on the substrate, whereas the tangential force will cause the animal to slip
backwards (Figure 2). In fact, the tangential force cannot be higher than the coefficient of

friction times the normal force, or the grip will slip (Cartmill 1979; Cartmill 1985).
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Figure 2: From Cartmill 1979. Image of a two -fingered grip on a cylinder
illustrating important forces. A is the adduction force, which is decomposed into the
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the angle between the force of adduction and the radius of the cylinder. If T is larger
than the frictional force, then the grip will slip (see text for details).

These relationships can be expressed mathematically by describing a hand
grasping a cylinder (Cartmill 1979, Figure 2). The adduction force (A) put down by the
thumb on the cylinder can be decomposed into two component forces, the normal (L)
and the tangential (T.) forces due to adduction. Define 0O as the central angle between the
center of pressure of the thumb, and the center of pressure of the finger, which (Cartmill
1974a; Cartmill 1979; Cartmill 1985) refers to as the central angle.  is defined as the

angle between the force of adduction and the radius of the cylinder, or:
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p="2(180 - 0) (eq.- 1)

Based on this equation, Ta and L can be expressed as:

Ta= A sin(p) (eq. 2)

L = A cos(p3) (eq. 3)

The hand grip will begin to slip when the tangential force is greater than the frictional
force (F). The frictional force has two components, L, the force normal to the substrate,
sometimes termed the applied force, and the coefficient of static friction (us), the latter of

which is an empirically-determined constant. Thus:

F=Lpus (eq. 4)
In order for the hand to not slip on the substrate, F must be greater than or equal to Ts,
or:

Acos[ Y2 (180 — 0)]* ps > Asin[Y2 (180 — 0)] (eq. 5)
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This discussion has, as yet, not involved the effect of body weight (W) held on a
vertical substrate. Adding these factors in creates another tangential component, body

weight being pulled down by gravity (Figure 3, Cartmill 1979).

Figure 3: Image from Cartmill 1979 showing the influence of body mass . The
tangential component of body weight (T w) must be summed with the tangential
component of the force of adduction (T a) in order to get the total tangential vector
(hatched arrow).

However, using this model, for a single limb, the vertical tangential force as a
result of body weight would only be ¥4 W, assuming that support of body weight is split
evenly over four limbs. If body weight is held more by the feet than the hands, then the
tangential component due to body weight would be higher in the feet than the hands

(example: if feet hold two thirds of body weight, a single foot would be 1/3 Tw and a
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single hand would be 1/6 Tw). Note that body weight is used here because that force has
a gravitational component. Thus, adding the tangential force of body weight to the
tangential adduction force (Ta) produces the following equation for the total tangential

force (T), which F must be greater than or equal to:

T= [(Asin p)2+ (LW)o5 (eq. 6)

An additional wrinkle is that the equation for frictional force (eq. 4) as given
follows Amonton’s law, which assumes materials that are not viscoelastic and not
curved (Cartmill 1979). During VCG, neither condition is true, as the pads of fingers are
viscoelastic and they are clinging to cylindrical substrates. Instead, the frictional force

(Fa) is:

Fa=KLr (eq.7)

K is the experimentally-determined coefficient of static friction and L is the normal force

that has an exponent (n) less than 1 that is also experimentally determined (Cartmill

1979). When n = 1, the equation becomes the same as Amonton’s Law (eq. 4), where K =

us. Typically, viscoelastic materials have an n between 2/3 and 1. In Cartmill’s study, he
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estimated n to be 0.783. Given this relationship, if too much load is placed on the
substrate the tangential force becomes larger, and although the normal force becomes
larger, the exponent attached to it is below one, and thus the term increases at a slower
rate than the tangential force. As such, if a grip is too tight, it can cause a grip to slip
(Figure 4).

This relationship between the tangential and normal force applies not only to a
single thumb and forefinger, but can also represent limbs with the whole hand or foot

applying pressure.

Figure 4: The effect of increasing the magnitude of a force vector. The largest
force vector (C) has an absolutely larger tangential (Tc) force and a larger normal force
vector (Lc) than force vector A or B. In equation 7, the normal force load (L) has an
exponent <1, which means that the norma | force will be smaller, making the frictional
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force smaller. Thus, the larger tangential force is much more likely to be larger than
the frictional force as load increases.

1.3.2 The influence of substrate size

Substrate size plays an important role in determining whether or not an animal
can maintain their body weight while vertically clinging or grasping the substrate. This
can be visualized by imagining that you are holding a basketball in one hand, and a
baseball in the other and turning them over. The basketball is much more difficult to
hold onto than the baseball because the basketball more easily slips out of the hand. The
same holds true for any nailed animal grasping a circular support, because as substrate
size increases the direction of the force vector will change dependent upon hand or foot
placement with respect to the substrate circumference (Figure 5). As substrate size
increases, the cheiridia are less able to encircle substrate. Under these conditions the
force tangential to the substrate increases relative to the normal force. A larger tangential
force relative to normal force will increase the tendency for the animal to slip when it is
greater than the coefficient of friction. Represented as a ratio, as substrate size increases,
the tangential to normal force also increases. In other words, as substrate size increases
an animal will have to increase the normal force it applies or somehow reduce the

tangential force in order to effectively cling to the substrate.
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Figure 5: Adapted from Cartmill (1974a, 1985) and Jungers (1976). This figure
represents a simple model of the forces an animal generates when clinging to
substrates of increasing size. If the tangential vector (T a) exceeds frictional for ce, the
animal will slide off the substrate  (Cartmill 1974a; Cartmill 1979; Cartmill 1985;
Jungers 1976; Jungers 1977)L indicates the normal force. A x, Ay, Az are the adductive
i OUET Ubw Aw. OWEWUOEOOWUUEUUUEUT wUI ¢ ool wwdOwUi
animal subtends is very large, close to 180, which corresponds to a large force normal
to the substrate and a small tangential force. B and C) As substrate size increases, the
angle the animal subtends becomes smaller, with a corresponding increa se in
tangential force and decrease in normal force, for a given magnitude of the total force
vector. Thus, as substrate size increases, the animal will have to increase the normal
force it applies or reduce the tangential force in order to effectively cli  ng to the

substrate.

1.3.3 The importance of posture
While the frictional force of viscoelastic materials should predict the maximum

substrate size an animal can cling to, the whole-body dynamics of primate posture
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coefficient of friction should be able to predict the maximum substrate size an animal
can cling to (Cartmill 1979), the whole-body dynamics of primate posture will also
influence maximum substrate size. There are three models (Cartmill 1974a; Cartmill
1979; Preuschoft and Witte 1991) that have been developed to describe the influence of
posture on the biomechanics of primates vertically clinging.

The above equations also describe the mechanics of vertical clinging only in two
dimensions, with two limbs, and without considering body weight. When considering
three dimensions, four limbs, and body weight the situation becomes more complex.

The first, developed by Cartmill (1974a; 1985) shows the whole-body posture of a
quadrupedal animal clinging to a vertical substrate (Figure 6). There are two axes, one
between the forelimbs and one between the hindlimbs. With the center of mass (CoM)
predicted to be in the trunk of the animal, two moments are produced, one around the
axis created by the line between the two forelimbs (A), and one between the two
hindlimbs (B). Moment A will rotate the body into the support, whereas moment B will
rotate the body backwards, off the substrate, and so moment B is the more important of
the two moments. Moment B can be minimized by decreasing the moment length, either
by moving the feet or moving the CoM. Thus, in the illustration, the feet are placed

underneath the body, and not out to the side.
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Figure 6: Whole -body diagram m odified from Cartmill ( 1974a).C indicates the
center of mass, A is the axis that runs through the two hands, and B is the axis
running through the two feet. The forelimb is under tension, the hindlimbs under
compression. With the center of mass underneath the forelimbs, loss of footholds will
push the body into the sub strate. With the center of mass above the hindlimbs, loss of
handholds will make the body fall away from the substrate.

In his second model, Cartmill (1979) (Figure 7A,B) elaborated on his previous
model, and provided equations that describe the forces experienced during vertical
clinging. However, for ease in calculation, he changed the posture of the animal slightly,
where instead of the hindlimbs being tucked underneath the body, the hindlimbs reach
around the substrate such that the feet are in the same vertical plane as the hands
(Figure 7B). The CoM is again modeled underneath the forelimbs and above the
hindlimbs. The CoM produces a rotatory effect on the body, around the axis (Q, B in

Cartmill 1974a) between the feet. This pullback force (M) must be added to the
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adductive force (A) for the resultant force (R), which can then be decomposed to the
normal (L) and tangential (T) forces (Figure 7A,B). R ends up being more obliquely
oriented than A, and the effective central angle is smaller than the hand grip would
suggest. Meaning, even if the hands and feet are bearing the same weight and are in the
same place horizontally on the substrate, hands will have a larger tangential force than
the feet. Thus, the equation for the effective central angle (¢) must be elaborated, where:
¢ = [180 - 2y] eq. 8

v = (B + arctanM/A) eq. 9

Based on egs. 2 and 3 the effective normal force (L:) is Rcosy, and the tangential force,

(Rr) is Rsin y. Eq. 7 can then be expressed:

K*[(A2+M?2)*5cos(p + arctanM/A)]" > (A2+M?2)%%sin([3 + arctanM/A) eq. 10

This equation can then be used to estimate a minimum central angle used by an
animal, but Cartmill (1979) had very important assumptions built into his model. First,
all the weight is borne by the hindlimbs (none by the forelimbs), and the moment arm
about the axis of the hindlimbs (Q) is equal to the distance between the forelimbs and

the hindlimbs.
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Figure 7: More detailed whole -body diagram f rom Cartmill 1979. A. The right
side of the circle sh ows the summation of the adduction force (A) with the force
created by the backwards movement of the CoM (M), the resultant force vector (R). R
EQEwUT T wi RUT OUPOOWOI wlwEUI EVUI UwEWEDI T 1 Ul OVDwWET O
formed as the angle betw een the two radii of the circle where R and its extension
intersects the circle. If the moment due to the CoM did not exist, the clear white
arrows on the left represent the normal and tangential forces only due to the limb.
The left side of the circle sho ws the change in the force components due to the
addition of M. Instead of the clear white lines being the normal and tangential forces,
the solid, thin black lines are the normal and tangential forces. Clearly, M makes it
much harder for the hands to grip the substrate because it increases the tangential
force and decreases the normal force. B. The axis between the hands is P, and the axis
between the feet is Q. The CoM is W. The moments rotating the center of mass
backwards are r (the plane between P and Q) and s (the line between the midline of Q
and the line of gravity moving the CoM down). Because r and s are equal, M is equal
to the weight of the animal, but would be split between each hand.
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Preuschoft and Witte (1991) took a different but compatible perspective, and
developed a model of the mechanics of the different stages of climbing, which also
applies to clinging postures. They divide their models into a hindlimb-dominated
model, where most body weight is borne on the hindlimbs, and the forelimb-dominated
model bears weight on the forelimbs. In both models, the hindlimbs are treated as a unit
under compression and the forelimbs are treated as under tension. The hindlimb-
dominated model describes the postures adopted by strepsirrhines (Figure 8). Three
postures are shown, ranging from very flexed hindlimb, to moderately flexed hindlimb,
to highly extended hindlimb. Compressive force on the hindlimbs against the substrate
produces a substrate reaction force (SRF) that travels through the hip, which must be
counteracted by tensile force through the forelimbs (Figure 8). The more flexed the
hindlimb, the higher the tensile force of the forelimbs must be to counteract the
compressive force. Moreover, the less flexed the hindlimb is, the smaller the SRF is in
total.

However, when the hindlimb is more extended, it has what is termed a better
effective mechanical advantage (EMA, Biewener 1989; Biewener 1991). EMA refers to
how efficiently animals use their posture to determine how much work their muscles
have to do to hold a joint center stable (Figure 9). For example, when a person sits in a

chair posture (without a chair) it requires muscles to work more to keep the knee and
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hip from collapsing to the ground than if the person was standing with their hips over
their knees. EMA is defined by the distance between the joint and the vector of the
substrate reaction force (R) and the distance between the joint and vector of the muscle
performing the work (Figure 9). The further away the joint is, the higher the EMA is and
the more work muscles must do to stabilize the joint. As can be seen by Figure X, when
an animal has a more extended hindlimb, the better the effective mechanical advantage
is because the bones are more in line with each other and thus can manage the substrate

reaction force better.

Figure 8: Hindlimb -dominated models of vertical clinging from Preuschoft
and Witte (1991).3 1T 1 WEOPOEOzZ UWOEUUwWPUwUUx xOUUT EwEaAwUT T w
compression, and has a substrate reaction force (SRF) Arthat has a vertical (A v) and
horizontal (A n) component. G represents the center of mass. The moment arm
between the line of gravity pulling on the CoM and the foot is h. The moment arm
between the hands and feet are si-ss. Anmust be resisted with tensile force of the
forelimb. A. A highly flexed hindlimb produces a high SRF on the hindlimb, which
must be resisted by a high tensile force with the forelimb. B and C. As the hindlimb
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becomes more extended, the SRF decreasesbut the effective me chanical advantage
increases.

EMA =r/R

Fg

Figure 9: From Biewener (1989, 1991). Schematic drawing of a limb depicting
the joint mechanics involved in determining the EMA of the muscle force (Fm) at a
joint to maintain posture. EMAistherati o of the musclebds weighted

(r) versus the moment arm (R) of the ground reaction force (Fg). Ignoring segmental inertia
and balancing moments: Fm = Fg x R/r = Fg/EMAThus, EMA = 1/R.

In the case of the forelimb-dominated model, there are also three postures
shown, though in this case posture is dependent upon the length of the forelimb. The
longer the forelimb, the higher it is held above the body (Figure 9). The CoM (G in
Figure 10), ends up being rotated into the substrate, rather than away from the substrate.

The SRF of the forelimb is shown as in the same line as the forelimb. Thus, the longer the
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forelimb and the higher it is held above the body, the smaller the SRF. Although for this
model, as the CoM rotates the hindlimbs into the substrate, a higher SRF will produce a
higher normal force in the hindlimbs. There may be cases where the animal wants a

higher SRF to gain that higher normal force in the feet.

Figure 10: Forelimb -dominated models of vertical cli nging from Preuschoft
and Witte (1991).3 17 1 wEODPOEOzZ UWwOEUUwWPUwUUxxOUUI EwEawUT T w
has a substrate reaction force (SRF) Arthat has a vertical (A v) and horizontal (A n)
component. G represents the center of mass. The moment arm betwe en the line of
gravity pulling on the CoM and the foot is h. The moment arm between the hands
and feet are si-ss. Ani is resisted with compressive force of the hindlimb. A. A short
forelimb produces a high SRF, which must is resisted with an equal compres  sive
force on the hindlimb. B and C. The longer forelimb decreases the SRF, and decreases
the horizontal force on the hindlimbs.

1.4 Morphological specializations associated with VCL

It is well-recognized and documented that primates that habitually engage in

VCL locomotor behaviors have a suite of morphological features that have been
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associated with their unique locomotor mode compare to that of primates that primarily
use horizontal pathways for locomotion. VCL primates tend to have relatively long
hindlimbs, though it is worth noting that in relatively small vertical clinging and leaping
primates much of the length increase relative to arboreal quadrupeds is due to an
elongated tarsus, whereas relatively larger species tend to have long femora, (Anemone
1990; Cartmill 1972; Demes et al. 1998; Demes and Gunther 1989; Fleagle and Anapol
1992; Gebo and Dagosto 1988; Stern and Oxnard 1973; Walker 1974). VCL primates also
have relatively dorsally-extended ischium, which is the only feature of the hindlimb
other than relatively long hindlimbs that unites VCL strepsirhines and haplorhines
(Fleagle and Anapol 1992). However, this feature has been associated with function
during leaping, not vertical clinging (Fleagle and Anapol 1992).

In the forelimb, VCL primates have a narrow, relatively stabilized shoulder joint
(Schmitt 1996; Tilden 1990; Walker 1974) and an elbow with a short, high trochlea with a
deep, wide groove between the trochlea and capitulum for stability during flexion
(Szalay and Dagosto 1980). Further, work on the lemuriform wrist by Hamrick (1996b)
echoing that of Szalay and Dagosto (1980), in demonstrating that VCL primates have
morphological features to stabilize the wrist during antebrachiocarpal flexion and
midcarpal supination, such as the deeply-curved and anteriorly-tilted radiocarpal

articulation, the hamate has a triquetral facet facing proximodistally, and the capitate
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and trapezoid articulation is dorsally constricted and expanded palmarly. These features
may minimize muscular work needed to maintain limb postures during VCG.

There are some features of the forelimb that all strepsirrhines have which may
function for vertical clinging. Two features of the midcarpus increase ulnar deviation,
tirst the centrale and trapezoid form a wide joint that articulate obliquely, and second
the ulnar styloid process articulates more with the pisiform than the triquetrum (Gebo
2011). Strepsirrhines also have a short pisiform, an elongated hamulus and scaphoid
tubercle, which facilitates strong manual grasping, as the carpus forms a tunnel for the
flexor tendons (Gebo 2011; Hamrick 1996a).

Finally, VCL primates have long hands and feet with wide digit I and II clefts to
allow for more effective encircling of the branch (Gebo 1985; Wunderlich et al. 2011).
How these VCL musculoskeletal specializations function during VCG behaviors is
unknown. These morphological specializations may serve during VCG to allow for less
muscle volume recruitment, increased time spent clinging, or to increase the maximum
substrate size used as compared with non-VCL primates. These potential advantages of
VCL anatomy do not negate the possibility that non-VCL primates also have
morphological specializations for VCG behaviors.

One of the goals of this dissertation is to examine the extent to which features

associated with VCL provide biomechanical advantages during VCG compared to
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features associated with AQ locomotion. Anatomy, body size, and substrate size all play

a role in this relationship.

1.5 The influence of body mass

Aside from limb length, one other anatomical factor is expected to play a major
role in the biomechanics of VCG postures, which is the increase in body mass across
species. Soligo and Martin (2006) argued that claw loss (and replacement by nails) was
associated with relatively large body mass in arboreal primates (>1000g). They based
this argument the finding that there are higher frequencies of large, nailed arboreal
animals than large, clawed arboreal animals. They also found the converse, that there
are fewer small, nailed arboreal animals than small, clawed arboreal animals and use
this correlation to argue that the clawless ancestral primate must have been >1000 g.
Soligo and Martin (2006) suggest that once an animal became that large, claws would
become ineffective at supporting weight in vertical postures, and primates did not need
to retain them for predatory behavior.

Though current fossil evidence (Anemone and Covert 2000; Bloch and Boyer
2007; Bloch and Boyer 2002; Dagosto 1988; Dagosto 2007; Szalay and Dagosto 1980) and
experimental work (Hanna et al. 2008) do not support the idea that the ancestral primate

was over 1000g, but the idea is also not excluded. The experimental work of Hanna et al.
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(2008) is particularly relevant for this hypothesis because it shows small primates do not
differ energetically in walking and climbing, only once species are over 700g does
climbing become more expensive. The ideas put forth by Soligo and Martin (2006) are
intriguing, such as the possibility that the mechanics of vertically clinging and grasping
at small body size are different than at large body size in nailed species.

Indeed, there are well-demonstrated reasons to suspect that increased mass will
influence the ability of primates to maintain VCG postures. One of the classic
explanations for variation in animal posture and musculoskeletal design describes the
implications for animal locomotion with increasing body mass (Alexander 1977;
Alexander et al. 1979; Biewener 1982; Biewener 1983; Biewener 1989; Biewener 1990;
Rubin and Lanyon 1984). As alluded to above, body mass increases as a volume (to the
third power), whereas bone strength or muscle strength, which must hold the weight of
the body, increases as a function of area (to the second power), and bone length
increases linearly. In other words, body mass increases at a rate faster than bone or
muscle strength, and bone and muscle strength increases at a rate faster than limb
length. Thus, scaling body mass and bone strength isometrically would result in larger
animals having bones that are relatively weaker than the smaller sized animal
(Alexander 1977; Alexander et al. 1979). To compensate for this, Biewener (1982; 1983;

1989; 1990) and others (Rubin and Lanyon 1984) have demonstrated that larger animals
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move with straighter, more extended limbs to moderate loading. The same problem
holds for VCG postures. All else being equal, larger species should not have the strength
relative to body mass necessary to cling as well as their smaller counterparts because
they must support larger masses with relatively weaker muscles and limbs that need to
generate larger forces. It is probable that as seen in primate walking (Polk 2002; Polk
2004), larger primates will adjust their clinging postures to moderate these loads
compared to smaller primates. As such, it is likely that large primates are either less
effective at VCG postures than small ones or must adopt different postures to achieve
the same mechanical outcomes.

Also, despite large amounts of research on primate VCG as either to emphasize
the problem of clawlessness in primates (Cartmill 1974b; Cartmill 1985; Garber 1992;
Hamrick 1998; Soligo and Martin 2006; Soligo and Muller 1999) or part of VCL behaviors
(Anemone 1990; Demes et al. 1998; Fleagle 1988; Fleagle and Anapol 1992; Gebo and
Dagosto 1988; Godfrey 1988; Jungers 1976; Jungers 1977; Kinzey et al. 1975; Napier and
Walker 1967; Szalay and Dagosto 1980; Walker 1974), the experimental data necessary to

evaluate the biomechanics of VCG has not been collected.
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1.6 Hypotheses

Three variables have been described above: substrate size, musculoskeletal
anatomy, and body size. They lead to the following testable hypotheses, concerning
their influence on the biomechanics of VCG in primates.

Hypothesis 1 : Species with different morphological features associated with
different locomotor modes will vertically cling and grasp in different ways.

This applies to comparisons between primate and non-primate mammals as well
as within primates. Specifically, on similar-sized supports (relative to body size) a
clawed non-primate mammal should vertically cling and grasp with less wrapping of
the cheiridia and limbs around the substrate, compared to a clawless primate. Similarly,
the anatomical specializations (long limbs and/or digits) of habitual VCL primates’
should allow them to cling to supports of larger size and generate lower tangential
forces than arboreal quadrupeds.

Hypothesis 2 : As substrate size increases, primates will place their arms to the
side of the support and adjust posture and muscle recruitment in order to maintain a
necessary tangential to normal force ratio to resist gravity.

Primates may adjust the weight distribution between their forelimbs and
hindlimbs in order to diminish the tangential force. But, at a certain size relative to body

mass and limb and hand length this will become impossible at a given coefficient of
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friction. That relative size, to be determined empirically, will represent an upper limit to
substrate size to which primates can cling.

Hypothesis 3: On substrates of the same relative size, larger animals should be
less effective at maintaining VCG postures du e to scaling relationships between
muscle strength and body mass.

While large primates will be able to cling to absolutely larger substrates, they

should not be able to vertically cling to substrates relatively larger.

1.7 Summary

The goals of this dissertation are to compare the biomechanics of clinging in VCL
and AQ strepsirrhine primates of a wide range of body masses as substrate size
increases. The sample selected will maximize contrasts between locomotor mode,
substrate size, and body mass, the three major variables that likely influence VCG
postures. Locomotor mode may be an influence as animals in differing locomotor modes
have different musculoskeletal anatomies. Substrate size should influence VCG postures
because as substrate size increases, when clinging without claws, holding VCG postures
becomes more difficult biomechanically. Body mass should play a factor due to scaling
relationships between length, cross-sectional area, and mass. The results will be

discussed in relation to the models provided here by Cartmill (1974a; 1979) concerning
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hand and body posture, and Preuschoft (1991) in terms of hindlimb and forelimb

flexion/extension.
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2. Materials and Methods
2.1 Subjects

In order to test all three hypotheses described here, data from a large and diverse
sample of primates was collected. Eight species from the Duke Lemur Center were
selected. The sample, described below and represented in Table 1, can be seen to
encompass a wide range of variation in body mass and locomotor mode. Since both
mass and locomotor mode will influence musculoskeletal anatomy, especially in regards
to clinging and supporting weight against gravity, this sample allows differentiation of
those two influences. The study is restricted to strepsirrhines for practical and
intellectual reasons. Many strepsirrhine primates habitually cling in vertical postures
(see Chapter 1 and below). The Duke Lemur Center provides an ideal and flexible
environment to collect data on primate postural mechanics. Studies of strepsirrhine
primates also have the potential to provide key information about early primates. The
case for this is not based on some notion that strepsirrhines are “primitive” or exact
models of early primates. Instead the use of strepsirrhines in this study is based on the
notion that these taxa represent reasonable models for body size, behavior, and anatomy
relative to what we know of early euprimates and what we estimate to be some of the
morphological parameters of the earliest primates. No extant model for extinct animals

is ever perfect; certainly strepsirrhines are derived relative to what the ancestral primate
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must have been like. But they are not as derived as haplorrhine primates, which would
also be too large in body mass to adequately explore the hypotheses, particularly that
scaling of animals will alter the VCG postures used by different species. All haplorrhines
except Callitrichidae and some owl monkeys are over 1kg in size (Smith and Jungers
1997), species which either have claw-like nails and would not be able to show how
primates cling without claws (Callitrichidae), or are over 700g (owl monkeys), whereas
strepsirrhine species in this study are as small as 150-200g (Cheirogaleus medius, Table 1).
Additionally, there has been a long-standing tradition to consider extant strepsirrhines
as informative for early primate evolution including the work of Wood-Jones (1916),
Gregory (1920), and Le Gros Clark (1959) and then more recently by Cartmill (1972);
Szlay and Dagosto (1980); Dagosto (1988), Hamrick (1996a), Crompton (1995), Schmitt
and Lemelin (2002), Hanna et al. (2008) and many others.

In order to explore the effect of body size on postural mechanics, species were
divided into several body mass categories in descending order, from 3000-4000g, 2000-
3000g, 800-1300g, 400-600g, and 100-250g. Below is a description of what is known about
the locomotor behavior and anatomy of primates in each size categories. Attempts were
made to have strong locomotor contrasts in each category, but this was not always
possible. The summary below includes anatomical information, but is not an exhaustive

summary of the anatomical features characterizing each animal.
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2.1.1 3000-4000g: Propithecus verrauxi and Varecia variegata

Propithecus verrauxi is included as a large-bodied (3700-4280g, Smith and Jungers,
1997) habitual vertical clinger and leaper (VCL). They were first identified as a VCL
primate when the locomotor category was defined (Napier and Walker 1967) and the
regular use of this behavior by these primates has been upheld by further studies
(Dagosto and Yamashita 1998; Gebo and Dagosto 1988; Walker 1979). They possess what
is often thought of as a classic quality of a VCL animal in that their hindlimbs are much
longer than their forelimbs, with an intermembral index (IMI) of 64 (Napier and Walker
1967; Walker 1979) as well as a dorsally-extended ischium, a patellar articular surface
that projects anteriorly, proximally restricted trochanters, and a small third trochanter
and trochanteric fossa with a large fovea (Anemone 1990; Fleagle and Anapol 1992).
These features are thought to be related to the requirements of initiating a leap, but may
also play a role in maintaining posture. P. verrauxi also show VCL characteristics in soft
tissue anatomy, where they have much larger quadriceps (knee extensors) than the
arboreal quadruped in the study, Varecia variegata (Demes et al. 1998). They also possess
characteristics associated with being a large-bodied, thigh driven VCL primate which
include a spherical femoral head lacking substantial posterior expansion of the articular
surface and lacking a medially notched appearance of the greater trochanter (Anemone

1990). For the forelimb, P. verrauxi has a highly ventrally-oriented glenoid cavity,
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relative to other primate species such as E. fulvus (Anapol 1983). P. verrauxi also has a
narrow and rounded humeral head (Walker, 1967; Schmitt, 1996), and a narrow, and
anteriorly high trochlea of the humerus typical of most VCL strepsirhines (Szalay and
Dagosto 1980).

Varecia variegata is an above-branch arboreal quadruped that weighs between
3,470-3,510g with an IMI of 72 (Fleagle 1999; Fleagle and Anapol 1992; Gebo 1987; Smith
and Jungers 1997). Relative to VCL primates, V. variegata have a greater proportion of
hamstring muscles compared to knee extensors; a pattern that distinguishes VCL and
AQ strepsirhines (Demes et al. 1998). Similarly, in skeletal anatomy, Varecia, like other
above-branch quadrupeds compared to VCL strepsirhines has a low dorsal projection of
the ischium (Anemone 1990; Fleagle and Anapol 1992). Instead Varecia has a large distal
projection of the ischium as well as a spherical femoral head with posterior expansion of
the articular surface, and a medially notched greater trochanter (Anemone 1990; Fleagle
and Anapol 1992). In the forelimb, V. variegata have a relatively wide and flat humeral

head, characteristic of other AQ primates (Schmitt 1996).

2.1.2 1800-3000g: Eulemur rubriventer and Lemur catta

Eulemur rubriventer (1,940-1,980g, Smith and Jungers 1997) was not considered a

VCL primate in Napier and Walker’s (1967) study. However, based on later
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observational work, more recent anatomical analyses, and for the purpose of this project,
they are considered as being animal that can effectively and often executes vertical leaps
and has anatomical features corresponding to such locomotor behavior. Overdorff (1988)
showed that E. rubriventer move an equal amount of time using above-branch
quadrupedalism and vertical clinging and leaping in the wild. A similar observation
was made by Tilden (1990) at the Duke Lemur Center where he found that E. rubriventer
leapt more frequently (58% of bouts) than moved quadrupedally (30.8% of bouts),
though these leaps were often from horizontal poles. These two studies stand in contrast
to another report that indicates they use vertical supports with very low frequency
(Dagosto and Yamashita 1998). In terms of the forelimb, their glenoid cavity is more
rostrally-oriented than the indriids, similar to other arboreal quadrupeds (Anapol 1983).
Their humerus has a relatively more oval and flat humeral head than vertical clinging
and leaping primates (Schmitt 1996; Tilden 1990). However, due to a number of reports
show they use vertical supports frequently (Overdorff 1988; Tilden 1990), and they share
aspects of their morphology with VCL animals, such as a dorsally extended ischium
(Fleagle and Anapol 1992) and a relatively low IMI of 68 (Fleagle 1999), they will be
considered as vertical clingers and leapers here.

Lemur catta (~2,210g, Smith and Jungers 1997) was originally considered a VCL

primate in Napier and Walker’s (1967) study. However further study shows that they
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are dedicated, active arboreal (and often terrestrial) quadrupeds. It is the case that they
have a relatively low IMI of 70 (Fleagle 1999; Gebo 1987; Ward and Sussman 1979) and
this may relatie to frequent horizontal leaping behavior. One study found that Lemur
catta never used VCL positions during group progression (Ward and Sussman 1979).
Their skeletal anatomy reflects their habitual use of quadrupedalism rather than VCL.
Like other active arboreal quadrupeds, Lemur catta lack a dorsally extended ischium and
have a spherical head with posterior expansion of the articular surface, a medially
notched greater trochanter, (Anemone 1990; Fleagle and Anapol 1992). Their forelimb
has a wide, flat humeral head and a shortened trochlea relative to VCL animals, but an
extensive vertical elongation of the trochlea anteriorly, associated with quadrupedalism

(Schmitt 1996; Szalay and Dagosto 1980).

2.1.3 600-1300g: Hapalemur griseus and Nycticebus coucang

Hapalemur griseus (760g-903g, Smith and Jungers 1997), like P. verrauxi, is a
member of a genus originally described as vertical clingers and leapers by Napier and
Walker (1967). This locomotor classification has been upheld to varying degrees by some
further studies (Gebo 1987). But members of this genus also exhibit frequent active
arboreal quadrupedalism (Walker 1974; Walker 1979). Their skeletal anatomy reflects

this mixed locomotor repertoire. A relatively low IMI of 64 reflects their quadrupedal

42



ability (Fleagle 1999). They have a high dorsal projection of the ischium, consistent with
other VCL animals, though they have a slightly larger distal projection of the ischium
relative to other VCL animals (Fleagle and Anapol 1992). In terms of their humeral
anatomy, H. griseus demonstrates a humeral head intermediate in shape between
habitual VCL and habitual AAQ primates (Schmitt 1996).

Nycticebus coucang (626-679g, Smith and Jungers 1997) has been often described
as slow, cautious arboreal quadrupeds (Dykyj 1980; Glassman and Wells 1984). There
are aspects of their forelimb anatomy that differentiate them from active, arboreal
quadrupeds (Cartmill and Milton 1977; Lewis 1985; Preuschoft et al. 1993; Szalay and
Dagosto 1980). The greater and lesser tuberosities of the humerus are very low relative
to the humeral head, suggesting high amounts of mobility (Kay et al. 2004). The trochlea
of the humerus is reduced, and the capitulum has increased in size. The capitulum gets
most of this increase from the anterior surface of the humerus and a large flange on the
dorsal and anterolateral surface of the capitulum. In the distal forearm and hand, their
pisiform does not articulate with the ulna, they have a reduced distal ulna and thus an
expansion of the radiocarpal joint, a large distal radioulnar joint, an increased length of
the vertebral border of the scapula (Cartmill and Milton 1977; Lewis 1985; Preuschoft et
al. 1993). These anatomical features are suggested to improve flexibility when moving

slowly and cautiously. When they grasp a support, they hold onto the support for a

43



large portion of the stride, and thus would want joints flexible enough to hold many
different angles during walking (Cartmill and Milton 1977). Thus, although they are
arboreal quadrupeds, there may be some differences between the way they vertically
cling and grasp as compared to the other active arboreal quadrupeds in this study. A
feature that does associate them with other arboreal quadrupeds, rather than vertical
clingers and leapers, is that of a more rostrally-oriented glenoid (Anapol 1983).

Aspects of their hindlimb anatomy, as studied by Anemone (1990), show features
interestingly associated with small-bodied VCL animals (galagos and tarsiers). They
have a cylindrical femoral head with a large expansion of the articular surface onto the
dorsal aspect of the femoral neck, which was proposed to be related to high amounts of
mobility for slow, cautious arboreal quadrupedalism found in the lorises, and they also

lack the third trochanter (Anemone 1990). Their IMI is 88 (Fleagle 1999).

2.1.4 400-600g: Nycticebus pygmaeus

Nycticebus pygmaeus and Nycticebus coucang were once considered to be the same
species with two different body size morphs due to their similar behavior and
musculoskeletal morphology, but they were recently separated (Groves 2001). So while
N. pygmaeus has a body size of about 376-462g, all descriptions written above concerning

N. coucang apply to N. pygmaeus, with the exception of their IMI (N. pygmaeus IMI =91,
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Fleagle 1999). They are considered slow, cautious arboreal quadrupeds (Dykyj 1980;
Glassman and Wells 1984), with a flexible forelimb and hindlimb anatomy that

facilitates their locomotor mode (Anemone 1990; Cartmill and Milton 1977).

2.1.5 100-200g: Cheirogaleus medius

The smallest species in the study, Cheirogaleus medius is 172-282g (Smith and
Jungers 1997) and an IMI of 68. They are considered to be active arboreal quadrupeds
(Gebo 1987). Little is known about their skeletal anatomy, but some work has been done
on Cheirogaleus major, a larger species compared with C. medius (362-438g, Smith and
Jungers 1997). They have a relatively short femur compared to the other species in this
study, and compared with VCL animals they have a relatively high greater trochanter
(Anemone 1990). They also do not have a dorsally-extended ischium, and but have a
distally-extended ischium, consistent with arboreal quadrupedalism (Fleagle and

Anapol 1992).

2.2 Substrate size and treatment

To determine how postures change as substrate size increases, each body mass
class was assigned three substrate sizes based on relative body mass, except for C.

medius (Table 1). As body mass increases, absolute size parameters of the body also
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change (i.e. limb length). Given that this study is dependent upon how far an animal can
reach with its hands or limbs around the diameter of a substrate (see Introduction),
substrate sizes must be determined relative to the body mass category assigned.
However, substrate size will be determined by body mass category, not body size
differences, because there will be body size differences according to locomotor modes.
For example, Propithecus verrauxi has much longer hindlimbs than Varecia variegata, and
those differences will be able to be tested for using the same substrate sizes.

Substrates were selected in the following pattern: an initial substrate size was
chosen based on foot size of the two species in a given body mass category so that the
species with the smallest foot size could grasp around Y2 the diameter of the substrate.
From the initial substrate size, the second largest substrate size doubled in size, and the
largest substrate size doubled from the second substrate size (Table 1). Initial substrate
size had some limitations, based on manufacturer’s availability. Also, when sizing PVC
pipe, the outside diameter is different from the inside measurement, which is the
description (i.e. a 6cm PVC pipe is actually 6.033cm outside diameter). For ease in
discussion, the inside diameter will be used, but a table comparing the inside and

outside diameters has been provided (Table 2).
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Table 1: Species organized by body mass category. Substrate sizes for each
category are listed, and were cbsen based on keeping a consistent pattern on increasing
substrate size, the size of the foot, and the limitations of substrate sizes availalbleot size is
based on hallux length

Substrate size Foot size (cm)
Body size Species diameter
(in cm)
Varecia variegata 9.8
3-4 kg 6,11,22
Propithecus verrauxi 10.0
Lemur catta 6.8
2-3kg 3,611
Eulemur rubriventer 7.5
Hapalemur griseus 7.0
800-1400g 3,69
Nycticebus coucang 55
400-600g Nycticebus pygmaeus 2,3,6 3.3
100-200g Cheirogaleus medius 2,3 2.7
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Table 2: Comparison between different measurements of the same PVC pipe.
The inside diameter is smaller than the outside diameter of pipes. The inside diameter most
closely relates to thalescriptor, because typically pipes are used for moving fluids.
Descriptors are used in text for simplicity.

Descriptor | Outside diameter | Inside diameter
(in cm) (in cm) (in cm)
2 213 1.76
3 3.34 2.61
6 6.033 5.20
9 8.89 7.73
11 11.43 10.15
22 21.92 20.17

For all data collection PVC pipes were used. The coefficient of friction, which is
determined based on the properties of the two surfaces touching each other, is an
important factor in this study. Attempts were made to control this variable. Within the
clade, prosimians have constant volar skin friction characteristics (Cartmill 1979), which
means each PVC pipe needs to be made consistent. All PVC pipe was clear (Alsco
Industrial, Lithia Springs, GA) except for the 2cm pole for C. medius. All PVC pipe was
treated in the same manner. Two coats of clear polyurethane were administered, with a
dusting of sand applied during the second coating. Care was taken to ensure the sand
was dusted uniformly and would not interfere with the clarity of the PVC pipe. PVC

pipes were mounted to a platform and two to four sixty-pound sandbags were placed
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on the platform to ensure the platform did not move while the animal was on the
substrate. Large PVC pipes did not require extra stability at the top, but the up to 6cm

diameter required extra support (Figure 11).

Wood L-Shaped

Wood Dowel
Bracket

3cm Clear PVC Pipe

2 60lb Sandbags

Figure 11: Diagram of the 3cm Clear PVC pipe. The pipe is attached on the
bottom to a platform that two 60-Ib sandbags sit on. To prevent bending of the pole at the
top, a woocen L bracket was made with a snug hole for a wooden dowslat fits through
the L bracket. This design stabilizes the PVC pipe from above and below.
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2.3 Data collection and processing

2.3.1 Anatomical data collection

Anatomical data were also collected from individuals used in the study,
including limb lengths and body weights. Body weights were attempted to be collected
for every session, though this was not always possible. Therefore, individual body
weights represent an average over several data collection sessions. Lengths were
collected for nine body segments for the individuals in the study, based on their
application to the kinematic data collected. Individuals were restrained by a DLC
research technician and joints were palpated to determine location. For the forelimb, arm
length was measured between the gleno-humeral joint and the elbow joint. Forearm
length was measured between the elbow and wrist. Pollex length was measured
between the wrist and the tip of digit I of the hand. Index finger length was measured
between the wrist and the tip of digit II of the hand, except for Nycticebus spp. Nycticebus
have a shortened digit two (Jouffroy et al. 1991), and thus digit III for those species is the
best functional analog for digit II of the other individuals in the study. The thigh length
was measured between the hip and the knee. The leg length was measured between the
knee and the ankle. Hallux length was measured between the ankle and the tip of digit I

of the foot. Digit I length of the foot was measured between the ankle and the tip of
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digit II of the foot. Back length was measured between the back of the neck and the base
of the tail.
2.3.2 Kinematic data collection

Kinematic data were collected for every species using two Sony Handycams
(HDR-SR11). Film rate was 30fps, because this study documented static behaviors, a
higher frame rate is not necessary. The cameras were placed between 70°-90°of each
other (Figure 12), the minimum necessary for video processing in three-dimensions.
Syncing between the two cameras occurred using a light signal. Cameras ran
continuously for each individual. For the nocturnal species in this study (N. coucang, N.
pygmaeus, C. medius) only minor adjustments were necessary. The Sony Handycams are
infrared-capable, thus the only change was that only one red light was turned on.

Individuals were prompted with food rewards by either the Duke Lemur Center
research manager or technician who remained in the runway with the animals. Data
collection sessions ended when the animal appeared to be tired, stressed, or disinclined
to use the substrate any longer. For each individual, there were at least two data
collection sessions. Where possible, one session for each species was held in each the
morning and afternoon for diurnal animals. Nocturnal animals were always filmed in

the afternoon as they are asleep until noon due to the circadian rhythms the Duke
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Lemur Center has set for them. Individual animal weights were collected for almost
every day of data collection.

Videos were then imported to VirtualDubMod (http://virtualdubmod.
sourceforge.net/) where they were assessed as to whether they are a clinging or grasping
bout, posture, or adjustment. A clinging or grasping bout is defined as a time when an
animal moves from static posture to another static posture without a locomotor bout
between postures. A clinging or grasping posture is defined when an animal maintains
body weight at a given height of a vertical pole for at least five seconds. Hands and feet
either do not move, or are picked up and put back down in the same spot, or a hand
reaching out for food is picked up and put back down, though in the latter condition it
could be put down in a different spot. An adjustment is considered to be when an
animal is in a posture, where the hands and feet are immovable, but the limbs adjust

their position, for example a lean to the side to reach for food items.
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Figure 12: Schematic of the runway setup for kinematic data collection. The
substrate is as previously described, a clear PVC pipe mounted to a wooden platform, with
sandbags placed on the platform. The runway is largely enclosed by mesh, except for the
part of the runway where the substrate is, which has clegplexiglass in place of the mesh.
One videocamera is outside of the runway, filming through the plexiglass. The second
camera is behind a barrier put into the runway, with a hole cut out of it so the second
videocamera, inside the runway, can have a cleafew of the substrate. The cameras were
positioned at a minimum of a 70° angle from each other, but sometimes closer to a 90°
angle.

The focus for the study here is on postures rather than bouts. Within a given
posture, one frame is selected for further analysis. Frames are considered useful for
analysis when the animal’s spine is as close to parallel with the substrate as possible.
This design minimized comparisons of postures when animals were reaching out for

food, although some postures do include some degree lean forward, backward, or to one
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side. Frames were also selected for postures where the majority of joints are in view of
both cameras. Joints were always digitized in the same order, and the ideal posture
would have all points digitized (Figure 3), though this was typically not possible. It is
one of the limitations of using a two-camera system, as being able to see each joint in
both cameras is not possible. Digitizing was performed and calibration in three-

dimensions in DLTdv5 (Hedrick 2008).

Left
Limbs

Right _|

Limbs

Figure 13: Points potentially digitized for any given posture.  However, due to
the limitations of two cameras it is unlikely for a single trial to see all points from
both cameras. Points are consistently digitized between trials, wh ere the joints of the
right limbs are always points 1 -6 and 14-19 and the left limb are 8 -13 and 21-26. This
ensures consistent analysis during data processing.
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2.3.3 Kinetic data collection

Kinetic data collected here are restricted to single-limb force traces of the
forelimb and hindlimb. No comparable data exist. Collecting force data for this project
was technically difficult because it was necessary to insert a force plate inside the
substrate (Figure 15). The force plate used in this study is an AMTI MC3A force plate
which has dimensions of 3” x 3” x 3” (AMTI, Watertown, MA). Due to its size, the force
plate could only be inserted into the 8” substrate. Construction of the substrate was as
follows. The force plate was mounted into a 2” x 2” wood beam, mounted into the floor
below the mounted PVC pipe (Figure 15B). The PVC pipe was screwed to a false floor,
above the floor to which the wood beam was attached (Figure 15B). It thus did not need
sandbags. The false floor had a section cut out to allow the wood beam to rise up
through the middle of the PVC pipe. A rectangle cutout of the clear PVC pipe is then
attached to the force plate, via two plastic blocks that have been cut to fit snugly
between the rectangle cutout and the force plate (Figure 15C,D). The rectangle piece of
PVC was sanded down, to ensure space between the PVC cutout and the rest of the
PVC. The cord connecting the transducer to the computer was taped to the wood beam,
and ran under the floor to the computer (Figure 15B,C,D). This design kept any
materials instrumented with the force plate separate from other materials in order to

collect single-limb force traces.
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Kinetic data were only collected for two species, Propithecus verrauxi and Varecia
variegata, as the force plate could only fit into the 22cm substrate. Kinetic data collection
sessions were run similar to kinematic data collection sessions, where individuals were
prompted to cling to the substrate using food rewards. However, an entire hand or an
entire foot needed to be only on the PVC cutout, which was determined visually for each
trial. Foot traces were more difficult to obtain than hand traces, for several reasons. It
was easier to see whether or not the hand was completely on the substrate because it
was smaller and individuals would not sit down on their hands the way they sat their
hindquarters down on their feet. While individuals were never touched during
kinematic data collection, if a hand or foot was close to being on the substrate, or
partially on the substrate, the technician would push the hand or foot in the direction of
the PVC cutout. Individuals were more likely to allow their hand to slide, where their
foot would be picked up and put back down. The feet therefore moved more, and were
more likely to not be entirely on the substrate. Moreover, Propithecus verrauxi at times
chose to overlap their halluces, which also means that some postures could not be tested.

The MC3A force plate outputs six measurements, three orthogonal force
components in X, Y, and Z planes, and three moments, in X, Y, and Z (Figure 14). The
focus for this study is on the force components, as they are the components that

represent grip (Reference figure from Introduction). The output from the transducer is in
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volts which change as the transducer is loaded. Transducer output was collected into
LabView software (National Instruments, Austin, Texas) at a rate of 1000Hz. Force traces
were then downloaded to Microsoft Excel, which has a maximum row limit of 65,000
rows, which meant any force trace was limited to a maximum of 60 seconds. Because of
the time limit and that it was difficult to identify when the hand or foot was on the plate,
this became a technical challenge. Data collection was triggered after visually confirming
only the hand or foot was connecting with the force plate. However, sometimes the
animal did not move before having to stop collecting data, which means that some trials
do not have baselines. In order to ensure accuracy of force traces, the force plate was
zeroed every minute, as there was minimal drift (~0.001%) during that time period.
Videocameras were relatively zoomed-out compared to kinematic data
collection, because the animal’s body needed to be either above or below the cutout PVC
pipe. They were synced with force collection trials using an LED light in view of both
cameras, that was triggered simultaneously with the force trace collection in LabView

(Figure 15A).
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Connector

.Fy

Figure 14: Image of the force sensor used in this study. It was modified from
AMTI documentation, shown as though the sensor was in the substrate with the
connector on the top of the substrate. Thus, #s the vertical force, R is the normal
force, and K is the tangential force.
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Forceplate

LED Light
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Wood beam inside clear PVC pipe

False floor

Forceplate cord
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Figure 15: Construction of the instrumented clear PVC pipe. A) Schematic of
kinematic data collection, which is the same as that for kinetic data collection, except for the
instrumented clear PVC pipe. The LED light in the background syncs the videocameras
with the force traces. B) The false floor shown here has a hole cut into it for the wood beam
to which the force plate is instrumented. The wood beam is secured to the floor below the
false floor, in order to prevent crosstalk. C) Front view of the PVC pgie where the force
plate is attached. D) Side view of the PVC pipe where the force plate is attached.
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2.4 Data analysis
2.4.1 Substrate preference

Based on prior resear¢@artmill 1974a; Cartmill 1979)t is predicted that
primate speciewill prefer tohold VCG postures on smaller substrdiesause of the
mechanical challenges of gripping around larger substrates in terms of limb and cheiredia
placement and force production (see Introductido)test this hypothesisvb criteria
were used to evaluaiten d i v i d u a |“prefaredces p(etchiee swor d “prefer
used to indicate both willingness and ability to maintain a posture but does not imply any
specific cognitive aspects of the choideying VCG postureg1) number of events and
(2) time spenperforming a VCG event. These two criteria used are merged into a ratio
herenamed thé Substrate Preference IndefSPI1). The SPI is designed to normalize
posture duration and frequency. The goal is to avoid comparing animals that cling rarely
but forlong durations to animals that cling frequently but briefly. It should be noted that
those values (number and duration) are reported and analyzed separately as well.

The following values go into the creation of the S#ist, the durationof time an
individual maintainedn a VCG posture was calculated and summedh®mnumber of
postures (posture is defined here as a bout of VCG) held by the ammaaisngm of 30
posture¥ Thissummed value for posture duratiemas divided by 30That number was
chosen because it represettie maximum number of postures analyzed for an
individual and serves to normalize the duratidhus, if an animal held VCG postures at

least 30 times over two days, the SPI would be equal to the average time per clinging
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posture The advantage of this calculation is ttie performance an animathatclings
for a longer time period but has fewer trials will not be underestimated. Likehese,
performance o&n animal thaéxhibitedmany VCG postures of short duration woutt n
be overestimated.

2.4.2 Anatomical data

Statistics were not performed on anatomical data, as they are meant to be
descriptive of the individuals in this study. As such, these data will be discussed only in
reference to the kinematic and kinetic data collected.
2.4.3 Qualitative kinematic analysis

The sample for qualitative kinematic analysis were compiled from the first 15
VCG postures an individual adopted for a given data collection session (generally two
sessions for each substrate). Thus, for each individual, on each substrate size, 30
postures were analyzed unless they did not perform enough VCG postures over two
days. However, this analysis was also conservative in regards to the type of VCG
postures included for analysis. Only postures where at least three limbs were in contact
with the substrate for part of the posture and the spine was less than 45° divergent from
the substrate, determined visually were selected. If both hands were on the same side of
the substrate, the posture was not included. This is because it produces significant lean
and is not relevant to the models being tested here. However, the presence of both feet

on the same side of the substrate was not used as an exclusion criteria, as it was a
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condition that was only found in slow lorises and does not produce lean. These criteria
were used in order to maintain consistency when analyzing the variables calculated
here. However, postures not included in the qualitative and quantitative portions of the
study are not excluded from analysis of species’ substrate preference if there are not
enough postures with the criteria given here.

The purpose of this analysis was to provide descriptive postural characteristics
that can characterize data collection sessions as a whole, as 15 trials per substrate, per
individual, per day were analyzed. One goal was to estimate the degree of limb flexion
and hand posture for each subject. This qualitative analysis allows a broad comparison
and can be used in the field as well as controlled laboratory settings. Thus the definitions
of joint angles were broad for this part of the analysis and are explained below. Four
variables were isolated as the most important when comparing them to the models of
vertical clinging provided by Cartmill (1974a; 1979) and Preuschoft (1991). First, the
elbow joint of the right and left forelimbs was characterized as flexed (0°-45°),
moderately flexed (45°-135°), and extended (135°-180°), all defined visually from video
records. Second, the knee of the right and left hindlimbs was characterized as flexed (0°-
45°), moderately flexed (45°-135°), and extended (135°-180°). The selection of a relatively
large range for the definition of “moderately flexed” was design to be conservative and

ensure that the assignment of “highly” flexed and “highly” extended joint postures is
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clear. Third, the right and left hands were characterized as having a “grasping” posture,
a “parallel” posture, or a “bowed-up” posture. A grasping posture was defined in two
ways. First, a grasping posture was defined as a condition where either the thumb was
abducted and extended greater than 90° (visual assessment) against digits II-V at the
metacarpal-phalangeal joint, or when the thumb is opposed from digits II-V on the other
side of the substrate (Figure 16A). The former condition typically applies to larger sized
substrates, whereas the latter applies to smaller sized substrates (Figure 16B). A parallel
posture is a broader term than grasping. It indicates a posture when the thumb was less
than 90° divergent from digits II-V. A bowed-up posture is defined as the thumb being
flexed at the proximal phalangeal-distal phalangeal joint (Figure 16C). The same
definitions hold for the foot, which was the fourth variable collected for qualitative data,
but uses the hallux instead of the pollex in its definition. A G-statistic was performed in
BIOMstat (Sokal and Rohlf 1995) on the hand data, as it was defined at the metacarpal-
phalangeal joints, which was not digitized in the quantitative analysis (see below).
Moreover, the quantitative data would not be able to distinguish between a bowed-up

posture and either a grasping or parallel posture.
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Figure 16: Examples of hand postures during VCG postures. A) P. verrauxi on
the 6cm substrate, with hands in a grasping posture. B) V. variegata on the 22cm
substrate, with hands in a parallel posture. C) V. variegata on the 6cm substrate with a
bowed -up thumb posture.

2.4.4 Quantitative kinematic analysis

From the 30 trials used per individual per substrate size in the qualitative
analysis, 10 were selected for quantitative analysis through digitization and angle
calculation. Because only two cameras were used, not all joints could be seen in any
given view, so the 10 best trials were selected for study. Selection criteria for trials
included the number of joints visible in both cameras, having trials from both days of
data, and if they represented a range of postures that the individual performed.

Angles are between segments as defined by estimates of joint centers. Thus
below the lines are defined in many cases by joints. Variables calculated include the arm
angle, which is the angle between the elbow, the shoulder, and the line of gravity

(Figure 17) passing through the shoulder. Thus this angle is arm relative to a vertical
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axis. The elbow angle is calculated as the angle between the shoulder, the elbow, and the
wrist. The wrist angle is calculated as the angle between the elbow, the wrist, and the tip
of digit II of the hand. The hand grip angle is calculated as the angle between digit I of
the hand, the wrist, and digit II of the hands. The hip angle is calculated as the angle
between the knee, the hip, and the line of gravity. The knee angle is calculated as the
angle between the hip, the knee, and the ankle. The ankle angle is calculated as the angle
between the knee, the ankle and digit II of the foot. The foot grip angle is calculated as
the angle between digit I of the foot, the ankle, and digit II of the foot.

All variables were analyzed in three ways, in order to assess each hypothesis. The
first hypothesis, whether musculoskeletal anatomy influences VCG postures, is assessed
betweerP. verrauxiandV. variegata E. rubriventerandL. catta andH. griseusandN.
coucang(Table 3) Results folN. pygmaeuandC. mediugannot be considered for the
first hypothesis, as they do not have a species in their body mass category with a different
locomotor mode. ManVhitney U tests were performed for hypesis 1 because only
two samples are compared within body mass categ@msal and Rohlf 199541

statistics were calculated in PASHammer et al. 2001)

65



Figure 17: Shown on points for the right side of the body, the joint  angles
calculated for this study. In the right forelimb, = A= Shoulder angle, calculated between
the elbow (point 2), the shoulder (point 1) as the vertex, and the line of gravity. B=
Elbow angle, calculated between the shoulder (point 1), the elbow (point  2) as the
vertex, and the wrist (point 3). C= Wrist angle, calculated between the elbow (point 2),
the wrist (point) 3 as the vertex, and the tip of digit Il (point 5). D= Hand grip angle,
calculated between the tip of digit | (point 4), the wrist (point 3 ) as the vertex, and the
tip of digit Il (point 5). For the right hindlimb, E= Hip angle, calculated between the
knee (point 15), the hip (point 14) as the vertex, and the line of gravity. F= Knee angle,
calculated between the hip (point 14), the knee (poi nt 15) as the vertex, and the ankle
(point 16). G= Ankle angle, calculated between the knee (point 15), the ankle (point
16) as the vertex, and the tip of digit Il (point 18). H= Foot grip angle, calculated
between the tip of digit | (point 17), the ankle  (point 16) as the vertex, and the tip of
digit Il (point 18). All angles were also calculated for equivalent points on the left side
of the body, but it is not illustrated.
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Table 3: Example of the comparisons made for hypothesis 1. Comparisons are
done between species in the same body mass class, shown here as the 30084000g class
isolating to P.verrauxi and V. variegata. Data are further divided by substrate size, so
that comparisons are only done between species for a given substr ate size. Mann-
Whitney U comparisons are shown by the black arrows. The same procedure is
followed for the 1800 -3000g (E. rubriventer and L. catta) and 600-1300g (H. griseus and
N. coucang) body mass classes. Not performed for N. pygmaeus or C. medius, as there
are no appropriate comparisons within their body mass classes.

Hypothesis 1 Example Comparison

Body Mass
Class 3000-4000g
Sub?,trate 6cm 11lcm 22cm
Size
g = = = = =
X = = = = = =
SpeCleS § <_>§0 § H,%O § —> %0
Compared Y s s S S S
W = ~ o~ Ay ~

Hypothesis two compares variables within species, between substrate sizes
(Table 4). As most comparisons involve more than two samples, the Kruskal-Wallis is
used to test for significance, followed by pairwise Mann-Whitney U tests with a
Bonferroni correction (Sokal and Rohlf 1995). However, if only two samples were

available, as with C. medius, Mann-Whitney U tests were performed.
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Table 4: Example of a comparison to test hypothesis 2. Within a given species,
and thus body mass and locomotor mode are controlled for, variables are compared
between substrate sizes. As there are three substrate sizes, a Kruskal Walllis test was
performed followed by pairwise  Mann -Whitney U tests as shown by the black
arrows.

Hypothesis 2 Example Comparison

Species P. verrauxi

Substrate Size

6cm <> llcm <= 22cm

Hypothesis three evaluates whether there is an influence of body mass on the
variables collected here. Species will be compared within broadly-defined locomotor
modes. P. verrauxi, E. rubriventer, and H. griseus will be compared as three VCL species.
V. variegata, L. catta, N. coucang, N. pygmaeus, and C. medius will be compared as
quadrupeds (Table 5). Variables will be compared on the smallest, medium-sized, and
largest substrate that they were prompted to use. The exception is C. medius who was
only prompted to cling on two substrates. The 2cm size will be considered the medium
size and the 3cm size will be considered the large size. Statistics performed will be

Kruskal-Wallis tests followed by Mann-Whitney U pairwise comparisons with a
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Bonferroni correction. Additionally, a Spearmann rank-correlation was performed for
select data where the variables were seen to change gradistically.

Table 5: Example of the comparisons made to t est hypothesis 3. Within species
that are considered vertical clingers and leapers, species were compared when on the
small, medium, and large substrates. For P. verrauxi, the small -sized substrate is the
6¢cm substrate, whereas for E. rubriventer and H. griseusthe small -sized substrate is
the 3cm substrate. The medium -sized substrate for P. verrauxi is the 11cm substrate,
and the 6cm substrate for E. rubriventer and H. griseus. The large-sized substrate for P.
verrauxi is the 22cm substrate, for E. rubriventer is the 11cm substrate, and 9cm for H.
griseus. The same procedure is done for the arboreal quadruped group, but with 10
pairwise comparisons as there are five species in that group. Within each substrate
size, there are three comparisons made indicated by the black arrows. A Kruskal -
Wallis test was performed followed by Mann -Whitney U pairwise comparisons.

Hypothesis 3 Example Comparison

Locomotor ; ;
Vertical Clingers and Leapers
Group
Substrate .
, Small Medium Large
Size
~ A ey
s 2 elw & olw & T
=
peaes S>> S€e> Se> Se> 7 S>> S€>F
Compared| 8 = &0 S < 80 S = &0
R I S ¥ S| =~ X
o8| S8} 8]

2.4.5 Kinetic variables
Kinetic data were analyzed in two ways. Because this study is of static postures,
traditionally-collected variables such as simple peak force will not apply easily. In a

perfectly static posture, a constant load will be placed on the substrate. Thus, the
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average force in three dimensions (Fx Fy,Fz) was calculated over the duration of the force
trace to estimate the load placed on the substrate. Secondly, the standard deviation (the
fluctuations in the force trace) of each force trace over time was used to estimate the
relative stability of an individual in a posture (Figure 18). The more an animal is moving
or adjusting within a posture, the higher the standard deviation will be. The more stable
and static an animal is in a posture, the lower the standard deviation will be.

In this analysis, Fyis the vertical force, F-is the normal force, and F-is the
tangential force (Figure 14). Data were analyzed in three ways. First, between-species
comparisons of a given force in the hand or foot were compared (i.e. the average Fyin
the hand was compared between P. verrauxi and V. variegata, Table 6). Second, the same
analysis was performed, but with each force divided by body weight, though this was
not performed for the standard deviation variable. In both of these analyses, Mann-
Whitney U tests were performed in PAST (Hammer et al. 2001). If P. verrauxi hold more
weight in their hindlimbs than V. variegata, it would indicate that they are more

hindlimb-driven than V. variegata in Preuschofts’ models (Preuschoft and Witte 1991).
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Figure 18 Sample P. verrauxi foot force trace in a static VCG posture. Peak and
minimum force data represent adjustments when in a posture, and do not accurately
represent what the limbs experience while in a static posture. Thus, the average force
over the duration of the trial is ¢ alculated. Additionally, to test for adjustments, the
standard deviation of the force trace over the duration of the trace is calculated to
estimate the range in force fluctuations.
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Table 6: The between -species force data comparisons. Within the hands and
feet, a given force (Fz, Fy, or Fx) is compared using Mann -Whitney U tests. If P.
verrauxi hold more weight in their hindlimbs than V. variegata, then Fy will be larger
in the feet relative to V. variegata.

Between Species Force Data Comparisons

Hands or
Hands Feet

Feet
Forces Fz Fy Fx Fz Fy Bx
e I | B me B Blwe Hlwm B
§ 5|3 §/8 §/8 §8/8 5|8 &
Species | Se>F | e Y| Ee»F | Fed| S| Ee
C d g: % 5 = 5 % S & 5 T g—J T
ompare S S S s Sy s Sy = Sy S S S
= PR~ [~ U~ I - PO S~ "I < - 7 < < o
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The third analyis was withinspecies, within the hand or foot, betwegnfzand
Fx. For example, f F, and kwere compared within the hand to see if they were
significantly different(Table 7) For the third analysis, a Krusk&lallis test was
performed followed by pairwise MaAwhitney U tests in PASTHammer et al. 2001)
These analyses will be able to evaluate the ratio of the normal force against the tangential
force in the hands and feet.

Table 7: Within -species force data comparisons. Within each species, and
within the hands and feet, each force is compared in order to evaluate the
contributions of the normal, tangential, and vertical forces. A Kruskal  -Wallis test was
done followed by pairwise Mann -Whitney U tests as indicated by the black arrows.

Within-Species Force Data Comparisons

Species P. verrauxi V. variegata
Hands or Hands Feet Hands Feet
Feet

AVANAIA

Forces Fze>Fye>Fx | FzesFye>Fx | FzesFye>Fx | FzesFyesFx

Compared
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3. Results

The goals of this dissertation are to explore the mechanics vertical clinging postures
in strepsirrhines. Specific hypotheses (listed in section 1.6) are tested by comparing
within species across substrate sizes, across species pairs that are similar in body size but
differ in habitual locomotor behavior, and across a cline of body sizes. The following is
organized following those comparative categories. The results section begins by
summarizing data on the number and duration of clinging postures by species on each
substrate, followed by a report of the anatomical data gathered. Then, kinematic data are
reported via a qualitative and then quantitative assessment of limb angles within species
across body size and then across species pairs and along a body size continuum. Finally,
kinetic data are presented comparing between species for a given force as well as
between force traces. The results are summarized in each section, presented in text,
tables, and figures as needed, and reviewed in detail in the Discussion of this
dissertation.

3.1 Substrate preference data

This first section lists results for the number of postures recorded and time spent
in those postures by substrate and by individuals in each species. The term “postures”
below is defined as when an animal holds itself in a static posture on a vertical substrate

for at least five seconds. Because some animals spent a long time in a few postures while
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some animals spent a short time in a lot of postures, this section also provides a sense of
the variation in the time spent in postures using the Substrate Preference Index (SPI).
The SPI normalizes individuals by the number of postures and the time spent in those
postures overall by dividing the sum of posture durations by the maximum number of
trials analyzed for any animal (see Materials and Methods for more details).

Within P. verrauxi, one individual (Antonia) held 26 postures with an average
time/posture of 23 seconds on the 6cm substrate, 30 postures with an average
time/posture of 13 seconds on the 11cm substrate, and 28 postures with an average
time/posture of 16 seconds on the 22cm substrate (Table 8). This individual’s Substrate
Preference Index (SPI) is thus 20 on the 6cm substrate, 20 on the 11cm substrate, and 15
on the 22cm substrate. A second individual (Lucius) had 19 VCG postures with an
average time/posture of 13 seconds on the 6cm substrate, 16 postures with an average
time/posture of 13 seconds on the 11cm substrate, and 25 postures with an average
time/posture of 11 seconds. His SPI is 8 on the 6cm substrate, 7 on the 11cm substrate,
and 9 on the 22cm substrate. A third individual (Matilda) had 28 postures for an average
time/posture of 16 seconds on the 6cm substrate, 22 postures with an average
time/posture of 15 seconds on the 11cm substrate, and 7 postures with an average
time/posture of 8 seconds on the 22cm substrate (Table 8). Summed and averaged, P.

verrauxi has a SPI that decreases subtly as substrate size increases, going from 14 on the
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6cm substrate to 13 on the 11cm substrate, and down to 9 on the 22cm substrate (Table
8B). It should be noted that a longer SPI indicates more time spent in VCG postures for a
given substrate. The pattern here suggests a preference for VCG on smaller substrates.

Within V. variegata all individuals held at least 30 postures on every substrate
size, meaning that SPI values will be the same as the average time/posture (Table 8). One
individual (Aries) held postures for 20 seconds on the 6cm substrate, 23 seconds on the
11cm substrate, and 20 seconds on the 22cm substrate. A second individual (Hunter)
held postures for 16 seconds on the 6¢cm substrate, 21 seconds on the 11cm substrate, and
20 seconds on the 22cm substrate. A third individual (Scorpius) held postures for 15
seconds on the 6cm substrate, 23 seconds on the 11cm substrate, and 21 seconds on the
22cm substrate. The average species SPI for V. variegata is 17 on the 6cm substrate, 23 on
the 11cm substrate, and 20 on the 22cm substrate (Table 8). The SPI for V. variegata did
not decrease with substrate size. In addition V. variegata has a higher SPI than P. verrauxi
for all substrates (Table 8), which is contrary to expectations as P. verrauxi is the habitual
vertical clinger.

Within E. rubriventer, one individual (Cheyenne) held at least 30 postures on all
substrates used, meaning that SPI values for Cheyenne will be the same as the average
time/posture (Table 9). Cheyenne held postures for 16 seconds on the 3cm substrate, 12

seconds on the 6cm substrate, and 14 seconds on the 11cm substrate. A second
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Table 8: Substrate Preference tables for P. verrauxi and V. variegata. A)
"OOxEUIl UWEOwWPOEPYPEUEOzUwW2/ (wpkhdPUT wUI T wOUOET Uwo
maximum of 30 and the average duration a posture is held. B) Compares average SPI
at an individual and a substrate size level.

A.
Species Individual Sul;is;zate N TimeA/xliirsii:e s) SPI
6cm 26 23 20
Antonia 11cm 30 20 20
22cm 26 17 15
6cm 19 13
P. verrauxi Lucius 1lcm 16 13
22cm 25 11
6cm 28 16 15
Matilda 1lcm 22 15 11
22cm 7 8 2
6cm 30 20 20
Aries 1lcm 30 23 23
22cm 30 20 20
6cm 30 16 16
V. variegata Hunter 1lcm 30 21 21
22cm 30 20 20
6cm 30 15 15
Scorpius 11lcm 30 23 23
22cm 30 21 21
B. P. verrauxi V. variegata
Antonia Lucius Matilda | Av | Aries Hunter  Scorpius | Av
6cm 20 8 15 14 20 16 15 17
1lcm 20 7 11 13 23 21 23 23
22cm 15 9 2 9 20 20 21 20
Av 18 8 9 Av | 21 19 20
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individual (Hopi) held postures on the 3cm substrate 18 times with an average
time/posture of 12 seconds, on the 6cm substrate 18 times with an average of 13 seconds,
but did not cling on the 11cm substrate. Her SPI for the 3cm substrate is 7, the 6cm is 8,
and 0 for the 11cm substrate. A third individual (Navajo) held postures on the 3cm
substrate at least 30 times with an average time/posture of 12 seconds, on the 6cm
substrate 26 times with an average time/posture of 14 seconds, and on the 11cm
substrate 9 times with an average time/posture of 14 seconds (Table 9). His SPI for the
3cm and 6¢m substrates is 12 and 4 on the 11cm substrate (Table 9). E. rubriventer as a
whole decreased their SPI from 12 on the 3cm substrate, to 10 on the 6cm substrate, and
6 on the 11cm substrate. Thus Eulemur spend relatively less time in VCG postures than
the Vaecia or Propithecus and prefers to hold VCG postures on smaller substrates.
Within L. catta,one individual (Arachus) held 21 postures with an average
time/posture of 15 seconds on the 3cm substrate, 12 postures with an average
time/posture of 12 seconds on the 6cm substrate, 19 postures with an average
time/posture of 14 seconds on the 11cm substrate (Table 9). Arachus’ SPI values are 11
on the 3cm and 6cm substrates, and 9 on the 11cm substrate. A second individual
(Licinius) held 22 postures with an average time/posture of 14 seconds on the 3cm
substrate, 17 postures with an average time/posture of 10 seconds on the 6cm substrate,

and 12 postures with an average time/posture of 11 seconds on the 11cm substrate.

78



Table 9: Substrate Preference tables for E. rubriventer and L. catta. A)
"OOxEUI UWEOWPOEDPYDPEUEOZz Uw2/ ( whented (M) @tial wOUOET U
maximum of 30 and the average duration a posture is held. B) Compares average SPI
at an individual and a substrate size level.

A.
Species Individual Sul;is;ate N Timg\lgigiiie ) SPI
3cm 30 16 16
Cheyenne 6cm 30 12 12
11cm 30 14 14
3cm 18 12
E. rubriventer Hopi 6cm 18 13
1lcm 0 0 0
3cm 30 12 12
Navajo 6cm 26 14 12
1lcm 9 14 4
3cm 21 15 11
Arachus 6cm 26 12 11
1lem 19 14 9
3cm 22 14 10
L. catta Licinius 6cm 17 10 6
1lem 12 11 4
3cm 23 13 10
Tellus 6cm 30 11 11
11cm 28 11 10
B. E. rubriventer L. catta
Cheyenne Hopi  Navajo | Av | Arachus Licinius Tellus | Av
3cm 16 7 12 12 11 10 10 10
6cm 12 8 12 10 11 6 11 9
1lcm 14 0 4 6 9 4 10 8
Av 14 5 9 Av 10 7 11
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Licinius’ SPI values are 10 on the 3cm substrate, 6 on the 6cm substrate, and 4 on
the 11cm substrate. A third individual (Tellus) held 23 postures with an average
time/posture of 13 seconds on the 3cm substrate, 30 postures with an average
time/posture of 11 seconds on the 6cm substrate, and 28 postures with an average
time/posture of 11 seconds on the 11cm substrate. Tellus” SPI values are 10 on the 3cm
substrate, 11 on the 6cm substrate, and 10 on the 11cm substrate (Table 9). L. catta as a
whole decreased their SPI from 10 on the 3cm substrate to 9 on the 6cm substrate to 8 on
the 11cm substrate (Table 9). L. catta has a lower SPI than E. rubriventer on the 2.5 and
6cm substrates, but not the 11cm substrate. Compared to V. variegata and P. verrauxi, L.
catta does not favor VCG postures on most substrates.

Within H. griseus, one individual (Beeper) held 30 postures with an average of 15
seconds per posture on the 3cm substrate, 25 postures with an average of 18 seconds per
posture on the 6cm substrate, and 23 postures with an average of 16 seconds per posture
on the 9cm substrate (Table 10). Beeper’s SPI was 15 on the 3cm and 6cm substrates, and
12 on the 9cm substrate. A second individual (Beserk) held 30 postures with an average
of 14 seconds posture on the 3cm substrate, 19 postures with an average of 19 seconds
posture on the 6cm substrate, and 24 postures with an average of 12 seconds per posture
on the 9cm substrate. Beserk’s SPI decreased from 14 on the 3cm substrate to 12 on the

6cm substrate, to 10 on the 9cm substrate. A third individual (Beware) held 30 postures
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with an average of 20 seconds per posture on the 3cm substrate, 23 postures with an
average of 23 seconds per posture on the 6cm substrate, and 13 postures with an average
of 13 seconds per posture on the 9cm substrate. Beware’s SPI decreases from 20 on the
3cm substrate to 17 on the 6cm substrate to 5 on the 9cm substrate (Table 10). As a
species, H. griseus” SPI decreases from 16 on the 3cm substrate to 15 on the 6cm substrate
to 9 on the 9cm substrate (Table 10). Thus H. griseus is intermediate between L. catta and
V. variegata, and is similar to P. verrauxi and E. rubriventer. Also, like most but not all
animals H. griseus does not prefer VCG on larger substrates.

The only representative of N. coucang, Dharma held 20 postures with an average
time per posture of 25 seconds on the 3cm substrate, 11 postures with an average time
per posture of 25 seconds on the 6cm substrate, and 16 postures with an average time
per posture of 25 seconds on the 9cm substrate (Table 10). Dharma’s SPI is 16 on the 3cm
substrate, 9 on the 6cm substrate, and 13 on the 9cm substrate (Table 10). N. coucang and
H. griseus have an SPI of 16 on the 3cm substrate. On the 6cm substrate, H. griseus has a
higher SPI (15) than that of N. coucang (9). On the 9cm substrate, N. coucang has a higher

SPI (13) than H. griseus (9, Table 10).
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Table 10: Substrate Preference tables for H. griseusand N. coucang A)
"OOxEUIl UWEOwWPOEDPYDPEUE 07 UuRtrials cotettddiNyath | wOUOET Uwo
maximum of 30 and the average duration a posture is held. B) Compares average SPI
at an individual and a substrate size level.

A.
Species Individual | Individual | N . Average SPI
Time/Posture (s)
3cm 30 15 15
Beeper 6cm 25 18 15
9cm 23 16 12
3cm 30 14 14
H. griseus Berserk 6cm 19 19 12
9cm 24 12 10
3cm 30 20 20
Beware 6cm 23 23 17
9cm 13 13 5
3cm 20 25 16
N. coucang Dharma 6cm 11 25 9
9cm 16 25 13
B. H. griseus N. coucang
Beeper Beserk Beware | Av Dharma
3cm 15 14 20 16 16
6cm 15 12 17 15 9
9cm 12 10 5 9 13
Av 14 12 14 Av 13

Within N. pygmaeus, one individual (Doodlebug) held 25 postures with an
average time per posture of 58s on the 2cm substrate, 22 postures with an average time

per posture of 44 seconds per posture on the 3cm substrate, 26 postures with an average
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time per posture of 31 seconds on the 6cm substrate (Table 11). The SPI for Doodlebug is
48 on the 2cm substrate, 33 on the 3cm substrate, and 27 on the 6cm substrate. A second
individual (Flea) held 29 postures with an average time per posture of 48 seconds on the
2cm substrate, 19 postures with an average time per posture of 17 seconds on the 3cm
substrate, and 23 postures with an average time per posture of 17 seconds on the 9cm
substrate. The SPI for Flea is 47 on the 2cm substrate, 11 on the 3cm substrate, and 27 on
the 6cm substrate. A third individual (Red Admiral) held 28 postures with an average
time per posture of 38s on the 2cm substrate, 30 postures with an average time per
posture of 32s on the 3cm substrate, and 30 postures with an average time of 28s on the
6cm substrate (Table 11). Red Admiral’s SPI decreases from 32 on the 2cm substrate to 28
on the 3cm substrate to 28 on the 6cm substrate. The species has an average SPI of 43 on
the 2cm substrate, 25 on the 3cm substrate, and 27 on the 6cm substrate (Table 11). The
very high SPI values indicate this species ability to perform VCG at a range of substrate
sizes.

Within C. medius, one individual (Ibis) held 24 postures on the 2cm substrate
with an average time per posture of 17 seconds per substrate and 24 postures on the 3cm
substrate with an average of 19 seconds per substrate (Table 11). Ibis” SPI on the 2cm
substrate is 14 and 15 on the 3cm substrate. A second individual (Osprey) held 8

postures with an average time per posture of 16 seconds per substrate on the 2cm
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substrate and 6 postures with an average time per posture of 19 seconds per posture on
the 3cm substrate. Osprey’s SPI on the 2cm substrate is 16 and an SPI of 11 on the 3cm
substrate. A third individual (Towee) held 19 postures on the 2cm substrate at an
average time per posture of 13 seconds per posture and 30 postures at an average time
per posture of 11 seconds per posture on the 3cm substrate. As a species, C. medius has a
SPI of 9 on the 2cm substrate and 10 on the 3cm substrate (Table 11). In contrast to
Nycticebus, this species shows little preference for long bouts of VCG.
3.2 Anatomical Data

The three P. verrauxi individuals used in this study have an average body weight
of 3916.7¢g (Table 12), larger than V. variegata with an average body weight of 3565.7g
(Table 13). In the forelimb, the two species have relatively similar arm lengths (P.
verrauxi = 10.8cm, V. variegata = 11.0cm, Tables 12-13), but P. verrauxi have relatively
longer forearms (12.8cm) than V. variegata (11.2cm). The pollex is relatively longer in P.
verrauxi (5.6cm) than V. variegata (4.8cm), but the index finger is relatively similar in
length between P. verrauxi (8.3cm) and V. variegata (8.0cm) The thigh and leg are both
relatively longer in P. verrauxi (thigh=18.2cm, leg=17.7cm) compared with V. variegata
(thigh=14.6cm, leg=16.2cm). The hallux and digit 2 of the foot are similar between P.
verrauxi (hallux=10.0cm, digit 2=11.6cm) and V. variegata (hallux=9.8cm, digit 2=12cm).

However, V. variegata has a longer back (40.3cm) than P. verrauxi (35.3cm, Tables 12-13).
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Table 11: Substrate Preference tables for N. pygmaeusand C. medius. A)
"OOxEUIl UWEOwWPOEPYPEUEOzUwW2/ (wpkhdPUT wUI T wOUOET Uwo
maximum of 30 and the average duration a posture is held. B) Compares average SPI
at an individual and a substrate size level.

A.
Species Individual Individual | N . Average SPI
Time/Posture (s)
Sin 25 58 48
Doodlebug 3cm 22 44 33
6cm 26 31 27
Sin 29 48 47
N. pygmaeus Flea 3cm 19 17 11
6cm 23 35 27
Sin 28 38 35
Red Admiral 3cm 30 32 32
6cm 30 28 28
Ihis Sin 24 17 14
3cm 24 19 15
C. medius Osprey i 5 10
3cm 6 11
Towee Sin 19 13
3cm 30 11 11
B. N. pygmaeus C. medius
Doodlebug Flea Red Admiral | Av Ibis  Osprey Towee | Av
2cm 48 47 35 43 | 2cm | 14 4 9 9
3cm 33 11 32 25 | 3cm | 15 2 11 10
6cm 27 27 28 27 | Av | 14 3 10
Av 36 28 32
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Table 12: P. verrauxi anatomical data by individual.

P. verrauxi
Measurements Antonia Lucius | Matilda Species
Average
Body Weight (g) 3689 4041 4020 3916.7
Arm length (cm) 11 10.5 11 10.8
Forearm length 1 13 135 198
(cm)
Pollex length (cm) 6 6 4.5 55
Index finger length g 3 9 8.3
(cm)
Thigh length (cm) 19 18 17.5 18.2
Leg length (cm) 18 16.5 18.5 17.7
Hallux length (cm) 9.5 10 10.5 10.0
Digit II of the Foot 10 11 135 115
Length (cm)
Back Length (cm) 33 36 37 35.3
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Table 13: Anatomical data for V. variegata by individual.

V. variegata

Measurements Aries | Hunter | Scorpius Species
Average
Body Weight (g) 3572 3575 3550 3565.7
Arm length (cm) 11.5 10 11.5 11.0
Forearm length 1 115 1 112
(cm)

Pollex length (cm) 5 4 5.5 4.8
Index finger 8.5 ” 8.5 2.0
length (cm)

Thigh length (cm) 14 14.5 15 14.5

Leg length (cm) 15 15.5 18 16.2

Hallux length 105 10 9 9.8
(cm)

Pigitllofthe | ;5| 1y5 11 113

Foot Length (cm)

Back Length (cm) 41 41 39 40.3

The three E. rubriventer individuals are smaller (2401.7g, Table 14) than the three
L. catta individuals (2665.7g, Table 15). The arm and forearm lengths of E. rubriventer
(arm=8.3cm, forearm=9.3cm) are slightly shorter those of than L. catta (arm=9.0cm,

forearm=9.7cm). The pollex lengths are equal between E. rubriventer and L. catta
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individuals (3.6cm), and the index finger length is similar between the species (E.
rubriventer =6.6cm, L. catta=5.8cm). The thigh and leg lengths are slightly shorter in E.
rubriventer individuals (thigh=13.2cm, leg=12.2cm) compared with L. catta (thigh=14.2cm,
leg=13.3cm). Whereas the hallux and lengths of digit 2 of the foot are shorter in L. catta
(hallux=6.8cm, digit 2=7.8cm) compared with E. rubriventer (hallux=9cm, digit 2=9.3cm).
The back length average is the same between species (31cm, Tables 14-15).

The three H. griseus individuals have an average body weight of 1103.3g that is
higher than the weight of Dharma (1036g), the N. coucang individual (Tables 16). The
arm length is similar between H. griseus (6.3cm) and N. coucang (7cm). The forearm is
slightly longer in H. griseus (7.7cm) compared with N. coucang (7cm). The pollex length is
similar between H. griseus (3.7cm) and N. coucang (3.6cm). The index finger length is
slightly longer in N. coucang (in N. coucang digit 2=6cm) compared with H. griseus
(4.2cm). The thigh and leg lengths are both longer in H. griseus (thigh=12cm, leg=11.2cm)
than N. coucang (thigh=9.6cm, leg=11cm). The hallux and digit II of the foot are longer in
H. griseus (hallux=7cm, digit 2=7.2cm) compared with N. coucang (hallux=5.6cm, digit

2=4.6cm). N. coucang has a longer back (26cm) than H. griseus (24.6cm, Table 16).
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Table 14: E. rubriventer anatomical data by individual.

E. rubriventer

Measurements Cheyenne Hopi Navajo Species
Average
Body Weight (g) 2587 2602 2016 2401.7
Arm length (cm) 8.5 9.5 7 8.3
Forearm length (cm) 8 10.5 9.5 9.3
Pollex length (cm) 3.5 3.5 3.5 3.5
Index finger length 5 6.5 6.5 6.0
(cm)
Thigh length (cm) 14 14 11.5 13.2
Leg length (cm) 15 9.5 12 12.2
Hallux length (cm) 8 7.5 7 7.5
Digit II of the Foot 8.5 105 9 9.3
Length (cm)
Back Length (cm) 31 32 30 31.0
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Table 15: Anatomical data for L. catta by individual.

L. catta
Measurements Arachus | Licinius | Tellus Species
Average
Body Weight (g) 2337 2787 2873 2665.7
Arm length (cm) 9.5 9 8.5 9.0
Forearm length (cm) 10 10 9 9.7
Pollex length (cm) 3.5 3.5 3.5 3.5
Index finger length 55 6.5 55 58
(cm)
Thigh length (cm) 15 12.5 15 14.2
Leg length (cm) 13 14 13 13.3
Hallux length (cm) 7 6.5 7 6.8
Digit II of the Foot 8.5 6.5 8.5 78
Length (cm)
Back Length (cm) 31 31 31 31.0
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Table 16: H. griseusand N. coucanganatomical data by individual. The index
finger length for H. griseusis measured from the wrist to the tip of digit Il, but for N.
coucangthe length is measured from the wrist to the tip of digit III.

N.
H. griseus
coucang
Spedi
Measurements Beeper Beserk | Beware pecies Dharma
Average
Body Weight (g) 940 1027 1343 1103.3 1036
Arm length (cm) 6 6 7 6.3 7
Forearm length 75 75 g 77 7
(cm)
Pollex length 45 3 35 3.7 35
(cm)

Index finger
length (cm), digit 4.5 4 4 42 5
II for N. coucang

Thigh length (cm) 11 11 12 11.3 9.5
Leg length (cm) 10.5 12 11 11.2 10
Hallux length . g 6 70 55
(cm)
Digit IT of the 7 75 . 70 45
Foot Length (cm)
Back Length (cm) 25 23.5 25 24.5 26
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N. pygmaeus has an average body weight of 559.3g (Table 17). The average arm
length is 5.7cm, forearm length is 6.0cm, pollex length is 2.3cm and a digit 3 length of
3cm. The average thigh length is 6.7cm, leg length of 9cm, hallux length of 3.3cm and
digit 2 length of 4.6cm. The average back length is 19cm (Table 17). C. medius has an
average body weight of 200.3g (Table 18). The average arm length is 3cm, forearm length
is 2.8cm, pollex length of 2cm, and digit 2 length of 3cm. The average thigh length is
4.8cm, leg length is 4.6cm, hallux length of 2.7cm, and digit 2 of the foot length of 2.0cm.
The average back length is 13cm (Table 18).

3.3 Kinematics

The sections that follow examine limb angles in (a) qualitative and (b)
quantitative fashion. The overarching goal is to examine the degree of “flexion” and
“reach around” the branch to test specific hypotheses derived from the models of
Cartmill (1974b; 1979) and Preuschoft and Witte (1991). Representative images of each
species on each substrate size are provided with qualitative
3.3.1 Qualitative kinematic data

Qualitative data are provided in table and histogram form. Additionally,
representative images of each species on each substrate size are provided in association

with the histograms.
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Table 17: Anatomical measurements for N. pygmaeus

N. pygmaeus
R .
Measurements Doodlebug | Flea ec.i Species
Admiral Average
Body Weight (g) 534 576 568 559.3
Arm length (cm) 5.5 5.5 6 5.7
Forearm length (cm) 6 6.5 5.5 6.0
Pollex length (cm) 2.5 2.5 2 2.3
Index finger length,
for digit I1I (cm) 3 4 25 32
Thigh length (cm) 6 6 8 6.7
Leg length (cm) 7.5 8 7 7.5
Hallux length (cm) 3.5 3.5 3 3.3
Digit IT of the Foot 4 4 45 40
Length (cm)
Back Length (cm) 18 16.5 18 17.5
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Table 18: Anatomical data for C. mediusby individual.

C. medius
Measurements Osprey | Towee Ibis Species
Average
Body Weight (g) 216 174 211 200.3
Arm length (cm) 3 3 3 3.0
Forearm length 25 3 3 )38
(cm)
Pollex length (cm) 2 2 2 2.0
Index finger length 25 95 95 25
(cm)
Thigh length (cm) 4.5 5 5 4.8
Leg length (cm) 4.5 5 4 4.5
Hallux length (cm) 25 2 3.5 2.7
Digit IT of the Foot 25 35 NA 3.0
Length (cm)
Back Length (cm) 13 13 13 13.0
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On the 6¢m substrate, in almost all trials (N=141), P. verrauxi showed flexed
(angle between 0°-45°) hindlimbs. There was only one trial that could be said to show a
moderately flexed hindlimb (angle between 45°-135°, Table 19, Figures 19-20). The
forelimb of P. verrauxi was more variable. The forelimb angles could be described as
extended (angle between 135°-180°) for 7.5% of the time (N=10), flexed 46.6% of the time
(N=63), and moderately flexed 45.9% of the time (N=61). The foot grasped the substrate
100% of the time (N=95). The hand grasped (digit I and digit I opposed) the 6cm
substrate 91.6% of the time (N=87), and was parallel (digit I and digit II at an angle of
<90°) 8.4% of the time (N=8, Table 19, Figures 19-20). On the 11cm substrate, the
hindlimb could be described as flexed 100% of the time (N=134, Table 20, Figures 19-20).
The forelimb was observed to be flexed 45.4% of the time (N=59), moderately flexed 50%
of the time (N=65), and extended 4.6% of the time (N=6). The foot was observed to grasp
the substrate 100% of the time (N=79). The hand was observed to grasp the substrate
71.8% of the time (N=79), parallel 26.4% of the time (N=29, Table 20, Figures 19-20). On
the 22cm substrate, the hindlimb was observed to be flexed 113 times (100%, Table 21,
Figures 19-20). The forelimb was shown to be flexed 26.5% of the time (N=30),
moderately flexed 63.7% (N=72), and extended 9.7% (N=11). The foot was observed to
grasp 100% of the time (N=93). The hand was shown to grasp 12.1% (N=13) and be

parallel 87.9% (N=94, Table 21, Figures 19-20). The G-statistic performed on the
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Table 19: Qualitative data of P. verrauxi and V. variegata on the 6cm substrate.

P. verrauxi V. variegata
Substrate N Percentage of Percentage of
Size Total (%) Total (%)
Flexed | 141 99.3 100 57.5
Hindlimb | Moderate | 1 0.7 41 23.6
Extended | 0 0 33 19.0
Flexed | 10 7.5 26 14.9
Forelimb | Moderate | 63 47.0 114 65.1
o Extended | 61 45.5 35 20
Grasp 95 100.0 82 100.0
Foot Parallel 0 0.0 0 0.0
Bowed 0 0 0 0
Grasp 87 91.6 16 19.8
Hand Parallel | 8 8.4 31 38.3
Bowed 0 0 34 42.0

Table 20: Qualitative data of P. verrauxi and V. variegata on the 11cm substrate.

P. verrauxi V. variegata
Substrate N Percentage of Percentage of
Size Total (%) Total (%)
Flexed | 134 100.0 158 91.9
Hindlimb | Moderate | 0 0.0 11 6.4
Extended | 0 0 3 1.7
Flexed 59 454 77 46.4
Forelimb | Moderate | 65 50.0 82 494
Hem Extended | 6 4.6 7 4.2
Grasp 79 100.0 8 100.0
Foot Parallel 0 0.0 0 0.0
Bowed 0 0 0 0
Grasp 79 71.8 0 0.0
Hand Parallel | 29 26.4 54 51.4
Bowed 2 1.8 51 48.6
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Table 21: Qualitative data of P. verrauxi and V. variegata on the 22cm substrate.

P. verrauxi V. variegata
Substrate N Percentage of Percentage of
Size Total (%) Total (%)
Flexed | 113 100.0 136 85.5
Hindlimb | Moderate | 0 0.0 23 14.5
Extended | 0 0 0 0
Flexed | 30 26.5 42 259
Forelimb | Moderate | 72 63.7 105 64.8
oem Extended | 11 9.7 15 9.3
Grasp 93 100.0 100.0
Foot Parallel 0.0 0.0
Bowed 0 0
Grasp 13 12.1 0.0
Hand Parallel | 94 87.9 123 85.4
Bowed 0 0 21 14.6

frequencies of hand postures show that the frequency of grasping significantly decreases

as substrate size increase, and the frequency of using a parallel posture increases

significantly (p<0.0001), which is consistent with data from a study of hand postures on

horizontal and vertical substrates by Lemelin (1996). Overall this species had a strong

preference for flexed hindlimb postures and a slight preference for flexed forelimb

postures, although the latter were more variable. This species grasped relatively small

and medium-sized supports consistently.

V. variegata showed much more variability and less consistent limb flexion. On

the 6cm substrate, the hindlimb of V. variegata was observed to be flexed only 57.5% of
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the time (N=100, Table 19, Figures 21-22), moderately flexed 23.6% of the time (N=41
times), and extended 19.0% of the time (N=33). The forelimb was found to be flexed only
14.9% of the time (N=26), moderately flexed 65.1% of the time (N=114), and extended
10% of the time (N=35). The foot was found to grasp the substrate 100% of the time
(N=82). In contrast, the hand was found to grasp the substrate 19.8% of the time (N=16),
be parallel 38.3% of the time (N=31), and be bowed (digit I with a bowed-up posture)
42% of the time (N=34, Table 19, Figures 21-22). Limb flexion increased with substrate
size between small and medium supports. On the 11cm substrate, the hindlimb was
flexed 91.9% of the time (N=158), moderately flexed 6.4% of the time (N=11), and
extended 1.7% of the time (N=3, Table 20, Figures 21-22). The forelimb was found to be
tlexed 46.4% of the time (N=77), moderately flexed 49.4% of the time (N=82), and
extended 4.2% of the time (N=7). The foot was found to grasp 100% of the time (N=8).
The hand was found to grasp 0% of the time, parallel 51.4% of the time (N=54), and
bowed 48.6% of the time (N=51, Table 20, Figures 21-22). On the 22c¢m substrate, the
hindlimb was found to be flexed 85.5% of the time (N=136), moderately flexed 14.5% of
the time (N=23), and extended 0% of the time (Table 21, Figures 21-22). The forelimb was
found to be flexed 25.9% of the time (N=42), moderately flexed 64.8% of the time
(N=105), and extended 9.3% of the time (N=15). The foot was found to grasp the

substrate 100% of the time (N=7). The hand was found to grasp 0% of the time, parallel
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85.4% of the time (N=123), and bowed 14.6% of the time (N=21, Table 21, Figures 21-22).
The G-statistic performed on the frequencies of hand postures show that the frequency
of grasping significantly decreases as substrate size increase, and the frequency of using
a parallel and bowed posture increases significantly from the 6cm to 11cm substrate
(p<0.0001). V. variegata does not grasp with their hands on the 22cm substrate, and V.
variegata have a significantly lower percentage of bowed postures and a higher
percentage of parallel postures, comparing the 11cm to the 22cm substrate. Thus, the
nature of VCG posture in P. verrauxi and V. variegata appears to differ.

E. rubriventer were also different from P. verrauxi. On the 3cm substrate, E.
rubriventer has a flexed hindlimb 24.4% of the time (N=37), a moderately flexed hindlimb
45.1% of the time (N=69), and an extended hindlimb 24.7% of the time (N=47, Table 22,
Figures 23-24). The forelimb is flexed only 6.1% of the time (N=9), a moderately flexed
91.2% of the time (N=134), and extended 2.7% of the time (N=4). The foot was observed
to grasp 100% of the time (N=138). The hand grasps 86.7% of the time (N=98), is parallel
10.6% of the time (N=12), and is bowed 2.7% of the time (N=3, Table 22, Figures 23-24).
On the 6cm substrate, the hindlimb is flexed 49.6% of the time (N=68), moderately flexed
42.3% of the time (N=58), and extended on the 8.0% of the time (N=11, Table 23, Figures

23-24).
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Figure 19: Qualitative measures of P. verrauxi on the 6, 11, and 22cm substrates
A) Measures for the hindlimb. The number of observed postures of flexed (F),
moderately flexed postures (M) and extended postures (E). B) Measures for the
forelimb. The number of observed postures of flexed (F), moderately flexed postures
(M) and extended postures (E). C) Measures for the foot. The number of observed
grasping postures is shown (G). D) Measures for the hand. The number of observed
grasping postures (G), bowed -up postures (B) and parallel postures (P) are shown.
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Figure 20: Representative images of P. verrauxi on the 6cm, 11cm, and 22cm sized substrate
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Figure 21: Qualitative measures of V. variegata on the 6, 11, and 22cm
substrates. A) Measures for the hindlimb. The number of observed postures of flexed
(F), moderately flexed postures (M) and extended postures (E). B) Measures for the
forelimb. The number of observed postures of flexed (F), moderately flexed postures
(M) and extended postures (E). C) Measures for the foot. The number of observed
grasping postures is shown (G). D) Measures for the hand. The number of observed
grasping po stures (G), bowed -up postures (B) and parallel postures (P) are shown.
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The forelimb is flexed 4.9% of the time (N=7), moderately flexed 82.5% of the time
(N=118), and extended 12.6% of the time (N=18). The foot was observed to grasp 100% of
the time (N=118). The hand was observed to grasp 20.4% of the time, be parallel 47.8% of
the time, and be bowed 31.9% of the time (Table 23, Figures 23-24).0On the 11cm
substrate, the hindlimb is found to be flexed 45.8% (N=33), moderately flexed 41.7%
(N=30), and extended 12.5% of the time (N=9, Table 24, Figures 23-24). The forelimb was
observed to be flexed 11.3% of the time (N=8), and moderately flexed 80.3% of the time
(N=57), and extended 8.5% of the time (N=6). The foot was found to grasp 95.5% of the
time (N=42) and parallel 4.5% of the time (N=2). The hand was found to have a grasping
posture 12.5% of the time (N=7), parallel 75.0% of the time (N=42), and bowed 12.5% of
the time (N=7, Tables 8-10, Figure 3). The G-statistic performed for hand data show that
grasping significantly decreases as substrate size increases, and that the frequency of a
bowed posture increases from the 3cm to 6cm substrates, but decreases on the 11cm
substrate (p<0.0001).

The most terrestrial lemur in this study, L. catta, had the least consistently flexed
limbs and most frequently extended during clinging of all the lemurs in this study. On
the 3cm substrate, L. catta has a hindlimb that is flexed 14.0% of the time (N=16), 33.3%
of the time (N=38), and extended 52.6% of the time (N=60, Table 22, Figures 25-26). The

forelimb is flexed 2.8% of the time (N=3), moderately flexed 91.7% of
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the time (N=100), and extended 5.5% of the time (N=6). The foot is observed to grasp
100% of the time (N=107). The hand grasps 78.9% of the time (N=71), moderately flexed
21.1% of the time (N=19), and did not exhibit any bowed postures (Table 22, Figures 25-
26). On the 6cm substrate, the hindlimb was observed to be flexed 18.4% of the time
(N=26), moderately flexed 38.3% of the time (N=54), and extended 43.3% of the time
(N=61, Table 23, Figures 25-26). The forelimb was found to be flexed 27.3% of the time
(N=39), moderately flexed 68.5% of the time (N=98), and extended 4.2% of the time
(N=6). The foot was found to have a grasping posture 100% of the time. The hand was
found to have a grasping posture 4.2% of the time (N=5), parallel 76.7% of the time
(N=92), and bowed 19.2% of the time (N=23, Table 23, Figures 25-26). On the 11cm
substrate, the hindlimb was found to be flexed 16.7% of the time (N=19), moderately
tflexed 57.9% of the time (N=66), and extended 25.4% of the time (N=29, Table 24, Figures
25-26). The forelimb was found to be flexed 29.4% of the time (N=32), moderately
extended 68.8% of the time (N=75), and flexed 1.8% of the time (N=2). The foot was
found to be grasp 99.0% of the time (N=97) and was parallel to the substrate 1.0% of the
time (N=1). The hand was found to grasp 1.1% of the time (N=1), parallel 97.9% of the
time (N=93), and grasp 1.1% of the time (N=1, Table 24, Figures 25-26). G-statistics

performed for hand frequencies show that the hand was found to significantly decrease
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grasping frequency as size increases, and that the bowed posture increases from the 3cm
to 6cm substrate and decreases from the 6cm to the 11cm substrate (p<0.0001).

H. griseus, which often uses VCL locomotion but is also can move quadrupedally,
is intermediate in terms of limb flexion between P. verrauxi and many of the lemurs in
this study. On the 3cm substrate, H. griseus is found to have a hindlimb that is flexed
74.2% of the time (N=115), moderately flexed 16.8% of the time (N=126), and extended
9.0% of the time (N=14, Table 25, Figures 27-28). The forelimb is flexed 45.1% of the time
(N=65), moderately flexed 53.5% of the time (N=77), and extended 1.4% of the time
(N=2). The foot grasps 100% of the time (N=74). The hand grasps 16.2% of the time
(N=16), is parallel 71.6% of the time (N=71), and is bowed 12.1% of the time (N=12, Table
25, Figures 27-28). On the 6cm substrate, the hindlimb is flexed 83.5% of the time (N=96),
moderately flexed 13.9% of the time (N=16), extended 2.6% of the time (N=3, Table 26,
Figures 27-28). The forelimb is flexed 46.0% of the time (N=52), moderately flexed 50.4%
of the time (N=57), and extended 3.5% of the time (N=4). The foot grasps 100% of the
time (N=21). The hand grasps 7.8% of the time (N=8), is parallel 86.3% of the time
(N=88), and is bowed 5.9% of the time (N=6, Table 26, Figures 27-28). On the 9cm
substrate, the hindlimb is flexed 82.9% of the time (N=97), the moderately flexed 16.2%
of the time (N=19), and extended 0.9% of the time (N=1, Table 27, Figures 27-28). The

forelimb is flexed 15.9% of the time (N=18), moderately flexed 73.5% of the
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Table 22: Qualitative data of E. rubriventer and L. catta on the 3cm substrate.

E. rubriventer

L. catta

Substrate N Percentage of N Percentage of
Size Total (%) Total (%)
Flexed 37 242 16 14.0
Hindlimb | Moderate | 69 45.1 38 33.3
Extended | 47 247 60 52.6
Flexed 9 6.1 3 2.8
Forelimb | Moderate | 134 91.2 100 91.7
3em Extended | 4 2.7 6 5.5
Grasp | 138 100.0 107 100.0
Foot Parallel 0 0 0 0
Bowed 0 0 0 0
Grasp 98 86.7 71 78.9
Hand Parallel | 12 10.6 19 21.1
Bowed 3 2.7 0 0.0

Table 23: Qualitative data of

E. rubriventer and L. catta on the 6cm substrate.

E. rubriventer

L. catta

Substrate N Percentage of N Percentage of
Size Total (%) Total (%)
Flexed 68 49.6 26 18.4
Hindlimb | Moderate | 58 42.3 54 38.3
Extended | 11 8.0 61 43.3
Flexed 7 4.9 39 27.3
Forelimb | Moderate | 118 82.5 98 68.5
bem Extended | 18 12.6 6 4.2
Grasp | 118 100.0 131 100.0
Foot Parallel 0 0 0
Bowed 0 0 0
Grasp 23 204 4.2
Hand Parallel | 54 47.8 92 76.7
Bowed | 36 31.9 23 19.2
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Table 24: Qualitative data of

E. rubriventer and L. catta on the 11cm substrate.

E. rubriventer

L. catta

Substrate N Percentage of Total N Percentage of
Size (%) Total (%)
Flexed |33 45.8 19 16.7
Hindlimb | Moderate | 30 41.7 66 57.9
Extended 12.5 29 254
Flexed 11.3 32 294
Forelimb | Moderate | 57 80.3 75 68.8
Hem Extended | 6 8.5 2 1.8
Grasp |42 95.5 97 99.0
Foot Parallel 4.5 1.0
Bowed 0 0 0
Grasp 12.5 1.1
Hand Parallel | 42 75.0 93 97.9
Bowed | 7 12.5 1 1.1
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Figure 23: Qualitative measures of E. rubriventer on the 3, 6, and 11cm
substrates. A) Measures for the hindlimb. The number of observed postures of flexed
(F), moderately flexed postures (M) and extended postures (E). B) Measures for the
forelimb. The number of observed postures of flexed (F), moderately flexed postures
(M) and extended postures (E). C) Measures for the foot. The number of observed
grasping postures (G) and parallel (P) postures are shown. D) Measures for the hand.
The number of observed grasping postures (G), bowed -up postures (B) and parallel
postures (P) are shown.
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Figure 25: Qualitative measures of L. catta on the 3, 6, and 11cm substrates A)
Measures for the hindlimb. The numb er of observed postures of flexed (F),
moderately flexed postures (M) and extended postures (E). B) Measures for the
forelimb. The number of observed postures of flexed (F), moderately flexed postures
(M) and extended postures (E). C) Measures for the foot . The number of observed
grasping postures (G) and parallel (P) postures are shown. D) Measures for the hand.
The number of observed grasping postures (G), bowed -up postures (B) and parallel
postures (P) are shown.
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time (N=83), and extended 10.6% of the time (N=12). The foot was observed grasping
100% of the time (N=18). The hand is grasping 0 times, parallel 87.9% of the time (N=80),
and bowed 12.1% of the time (N=11, Table 27, Figures 27-28). G-statistics performed for
hand frequencies show that grasping frequencies significantly decrease as substrate size
decreases, and parallel and bowed postures increase, although bowed postures decrease
from the 6cm to 9cm substrates (p<0.0001).

Lorises were also highly variable in their limb postures and its limb extension
values were close to L. catta. On the 3cm substrate, N. coucang was observed to have a
hindlimb that is flexed only 7.1% of the time (N=2), moderately flexed 46.4% of the time
(N=13), and extended 46.4% of the time (N=13, Table 25, Figures 29-30). The forelimb is
tlexed 56.5% of the time (N=13), moderately flexed 30.4% of the time (N=7), and
extended 13.0% of the time (N=3). The foot (N=19) and hand (N=11) grasps 100% of the
time (Table 25, Figures 29-30). On the 6cm substrate, N. coucang has a hindlimb flexed
17.6% of the time (N=3), moderately flexed 58.8% of the time (N=10), and extended
23.5% of the time (N=4, Table 26, Figures 29-30). The forelimb is flexed only 6.7% of the
time (N=1), 93.3% of the time (N=14), and extended 0 times. The foot (N=5) and hand

(N=8) were found to grasp 100% of the time (Table 26, Figures 29-30).
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Table 25: Qualitative data of H. griseusand N. coucangon the 3cm substrate.

H. griseus N. coucang
Substrate N Percentage of N Percentage of
Size Total (%) Total (%)
Flexed | 115 74.2 2 7.1
Hindlimb | Moderate | 26 16.8 13 46.4
Extended | 14 9.0 13 46.4
Flexed 65 45.1 13 56.5
Forelimb | Moderate | 77 53.5 304
3em Extended | 2 1.4 13.0
Grasp 74 100.0 19 100.0
Foot Parallel 0 0
Bowed 0 0
Grasp 16 16.2 11 100.0
Hand Parallel | 71 71.7 0 0
Bowed | 12 12.1 0 0

Table 26: Qualitative data of H. griseusand N. coucangon the 6¢cm substrate.

H. griseus N. coucang
Substrate N Percentage of Total N Percentage of
Size (%) Total (%)
Flexed | 96 83.5 3 17.6
Hindlimb | Moderate | 16 13.9 10 58.8
Extended | 3 2.6 4 23.5
Flexed |52 46.0 1 6.7
Forelimb | Moderate | 57 50.4 14 93.3
bem Extended | 4 3.5 0 0
Grasp |21 100.0 5 100.0
Foot Parallel 0 0 0
Bowed 0 0 0
Grasp 7.8 8 100.0
Hand Parallel | 88 86.3 0 0
Bowed | 6 5.9 0 0
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Table 27: Qualitative data of H. griseusand N. coucangon the 9cm substrate.

H. griseus N. coucang
Substrate N Percentage of Total N Percentage of
Size (%) Total (%)
Flexed |97 82.9 2 10.5
Hindlimb | Moderate | 19 16.2 10 52.6
Extended | 1 0.9 7 36.8
Flexed |18 15.9 5 35.7
Forelimb | Moderate | 83 73.5 6 429
9em Extended | 12 10.6 3 214
Grasp |18 100.0 6 100.0
Foot Parallel 0 0 0
Bowed 0 0 0
Grasp 0 12 100.0
Hand Parallel | 80 87.9 0 0
Bowed |11 12.1 0 0

On the 9cm substrate, N. coucang has a hindlimb flexed 10.5% of the time (N=2), a

moderately flexed hindlimb flexed 52.6% of the time (N=10), and an extended hindlimb

36.8% of the time (N=7, Table 27, Figures 29-30). The forelimb is flexed 35.7% of the time

(N=5), moderately flexed 42.9% of the time (N=6), and extended 21.4% of the time

(N=3).The foot (N=6) grasps 100% of the time and the hand (N=12) grasps 100% of the

time (Table 27, Figures 29-30). The G-statistic for the hand posture frequencies did not

significantly differ as substrate size increases (p=1).
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Figure 27: Qualitative m easures of H. griseuson the 3, 6, and 9cm substrates.A)
Measures for the hindlimb. The number of observed postures of flexed (F),
moderately flexed postures (M) and extended postures (E). B) Measures for the
forelimb. The number of observed postures of flexed (F), moderately flexed postures
(M) and extended postures (E). C) Measures for the foot. The number of observed
grasping postures (G) are shown. D) Measures for the hand. The number of observed
grasping postures (G), bowed -up postures (B) and parallel postures (P) are shown.
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Figure 29: Qualitative measures of N. coucangon the 3, 6, and 9cm substrates.
A) Measures for the hindlimb. The number of observed postures of flexed (F),
moderately flexed postures (M) and extended postures (E). B) Measures for the
forelimb. The number of observed postures of flexed (F), moderately flexed postures
(M) and extended postures (E). C) Measures for the foot. The number of observed
grasping postures ( G) is shown. D) Measures for the hand. The number of observed

grasping postures (G) is shown.
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Figure 30: Representative images of N. coucangon the 3cm, 6¢cm, and 9cm sized substrates.
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The smaller loris differs from the larger form in knee and elbow flexion and
extension, but they are similar in that they continue to grasp with hands and feet as
substrate size increases. On the 2cm substrate, the hindlimb of N. pygmaeus was flexed
32.0% of the time (N=24), moderately flexed 49.3% of the time (N=37), and extended
19.2% of the time (N=14, Table 28, Figures 31-32). The forelimb is flexed 67.8% of the
time (N=40), moderately flexed 32.3% of the time (N=19), and extended 0 times. The foot
(N=33) and hand (N=27) were in grasping postures 100% of the time (Table 28, Figures
31-32). On the 3cm substrate, the hindlimb was flexed 43.5% of the time (N=30),
moderately flexed 34.8% of the time (N=24), and extended 21.7% of the time (N=15). The
forelimb is flexed 46.4% of the time (N=26), moderately flexed 51.8% of the time (N=29),
and extended 1.8% of the time (N=1, Table 29, Figures 31-32). The foot grasped 100% of
the time (N=33). The hand grasped 96.4% of the time (N=27) and was parallel 3.6% of the
time (N=1, Table 29, Figures 31-32). On the 6cm substrate, the hindlimb was flexed 40.7%
of the time (N=35), moderately flexed 39.5% of the time (N=34), and extended 19.8% of
the time (N=17, Table 30, Figures 33-34). The forelimb was flexed 51.4% of the time
(N=36), moderately flexed 45.7% of the time (N=32), and extended 2.9% of the time
(N=2). The foot grasped 100% of the time (N=19). The hand was in a grasping posture

97.1% of the time (N=33) and parallel 2.9% of the time (N=1, Table 30, Figures 31-32).
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There were no significant differences between hand frequencies as substrate size
increases (p<0.0001.894).

In contrast to lorises, the dwarf lemur, used more consistently flexed hindlimb
postures but more extended forelimb postures. On the 2cm substrate, the hindlimb of C.
medius is flexed 74.4% of the time (N=32), moderately flexed 23.3% of the time (N=10),
and extended 2.3% of the time (N=1, Table 28, Figures 33-34). The forelimb is flexed
34.8% of the time (N=16), moderately flexed 23.3% of the time (N=27), and extended
6.5% of the time (N=3). The foot was found to grasp 100% of the time (N=2). The hand is
grasping 76.9% of the time (N=10) and parallel 23.1% of the time (N=3, Table 28, Figures
33-34). On the 3cm substrate, the hindlimb is flexed 76.3% of the time (N=29),
moderately flexed 21.2% of the time (N=8), and extended 2.6% of the time (N=1, Table
29, Figures 33-34). The forelimb is flexed 36.1% of the time (N=13), moderately flexed
61.1% of the time (N=22), and extended 2.8% of the time (N=1). The foot was found to
grasp 100% of the time (N=2). The hand was found to grasp 83.3% of the time (N=5) and
parallel 16.7% of the time (N=1, Table 29, Figures 33-34). There were no significant

differences between hand frequencies on substrates (p<0.0001.949).
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Table 28: Qualitative data of N. pygmaeusand C. mediuson the 2cm substrate.

N. pygmaeus C. medius
Substrate N Percentage of Total Percentage of
Size (%) Total (%)
Flexed |24 32.0 32 74.4
Hindlimb | Moderate | 37 49.3 10 23.3
Extended | 14 19.2 1 2.3
Flexed | 40 67.8 16 34.8
Forelimb | Moderate | 19 322 27 58.7
pem Extended | 0 0.0 6.5
Grasp |32 100.0 100.0
Foot Parallel 0 0
Bowed 0 0
Grasp |19 100.0 10 76.9
Hand Parallel | 0 0 3 23.1
Bowed | 0 0 0 0

Table 29: Qualitative data of N

. pygmaeusand C. mediuson the 3cm substrate.

N. pygmaeus C. medius
Substrate N Percentage of Total N Percentage of
Size (%) Total (%)
Flexed |30 43.5 29 76.3
Hindlimb | Moderate | 24 34.8 8 21.1
Extended | 15 21.7 1 2.6
Flexed |26 46.4 13 36.1
Forelimb | Moderate | 29 51.8 22 61.1
Extended | 1 1.8 1 2.8
3cm
Grasp | 33 100.0 2 100.0
Foot Parallel 0 0 0
Bowed 0 0 0
Grasp |27 96.4 5 83.3
Hand Parallel 3.6 1 16.7
Bowed | 0 0 0 0
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Table 30: Qualitative measures of N. pygmaeuson the 6¢cm substrate size.

N. pygmaeus
Substrate Percentage of Total
Size N (%)
Flexed |35 40.7
Hindlimb | Moderate | 34 39.5
Extended | 17 19.8
Flexed |36 514
Forelimb | Moderate | 32 45.7
- Extended | 2 29
Grasp |19 100.0
Foot Parallel | 0 0
Bowed | O 0
Grasp |33 97.1
Hand Parallel | 1 2.9
Bowed | O 0
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Figure 31: Qualitative measures of N. pygmaeuson the 2, 3, and 6¢cm substrates.
A) Measures for the hindlimb. The number of observed postures of flexed (F),
moderately flexed postures (M) and extended postures (E). B) Measures for the
forelimb. The number of observed postures of flexed (F), moderately flexed postures
(M) and extended postures (E). C) Measures for the foot. The number of observed
grasping postures (G) is shown. D) Measures for the hand. The number of observed

grasping (G) and parallel (P) postures is shown.
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Figure 32: Representative images of N. pygmaeuson the 2cm, 3cm, and 6¢cm sized substrates.
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Figure 33: Qualitative measures of C. mediuson the 2cm and 3cm. A) Measures
for the hindlimb. The number of observed postures of flexed (F), moderately flexed
postures (M) and extended postures (E). B) Measures for the forelimb. The number of
observed postures of flexed (F), moderately flexed postures (M) and extended
postures (E). C) Measures for the foot. The number of observed grasping postures (G)
is shown. D) Measures for the hand. The number of observed grasping (G) and
parallel (P) postures is shown .
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2cm 3cm

Figure 34: Representative images of C. mediuson the 2cm and 3cm sized
substrates.

3.3.2 Quantitative kinematic data
3.3.2a Locomotor mode comparisons
In this section, species pairs on the same substrates are explicitly compared,

testing Hypothesis 1 as described in the material and methods.
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3.3.2a.1 Arm Angle (angle between the line of gravity, the shoulder,
and elbow)

All quantitative data on arm angles can be found in Table 31. This measure, as
described in the Material and Methods, is a complex angle involving movement at
multiple joints and scapular rotation and translation as well as flexion and extension of
the arm at the glenohumeral joint. It is difficult to quantify and relies on measuring
relative to the line of gravity. Thus, this measure should be treated with caution. The
large ranges may reflect the wide flexibility that this joint allows, suggesting that arm
angle is a valuable “adjustable” for primates leaving them ample room to adopt a
variety of postures. But the range may also reflect some of the limits of the
measurement itself.

For P. verrauxi on the 6cm substrate, the mean arm angle is 46.6° +30.0° with a
range of 3.9°-113.4° (n=37). V. variegata on the 6cm substrate has a mean arm angle of
58.5° +22.8° with a range of 21.1°-111.0° (n=30). There are no significant differences
between species’ means on the 6cm substrate. In contrast, on the 11cm substrate, P.
verrauxi has a mean arm angle of 50.1° £29.4° with a range of 2.5°-106.1° (n=39). V.
variegata has a mean arm angle of 35.4° +20.1° with a range of 5.3°-89.3° (n=33). The
means are significantly different from each other (p<0.0001.03361). On the 22cm

substrate, P. verrauxi has a mean arm angle of 50.1° £26.9° with a range of 2.3°-115.5°
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(n=38). V. variegata has a mean arm angle of 43.6° +27.9° (n=38). Although the pattern is
similar to the previous size, there are no significant differences between species’ means
on the 22cm substrate.

Unlike the comparison of P. verrauxi and V. variegata, E. rubriventer and L. catta
showed no significant differences. On the 3cm substrate, E. rubriventer has a mean arm
angle of 44.6° +29.9° with a range of 5.6°-135.5° (n=30). L. catta has a mean arm angle of
30.4° +£20.0° with a range of 4.4°-91.6° (n=29). There are no significant differences
between species’ means. On the 6cm substrate, E. rubriventer has an arm angle mean of
39.2° £15.5° with a range of 12.6°-78.3° (n=31). L. catta has a mean of 37.1° +14.0 with a
range of 1.8°-100.9° (n=34). The species’ means are not significantly different from each
other. On the 11cm substrate, E. rubriventer has an arm angle mean of 47.8° +15.2° with a
range of 20.4°-18.8° (n=17). L. catta has a mean of 38.4° £17.5° with a range of 8.7°-66.1°
(n=34). There are no significant differences between means for the species’ on the 11cm
substrate.

There were also no significant differences in arm angle between H. griseus and N.
coucang. On the 3cm substrate, H. griseus has an arm angle mean of 50.3° +25.1° with a
range of 11.0°-111.1° (n=34). N. coucang has a mean of 35.7° +21.5° with a range of 2.8°-
65.7° (n=11). There are no significant differences between species” means. On the 6cm

substrate, H. griseus has an arm angle mean of 44.3° +20.9° with a range of 5.6°-114.5°
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(n=29). N. coucang has a mean of 37.1° +14.7° with a range of 11.3°-53.2° (n=9). There are
no significant differences between species on the 6cm substrate. On the 9cm substrate, H.
griseus has a mean arm angle of 37.7° £13.9° with a range of 12.4°-69.8° (n=29). N. coucang
has a mean arm angle of 41.8° +13.1° with a range of 15.3°-62.5° (n=10). There are no
significant differences between species” means on the 11cm substrate.

Overall, the arm angle does not often vary significantly across substrates or taxa.
This may be in part because of the wide range and may reflect its inherent flexibility.

3.3.2a.2 Elbow Angle (angle between the shoulder, the elbow as the
vertex, and the wrist)

All quantitative data on elbow angles can be found in Table 32. For the elbow
angle, when on the 6cm substrate, P. verrauxi has a mean of 68.1° £18.6° with a range of
37.8°-108.3° (n=37). V. variegata has a mean elbow angle of 63.4° +14.7° with a range of
34.5°-96.8° (n=30). There are no significant differences between species on the 6cm
substrate. On the 11cm substrate, P. verrauxi has a mean elbow angle of 74.9° £22.3° with
a range of 42.4-145.7° (n=39). V. variegata has a mean elbow angle 70.5° +15.0° with a
range of 40.3°-116.1° (n=33). There are no significant differences between species on the
11cm substrate. On the 22cm substrate, P. verrauxi has a mean elbow angle of 89.0° +22.3°
with a range of 52.4°-143.8° (n=38). V. variegata has a mean elbow angle of 81.9° +21.7°
with a range of 43.2°-134.3° (n=38). There are no significant differences between species’

elbow angle on the 22cm substrate.
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Table 31: Quantitative arm angle data for comparing speci es with differing
musculoskeletal anatomies by substrate size. N. pygmaeusand C. mediusdata not
shown as they do not have a comparison. Bold indicates statistically significant

differences between species.

Arm Angle

Species Sulgf:éate N | Mean (°) | StDev (°) | Min (°) | Max (°) | p-value
6cm 37 46.6 30.9 3.9 113.4 0.076

P. verrauxi 1llcm 39 50.1 29.4 2.5 106.1 0.034
22cm 38 50.1 26.9 2.3 115.5 0.269
6cm 30 58.5 22.8 21.1 111.0 0.076

V. variegata 1llcm 33 354 20.1 53 89.3 0.034
22cm 38 43.6 27.9 8.3 934 0.269
3cm 30 44.6 29.9 5.6 135.5 0.053
E. rubriventer 6cm 31 39.2 15.5 12.6 78.3 0.541
11cm 17 47.8 15.2 20.4 78.8 0.157
3cm 25 30.4 20.0 44 91.6 0.053
L. catta 6cm 34 37.1 24.0 1.8 100.9 0.541
11cm 34 384 175 8.7 66.1 0.157
3cm 34 50.3 25.1 11.0 111.1 0.143
H .griseus 6cm 29 443 20.9 5.6 114.5 0.391
9cm 29 37.7 13.9 5.6 69.8 0.281
3cm 11 35.8 21.5 2.8 65.7 0.143
N. coucang 6cm 9 37.1 14.7 11.3 53.2 0.391
9cm 10 41.8 13.1 15.3 62.5 0.281

When on the 3cm substrate E. rubriventer has a mean elbow angle of 77.6° +21.5°

with a range of 38.2°-129.6° (n=30). L. catta has a mean elbow angle of 71.4° +12.9° with a

range of 48.4°-105.2° (n=25). There are no significant differences between the species on

the 3cm substrate. On the 6cm substrate, E. rubriventer has a mean of 75.6° +14.4° with a
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range of 52.5°-106.0° (n=30). L. catta has a mean of 61.1° +13.1° with a range of 39.0°-97.8°.
On the 6cm substrate, they do show significant differences (p<0.0001.00017). E.
rubriventer shows a mean elbow angle of 80.4° +17.5° with a range of 60.5°-116.7° (n=17).
L. catta has an elbow angle mean of 79.4° +14.2° with a range of 44.5°-101.6° (n=34). On
the 11cm substrate, they show no significant differences.

On the 3cm substrate, H. griseus has an elbow angle of 78.1° +26.6° with a range
of 32.2°-148.0° (n=34). N. coucang has a mean elbow angle of 86.8° +22.0° with a range of
60.3°-121.4° (n=10). On the 6cm substrate, H. griseus has a mean elbow angle of 81.9°
+17.4° with a range of 58.2°-125.9° (n=29). N. coucang has a mean elbow angle of 90.8°
+16.3° with a range of 68.8°-117.2° (n=9). For the 9cm substrate, H. griseus has a mean
elbow angle of 90.3° +14.6° with a range of 61.2°-116.1° (n=29). N. coucang has a mean
elbow angle of 87.5° +12.0° with a range of 65.9°-110.2° (n=10). H. griseus and N. coucang
show no differences between any mean in elbow angle at a given substrate size.

On the whole, elbow angles during VCG postures are consistent across taxa and

substrate. This was reflected in the qualitative data as well.
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Table 32 Quantitative elbow angle data for comparing species with differing
musculoskeletal anatomies by substrate size. N. pygmaeusand C. mediusdata not
shown as they do not have a comparison. Bold indicates statistically significant
differences between speci es.

Elbow Angle

Species Sul;is:(;ate N | Mean (°) | St Dev (°) | Min (°) | Max (°) | p-value
6cm 37 68.1 18.7 37.8 108.3 0.566
P. verrauxi 11lcm 39 74.9 22.3 424 145.7 0.769
22cm 38 89.0 22.3 52.4 143.8 0.251
6cm 30 63.4 14.7 34.5 96.8 0.566
V. variegata 11cm 33 70.5 15.0 40.3 116.1 0.769
22cm 38 81.9 21.7 43.2 134.3 0.251
3cm 30 77.6 21.5 38.2 129.6 0.375

E. rubriventer 6cm 30 75.6 14.4 525 106.0 | 1.70E04
1lcm 17 80.4 175 60.5 116.7 0.742
3cm 25 714 12.9 48.4 105.2 0.375

L. catta 6cm 34 61.1 13.1 39.0 97.8 1.70E04
11cm 34 79.4 14.2 44.5 101.6 0.742
3cm 34 78.1 26.6 32.2 148.0 0.281
H .griseus 6cm 29 81.9 17.4 58.2 125.9 0.159
9cm 29 90.3 14.6 61.2 116.1 0.552
3cm 10 86.8 22.0 60.3 121.4 0.281
N. coucang 6cm 9 90.8 16.3 68.8 117.2 0.159
9cm 10 87.5 12.0 65.9 110.2 0.552

3.3.2a.3 Wrist angle (angle between the elbow, wrist, and digit Il of the
hand)
All quantitative data on wrist angle can be found in Table 33. On the 6cm

substrate, the mean wrist angle of P. verrauxiis 152.7° +12.9° with a range of 120.1°-

173.2° (n=37). The mean wrist angle of V. variegata is 149.4° +17.1° with a range of 109.6-
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172.0° (n=30). There are no significant differences between the species for the 6cm
substrate. On the 11cm substrate, P. verrauxi has a mean wrist angle of 156.1° +9.5° with
a range of 136.4°-173.2° (n=34). V. variegata has a mean wrist angle of 153.3° +9.9° with a
range of 127.6°-175.0° (n=30). There are no significant differences between the species for
the 11cm substrate. On the 22cm substrate, P. verrauxi has a mean wrist angle of 160.1°
+12.9° with a range of 120.1°-173.2° (n=37). V. variegata has a mean wrist angle of 157.5°
+8.4° with a range of 138.4°-172.4° (n=35). There are no significant differences between
the species for the 22cm substrate.

The mean wrist angle of E. rubriventer on the 3cm substrate is 144.5° +21.2° with a
range of 68.1°-169.5° (n=31). L. catta has a mean wrist angle of 146.5° +16.3° with a range
of 117.6°-170.1° (n=23). There are no significant differences between species on the 3cm
substrate. On the 6cm substrate, the mean wrist angle of E. rubriventer is 145.2° £12.0°
with a range of 113.9°-164.4° (n=29). L. catta has a mean wrist angle of 152.5° +14.4° with
a range of 124.8°-178° (n=31). There are no significant differences between species on the
6cm substrate, although they are approaching significance (p<0.0001.05086). On the
11cm substrate, the mean wrist angle of E. rubriventer is 155.7° +22.3° with a range of
134.1°-170.9° (n=17). L. catta has a mean wrist angle of 157.6° +9.1° with a range of 138.9°-
176.8° (n=32). There are no significant differences between species in mean wrist angle

on the 11cm substrate.
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The mean wrist angle of H .griseus is 144.2° £22.3° with a range of 74.8°-172.9°
(n=30) on the 3cm substrate. N. coucang has a mean wrist angle of 155.0° 17.8° with a
range of 118.6°-172.2° (n=9). There are no significant differences between species on the
3cm substrate. On the 6cm substrate, H. griseus has a mean wrist angle of 150.2° +16.8°
with a range of 85.6°-172.4° (n=29). N. coucang has a mean wrist angle of 155.0° +13.3°
with a range of 118.6°-172.2° (n=9). There are no significant differences between species
on the 6cm substrate. On the 9cm substrate, H. griseus has a mean wrist angle of 157.4°
+12.4° with a range of 129.7°-176.1° (n=28). N. coucang has a mean wrist angle of 156.9°
+8.4° with a range of 137.9°-166.8° (n=9). There are no differences between species on the
9cm substrate.
3.3.2a.4 Hand Grip Angle (angle between digit | of the hand, the wrist,
and digit Il of the hand)

All quantitative data on hand grip can be found in Table 34. On the 6cm
substrate, the mean hand grip angle of P. verrauxi is 52.0° +10.5° with a range of 31.3°-
83.0° (n=28). V. variegata has a mean hand grip angle of 52.3° +11.2° with a range of 32.0°-
73.9° (n=19). The means are not statistically significantly different. On the 11cm
substrate, the mean hand grip angle of P. verrauxi is 62.5° £15.1° with a range of 32.5°-
88.7° (n=39). V. variegata has a mean hand grip angle of 47.5° +11.5° with a range of 23.3°-

74.0° (n=31).
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Table 33: Quantitative wrist angle data for comparing species with differing
musculoskeletal anatomies by substrate size. N. pygmaeusand C. mediusdata not
shown as they do not have a comparison. Bold indicates statistically significant
differences between species.

Wrist Angle

Species Sulgf:éate N | Mean (°) | StDev (°) | Min (°) | Max (°) | p-value
6cm 37 152.7 129 120.1 173.2 0.618
P. verrauxi 11lcm 34 156.1 9.5 136.4 173.2 0.148
22cm 33 160.1 9.6 138.3 176.1 0.254
6cm 30 144.5 21.2 68.1 169.5 0.618
V. variegata 11cm 30 145.2 12.0 113.9 164.4 0.148
22cm 35 155.7 9.5 134.1 170.9 0.254
3cm 31 149.4 171 109.6 172.0 0.834
E. rubriventer 6cm 29 153.3 9.9 127.6 175.0 0.051
1lcm 17 157.5 8.4 138.4 172.4 0.652
3cm 23 146.5 16.3 117.6 170.1 0.834
L. catta 6cm 31 152.5 14.4 124.8 178.2 0.051
1lcm 32 157.6 9.1 138.9 176.8 0.652
3cm 30 144.2 223 74.8 172.9 0.224
H .griseus 6cm 29 150.2 16.8 85.6 172.4 0.093
9cm 28 157.4 12.4 129.7 176.1 0.684
3cm 9 155.0 17.8 118.6 172.2 0.224
N. coucang 6cm 7 141.9 13.3 125.3 159.4 0.093
9cm 9 156.9 8.4 137.9 166.8 0.684

The means are statistically significantly different (p=5.00-%).On the 22cm
substrate, P. verrauxi has a mean hand grip angle of 60.6° +14.3° with a range of 28.2°-
86.3° (n=33). V. variegata has a mean hand grip angle of 44.5° +11.7 with a range of 13.1°-

71.3° (n=36).
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On the 3cm substrate, the mean hand grip angle of E. rubriventer is 44.2° +13.1
with a range of 19.2°-72.8° (n=25). L. catta has a mean of 42.8° +12.2° with a range of
33.3°-68.6° (n=7). The means are not statistically significantly different. On the 6cm
substrate, E. rubriventer has a mean hand grip angle of 49.8° +12.4° with a range of 21.0°-
77.6° (n=33). L. catta has a mean hand grip angle of 42.9° +11.2 with a range of 22.5°-67.5°
(n=21). For the 6cm substrate, E. rubriventer and L. catta approach significantly different
means (p<0.0001.05533). On the 11cm substrate, E. rubriventer has a mean hand grip
angle of 51.3° +16.3° with a range of 12.8°-83.3 (n=21). L. catta has a mean hand grip angle
of 35.8° £14.4 with a range of 14.0°-75.3 (n=30). The means of E. rubriventer and L. catta
are significantly different from each other for the 11cm substrate (p<0.0001.00073).

On the 3cm substrate, the mean hand grip angle of H. griseus is 43.3°
+10.9° with a range of 20.8°-63.8° (n=33). N. coucang has a mean hand grip angle of 54.2°
+13.7° with a range of 35.9°-73.2° (n=6). The means are not significantly different from
each other. On the 6cm substrate, the mean hand grip angle of H. griseus is 39.7° +13.6°
with a range of 16.5°-71.3° (n=31). N. coucang has a mean hand grip of 74.9° £7.6° with a
range of 60.5°-80.6° (n=6). H. griseus and N. coucang are significantly different from each
other on the 6cm substrate (p=1.92+#). On the 9cm substrate, H. griseus has a mean hand

grip angle of 41.1° +14.1° with a range of 14.3°-74.7° (n=29). N. coucang has a mean hand
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grip angle of 88.8° +18.2° with a range of 63.6°-113.8° (n=9). The means are significantly
different from each other (p=1.523-05).

Table 34: Quantitative hand grip angle data for comparing species with
differing musculoskeletal anatomies by substrate size. N. pygmaeusand C. medius
data not shown as they do not have a comparison. Bold indicates statistically
significant differences between

Hand Grip Angle

Species Sul;is;zate N | Mean (°) | StDev (°) | Min (°) | Max (°) | p-value

6cm 28 52.0 10.5 31.3 83.0 0.641
P. verrauxi 1icm 39 62.5 15.1 325 88.7 5.00E05
22cm 33 60.6 14.3 28.2 86.3 | 9.05E06

6cm 19 52.3 11.2 32.0 739 0.641
V. variegata 1lcm 31 47.5 115 23.3 74.0 5.00E05
22cm 36 445 11.7 13.1 71.3 | 9.05E06

3cm 25 44.2 13.1 19.2 72.8 0.6485
E. rubriventer 6cm 33 49.8 124 21.0 77.6 0.05533
1llcm 21 51.3 16.3 12.8 83.3 | 7.30E04

3cm 7 42.8 12.2 33.3 68.6 0.6485

L. catta 6cm 21 429 11.2 22.5 67.5 0.05533
1llcm 30 35.8 14.4 14.0 75.3 | 7.30E04

3cm 33 54.2 13.7 35.9 73.2 0.08325
H .griseus 6cm 31 43.3 10.9 20.8 63.8 1.92E04
9cm 29 39.7 13.6 16.5 713 | 1.52E05

3cm 6 411 14.1 14.3 74.7 0.08325
N. coucang 6cm 6 74.9 7.6 60.5 80.6 1.92E04
9cm 9 88.8 18.2 63.6 113.8 | 1.52E05
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3.3.2a.5 Hip Angle (angle between the line of gravity, the hip, and the
knee)

Unlike patterns seen in the upper limb, angles in the hindlimb show a number of
significant differences as a function of substrate and across species. This is consistent
with the qualitative observations of hindlimb patterns in Section3.3.1. All quantitative
data on hip angles can be found in Table 35. On the 6cm substrate, P. verrauxi has a
mean hip angle of 20.0° £11.4° with a range of 8.8°-43.8° (n=49). V. variegata has a hip
angle of 57.7° +33.0° with a range of 9.8°-129.4° (n=37), suggesting a more extended hip
in the latter. The means are significantly different on the 6cm substrate (p=5.10""). On the
11cm substrate, P. verrauxi has a mean hip angle of 21.2° +11.4° with a range of 8.2°-69.8°
(n=46). V. variegata has a mean hip angle of 45.7° +20.6° with a range of 13.1°-97.2° (n=30).
The means for the 11cm substrate are significantly different (p=9.26°). On the 22cm
substrate, P. verrauxi has a mean hip angle of 22.2° +11.5° with a range of 10.0°-47.2°
(n=31). V. variegata has a mean hip angle of 49.9° +21.9° with a range of 10.8°-106.4°
(n=32). The means are significantly different from each other (p=9.9-%).

On the 3cm substrate, E. rubriventer has a mean hip angle of 83.2° +32.3°
with a range of 25.4°-170.0° (n=37). L. catta has a mean hip angle of 89.6° +31.4° with a
range of 45.1°-134.8° (n=32). The means are not significantly different. On the 6cm
substrate, E. rubriventer has a mean hip angle of 63.5° +26.3° with a range of 16.8°-121.0°

(n=33). L. catta has a mean hip angle of 82.1° +28.9° with a range of 41.2°-143.7° (n=39).
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The means are significantly different for the 6cm substrate (p<0.0001.0125). On the 11cm
substrate, E. rubriventer has a mean hip angle of 74.0° +28.6° with a range of 28.5°-144.9°
(n=21). L. catta has a mean of 90.7° +29.9° with a range of 43.8°-161.5° (n=36). The means
are significantly different from each other (p<0.0001.0444).

On the 3cm substrate, H. griseus has a mean hip angle of 59.7° +£34.7° with a range
of 16.6°-59.7° (n=41). N. coucang has a mean hip angle of 89.2° +49.0° with a range of
21.7°-153.9° (n=18), indicating a more extended hip. The means for the 3cm substrate are
significantly different (p<0.0001.0145). On the 6cm substrate, H. griseus has a mean hip
angle of 48.1° +27.4° with a range of 7.5°-127.9° (n=31). N. coucang has a mean hip angle
of 73.5° +39.9° with a range of 24.8°-153.9° (n=11) indicating again a more extended hip.
The means approach significance (p<0.0001.0553), but are not different. On the 9cm
substrate, H. griseus has a mean hip angle of 46.3° +18.3° with a range of 17.3°-88.0°
(n=29). N. coucang has a mean hip angle of 62.7° +37.0° with a range of 21.9°-118.0°

(n=11). The means on the 9cm substrate are not significantly different.
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Table 35: Quantitative hip angle data for comparing species with differing
musculoskeletal anatomies by substrate size. N. pygmaeusand C. mediusdata not
shown as they do not have a comparison. Bold indicates statist ically significant
differences between specie s.

Hip Angle
Species Sul;is:(;ate N | Mean (°) | St Dev (°) | Min (°) | Max (°) | p-value
6cm 49 20.0 6.9 8.8 43.8 5.10E11
P. verrauxi 1lcm 46 21.2 11.4 8.2 69.8 9.26E09
22cm 31 22.2 11.5 10.0 47.2 9.96E08
6cm 37 57.7 33.0 9.8 129.4 | 5.10E11
V. variegata 11lcm 30 45.7 20.6 13.1 97.2 9.26E09
22cm 32 49.9 21.9 10.8 106.4 | 9.96E08
3cm 37 83.2 32.3 254 170.0 0.315
E. rubriventer 6cm 33 63.5 26.3 16.8 121.0 0.0125
11lcm 21 74.0 28.6 28.5 144.9 0.0444
3cm 32 89.6 314 45.1 134.9 0.315
L. catta 6cm 39 82.1 28.9 41.2 143.7 0.0125
11lcm 36 90.7 29.9 43.8 161.5 0.0444
3cm 41 59.7 34.7 16.6 125.5 0.0145
H .griseus 6cm 31 48.1 27.4 7.5 127.9 0.0553
9cm 29 46.3 18.3 17.3 88.0 0.332
3cm 18 89.2 49.0 21.7 153.2 0.0145
N. coucang 6cm 11 73.5 39.9 24.8 153.9 0.0553
9cm 11 62.7 37.0 21.9 118.0 0.332

3.3.2a.6 Knee Angle (angle between the hip, the knee, and the ankle)

All quantitative data on knee angles can be found in Table 36. On the 6cm

substrate, P. verrauxi has a mean knee angle of 18.6° +5.7 with a range of 8.8°-43.85°

(n=49). V. variegata has a mean knee angle of 62.1° +29.5° with a range of 10.3°-129.4°
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(n=37), a much less flexed knee than P. verrauxi. The mean knee angle on the 6cm
substrate is significantly different between species (p=1.15"%). On the 11cm substrate, P.
verrauxi has a mean knee angle of 17.5° £9.2° with a range of 8.0°-69.8°(n=46). V. variegata
has a mean of 35.9° £15.9° with a range of 13.4°-92.1° (n=30). The species have
significantly different means on the 11cm substrate (p=7.05"). On the 22cm substrate, P.
verrauxi has a mean knee angle of 18.3° +£7.8° with a range of 9.3°-39.1° (n=31). V. variegata
has a mean knee angle of 35.7° £16.7° with a range of 17.1°-84.2° (n=32). The species have
significantly different means on the 22cm substrate (p=3.787).

On the 3cm substrate, E. rubriventer has a mean knee angle of 80.8° +25.6° with a
range of 32.8°-134.5° (n=36). L. catta has a mean knee angle of 86.2° +31.2° with a range of
45.1°-134.9° (n=32). The differences in means are not significant. On the 6cm substrate, E.
rubriventer has a mean knee angle of 69.6° +23.6° with a range of 31.5°-122.0° (n=33). L.
catta has a mean knee angle of 79.5° +27.6° with a range of 39.6°-143.7.0° (n=39). The
differences in means are not significant. On the 11cm substrate, E. rubriventer has a mean
knee angle of 78.5° +27.0° with a range of 40.3°-144.9° (n=21). L. catta has a mean knee
angle of 84.7° +28.4° with a range of 40.3°-144.9° (n=34). The differences between species’
means are not significant.

On the 3cm substrate, H. griseus has a mean knee angle of 64.1° +33.7°

with a range of 16.6°-126.7° (n=41). N. coucang has a very extended knee, with a mean
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knee angle of 101.6° +33.0° with a range of 60.8°-160.4° (n=18). N. coucang has a
significantly higher mean knee angle than H. griseus on the 3cm substrate (p=8.08+). On
the 6cm substrate, H. griseus has a mean knee angle of 54.9° +26.3° with a range of 23.6°-
137.8° (n=31). N. coucang has a mean knee angle of 87.8° +27.4° with a range of 57.3°-
154.9° (n=11). N. coucang has a significantly higher mean knee angle than H. griseus on
the 6cm substrate (p=4.83+#). On the 9cm substrate, H. griseus has a mean knee angle of
53.2° +£19.8° with a range of 27.8°-92.1° (n=29). N. coucang has a mean knee angle of 95.7°
+26.5° with a range of 63.9°-137.6° (n=11). The species have significantly different means
on the 9cm substrate (p=2.897).

3.3.2a.7 Ankle Angle (angle between knee, ankle, and digit Il)

All quantitative data on ankle angles can be found in Table 37. On the 6cm
substrate, P. verrauxi has an ankle angle of 46.4° £7.9° with a range of 32.6°-67.7° (n=51).
V. verrauxi has an ankle angle of 57.9° +13.2° with a range of 35.0°-86.6° (n=44). The
species’ means on the 6cm substrate are significantly different (p=2.06-%). On the 11cm
substrate, P. verrauxi has a mean ankle angle of 35.4° +8.5° with a range of 20.6°-58.4°
(n=45). V. verrauxi has a mean ankle angle of 42.4° +8.9° with a range of 28.6°-62.5°

(n=25). The species have significantly different means on the 11cm substrate (p=2.67-).
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Table 36: Quantitative knee angle data for comparing species with differing
musculoskeletal anatomies by substrate size. N. pygmaeusand C. mediusdata not
shown as they do not have a comparison. Bold indicates statistically significant
differences between speci es.

Knee Angle
Species Sul;is:(;ate N | Mean (°) | St Dev (°) | Min (°) | Max (°) | p-value
6cm 49 18.6 5.7 8.8 43.8 | 1.15E13
P. verrauxi 1lcm 46 17.5 9.2 8.0 69.8 7.05E11
22cm 31 18.3 7.8 9.3 39.1 | 3.78E07
6cm 37 62.1 29.5 10.3 129.4 | 1.15E13
V. variegata 1lcm 30 35.9 15.9 134 92.1 | 7.05E11
22cm 32 35.7 16.7 17.1 84.2 | 3.78E07
3cm 36 80.8 25.6 32.8 134.5 0.5761
E. rubriventer 6cm 33 69.6 23.6 31.5 122.0 0.168
11lcm 21 78.5 27.9 40.3 144.9 0.4106
3cm 32 86.2 31.2 45.1 134.9 0.5761
L. catta 6cm 39 79.5 27.6 39.6 143.7 0.168
1lcm 34 84.7 28.4 35.8 148.7 0.4106
3cm 41 64.1 33.7 16.6 126.6 | 8.08E04
H .griseus 6cm 31 54.9 26.3 23.6 137.8 | 4.83E04
9cm 29 53.2 19.8 27.8 92.1 | 9.33E05
3cm 18 101.6 33.0 60.8 160.4 | 8.08E04
N. coucang 6cm 11 85.8 27.4 57.3 153.9 | 4.83E04
9cm 11 95.7 26.5 63.9 137.6 | 9.33E05

On the 22cm substrate, P. verrauxi has a mean ankle angle of 35.0° +10.3° with a

range of 19.9°-56.1° (n=30). V. variegata has a mean ankle angle of 37.2° +8.0° with a range

of 26.1°-54.5° (n=22). The species’ means are not different on the 22cm substrate.
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On the 3cm substrate, E. rubriventer has a mean ankle angle of 57.9° +10.5° with a
range of 31.1°-84.0° (n=41). L. catta has a mean knee angle of 56.2° +12.5° with a range of
37.0°-77.1° (n=34). There are no significant differences between species’ means on the
3cm substrate. On the 6cm substrate, E. rubriventer has a mean of 54.5° +£12.0° with a
range of 37.9°-96.2° (n=35). L. catta has a mean of 49.3° £11.6° with a range of 29.3°-92.7°
(n=55). The means are significantly different on the 11cm substrate (p<0.0001.0434). On
the 11cm substrate, E. rubriventer has a mean ankle angle of 48.9° +8.5° with a range of
33.8-64.6° (n=23). L. catta has a mean of 48.0° £12.5° with a range of 30.0°-81.5° (n=33).
The species do not have significantly different means on the 11cm substrate.

On the 3cm substrate, H. griseus has a mean ankle angle of 63.5° +13.5°
with a range of 39.5°-91.7° (n=43). N. coucang has a mean ankle angle of 91.8° +22.9° with
a range of 69.8°-158.7° (n=15). The species have significantly different means on the 3cm
substrate (p=7.03). On the 6cm substrate, H. griseus has a mean ankle angle of 55.9°
+12.3° with a range of 46.9°-85.5° (n=29). N. coucang has a mean ankle angle of 79.7°
+15.8° with a range of 61.1°-111.7° (n=29). The species have significantly different means
on the 6cm substrate (p=2.03+#). On the 9cm substrate, H. griseus has a mean ankle angle
of 52.0° +8.9° with a range of 31.6°-80.0° (n=30). N. coucang has a mean ankle angle of
94.0° +22.4° with a range of 70.8°-139.3° (n=10). The species have significantly different

means on the 9cm substrate (p=4.08-).
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Table 37: Quantitative ankle angle data for comparing species with differing
musculoskeletal anatomies by substrate size. N. pygmaeusand C. mediusdata not
shown as they do not hav e a comparison. Bold indicates statistically significant
differences between species.

Ankle Angle
Species Sul;?z;ate N | Mean (°) | St Dev (°) | Min (°) | Max (°) | p-value
6cm 51 46.4 7.9 32.6 67.7 2.06E05
P. verrauxi l1lcm | 45| 354 8.5 20.6 58.4 | 2.67E03
22cm 30 35.0 10.3 19.9 56.1 0.232
6cm 44 57.9 13.2 35.0 86.6 2.06E05
V. variegata 11lcm 25 42.4 8.9 28.6 62.5 2.67E03
22cm 22 37.2 8.0 26.1 54.5 0.232
3cm 41 57.9 10.5 31.1 84.0 0.352
E. rubriventer 6cm 35 54.5 12.0 37.8 96.2 0.0434
1lcm 23 48.9 8.5 33.8 64.6 0.434
3cm 34 56.2 12.5 37.0 77.1 0.352
L. catta 6cm 55 49.3 11.6 29.3 92.7 0.0434
11lcm 33 48.0 12.5 30.0 81.5 0.434
3cm 43 63.5 13.5 39.5 91.7 7.03E06
H .griseus 6cm 29 55.9 12.3 36.9 85.5 2.03E04
9cm 30 52.0 8.9 31.6 80.0 4.08E06
3cm 15 91.8 22.9 69.8 158.7 | 7.03E06
N. coucang 6cm 10 79.7 15.8 61.1 111.7 2.03E04
9cm 10 94.0 22.4 70.8 139.3 | 4.08E06

3.3.2a.8 Foot Grip Angle (angle between digit | of the foot, the ankle,

and digit Il of the foot)

All quantitative data on arm angles can be found in Table 38. On the 6cm

substrate, P. verrauxi has a mean foot grip angle of 40.4° +6.0° with a range of 29.5°-52.8°
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(n=35). V. variegata has a mean foot grip angle of 45.2° +7.2° with a range of 26.9°-55.9°
(n=20). The differences are not significant. On the 11cm substrate, P. verrauxi has a mean
foot grip angle of 60.7° +15.9° with a range of 21.3°-108.3° (n=20). No comparison can be
made with V. variegata on the 11cm substrate, as only one trial was collected for the foot
grip angle (61.2°). On the 22cm substrate, P. verrauxi has a mean foot grip angle of 58.0°
+16.4° with a range of 22.2°-78.1°. No comparison can be made with V. variegata on the
22cm substrate, as only two trials were able to be collected (55.5°, 67.4°).

On the 3cm substrate, E. rubriventer has a mean foot grip angle of 28.6°
+13.0° with a range of 11.9°-83.9° (n=38). L. catta has a mean foot grip angle of 31.9° +7.0°
with a range of 17.1°-42.7° (n=33). The species’ means are significantly different
(p<0.0001.028). On the 6cm substrate, E. rubriventer has a mean foot grip angle of 43.0°
+11.3° with a range of 27.5-61.0° (n=14). L. catta has a mean of 43.5° +8.5° with a range of
28.0°-56.5° (n=33). The means are not significantly different. On the 11cm substrate, E.
rubriventer has a mean of 55.8° +12.7° with a range of 39.2°-75.9° (n=15). L. catta has a foot
grip angle mean of 54.3° +7.0° with a range of 28.0°-56.5° (n=23). There are no significant
differences between species’ means on the 11cm substrate.

H. griseus has a mean foot grip angle of 33.6° +8.4° with a range of 19.3°-
55.9° (n=27) on the 3cm substrate. N. coucang has a mean foot grip angle of 40.4° +13.7°

with a range of 22.8°-62.1° (n=9). Species’ means for the 3cm substrate are not
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significantly different. On the 6cm substrate, H. griseus has a mean foot grip angle of
47.5° £9.4° with a range of 37.6°-57.7° (n=6). N. coucang has a mean of 55.0° +18.1° with a
range of 22.8°-67.8° (n=3). The species do not have significantly different means. On the
9cm substrate, H. griseus has a mean of 57.0° £10.8° with a range of 44.7°-74.8° (n=9). No
comparison can be made with N. coucang on the 9cm substrate, as only two trials
collected (62.3°, 70.7°).

The qualitative and quantitative data summarized above suggest that
although all the species studied here can and do adopt VCG postures, the details of the
posture itself, especially with regard to hindlimb, can vary across locomotor modes.
3.3.2b Substrate size comparisons

In this section comparisons are done within species, across substrates of as size
increases as described in the Materials and Methods.
3.3.2b.1 Propithecus verrauxi

Substrate size had a complex effect on limb posture and not all angles changed
significantly. All substrate size comparison data for P. verrauxi can be found in Table 39.
The mean arm angle of P. verrauxi increases slightly from the 6cm (46.6° +£30.0°) to the
11cm (50.1° +26.9°) and 22cm (50.1° +£26.9°) substrates, but there are no significant
differences between the means. The mean elbow angle of P. verrauxi increases from the

6cm to the 11em substrate from 68.1° £18.6° to 74.9° +22.3°.
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Table 38: Quantitative foot angle data for comparing species with differing
musculoskeletal anatomies by substrate size. N. pygmaeusand C. mediusdata not

shown as they do not have a comparison. Bold indicates statistically significant
differences bet ween species.

Foot Angle
Species Sugis;zate N | Mean (°) | St Dev (°) | Min (°) | Max (°) | p-value
6cm 35 40.4 6.0 29.5 52.8 9.86E03
P. verrauxi 11cm 20 60.7 159 21.3 108.3 NA
22cm 10 58.0 16.4 222 78.1 NA
V. variegata 6cm 20 45.2 7.2 26.9 55.9 9.86E03
3cm 28 28.6 13.0 11.9 83.9 0.0228
E. rubriventer 6cm 14 43.0 11.3 27.5 61.0 0.935
1lcm 15 55.8 12.7 39.2 759 0.858
3cm 26 31.9 7.0 17.1 42.7 0.0228
L. catta 6cm 33 43.5 8.5 28.0 56.5 0.935
1lcm 23 54.3 7.0 41.0 75.2 0.858
3cm 27 33.6 8.4 19.3 55.9 0.237
H .griseus 6cm 6 47.5 9.4 37.6 57.7 0.519
9cm 9 57.0 10.8 447 74.8 NA
N. coucang 3cm 9 404 13.7 22.8 62.1 0.237
6cm 3 55.0 18.1 343 67.8 0.519

However, the difference is not significant. The mean elbow angle also increases on the

22cm substrate, to 89.0° £22.3°. The mean elbow angle on the 22cm substrate is

significantly different from both the 6cm and 11cm substrate. The mean wrist angle of P.

verrauxi increases from the 6cm to 11cm to 22cm substrate (6cm=152.7° +12.9°,

11em=156.1° £9.5°, 22cm=160.1° £12.9°) , but the only statistically significant difference is
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between the 6cm and 22cm substrates (p<0.0001.04917). The mean hand grip angle
increases from the 6cm substrate (52.0° £10.5°) to the 11cm substrate (62.5° £15.1°) and
slightly decreases on the 22cm substrate (60.6° £14.3°). Both the 11cm substrate and the
22cm substrate are significantly different from the 6cm substrate (11cm p=7.607, 22cm
p<0.0001.0270), but the 11cm substrate is not different from the 22cm substrate.

The mean hip angle of P. verrauxi slightly increases from the 6cm (20.0° £6.9°) to
the 11cm (21.2° £11.5°) to the 22cm (22.2° £11.5°) substrate, but the means are not
significantly different. The mean knee angle of P. verrauxi changes little as substrate size
increases (6cm= 18.6° +5.7°, 11ecm=17.5° £9.2°, 22¢m=18.3° +7.8°), and the means are not
significantly different from each other. The mean ankle angle of P. verrauxi decreases
from the 6cm substrate (46.4° £7.9°) to the 11cm (35.4° £8.5°) and 22cm (35.0° £10.3°)
substrates. The 6cm substrate is significantly different from both the 11cm (p=6.63%) and
22cm (p=1.677) substrates, but the 11cm substrate is not significantly different from the
22cm substrate. The foot grip angle of P. verrauxi increases from the 6cm substrate (40.4°
+6.0°) to the 11cm (60.7° £15.9°), but slightly decreases from the 11cm substrate to the
22cm substrate (58.0° £16.4°). The 6cm substrate mean is significantly different from the
11lcm (p=2.997) and 22cm (p=9.92+4), but the 11cm substrate is not significantly different
from the 22cm mean. Correlation tests show a negative correlation for the ankle, a

positive correlation for wrist and hand and foot grip angles as substrate size increases.
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Table 39: Comparison of quantitative data for P. verrauxi as substrate size
increases. Bold indicates statistically significant differences between substrates,
performed as Mann -Whitney U pairwise comparisons.

P. verrauxi
Variable Sub§trate N Mean | St Dev | Min | Max Pairwi‘se p-value
Size ) ©) ) (°) | Comparison
6cm 37 | 46.6 30.9 39 | 1134 | 6cm-1lcm 1
:rf;e 1lem |39 | 501 | 294 | 2.5 |106.1| 1lcm-22cm 1
22cm 38 | 50.1 26.9 23 | 1155 | 6cm-22cm 1
6cm 37 | 68.1 18.7 378 | 108.3 | 6cm-11lcm 0.6145
}ilﬁgz 11lcm 39 | 749 22.3 424 | 145.7 | 11cm22cm | 0.01053
22cm 38| 89.0 22.3 524 | 143.8 | 6cm-22cm | 3.37E04
) 6cm 37 | 152.7 129 120.1 | 173.2 | 6cm-11cm 0.8686
X:;Z 11cm 34 | 156.1 9.5 136.4 | 173.2 | 11lcm-22cm 0.2822
22cm 33 | 160.1 9.6 138.3 | 176.1 | 6Ccm-22cm 0.04917
Hand 6cm 28 | 52.0 10.5 31.3 | 83.0 6cm-11cm | 7.60E03
Grip 1lcm 39 | 625 15.1 325 | 88.7 | 11lcm-22cm 1
Angle 22cm 33| 60.6 14.3 282 | 86.3 6cm-22cm 0.027
) 6cm 49 | 20.0 6.9 8.8 | 43.8 | 6cm-1lcm 1
AI;Illsoﬁe 11lcm 46 | 21.2 114 8.2 69.8 | 11lcm-22cm 1
22cm 31| 222 115 10.0 | 47.2 6cm-22cm 1
6cm 49 | 18.6 5.7 8.8 43.8 6cm-11cm 0.2309
fr?geli lem 46| 175 | 92 | 80 | 698 | 11em-22em 1
22cm 31| 183 7.8 9.3 39.1 6cm-22cm 1
6cm 51| 46.4 7.9 326 | 67.7 | 6cm-1lcm | 6.63E08
Ankle
Angle 1lem | 45| 354 8.5 20.6 | 584 | 1llcm-22cm 1
22cm | 30| 35.0 103 | 199 | 56.1 | 6cm-22cm | 1.67E05
Foot 6em | 35| 404 | 60 | 295 | 528 | 6cm-1lcm | 2.99E07
Grip 11lcm 20 | 60.7 159 21.3 | 108.3 | 11cm-22cm 1

Angle 22cm 10 | 58.0 l6.4 222 | 781 | 6cm-22cm | 9.92E04

151



3.3.2b.2 Varecia variegata

All substrate size comparison data for V. variegata can be found in Table 40. The
mean arm angle for V. variegata decreases from the 6cm (58.5° +22.8°) to the 11cm (35.4°
+20.1°) substrate, but increases again on the 22cm substrate (43.6° +27.9°). The 6cm
substrate mean is significantly different from both the 11cm substrate (p<0.0001.00012)
and the 22cm substrate (p<0.0001.0473) means but the 11cm substrate mean is not
significantly different from the 22cm substrate mean. The mean elbow angle of V.
variegata increases from the 6cm to the 11cm substrate from 63.4° £14.7° to 70.5° +15.0°,
but they are not significantly different. The mean elbow angle also increases to 81.9°
+21.7° on the 22cm substrate. The 22cm substrate mean elbow angle is significantly
different from the 6cm substrate, but is not different from the 11cm substrate. The mean
wrist angles for V. variegata increase from the 6cm to the 11cm substrate to the 22cm
substrate (6cm =149.4° £17.1°, 11cm= 153.3° £9.9°, 22cm= 157.5° +8.4°), but they are not
significantly different from each other. The mean hand grip angle of V. variegata
decrease as substrate size increases (3cm= 52.3° +11.2°, 6cm=47.5° +11.5°, 9cm=44.5°
+11.7), but the means are not significantly different from each other.

The mean hip angle of V. variegata decreases from the 6cm substrate (57.7°

+33.0°) to the 11cm (45.7° £20.6) and 22cm (49.9° £21.9°) substrates, but there are no

significant differences in the means. The mean knee angle of V. variegata decreases from

152



the 6cm substrate (62.1° £29.5°) to the 11cm (35.9° £15.9°) and 22cm (35.7° £16.7°)
substrate. The 6cm substrate mean is significantly different from both the 11cm substrate
(p=3.29°) and the 22cm substrate (p=4.88), but the 11cm substrate is not significantly
different from the 22cm substrate. The mean ankle angle of V. variegata decreases from
the 6cm (57.9° £13.2°) to the 11cm (42.4° £8.9°) to the 22cm (37.2° £8.0°) substrate. The
6cm substrate is significantly different from the 11cm (p=7.80°) and the 22cm (p=1.137)
substrate, but the 11cm and 22cm substrates are not significantly different from each
other. The foot grip angle cannot be compared as substrate size increases, as there was
only one trial collected for V. variegata on the 11cm substrate (61.2°) and two trials
collected on the 22cm substrate (55.5° and 67.4°).
3.3.2b.3 Eulemur rubriventer

All substrate size comparison data for E. rubriventer can be found in Table 41. The
mean arm angle of E. rubriventer decreases from the 3cm substrate (44.6° £29.9°) to the
6cm (39.2° £15.5°) substrate, but increases from the 6cm substrate to the 11cm (47.8°
+15.2°) substrate. However, there are no significant differences between the means. The
mean elbow angle of E. rubriventer changes slightly from the 3cm to 11cm substrate, but
there are no significant differences between the means (3cm=77.6° +21.5°, 6cm=75.6°
+14.4°, 9cm=80.4° £17.5). The mean wrist angle of E. rubriventer is not significantly

different between the 3cm (144.5° +21.2°) and 6cm (145.2° £12.0°) substrates.

153



Tabl e 40: Comparison of quantitative data for V. variegata as substrate size
increases. Bold indicates statistically significant differences between substrates,
performed as Mann -Whitney U pairwise comparisons.

V. variegata
Variable Sub‘strate N Mean | St Dev | Min | Max Pairwi‘se p-value
Size ) ©) ) (°) | Comparison
6cm 30 | 585 22.8 21.1 | 111.0 | 6cm-1lcm | 1.20E04
:;;‘e 1lem |33 | 354 | 201 | 53 | 893 | 1lcm-22cm 1
22cm 38 | 43.6 27.9 8.3 93.4 6cm-22cm 0.04725
6cm 30 | 634 14.7 345 | 96.8 6cm-11cm 0.3747
EAIE;IZ 11lcm 33| 705 15.0 40.3 | 116.1 | 11cm-22cm | 0.06242
22cm 38 | 819 21.7 432 | 1343 | 6cm-22cm | 2.09E03
) 6cm 30 | 1445 21.2 68.1 | 169.5| 6cm-11cm 1
Z\:;i 11cm 30 | 145.2 12.0 1139 | 164.4 | 11cm-22cm 0.1184
22cm 35 | 155.7 9.5 134.1 | 170.9 | 6cm-22cm 0.2802
Hand 6cm | 19| 523 | 112 | 320 | 739 | 6em-llem | 0.4504
Grip 11lcm 31| 475 115 233 | 740 | 11lcm-22cm 0.6189

Angle 22cm 36 | 445 11.7 131 | 713 | 6cm-22cm 0.123

6cm 37 | 57.7 33.0 9.8 | 1294 | 6cm-1lcm 0.5258

A}ige 1lem |30 | 457 | 206 | 131 | 972 | 11em-22em 1
2em [ 32] 499 | 219 | 108 [ 1064 | 6cm-22em 1
6em | 37| 621 | 295 | 103 | 129.4 | 6cm-1lcm | 3.29E06

ﬁgeﬁe 1lem |30 | 359 | 159 | 134 | 921 | 11cm-22em 1
2em |32 357 | 167 | 171 | 842 | 6cm-22cm | 4.88E06
6em | 44| 579 | 132 | 350 | 86.6 | 6cm-1lcm | 7.80E06

221;2 1lem |25| 424 | 89 | 286 | 625 | 1lem-22cm | 0.1532
22em 22| 372 | 80 | 261 | 545 | 6cm-22cm | 1.13E07

Foot

Grip 6cm 20 | 45.2 7.2 269 | 559 | 6cm-1lcm NA

Angle
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The mean wrist angle on the 11cm substrate (155.7° £22.3°) is larger than the 3cm and
6cm substrate, but is only significantly different than the 6cm substrate. This is likely
due to the large standard deviation on the 3cm substrate, but not the 6cm substrate. The
mean hand grip angle of E. rubriventer increases as substrate size increases (3cm= 44.2°
+13.1, 6cm=49.8° £12.4°, 11cm=51.3° +£16.3°), but are not significantly different.

The mean hip angle of E. rubriventer decreases from the 3cm (83.2° £32.3°) to the
6cm (63.5° £26.3°) substrate, and increases again on the 11cm (74.0° £28.6°) substrate, but
the means are not significantly different from each other. The mean knee angle of E.
rubriventer decreases on the 3cm substrate (80.8° £25.6°) to the 6cm substrate (69.6°
+23.6°), but increases again on the 11cm substrate (78.5° +27.0°). However, the means are
not significantly different from each other. The mean ankle angle of E. rubriventer
decreases from the 3cm (57.9° +10.5°) to 6cm (54.5° £12.0°) to 11cm (48.9° £8.5°)
substrates, but the only significant difference is when comparing the 3cm to the 11cm
substrate (p=2.61"). The mean foot grip angle increases from the 3cm (28.6° +13.0°) to
6cm (43.0° +11.3°) to 11cm (55.8° £12.7°) for E. rubriventer. All means for the foot grip
angle of E. rubriventer are significantly different from each other. The 3cm-6cm
comparison yields a p-value of 1.55%, 3cm-11cm yields a p-value of 9.67, and the 6cm-
11cm yields a p-value of 4.47°. Correlation tests show a negative correlation for the

ankle and knee angles, but a positive correlation for the elbow angle.
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Table 41: Comparison of quantitative data for E. rubriventer as substrate size
increases. Bold indicates statistically significant differences between substrates,
performed as Mann -Whi tney U pairwise comparisons.

E. rubriventer

. Substrate Mean | St Dev | Min | Max Pairwise
Variable . N o R R . p-value
Size °) °) ) (°) | Comparison
A 3cm 30 | 44.6 299 5.6 135.5 3cm-6cm 1
Arfnlle 6em | 31| 392 | 155 | 126 | 783 | 6cm-1lcm | 0.1349
& 11lcm 17 | 47.8 15.2 204 | 78.8 3cm-11cm 0.6575
3cm 30| 77.6 215 38.2 | 129.6 3cm-6cm 1
Elbow
Anele 6cm 30| 75.6 14.4 525 | 106.0 | 6cm-11lcm 1
& 11lcm 17 | 804 175 60.5 | 116.7 | 3cm-11cm 1
Wi 3cm 31 | 1494 17.1 109.6 | 172.0 3cm-6cm 1
An“ii 6em |29 | 1533 | 99 |127.6|1750| 6cm-llcm | 8.61E03
& 11lcm 17 | 157.5 8.4 1384 | 172.4 3cm-11cm 0.3467
Hand 3cm 25| 44.2 13.1 19.2 72.8 3cm-6cm 0.2977
Gl‘ip 6cm 33 | 49.8 124 21.0 77.6 6cm-11cm 1

Angle 11cm 21 | 513 16.3 12.8 | 83.3 | 3cm-1lcm 0.3081

3cm 37 | 83.2 32.3 254 | 170.0 | 3cm-6cm 0.04462

Aﬁge 6cm |33 | 635 | 263 | 168 | 121.0| 6ecm-1lem | 0.6828
1lem | 21| 740 | 286 | 285 | 1449 | 3cm-11cm 1
3em | 36| 808 | 256 | 328 [1345] 3cm-6em | 0.2744
ggﬁe 6em |33 | 696 | 236 | 315 | 1220| 6em-11em | 0.7684
Tlem |21| 785 | 279 | 403 | 1449 | 3cm-11cm 1
3cm 41 | 579 10.5 31.1 | 84.0 3cm-6cm 0.319
1‘:21;2 6cm 35| 545 | 120 | 37.8 | 962 | 6cm-1lem | 0.2174
1lem |23 | 489 | 85 | 338 | 646 | 3cm-llcm | 2.61E03
Foot 3em | 28| 286 | 130 | 119 | 839 | 3cm-6cm | 3.47E04
Grip 6cm |14 | 430 | 113 | 275 | 610 | 6cm-1lcm | 0.03627

Angle 11cm 15| 558 12.7 392 | 759 | 3cm-11lcm | 3.62E06
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3.3.2b.4 Lemur catta

All substrate size comparison data for L. catta can be found in Table 42. The mean
arm angle of L. catta increases from the 3cm substrate (30.4° +20.0°) to the 6cm (37.1°
+24.0°) and 11cm (38.4° +17.5°) substrates, however there are no significant differences
between the species. L. catta elbow angle decreases from the 3cm substrate (71.4° +12.9°)
to 61.1° +13.1° on the 6cm substrate, and increases again on the 11cm substrate to 79.4°
+14.2°. All means are significantly different from each other. The elbow angle mean of
the 3cm substrate compared to the 6cm substrate is significantly different (p=8.5573).
Comparing the elbow angle mean of 3cm to 11cm is significantly different
(p<0.0001.0234). The elbow angle mean of the 6cm is significantly different from the
11cm (p=6.79°). The mean wrist angle of L. catta increases slightly from the 3cm (146.5°
+16.3°) to 6cm (152.5° £14.4°) to 11cm (157.6° £9.1°) substrates. However, the only
significantly different mean is the 3cm compared with the 11cm substrate
(p<0.0001.04511). The mean hand grip angle of L. catta increases from the 3cm (42.8°
+12.2°) to 6cm substrate (42.9° £11.2), but decreases again on the 11cm substrate (35.8°
+14.4), though the means are not statistically significantly different.

The mean hip angle of L. catta decreases from the 3cm (89.6° +£31.4°) to the 6cm
(82.1° +28.9°) substrate, and increases on the 11cm (90.7° £29.9°) substrate, but the means

are not significantly different from each other. The mean knee angle of L. catta increases
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from the 3cm substrate (86.2° £31.2°) to the 6cm substrate (79.5° +27.6°), but decreases
again on the 11cm substrate (84.7° +28.4°). However, the means are not significantly
different from each other. The mean ankle angle of L. catta decreases from the 3cm (56.2°
+12.5°) to the 6cm (49.3° £11.6°) and 11cm (48.0° £12.5) substrates, and the 3cm substrate
is significantly different from both the 6cm and 11cm ankle angle means. There is no
significant difference between the 6cm and 11cm substrate ankle angle means. The foot
grip means increase for L. catta as substrate size increases (3cm=31.9° £7.0°, 6cm=43.5°
+8.5°, 11cm=54.3° +7.0°). All means are significantly different. The 3cm-6cm comparison
yields a p-value of 1.55%, 3cm-11cm yields a p-value of 9.677, and the 6cm-11cm
comparison yields a p-value of 4.47-. Correlation tests show the wrist angle increases
significantly as substrate size increases.

3.3.2b.5 Hapalemur griseus
All substrate size comparison data for H. griseus can be found in Table 43. The mean arm
angle of H. griseus decreases as substrate size increases (3cm=50.3° +25.1°, 6cm=44.3°
+20.9°, 9cm=37.7° £13.9°), but there are no significant differences between the species. H.
griseus increases the mean elbow angle as the substrate size increases (3cm=78.1° +26.6°,
6cm=81.9° +17.4°, 9cm=90.3° +14.6°), but comparing the 3cm and 6cm substrate and the
6cm and the 9cm substrate, the increase is not significant. The 3cm substrate is

significantly smaller than the 9cm mean elbow angle (p=9.2973).
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Table 42: Comparison of quantitative data for
increases. Bold indicates statistically significant differences between substrates,
performed as Mann -Whitney U pairwise comparisons.

L. catta as substrate size

L. catta
Variable Sub'strate N Mean | St Dev | Min | Max Pairwi‘se p-value
Size ) ©) ) (°) | Comparison
3cm 25| 304 20.0 4.4 91.6 3cm-6cm 0.7983
ﬁglle 6cm 34 | 37.1 24.0 1.8 | 1009 | 6cm-11lcm 0.131
1lcm 34 | 384 17.5 8.7 66.1 3cm-11em 1
3cm 25| 714 129 484 | 105.2 | 3cm-6cm 8.55E03
}ilﬁgz 6cm 34 | 61.1 13.1 39.0 | 97.8 6cm-11cm | 6.79E06
11cm 34| 794 14.2 445 | 101.6 | 3cm-11lcm 0.02335
) 3cm 23 | 146.5 16.3 117.6 | 170.1 3cm-6cm 0.7448
x;z 6em | 31| 1525 | 144 | 1248|1782 | 6em-1lem | 0.5959
11cm 32 | 157.6 9.1 138.9 | 176.8 | 3cm-11cm 0.04511
Hand 3em | 7 | 428 | 122 | 333 | 686 | 3cm-6cm 1
Grip 6cm 21| 429 11.2 225 | 67.5 | 6cm-1lcm 0.0812
Angle 1lcm 30| 35.8 144 14.0 | 753 | 3cm-1lcm 0.4063
) 3cm 32| 89.6 314 45.1 | 1349 | 3cm-6cm 1
Aljlgie 6cm 39 | 821 28.9 41.2 | 143.7 | 6cm-11cm 0.6266
11lcm 36 | 90.7 29.9 43.8 | 161.5 | 3cm-11cm 1
3cm 32| 86.2 31.2 45.1 | 134.9 3cm-6cm 1
f;‘ge; 6cm | 39| 795 | 276 | 396 | 1437 6em-11em 1
11cm 34 | 84.7 28.4 35.8 | 148.7 | 3cm-11lcm 1
Ankle 3cm 34 | 56.2 125 370 | 77.1 3cm-6cm 0.029
Angle 6cm 55| 49.3 11.6 293 | 92.7 6cm-11cm 1
11cm 33 | 48.0 12.5 30.0 | 815 3cm-11cm 0.0223
Foot 3em | 26| 319 | 70 | 171 | 427 | 3cm-6cm | 1.55E05
Grip 6cm 33| 435 8.5 28.0 | 56.5 6cm-11lcm | 4.47E05
Angle 11lcm 23 | 54.3 7.0 41.0 | 75.2 3cm-11lcm | 9.67E09
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The mean wrist angle of H. griseus increases as substrate size increases (3cm= 144.2°
+22.3° 6cm=150.2° £16.8°, 9cm= 157.4° +12.4°), but the means are not significantly
different from each other. The hand grip angle means of H. griseus decrease from the
3cm substrate (43.3° £10.9°) to the 6cm substrate (39.7° £13.6°), but increase from the 6cm
substrate to the 9cm (41.1° +14.1°) substrate. However, the means are not significantly
different from each other.

The mean hip angle of H. griseus decreases from the 3cm (59.7° £34.7°) to the 6cm
(48.1° +27.4°) to the 9cm (46.3° +£18.3°) substrate, but the means are not significantly
different. The mean knee angle of H. griseus decreases from the 3cm (64.1° +33.7°) to the
6cm substrate (54.9° £26.3°) and 9cm substrates (53.2° £19.8°). There are no significant
differences between means. The mean ankle angle of H. griseus decreases from the 3cm
(63.5° £13.5°) to the 6cm (55.9° £12.3°) and 9cm (52.0° +8.9°) substrates, and the 3cm
substrate has a significantly different mean compared to the 6cm (p<0.0001.02936) and
9cm (p=1.92+*) substrates. There is no significant difference between the 6cm and 9cm
substrates. The foot grip angle of H. griseus increases as substrate size increases, from
33.6° +£8.4° on the 3cm substrate to 47.5° £9.4° on the 6cm substrate to 57.0° £10.8° on the
9cm substrate. The mean on the 3cm substrate is significantly different from the 6cm
(p=1.65?) and 9cm (p=9.35?) substrates, but the 6cm and 9cm substrate means are not

significantly different from each other. Correlation tests show the ankle angle has a
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significantly negative correlation and foot grip angle has a significantly positive
correlation as substrate size increases
3.3.2b.6 Nycticebus coucang

All substrate size comparison data for N. coucang can be found in Table 44.The
mean arm angle of N. coucang increases from the 3cm (35.8° +21.5°) to the 6cm (37.1°
+14.7°) to the 9cm (41.8° £13.1°) substrate, but there are no significant differences
between the means. The mean elbow angle of N. coucang changes slightly, increasing
from 86.8° +22.0° on the 3cm substrate to 90.8° +16.3° on the 6cm substrate, but
decreasing again to 87.5° +12.0° on the 9cm substrate. The mean elbow angle is not
significantly different between any of the substrates. The mean wrist angle of N. coucang
changes very little as substrate size increases (3cm =155.0° +17.8°, 6cm=155.0° +13.3°,
9cm=156.9° +8.4°), and there are no significant differences between the means. The hand
grip angle increases from the 3cm (54.2° +13.7°) to the 6cm (74.9° +7.6°) to the 9cm (88.8°
+18.2°) substrate. The 3cm to 6cm substrate comparison approaches significance
(p<0.0001.6072), with a larger sample size the difference would likely become significant.
The 9cm substrate is significantly different from the 3cm substrate (p=1.68e-02), but the
9cm substrate is not significantly different from the 6cm substrate.

The mean hip angle of N. coucang decreases from the 3cm (89.2° +49.0°) to the

6cm (73.5° £39.9°) to the 9cm (62.7° £37.0°) substrate, but the means are not significantly
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Table 43: Comparison of quantitative data for

H. griseus as substrate size

increases. Bold indicates statistically significant differences between substrates,
performed as Mann -Whitney U pairwise comparisons.

H. griseus
Variable Sub'strate N Mean | St Dev | Min | Max Pairwi.se p-value
Size (°) °) ) (°) | Comparison
3cm 34 | 50.3 25.1 11.0 | 111.1 3cm-6cm 1
AA;;Ie 6cm 29 | 44.3 20.9 5.6 |114.5 6cm-9cm 0.1344
9cm 29 | 37.7 139 5.6 69.8 3cm-9cm 0.829
3cm 34 | 78.1 26.6 32.2 | 148.0 3cm-6cm 0.6988
iligg 6em |29 | 819 | 174 | 582 |1259| 6cm-9em | 0.1033
9cm 29 | 90.3 14.6 61.2 | 116.1 3cm-9cm 9.29E03
) 3cm 30 | 144.2 22.3 74.8 | 1729 3cm-6cm 1
X::;Z 6cm 29 | 150.2 16.8 85.6 | 1724 6cm-9cm 0.2253
9cm 28 | 1574 124 129.7 | 176.1 3cm-9cm 0.05294
Hand 3cm 33| 54.2 13.7 359 | 73.2 3cm-6cm 0.6056
Grip 6cm 31| 433 10.9 20.8 | 63.8 6cm-9cm 1
Angle 9cm 29 | 39.7 13.6 16,5 | 71.3 3cm-9cm 1
) 3cm 41 | 59.7 347 | 16.6 | 1255 | 3cm-6cm 1
Aljlg;e 6em 31| 481 | 274 | 75 |1279| 6cm-9em 1
9cm 29 | 46.3 18.3 17.3 | 88.0 3cm-9cm 1
3cm 41 | 64.1 33.7 16.6 | 126.6 3cm-6cm 1
E‘gfe 6cm 31| 549 | 263 | 236 |137.8| 6cm-9cm 1
9cm 29 | 53.2 19.8 27.8 | 92.1 3cm-9cm 1
3cm 43 | 63.5 135 | 395 | 91.7 | 3cm-6cm | 0.02936
1221;2 6cm (29| 559 | 123 | 369 | 855 | 6ecm9cm | 0.776
9cm 30 | 52.0 8.9 316 | 80.0 | 3cm-9cm | 1.92E04
Foot 3em |27| 336 | 84 | 193 | 559 | 3cm-6cm | 0.0165
Grip 6cm 6 47.5 94 37.6 | 57.7 6cm-9cm 0.335
Angle 9cm 9 57.0 10.8 447 | 74.8 3cm-9cm 9.35E05
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different from each other. The mean knee angle for N. coucang decreases from the 3cm
substrate (101.6° £33.0°) to the 6cm substrate (87.8° +27.4°), and increases again on the
9cm substrate (95.7° £26.5°), but the means are not significantly different. The mean
ankle angle of N. coucang decreases from the 3cm (91.8° +22.9°) to 6¢cm (79.7° £15.8°)
substrates, and increases again on the 9cm substrate (94.0° +22.4°), but there are no
significant differences between the means. The mean foot grip angle increases from the
3cm substrate (40.4° £13.7°) to 6cm (55.0° £18.1°) substrate in N. coucang, but there are
no significant differences between the means. The mean foot grip angle for the 9cm

substrate could not be calculated as there were only two trials collected (62.3°, 70.7°).

3.3.2b.7 Nycticebus pygmaeus

All substrate size comparison data for N. pygmaeus can be found in Table 45. On
the 2cm substrate, N. pygmaeus has a mean arm angle of 50.5° +20.7° with a range of 8.8°-
97.4° (n=25). On the 3cm substrate, the arm angle mean is 55.5° +23.4° with a range of
12.3°-128.4° (n=29). On the 6cm substrate, N. pygmaeus has a mean arm angle of 43.4°
+23.9° with a range of 12.5°-94.3° (n=32). There are no significant differences between the

means as substrate size increases.

163



Table 44: Compari son of quantitative data for N. coucangas substrate size
increases. Bold indicates statistically significant differences between substrates,
performed as Mann -Whitney U pairwise comparisons.

N. coucang
Variable Sub'strate N Mean | St Dev | Min | Max Pairwi.se p-value
Size (°) °) ) (°) | Comparison
3em | 11| 358 | 215 | 28 | 657 | 3cm-6cm 1
ﬁ;;‘e 6em | 9 | 371 | 147 | 113 | 532 | 6cm-9cm 1
g9em | 10| 418 | 131 | 153 | 625 | 3cm-9em 1
3em | 9| 1550 | 178 |1186]1722| 3cm-6em 1
Elbow
Angle 6em | 7 | 1419 | 133 [1253]1594| 6cm-9cm 1
9em | 9 | 1569 | 84 |1379]1668| 3cm-9cm 1
. 3em | 9 | 1550 | 17.8 | 1186|1722 | 3cm-6cm | 0.337
X:;Z 6ecm | 7 | 1419 | 133 |1253|159.4| 6cm-9cm | 0.05962
9em | 9 | 1569 | 84 |137.9|1668| 3cm-9cm 1
Hand 3cm 6 | 41.1 14.1 143 | 747 3cm-6cm 0.06072
Grip 6cm 6 74.9 7.6 60.5 | 80.6 6cm-9cm 0.2624
Angle 9em | 9 | 888 | 182 | 63.6 | 1138 | 3cm9cm | 0.0168
] 3cm 18 | 89.2 49.0 21.7 | 153.2 3cm-6cm 1
Aﬁge 6em | 11| 735 | 399 | 248 [1539| 6cm-9cm 1
9em | 11| 627 | 370 | 219 [1180| 3cm-9em | 0.4705
3cm 18 | 101.6 33.0 60.8 | 1604 3cm-6cm 0.601
fggfe 6cm | 11| 858 | 274 | 573 | 1539 | 6cm-9cm 1
9em | 11| 957 | 265 | 639 |137.6| 3cm-9cm 1
3em  |15| 918 | 229 | 698 | 1587 | 3cm-6cm | 0.272
f:il;g 6em | 10| 797 | 158 | 61.1 |111.7 | 6ecm-9cm | 0.2669
9em | 10| 940 | 224 | 708 | 1393 | 3cm-9cm 1
Foot 3em | 9 | 404 | 137 | 228 | 621
Grip 3cm-6cm 0.139
Angle 6em | 3| 550 | 181 | 343 | 67.8
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N. pygmaeus has a mean elbow angle of 63.1° £20.1° with a range of 33.2°-114.1°
(n=24) on the 2cm substrate. On the 3cm substrate, N. pygmaeus has a mean elbow angle
of 78.8° +21.2 with a range of 38.1°-125.7° (n=29). On the 6cm substrate, they have a mean
elbow angle of 82.4° +21.7 with a range of 21.4°-128.4° (n=32). Both the 3cm and 6cm
substrates are significantly different from the 2cm substrate (3cm p<0.0001.0124, 6cm
p<0.0001.001303), but the 3cm and 6cm substrates are not significantly different from
each other. The elbow angle has a significantly positive correlation as substrate size
increases. On the 2cm substrate, the mean wrist angle is 157.5° +10.5° with a range of
130.2°-170.7° (n=22). On the 3cm substrate, the mean wrist angle is 150.0° £16.0° with a
range of 106.0°-173.7° (n=19). On the 6cm substrate, the mean wrist angle is 158.0° £10.1°
with a range of 135.0°-175.3° (n=21). There are no significant differences between mean
wrist angles for N. pygmaeus.

On the 2cm substrate, the mean hand grip angle is 58.5° +13.5° with a range of
34.8°-81.6° (n=12). On the 3cm substrate, the mean hand grip angle is 64.5° +15.5° with a
range of 34.8°-95.1° (n=14). On the 6cm substrate, the mean hand grip angle is 63.1°
+16.9° with a range of 24.6°-96.6° (n=20). There are no significant differences between
mean hand grip angles for N. pygmaeus.

N. pygmaeus has a mean hip angle of 52.9° +42.3° with a range of 8.2°-154.7° on

the 2cm substrate (n=45). On the 3cm substrate, N. pygmaeus has a mean hip angle of
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53.7° +42.6° with a range of 3.3°-147.3° (n=34). On the 6cm substrate, they have a mean
hip angle of 53.7° +42.7° with a range of 3.2°-143.7° (n=36). There are no significant
differences between the means.

N. pygmaeus has a mean knee angle of 86.1° +28.9° with a range of 35.2°-154.7°
(n=45) on the 2cm substrate. On the 3cm substrate, the mean knee angle is 89.9° +33.6°
with a range of 27.2°-147.3° (n=33). On the 6cm substrate, the mean knee angle is 87.2°
+33.6° with a range of 33.9°-147.1° (n=36). There are no significant differences as size
increases.

On the 2cm substrate, the mean ankle angle for N. pygmaeus is 112.3° +33.9° with
a range of 58.2°-174.4° (n=41). On the 3cm substrate, the mean ankle angle is 112.2°
+32.4° with a range of 62.9°-161.6° (n=22). On the 6cm substrate, the mean ankle angle is
105.1° £38.6° with a range of 55.3°-165.8° (n=26). There are no significant differences
between the means.

On the 2cm substrate, the mean foot grip angle for N. pygmaeus is 39.7° £14.0°
with a range of 18.9°-75.4° (n=14). On the 3cm substrate, the mean foot grip angle is 46.3°
+10.1° with a range of 21.3°-67.4° (n=15). On the 6cm substrate, the mean foot grip angle
is 53.5° £17.2° with a range of 26.1°-81.4° (n=11). Though the means increase with

substrate size, there are no significant differences between the means.
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Table 45: Comparison of quantitative data for N. pygmaeusas substrate size
increases. Bold indicates statistically significant differences between substrates,
performed as Mann -Whitney U pairwise comparisons.

N. pygmaeus
Variable Sub:.strate N Mean | St Dev | Min | Max Pairwi.se p-value
Size ) ®) ) (°) | Comparison
05in |25 505 | 207 | 88 | 974 | 05in-3cm | 0.8233
ﬁ;e 3em | 29| 555 | 234 | 123 |1284| 3cm-6cm | 0.1563
6cm | 32| 434 | 239 | 125 | 943 | 05in-6ecm | 0.4106
05in |24 631 | 201 | 332 |1141| 0.5in-3cm | 0.0124
i}i;ﬁ 3em |29 | 788 | 212 | 381 | 1257 | 3cm-6cm 1
6cm |32 | 824 | 217 | 214 | 1284 | 0.5in-6cm | 0.001303
. 05in |22 | 1575 | 105 |130.2|170.7 | 0.5in-3cm | 0.2328
ZV;;Z 3em |19 | 150.0 | 160 |106.0 | 1737 | 3cm-6cm | 0.1966
6cm |21 | 1580 | 101 |135.0 | 175.3 | 0.5in-6cm 1
Hand 05in |12 | 585 | 135 | 393 | 81.6 | 0.5in-3cm 1
Grip 3cm 14 | 64.5 15.5 348 | 95.1 3cm-6cm 1
Angle 6cm  |20| 631 | 169 | 246 | 96.6 | 0.5in-6cm 1
. 05in |45 529 | 423 | 82 |1547 | 0.5in-3cm 1
Aig;e 3cm | 34| 537 | 426 | 33 |1473| 3cm-6cm 1
6cm |36 | 536 | 344 | 32 [143.7| 0.5in-6cm 1
05in |45 | 861 | 289 | 352 | 1547 | 0.5in-3cm 1
f:ge; 3em | 33] 899 | 336 | 272 [1473| 3cm-6cm 1
6cm |36 | 872 | 336 | 339 |147.1| 0.5in-6cm 1
0.5in 41 | 112.3 33.9 582 |174.4 | 0.5in-3cm 1
22;2 3em | 22| 1122 | 324 | 629 [1616| 3cm-6em 1
6cm |26 | 1051 | 386 | 554 | 165.8 | 0.5in-6cm 1
Foot 05in |14 | 397 | 140 | 189 | 754 | 05in-3cm | 0.156
Grip 3cm 15| 46.3 10.1 213 | 674 3cm-6cm 0.761
Angle 6cm | 11| 535 | 172 | 261 | 814 | 0.5in-6cm | 0.0918
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3.3.2b.8 Cheirogaleus medius

All substrate size comparison data for N. pygmaeus can be found in Table 46. On
the 2cm substrate, C. medius has a mean arm angle of 37.6° +18.1° with a range of 8.6°-
77.2° (n=17). On the 3cm substrate, C. medius has a mean arm angle of 35.0° +18.5° with a
range of 16.5°-96.4° (n=22).

On the 2cm substrate, C. medius has a mean elbow angle of 78.5° +19.1° with a
range of 50.1°-114.3° (n=17). On the 3cm substrate, C. medius has an elbow angle 78.4°
+19.7° with a range of 51.5°-130.3° (n=22). There are no significant differences between
the mean elbow angle of C. medius on the 2cm substrate and the 3cm substrate.

Statistics are unable to be calculated for the wrist angle and hand grip angle of C.
medius on the 2cm substrate, as only two trials have data for the wrist angle, of 136.0°
and 155.7°. On the 3cm substrate, C. medius has a wrist angle of 145.7° +10.2 with a range
of 133.0°-165.1° (n=9). There is only one hand grip trial for C. medius on the 2cm
substrate, of 69.4°. On the 3cm substrate, C. medius has a hand grip mean of 55.7° +17.8°
with a range of 29.1°-78.5° (n=6).

On the 2cm substrate, C. medius has a mean hip angle of 40.9° +24.9° with a range
of 10.6°-106.2° (n=17). On the 3cm substrate, C. medius has a mean hip angle of 38.4°

+27.5° with a range of 4.3°-119.7° (n=21).
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On the 2cm substrate, C. medius has a mean knee angle of 62.3° £20.0° with a
range of 39.4°-115.8° (n=17). On the 3cm substrate, C. medius has a mean knee angle of
64.6° +20.8° with a range of 33.1°-108.4° (n=21). There are no significant differences
between the means.

C. medius has a mean ankle angle of 53.4° +18.6° with a range of 53.4°-117.9°
(n=16) on the 2cm substrate. On the 3cm substrate, they have a mean ankle angle of 84.4°
+21.5° with a range of 59.6°-129.9°. The means are not significantly different.

Foot grip angles cannot be compared as substrate size increases for C. medius
because only one trial was collected from the 2cm substrate (49.5°). On the 3cm
substrate, C. medius has a mean of 43.4° +13.8° with a range of 28.5°-58.3° (n=5).

The pattern of change here was inconsistent and not in accordance with
some of the predictions. Overall, foot grip angle appear to be the most sensitive to
substrate changes. Thus, although species varied in their preference for VCG postures
by substrate (see SPI results), the kinematics of the VCG remained relatively consistent
across substrates, suggesting constraint on the postural variance.
3.3.2c Body mass comparisons

In this section species are compared by body mass within locomotor groups as

described in Materials and Methods.

169



Table 46: Comparison of quantitative data for N. pygmaeusas substrate size
increases. Bold indicates statistically significant differences between substrates,
performed as Mann -Whitney U pairwise comparisons.

C. medius
Substrat M
Variable HPSHARe | N a1 gt pey (°) | Min (°) | Max (°) | p-value
Size ®)
05in | 17| 376 18.1 8.6 77.2
Arm Angle 0.4878
3em | 22| 35.0 184 16,5 96.4
Elbow 05in | 17| 785 19.1 50.1 114.3
0.9887
Angle 3cm | 22| 784 19.7 515 | 130.3
Wrist 3em | 9 | 1457 10.2 133.0 | 165.1 NA
Angle
Hand Grip |5 | ¢ | 557 17.8 29.1 78.5 NA
Angle
, 05in | 17| 409 24.9 106 | 1062
Hip Angle 0.7467
3cm | 21| 384 27.5 43 119.7
Knee 05in | 17| 623 20.0 394 | 115.8 066
Angle 3cm | 21| 646 20.8 33.1 108.4 '
Ankle 05in | 16| 741 18.6 534 | 117.9 0127
Angle 3cm 16 | 844 215 59.6 129.9 '
- )
ootGrip | 5 | 5| 434 137 285 | 585 N/A
Angle

3.3.2c1 Vertical clinging and leaping primates

On the smallest substrate size, the mean arm angles between P. verrauxi (46.6°
+30.9°), E. rubriventer (44.6° £29.9°) and H. griseus (50.3° +£25.1°) are not significantly
different from each other (Table 47). The mean elbow angles are not significantly

different from each other (P. verrauxi=68.1° +18.7°, E. rubriventer=77.6° +21.5°, H.
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griseus=78.1° £26.6°). There are no significant differences between wrist angles (P.
verrauxi= 152.7° £12.9°, E. rubriventer=144.5° +21.2°, H. griseus=144.2° +22.3°). For the
mean hand grip angle, P. verrauxi has a significantly larger hand grip angle (52.0° +10.5°)
than that of H. griseus (43.3° £10.9°) with a p=9.6873. E. rubriventer has a mean hand grip
angle (44.2° +13.1°) that is not significantly different from either P. verrauxi or H. griseus
(Table 47).

Data from the lower limb shows more consistent and significant differences as a
function of body size on the smallest substrate size than the upper limb. The mean hip
angle of P. verrauxi (20.0° £6.9°) is significantly lower than both E. rubriventer (83.2°
+32.3° p=1.65"%) and H. griseus (59.7° +34.7°, p=9.14-12, Table 47). E. rubriventer also has a
mean hip angle that is significantly larger than H. griseus (p<0.0001.007534). The mean
knee angle of P. verrauxi (18.6° +5.7°) is significantly lower than both E. rubriventer (80.8°
+25.6° p=1.45e-14) and H. griseus (64.1° £33.7°, p=8.92e-14). H. griseus has a mean knee
angle significantly lower than E. rubriventer (p<0.0001.3555). The mean ankle angle is
significantly lower in P. verrauxi (46.4° +7.9°) than both E. rubriventer (57.9° £10.5°,
p=5.977) and H. griseus (63.5° +13.5°, p=2.1219). E. rubriventer and H. griseus are not

significantly different in mean ankle angle. P. verrauxi has a mean foot grip angle
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Table 47: Comparisons of quantitative data within the vertical clinging and
leapin g locomotor mode, as body size decreases on the smallest substrate size, relative
to the species. P. ver =P. verrauxi =P. ver= P,E. rubriventer =E. rub = E and H. griseus

=H. gri = H. The smallest substrate size for P. verrauxi is the 6cm substrate. The
smallest substrate size for E. rubriventer and H. griseusis the 3cm substrate. PW Comp
are pairwise comparisons. Bold indicates statistically significant differences between
pairwise Mann -Whithey U comparisons.

VCL Group - Smallest Substrate Size

Substrate Species | N Mean | St Dev | Min | Max | PW p-value
Size ©) | @ || © | Comp
P.ver | 37 | 46.6 30.9 39 |1134 | P-H 1
,:;zrrlle E.rub | 30 | 44.6 29.9 56 | 1355 E-H 0.6702
H.gri | 34 | 503 25.1 11.0 | 111.1 E-P 1
P.ver | 37 | 68.1 18.7 37.8 | 108.3 P-H 0.325
Elbow
Angle E. ru? 30 | 77.6 21.5 38.2 | 129.6 E-H 1
H.gri | 34| 781 26.6 322 | 148.0 E-P 0.129
) P.ver | 37 | 152.7 12.9 120.1 | 173.2 P-H 0.589
X:;i E.rub | 31 | 1494 17.1 109.6 | 172.0 E-H 1
H.gri | 30 | 144.2 22.3 74.8 | 1729 E-P 0.419
Hand P.ver | 28 | 52.0 10.5 313 | 83.0 P-H 9.68E03
Grip E.rub | 25 | 44.2 13.1 192 | 72.8 E-H 1

Angle H.gri | 33| 542 13.7 359 | 732 E-P 0.0631

P.ver | 49 | 20.0 6.9 8.8 | 43.8 P-H 9.14E12

Alflge Erub | 37| 832 | 323 | 254 [1700| E-H | 7.53E03
H.gri | 41| 597 | 347 | 166 | 1255| EP | 1.65E14
Pooer | 49| 186 | 57 | 88 | 438 | P-H | 8.92E14
;(:geﬁe E.rub | 36 | 808 | 256 | 328 |1345| E-H 0.03555
Hogri | 41| 641 | 337 | 166 | 1266| EP | 1.45E14
P.ver | 51| 464 | 79 | 326 | 677 | P-H | 2.12E10
Ankle
Angle E.rub | 41| 579 | 105 | 311 | 840 | E-H 0.2623
H.gri | 43 | 635 13.5 395 | 91.7 E-P 5.97E07
| Pooer [35] 404 | 60 | 295|528 | PH | 4.25E07
FootGrip ™2 ™18 | 286 | 130 | 119 | 839 | EH 0.01867
Angle

H.gri | 27 | 33.6 8.4 19.3 | 559 E-P 1.97E03
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(40.4° +6.0°) that is significantly larger than both E. rubriventer (28.6° +13.0°, p=4.257) and
H. griseus (33.6° +8.4, p=1.973). E. rubriventer is also significantly smaller than H. griseus
(p<0.0001.01867, Table 47).

Once again, the lower limb shows consistent and significant differences as a
function of body size. For the lower limb on the medium substrate size, the mean hip
angle of P. verrauxi (21.2° £11.4°) is significantly lower than E. rubriventer (63.5° +26.3°,
p=9.71"") and H. griseus (48.1° +27.4°, p="7.10-%, Table 48). P. verrauxi has a significantly
lower mean knee angle (17.5° +9.2°) than E. rubriventer (69.6° +23.6°, p=5.08"%) and H.
griseus (54.9° +26.3°, p=4.37-2). E. rubriventer has a significantly higher knee angle than H.
griseus (p=9.83). For the ankle angle, P. verrauxi has a significantly lower mean (35.4°
+8.5°) than both E. rubriventer (54.5° +12.0°, p=3.37-1%) and H. griseus (55.9° £12.3°, p=1.46
). There are no significant differences between E. rubriventer and H. griseus. The mean
foot grip angle of P. verrauxi (60.7° £15.9°) is significantly larger than E. rubriventer (43.0°
+11.3, p=1.15%) and H. griseus (47.5° +9.4°, p<0.0001.0243). There are no significant
differences between E. rubriventer and H. griseus (Table 48).

On the largest substrate, the arm angle shows no significant differences between
the means of P. verrauxi (50.1° +26.9°), E. rubriventer (47.8° £15.2°), and H. griseus (37.7°

+13.9°, Table 49). There are also no significant differences between elbow angle
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Table 48: Comparisons of quantitative data within the vertical clinging and
leaping locomotor mode, as body size decreases on the medium substrate size,
relative to the species. P. ver =P. verrauxi =P. ver = P,E. rubriventer =E. rub=E and H.
griseus=H. gri = H. The medium substrate size for P. verrauxi is the 11cm substrate.
The medium substrate size for E. rubriventer and H. griseusis the 6cm substrate. PW
Comp are pairwise comparisons. Bold indicates statistically sign ificant differences
between pairwise Mann -Whitney U comparisons.

VCL Group - Medium Substrate Size

Substrate Species | N Mean | StDev | Min | Max PW p-value
Size ©) | O | 0| © | Comp
P.ver | 39 | 501 | 294 | 25 |1061| P-H 1
ﬁ;;e E.rub | 31 | 392 | 155 | 126 | 783 | E-H 1
H.gri | 29 | 443 | 209 | 56 |1145| EP 0.438
Elbow |_Pover |39 749 | 223 | 424 |1457| PH 0.159
Angle |Erub |30 756 | 144 | 525 [1060| EH 0.5389
H.ogri | 29 | 819 | 174 | 582 | 1259 | E-P 1

P.ver | 34 | 156.1 9.5 136.4 | 173.2 | P-H 7.95E04
E.rub | 29 | 153.3 9.9 127.6 | 175.0 | E-H 0.2065
H.gri | 29 | 150.2 16.8 85.6 | 1724 | E-P 0.497

Wrist
Angle

Hand P.ver | 39 | 625 15.1 325 | 88.7 P-H 7.61E07
Grip E.rub | 33 | 49.8 124 21.0 | 77.6 E-H 6.88E03
Angle H.gri | 31 | 433 109 20.8 | 63.8 E-P 1.44E03

P.ver | 46 | 21.2 11.4 82 | 69.8 P-H 7.10E08

Hip Erub | 33| 635 | 263 | 168 |121.0| EH 0.0297
Angle i | 31 | 481 | 274 | 75 |1279| EP | 9.71E11
P.over | 46 | 175 | 92 | 80 | 698 | P-H | 4.37E12
f:l‘gelee E.rub | 33 | 696 | 236 | 315 |1220| E-H | 9.78E03
H.ogri |31 ] 549 | 263 | 236 |1378| E-P | 5.08E13
P.ver | 45| 354 | 85 | 206 | 584 | P-H | 3.37E10

ﬁfg(i Erub | 35| 545 | 120 | 378 | 962 | EH 1
H.gri | 29 | 559 12.3 369 | 855 E-P 1.46E09
P.ver | 20| 60.7 | 159 | 213 | 1083 | P-H 0.0243

Foot Grip | E.rub | 14 | 43.0 11.3 275 | 61.0 E-H 0.7965
H.ogri | 6 47.5 9.4 37.6 | 57.7 E-P 1.15E03

174



means of P. verrauxi (89.1° £22.3°), E. rubriventer (80.4° £17.5°), and H. griseus (90.3°
+14.6°). There are no significant differences between the wrist angle means of P. verrauxi
(160.1° £9.6°), E. rubriventer (155.6° +9.5°), and H. griseus (157.4° +12.4°). The mean hand
grip angle of H. griseus (41.1° £12.4°) is significantly lower than P. verrauxi (60.6° +14.3°,
p=1.46") and E. rubriventer (51.3° +16.3, p<0.0001.0495, Table 49). There are no significant
differences between the mean hand grip angle of E. rubriventer and P. verrauxi.

The mean hip angle for the largest substrate is significantly smaller for P. verrauxi
(22.2° £11.5°) than E. rubriventer (74.0° £28.6°, p=1.78%) and H. griseus (46.3° +18.3°,
p=1.17%, Table 49). E. rubriventer has a significantly higher hip angle than H. griseus
(p=5.64+*). The mean knee angle is significantly lower in P. verrauxi (18.3° £7.8°) than both
E. rubriventer (78.5° +27.6°, p=7.30"%) and H. griseus (53.2° + 19.8°, p=4.06"). E. rubriventer
has a significantly higher knee angle than H. griseus (p=3.31-?). The mean ankle angle of
P. verrauxi (35.0° +10.3°) is significantly lower than E. rubriventer (48.9° +8.5°, p=1.44*)
and H. griseus (52.0° £8.9°, p= 1.06°). E. rubriventer is not significantly different from H.
griseus in the ankle angle. The mean foot grip ankle of P. verrauxi (58.0° +16.4°), E.
rubriventer (55.8° £12.7°), and H. griseus (57.0° +10.8°) are not significantly different on

the largest substrate (Table 49).
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Table 49: Comparisons of quantitative data within the vertical clinging and
leaping locomotor mode, as body size decreases on the medium substrate size,
relative to the species. P. ver =P. verrauxi =P. ver = P,E. rubriventer =E. rub=E and H.
griseus=H. gri = H. The large substrate size for P. verrauxi is the 22cm substrate. The
large substrate size for E. rubriventer is the 11cm substrate. The large substrate for H.
griseusis the 9cm substrate. PW Comp are pairwise comparisons. Bold indicates
statistically significant differences between pairwise Mann  -Whitney U comparisons.

VCL Group - Large Substrate Size

Substrate Species | N Mean | StDev | Min | Max PW p-value
Size ©) | O | 0| © | Comp
P.ver |38] 501 | 269 | 23 |[1155| P-H 0.288
ﬁ;;e Erub |17 | 478 | 152 | 204 | 788 | E-H | 0.07279
H.ogri | 29| 377 | 139 | 56 | 698 | E-P 1
Elbow | P-ver |38 890 | 223 | 524 |1438| PH 1
Angle Lo 1171 804 | 175 [ 605 [1167] EH 0.1285
H.ogri | 29| 903 | 146 | 612 |1161| E-P 0.579
, P.ver | 33| 1601 | 96 |1383|1761| P-H 1
X:{;{i E.rub |17 | 1575 | 84 |1384|1724| E-H 1
H.gri |28]| 1574 | 124 [1297]1761| E-P 0.359

Hand P.ver |33 | 60.6 14.3 28.2 | 86.3 P-H 1.46E05
Grip E.rub |21 | 51.3 16.3 12.8 | 83.3 E-H 0.04945
Angle H gri |29 | 39.7 13.6 165 | 71.3 E-P 0.129

P.ver |31 | 222 11.5 10.0 | 47.2 P-H 7.30E10

Hip E.rub | 21| 740 | 286 | 285 [1449| E-H | 5.64E04
Angle i |20 | 463 | 183 | 173 | 880 | E-P | 4.06E09
P.ver |31| 183 | 78 | 93 | 391 | PH | 7.30E10
ﬁgeﬁe E.rub | 21| 785 | 279 | 403 |1449| EH | 3.31E03
H.ogri |29] 532 | 198 | 278 | 921 | EP | 4.06E09
P.ver |30| 350 | 103 | 199 | 561 | P-H | 1.06E06
ir‘k}e E.rub | 23| 489 85 | 338 | 646 | E-H 0.461
"€ | Hogri 30| 520 | 89 | 316|800 | EP | 1.44E04
P.ver | 10| 580 | 164 | 222 | 781 | P-H 1
FootGrip | E.rub | 15| 558 | 127 | 392 | 759 | E-H 1
Hogri | 9| 570 | 108 | 447 | 748 | E-P 1
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3.3.2c.2 Arboreal Quadrupeds

The patterns for this group compared to VCL are more variable. On the smallest
substrate size, N. pygmaeus has a mean arm angle of 50.5° +20.7°, N. coucang has a mean
arm angle of 35.8° +21.5°, L. catta has a mean arm angle of 30.4° +20.0°, and V. variegata
has a mean arm angle of 58.5° +22.8° (Table 50). N. pygmaeus is significantly arm angle
higher than L. catta (p=5.4473). V. variegata has a significantly higher arm angle than L.
catta (p=1.38+*). For mean elbow angles, N. pygmaeus has a mean elbow angle of 63.1°
+20.1°, N. coucang has a mean elbow angle of 86.8° +22.0°, L. catta has a mean elbow
angle of 71.4° +12.9°, and V. variegata has a mean elbow angle of 63.4° £14.7°. The mean
of N. pygmaeus is significantly lower mean than N. coucang (p<0.0001.0291), and V.
variegata has a significantly lower elbow angle mean than N. coucang as well
(p<0.0001.0454). For wrist angle means, N. pygmaeus has a mean of 157.5° £10.5°, N.
coucang has a mean of 155.0° £17.8°, L. catta has a mean of 146.5° +16.3, and V. variegata
has a mean of 149.4° £17.1°. There are no significant differences between species in wrist
angle means. For hand grip angle means, N. pygmaeus has a mean of 58.5° +13.5°, N.
coucang has a mean of 74.9° £7.6°, L. catta has a mean of 42.8° +£12.2°, and V. variegata has
a mean of 52.3° +14.4°. There are no significant differences between species in hand grip

mean (Table 50).
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Table 50: Comparisons of upper limb quantitative data within the arboreal
guadruped locomotor mode, as body size decreases on the small substrate size,
relative to the species. This table does not include data for C. mediusas their
substrates are considered only a medium and large sized substrate. V. variegata =V.
var =V, L. catta =L. cat =L, N. coucang=N. cou =NC, N. pygmaeus =N. pyg = NP. The
small substrate sizes by species are as follows: V. variegata on the 6¢cm substrate, L.
catta on the 3cm substrate, N. coucangon the 3cm substrate and N. pygmaeuson the
2cm substrate. PW Comp are pairwise comparisons. PW Comp are pairwise
comparisons. Bold indicates statistically significant differences between pairwise
Mann -Whitney U comparisons.

Arboreal Quadruped Group - Small Substrate Size, Upper Limb

Subétrate Species | N Mean | StDev | PW p-value PW p-value
Size ) ®) Comp Comp
V.var | 30 | 585 22.8 V-L | 1.38604 | L-NC 1
Arm L.cat | 25 | 304 20.0 | V-NC 0.125 L-NP 5.44E03
Angle N.cou | 11 | 358 215 | V-NP 1 NP-NC 0.7847

N.pyg | 25 | 50.5 20.7

V.var | 30 | 634 14.7 V-L 0.481 L-NC 0.424

Elbow | L.cat | 25 | 714 | 129 |V-NC | 0.0454 | L-NP 0.125
Angle | N.cou | 9 | 903 | 146 | V-NP 1 NP-NC | 0.02919
N.pyg | 24 | 631 | 201
V.oar | 30 | 1445 | 212 | V-L 1 L-NC 0.726
Wrist | L.cat | 23 | 1465 | 163 | V-NC 1 L-NP 0.12
Angle | N.cou | 9 | 1550 | 178 | V.NP| 0.732 | NP-NC 1

N.pyg | 22 | 157.5 10.5

V.var | 19 | 523 11.2 V-L 0.386 L-NC 0.8017

}éaf‘d Lt | 7 | 428 | 122 |V-.NC| 1 LNP | 0.1207
Tl
o | Noow | 6 | 411 | 141 [VNP| 1 NP-NC 1
ngle

N.pyg | 12 | 585 13.5
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For the lower limb, the hip angle means include 52.9° +42.6° for N. pygmaeus,
89.2° +49.0° for N. coucang, 89.6° +31.4° for L. catta, and 57.7° +33.0° for V. variegata (Table
51). N. pygmaeus has a significantly lower mean than N. coucang (p<0.0001.0204) and L.
catta (p=3.41+*). L. catta has a significantly higher mean than V. variegata (p=2.04*). There
were no other significant differences between means. The knee angle means include
86.1° +28.9° for N. pygmaeus, 101.6° £33.0° for N. coucang, 95.7° +26.5° for L. catta and 62.1°
+29.5° for V. variegata. V. variegata has a significantly lower mean knee angle than N.
pygmaeus (p=1.043), N. coucang (p=4.26*), and L. catta (p=5.50). No other means were
significantly different from each other. For the ankle angle, N. pygmaeus has a mean of
112.3° £33.9°, N. coucang has a mean of 91.8° +22.9°, L. catta has a mean of 56.2° +12.5, and
V. variegata has a mean of 57.9° £13.2°. L. catta has a significantly lower mean than both
N. pygmaeus (p=1.45"°) and N. coucang (p=1.45°). V. variegata has a significantly lower
mean than N. pygmaeus (p=9.53"2) and N. coucang (p=8.377). The Nycticebus species were
not significantly different, and V. variegata and L. catta were not significantly different
either. The foot grip angle means include 39.7° +14.0° for N. pygmaeus, 40.4° +13.7° for N.
coucang, 31.9° £7.0° for L. catta, and 45.2° £7.2° for V. variegata. V. variegata has a
significantly higher mean than L. catta (p=1.50"), but none of the other means are

significantly different from each other (Table 51).
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Table 51: Comparisons of lower limb quantitative data within the arboreal
guadruped locomotor mode, as body size decreases on the small substrate size,
relative to the species. This table does not include data for C. mediusas their
substrates are considered only a medium and large sized substrate. V. variegata =V.
var =V, L. catta =L. cat =L, N. coucang=N. cou =NC, N. pygmaeus =N. pyg = NP. The
small substrate sizes by species are as follows: V. variegata on the 6¢cm substrate, L.
catta on the 3cm substrate, N. coucangon the 3cm substrate and N. pygmaeuson the
2cm substrate. PW Comp are pairwise comparisons. Bold indicates statistically
significant differences between pairwise Mann -Whitney U comparisons.

Arboreal Quadruped Group - Small Substrate Size, Lower Limb

Substrate Species | N Mean | StDev | PW value PW value
Size p ) ®) Comp P Comp P
V.var | 37 | 57.7 33.0 V-L | 2.04E04 | L-NC 1

Hip L.cat | 32 | 89.6 314 | V-NC 0.273 L-NP 3.41E04
Angle | N.cou | 18 | 89.2 490 | V-NP | 08158 | NP-NC | 0.02042
N.pyg | 45 | 529 423
V.var | 37 62.1 29.5 V-L | 5,50E03 | L-NC 0.732
Knee L. cat 32 86.2 31.2 V-NC | 4.26E04 L-NP 1
Angle N.cou | 18 | 101.6 33.0 V-NP | 1.04E03 | NP-NC 0.5563
N.pyg | 45 | 86.1 289
V.var | 44 | 579 13.2 V-L 1 L-NC 2.45E06
Ankle L. cat 34 56.2 12.5 V-NC | 8.37E07 L-NP 1.45E10
Angle | N.cou | 15 | 91.8 | 229 | V-NP | 953612 | NP-NC | (.3548
N.pyg | 41 | 1123 | 339
V.var | 20 45.2 7.2 V-L 1.50805| L-NC 0.704
L. cat 26 31.9 7.0 V-NC 1 L-NP 0.145
N. cou 9 40.4 13.7 V-NP 0.339 NP-NC 1
N.pyg | 14 | 397 | 140

Foot
Grip
Angle

On the medium substrate size, C. medius has a mean arm angle of 37.6° £18.1°, N.

pygmaeus has a mean arm angle of 55.5° +23.4°, N. coucang has a mean arm angle of 35.8°
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+21.5, L. catta has a mean arm angle of 37.1° £24.0°, and V. variegata has a mean arm
angle of 35.4° +20.1° (Table 52). N. pygmaeus has a mean arm angle significantly higher
than L. catta (p<0.0001.028) and V. variegata (p=3.99). For mean elbow angles, C. medius
has a mean of 78.5° £19.1°, N. pygmaeus has a mean of 78.8° +21.2°, N. coucang has a mean
of 90.8° +16.3°, L. catta has a mean of 61.1° +13.1°, and V. variegata has a mean of 70.5°
+15.0°. L. catta has a significantly lower mean elbow angle than C. medius
(p<0.0001.0154), N. pygmaeus (p=3.112), and N. coucang (p=8.64*). V. variegata also has a
significantly lower mean elbow angle than N. coucang (p<0.0001.0295). For mean wrist
angle, C. medius has a mean wrist angle of 145.8° £13.9°, N. pygmaeus has a mean of
150.0° £16.0°, N. coucang has a mean of 141.9° +13.3°, L. catta has a mean of 152.5° +14.4°,
and V. variegata has a mean wrist angle of 153.3° £9.9°. There are no significant
differences between species for the mean wrist angles. For the hand grip angles, N.
pygmaeus has a mean of 64.5° +15.5°, N. coucang has a mean of 74.9° +7.6°, L. catta has a
mean of 42.9° +11.2°, and V. variegata has a 47.5° +11.5°. L. catta has a significantly smaller
mean than both N. pygmaeus (p=2.293) and N. coucang (p=2.017). V. variegata also has a
significantly smaller mean than N. pygmaeus (p=5.36?) and N. coucang (p=1.15%). The
Nycticebus species do not have means that are significantly different from each other,
and L. catta and V. variegata are not significantly different from each other in hand grip

means (Table 52).
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Table 52: Comparisons of upper limb quantitative data within the arboreal
guadruped locomotor mode, as body size decreases on the medium substrate size,
relative to the species. V. variegata =V. var =V, L. catta =L. cat =L, N. coucang=N.

cou =NC, N. pygmaeus=N. pyg = NP and C. medius=C. med= C. The medium
substrate sizes by species are as follows: V. variegata on the 11cm substrate, L. catta
on the 6¢cm substrate, N. coucangon the 6¢cm substrate, N. pygmaeuson the 3cm
substrate, and C. mediuson the 2cm substrate. PW Comp are pairwise comparisons.
Bold indicates statistically significant differences between pairwise Mann -Whitney U
comparisons.

Arboreal Quadruped Group - Medium Substrate Size, Upper Limb

Substrate Species | N Mean | St Dev PW value PW value
Size P (°) (°) Comp p Comp P
V. var 33 354 20.1 V-L 1 L-NC 1
L. cat 34 37.1 24.0 V-NC 1 L-NP 0.0283
Arm N.ocow | 9 | 371 | 147 | V-NP | 3.99803 | L-C 1
Angle
N. pyg 29 55.5 234 V-C 1 NP-NC 0.196
C. med 25 50.5 20.7 C-NP 0.08295 C-NC 1

V. var 33 70.5 15.0 V-L 0.0742 L-NC | 8.64E04

L. cat 34 61.1 13.1 V-NC 0.0295 L-NP | 3.11E03

ilﬁzlv;’ N.ocow | 7 | 908 | 163 | VNP | 0533 L-c | 0.0154
Nopyg | 29 | 788 | 212 | V-C 1 NP-NC 1
C.med | 24 | 631 | 201 | CNP 1 C-NC 1
V.oar | 30 | 1452 | 120 | v-L 1 L-NC 0.5
. Locat | 31 | 1525 | 144 | V.NC | 0275 | L-NP 1
X:;'Z N.ocou | 7 | 1419 | 133 | V-NP 1 L-C NA

N.pyg | 19 | 1500 | 160 | V-C NA | NP-NC | 0.8904

C.med | NA | NA NA C-NP NA C-NC NA

V. var 31 47.5 11.5 V-L 0.478 L-NC | 2.01E03

Hand L. cat 21 429 11.2 V-NC | 1.15E03 | L-NP | 2.29E03

Grip N. cou 6 749 7.6 V-NP | 5.36E03 L-C NA

Angle | N.pyg | 14 | 645 | 155 | V-C NA | NP-NC | 04571

C.med | NA | NA NA C-NP NA C-NC NA
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On the medium substrate for the lower limb, C. medius has a hip angle mean of
40.9° £24.9°, N. pygmaeus has a mean of 53.7° +42.6°, N. coucang has a mean of 73.5°
+39.9° L. catta has a mean of 82.1° +28.9°, and V. variegata has a mean of 45.7° +20.6°
(Table 53). L. catta has a significantly higher mean than C. medius (p=1.27+), N. pygmaeus
(p=7.293), and V. variegata (p=5.94°), but they are do not have a significantly different
mean from N. coucang. There were no other differences in species” means for the hip
angle on the medium substrate. The knee angle mean of C. medius is 62.3° £20.0°, N.
pygmaeus has a mean of 89.9° £33.6°, N. coucang has a mean of 101.6° +33.0°, L. catta has a
mean of 79.5° +27.6°, and V. variegata has a mean of 35.9° £15.9°. V. variegata has a
significantly lower mean knee angle than C. medius (p<0.0001.0204), N. pygmaeus (p=2.24-
8), N. coucang (p=8.28"), and L. catta (p=2.75°). The mean ankle angle is 74.1° #18.6° in C.
medius, 112.2° +32.4° in N. pygmaeus, 79.7° +15.8° in N. coucang, 49.3° £11.6° for L. catta,
and 42.4° +8.9° for V. variegata. C. medius has a significantly smaller mean ankle angle
than N. pygmaeus (p=3.67-) but a significantly larger mean ankle angle than L. catta
(p=4.90°) and V. variegata (p=4.09°). N. pygmaeus has a significantly larger mean ankle
angle than L. catta (p=3.76'°) and V. variegata (p=4.85%). N. coucang also has a significantly
larger mean ankle angle than L. catta (p=3.71%) and V. variegata (p=6.507). No other

means are significantly different from each other. For foot grip angles, N. pygmaeus has a
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mean of 46.3° £10.1°, N. coucang has a mean of 55.0° +17.2°, and L. catta has a mean of
43.5° +8.5°, with no significant differences between species in foot grip angle (Table 53).

Table 53: Comparisons of lower limb quantitative data within the ar  boreal
guadruped locomotor mode, as body size decreases on the medium substrate size,
relative to the species. V. variegata =V. var =V, L. catta =L. cat = L, N. coucang=N.

cou =NC, N. pygmaeus =N. pyg = NP and C. medius=C. med= C. The medium
substrate sizes by species are as follows: V. variegata on the 11cm substrate, L. catta

on the 6¢cm substrate, N. coucangon the 6¢cm substrate, N. pygmaeuson the 3cm
substrate, and C. mediuson the 2cm substrate. PW Comp are pairwise compa risons.

Bold is statistically significant differences for pairwise Mann -Whitney U tests.

Arboreal Quadruped Group - Medium Substrate Size, Lower Limb

Substrate Species | N Mean | St Dev PW p-value PW p-value
Size (°) °) Comp Comp
V.var | 30 | 457 | 206 V-L | 5.94E06 | L-NC 1
Hip Locat | 39 | 821 | 289 | V-NC | 04702 | L-NP | 7.29E03
Angle N.cou | 11 | 735 | 399 | V-NP 1 L-C 1.27E04
N.pyg | 34 | 537 | 426 V-C 1 NP-NC | 0.9353
C.med | 21 | 384 | 275 | C-NP 1.0 C-NC 0.27
V.var | 30 | 359 | 159 V-L | 275809 | L-NC 1
Locat | 39 | 795 | 276 | V-NC | 8.28E05 | L-NP 1
Knee "N cou | 11 | 858 | 274 | V-NP | 2.24E08 | L-C 0.146
Angle "N v | 33 | 899 | 336 | V-C | 2.04E05 | NP-NC 1

C.med | 21 64.6 20.8 C-NP | 0.03405| C-NC 0.0968

V.var | 25 424 8.9 V-L 0.0946 L-NC 3.71E05

L. cat 55 49.3 11.6 V-NC | 6.50E05 | L-NP 3.76E10

igzg N.cou | 10 | 797 | 158 | V-NP | 485808 | L-C | 4.90E06
N.pyg | 22 | 1122 | 324 | v-c |4.00806 | NP-NC | 0.0775
C.omed | 16 | 844 | 215 | C-NP | 3.67E03 | C-NC 1
V.oar | NA | NA | NA | V-L NA | LNC | 0564
Foot | L.cat | 33 | 435 | 85 |VNC| NA | LNP 1
Grip | Nocou | 3 | 550 | 181 | VNP | NA L-C NA
Angle | N.pyg | 15 | 463 | 101 | VC NA | NP-NC 1

C.med | NA | NA NA C-NP NA C-NC NA
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On the largest substrate, the arm angle means are 35.0° +18.4° for C. medius, 43.4°
+23.9° for N. pygmaeus, 41.8° +13.1° for N. coucang, 38.4° +17.5° for L. catta, and 43.6°
+27.9° for V. variegata (Table 54). There are no significant differences between means for
species’ arm angle means. The elbow angle means include 78.4° +19.7° for C. medius,
82.4° +21.7° for N. pygmaeus, 87.5° +12.0° for N. coucang, 79.4° +14.2° for L. catta, and 81.9°
+21.7° for V. variegata. There are no significant differences between means for the elbow
angle. For the wrist angle means, C. medius has a mean of 145.7° +10.2°, N. pygmaeus has
a mean of 158.0° +10.1°, N. coucang has a mean of 156.9° +8.4°, L. catta has a mean of
157.6° £9.1°, and V. variegata has a mean of 157.5° +8.4°. C. medius has a significantly
smaller mean than L. catta (p= 0.0482), and V. variegata (p<0.0001.0397). There are no
other significant differences between species” wrist angle means. The hand grip angle
means are 55.7° +17.8° for C. medius, 63.1° £16.9° for N. pygmaeus, 88.8° £18.2° for N.
coucang, 35.8° £14.4° for L. catta, and 44.5° £11.7° for V. variegata. C. medius did not have a
mean that is significantly different from any of the other four species, but the rest had
significantly different means. N. pygmaeus has a significantly larger hand grip mean than
N. coucang (p<0.0001.0172), L. catta (p=3.42"%), and V. variegata (p=1.15*). N. coucang has a
significantly larger hand grip mean than L. catta (p=1.00*) and V. variegata (p=6.025). L.
catta has a significantly larger hand grip angle than V. variegata (p<0.0001.040), meaning

that V. variegata has the lowest hand grip angle of the sample (Table 54).
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Table 54: Comparisons of upper limb quantitative data within the arboreal
guadruped locomotor mode, as body size decreases on the large substrate size,
relative to the species. V. variegata=V. var =V, L. catta =L. cat =L, N. coucang=N.
cou =NC, N. pygmaeus =N. pyg = NP and C. medius=C. med= C. The large substrate
sizes by species are as follows: V. variegata on the 22cm substrate, L. catta on the
11cm substrate, N. coucangon the 9cm substrate, N. pygmaeuson the 6¢cm substrate,
and C. mediuson the 3cm substrate. PW Comp are pairwise comparisons. Bold
indicates statistically significant differences between pairwise Mann  -Whitney U
comparisons.

Arboreal Quadruped Group - Large Substrate Size, Upper Limb

Sub§trate Species | N Mean | St Dev PW p-value PW p-value
Size (°) (°) Comp Comp
V.var | 38 | 50.1 | 269 V-L 1 L-NC 1
L.cat | 34 | 384 | 175 | V-NC 1 L-NP 1
:‘nrgl‘e N.cow | 10 | 418 | 131 | V-NP 1 L-C 1
N.pyg | 32 | 434 | 239 V-C 1 NP-NC 1
C.med | 22 | 350 | 184 | C-NP 1 C-NC 0.997
V.oar | 38 | 89.0 | 22.3 V-L 1 L-NC 1
Locat | 34 | 794 | 142 | V-NC 1 L-NP 1
iﬂf;;’ N.ocow | 9 | 1569 | 84 | V-NP 1 L-C 1
N.pyg | 32 | 824 | 217 | V-C 1 NP-NC 1
C.med | 22 | 784 | 197 | C-NP 1 C-NC 1
V.var | 33 | 160.1 | 9.6 V-L 1 L-NC
Locat | 32 | 1576 | 91 | V-NC 1 L-NP 1
Worist
Angle N.cou | 9 | 1569 | 84 | V-NP 1 L-C 0.0482
N.pyg | 21 | 1580 | 10.1 V-C | 0.0397 | NP-NC 1
C.med | 9 | 1457 | 102 | C-NP | 0.07582 | C-NC 0.341
V.var | 33 | 606 | 14.3 V-L 0.04 L-NC 0.0001
Hand Locat | 30 | 358 144 | V-NC | 6.02E05 | L-NP | 3.42E05
Grip N. cou 9 88.8 182 | V-NP | 1.15E04 | L-C 0.165
Angle | N.pyg | 20 | 631 | 169 | V-C 1 NP-NC | 0.0172
C.med | 6 | 557 | 178 | C-NP 1 C-NC | 0.0561
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For the lower limb on the largest substrate, the hip angle means are 38.4° +27.5°
for C. medius, 53.7° +34.4° for N. pygmaeus, 62.7° +37.0° for N. coucang, 90.7° +29.9° for L.
catta, and 49.9° £21.9° for V. variegata. L. catta have significantly different means from C.
medius (p=3.05°), N. pygmaeus (p=1.49+), and L. catta (p=1.50, Table 55). None of the
other means are significantly different. The knee angle means are 64.6° +20.8° for C.
medius, 87.2° +33.6° for N. pygmaeus, 95.7° +26.5° N. coucang, 84.7° +28.4° for L. catta, and
35.7° £16.7° for V. variegata. V. variegata has a significantly lower mean knee angle than C.
medius (p=2.857%), N. pygmaeus (p=1.06®), N. coucang (p=4.68°), and L. catta (p=7.64"). C.
medius also had a significantly lower mean knee angle than N. coucang (p<0.0001.0485).
None of the other comparisons were significantly different. The ankle angle means
include 84.4° +21.5° for C. medius, 105.1° £38.6° for N. pygmaeus, 94.0° £22.4° for N.
coucang, 49.3° +11.6° for L. catta, and 37.2° +8.0° for V. variegata. L. catta has a significantly
lower mean ankle angle than C. medius (p=4.60°), N. pygmaeus (p=3.97-), and N. coucang
(p=3.95%). V. variegata has a significantly lower mean ankle angle than C. medius (p=2.12-
®), N. pygmaeus (p=3.47-%), N. coucang (p=8.52"), and L. catta (p=7.367). The ankle angle
means of C. medius, N. pygmaeus, and N. coucang were not significantly different from
each other. For the foot grip angle means, C. medius has a mean of 43.4° £13.7°, N.
pygmaeus has a mean of 53.5° +17.2°, and L. catta has a mean of 54.3° +7.0°. None of the

foot grip angle means are significantly different from each other (Table 55).

187



Table 55: Comparisons of lower limb quantitative data within the arboreal
guadruped locomotor mode, as body size decreases on the large substrate size,
relative to the species. V. variegata =V. var =V, L. catta =L. cat =L, N. coucang=N.
cou =NC, N. pygmaeus =N. pyg = NP and C. medius=C. med= C. The large substrate
sizes by species are as follows: V. variegata on the 22cm substrate, L. catta on the
11cm substrate, N. coucangon the 9cm substrate, N. pygmaeuson the 6¢cm substrate,
and C. mediuson the 3cm substrate. PW Comp are pairwise comparisons. Bold
indicates statistically significant differences between pairwise Mann  -Whitney U
comparisons.

Arboreal Quadruped Group - Large Substrate Size, Lower Limb

Sub§trate Species | N Mean | St Dev PW p-value PW p-value
Size ) ) Comp Comp
V.var | 32 | 499 | 219 | V-L | 1.50E06 | L-NC | 0.4058
_ Locat | 36 | 907 | 299 | V-NC 1 L-NP | 1.49E04
Alige N.cow | 11 | 627 | 370 | V-NP 1 L-C | 3.05E06
N.pyg | 36 | 536 | 344 | V-C | 02143 | NP-NC 1
C.med | 21 | 384 | 275 | C-NP | 07534 | C-NC 0.473
V.var | 32 | 357 | 167 | V-L | 7.64E09 | L-NC 1
Locat | 34 | 847 | 284 | V-NC | 4.68E05 | L-NP 1
i;ge; N.ocow | 11 | 957 | 265 | V-NP | 1.06808 | L-C 0.117
N.pyg | 36 | 872 | 336 | V-C | 2.83E05| NP-NC 1
C.med | 21 | 646 | 208 | C-NP | 0.1608 | C-NC | 0.0485
V.var | 22 | 372 | 8.0 V-L | 7.36E03 | L-NC | 3.95E05
Locat | 33 | 480 | 125 | V-NC | 852E05 | L-NP | 3.97E08
‘:ﬁgz N.cou | 10 | 940 | 224 | V-NP | 3.47E08| L-C | 4.60E06
N.pyg | 26 | 1051 | 386 | V-C | 2.12E06 | NP-NC 1
C.med | 16 | 844 | 215 | C-NP 1 C-NC 1
V.var | NA | NA | NA V-L NA L-NC NA
Foot Locat | 23 | 543 | 70 | V.NC | NA L-NP 1
Grip N.cou | NA | NA NA V-NP NA L-C 0.763
Angle | N.pyg | 11 | 535 | 172 | V-C NA | NP-NC NA
C.med | 5 | 434 | 137 | C-NP | 09238 | C-NC NA
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On the whole, the hindlimb angles appear more sensitive to change, especially so
among VCL primates, but they do not follow with body mass. This is consistent with
qualitative observations.

3.4 Kin etics

This section reports on the data that could be collected for force values for this
study. Comparisons are made between (a) absolute force values for all the three
components, (b) those same values normalized for body weight, (c) the variability of any
force application over the duration of the time recorded as a measure of stability.

3.4.1 Between-species comparisons of the hands and feet for a given
force

All data for between-species comparisons are presented in Table 56. The hands of
P. verrauxi have a mean F;, the normal force, of 3.37N +2.01 with a range of 0.21-6.91N.
The mean standard deviation of the F: P. verrauxi hand force traces is 0.63 +0.41. V.
variegata hands have a mean of 3.99N +1.75 with a range of 0.82-8.84N. The mean
standard deviation of V. variegata hand force traces is 0.68 +0.48. There are no significant
differences between species. Thus, in terms of normal force these species exert the same
values inward into the support with their manual digits and palm.

The feet of P. verrauxi have a mean F: force of 7.94N +2.46 with a range of 4.53-
11.69N. The mean standard deviation of the force traces is 0.87 +0.35. V. variegata feet

have a mean F: of 8.33N +1.19 with a range of 6.65-10.85N. The mean standard deviation
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of force traces is 0.94 £0.82 with a range of 0.19-4.67. There are no significant differences
between species for the kinetic data from the feet.

Fy, the vertical force, or the weight borne by each limb, is 5.10N +1.30 in P.
verrauxi hands with a range of 3.07-1.85N. The force trace standard deviation is 0.69N
+0.40 with a range of 0.15-1.5N. V. variegata hands have a vertical force of 5.79N +1.77
with a range of 2.35-11.17N. The force trace standard deviation is 0.82N +0.64 with a
range of 0.20-3.31N. Between species comparisons of the hand data show no significant
differences. The feet of P. verrauxi have a vertical force mean of 12.00N #2.01 with a
range of 8.67-15.25N. The standard deviation of the force trace mean was 1.32 +0.53 with
a range of 0.60-2.14N. The feet of V. variegata have a vertical force mean of 11.66N +1.54
with a range of 7.28-14.25N. The standard deviation of the force trace mean was 1.29N
+0.83 with a range of 0.36-4.04N. Between species comparisons of the feet data show no
significant differences when not controlled for body weight. However, when controlled
for body weight, the hands of P. verrauxi has a higher Fy than V. variegata, showing that
for their body weight P. verrauxi holds more body weight in the hands than V. variegata
(p=1.693). Also, the hands and feet for both species differ significantly in both mean
force value and mean standard deviation. Thus, both species have feet with a higher

vertical force than in their hands.
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For the tangential force, Fx, P. verrauxi hands have a mean force of 6.23N +1.22
with a range of 3.71-9.16N. Again, as a measure of stability, the mean force trace
standard deviation was 0.77 +£0.49. V. variegata hands have a similar result with an Fx of
59N +1.48 with a range of 3.33-8.83N. Fxof P. verrauxi hands were not significantly
different from each other, nor were the force trace standard deviations. The feet of P.
verrauxi and V. variegata have much lower Fx forces, 1.67 £1.9 and 1.79 +1.52 respectively.
No significant differences exist between species. However, in comparing the hands and
feet within and between species, the hands have a significantly lower Fxforce than the
feet. For both species, the tangential force is higher in the hands than the feet.

3.4.2 Within-species force comparisons

All within-species force comparison data are shown in Table 57 for average
forces and Table 58 for the standard deviation (fluctuation in force) data. For the hand
force traces of P. verrauxi, F-(3.37N+2.01) is significantly lower than both Fx
(Av=6.23N+1.22, p=1.87") and Fy (Av=5.1N+1.3, p<0.0001.0187). Fy is significantly lower
than Fx (p<0.0001.0285). There were no significant differences between the standard
deviation means within hand force traces of P. verrauxi. Within foot force traces for P.
verrauxi, Fy (Av=12N+2.01) is significantly higher than both the F- (Av=7.94N+2 .46,

p=1.783) and Fx forces (Av=1.67+1.09, p=1.10*). F- is significantly higher than Fx (p=1.10+).
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Table 56: Between-species comparisons of kinetic data for P. verrauxi and V.
variegata . A) Data on the mean, standard deviation, and range of the average of all
force trials. B) Data on the mean, standard deviation, and range of the standard
deviation of all force trials. The p -value refers to the results of a Mann -Whitn ey U test
between P. verrauxi and V. variegata for a given force (Fz, Fy, or Fx) for either the
hands or the feet.

A. Average Forces Hands Feet
Fz(N) |Fy(N) |Fx(N) |Fz(N) |Fy (N) | Fx(N)
n 22 22 22 11 11 11
Mean 3.37 5.1 6.23 7.94 12 1.67
P. verrauxi | StDev | 2.01 1.3 1.22 2.46 2.01 1.09
Min 0.211 3.07 3.71 4.54 8.67 0.12
Max 6.91 7.85 9.16 11.7 15.3 3.93
n 43 43 43 29 29 29
Mean 3.99 5.79 5.9 8.33 11.7 1.79
V. variegata | St Dev 1.75 1.77 1.48 1.18 1.54 1.52
Min 0.819 2.35 3.33 6.65 7.28 0.079
Max 8.84 11.2 8.83 10.9 14.2 5.19
i |1 05526 |1 1 1 1
B. St Dev Hands Feet
Fz(N) |Fy(N) | Fx(N) |Fz(N) | Fy(N) | Fx(N)
n 22 22 22 11 11 11
Mean 0.63 0.693 0.771 0.868 1.32 1.15
P. verrauxi | St Dev 0.42 0.403 0.489 0.352 0.533 0.597
Min 0.18 0.153 0.307 0.389 0.596 0.291
Max 1.45 1.47 2.34 1.62 2.14 1.88
n 43 43 43 29 29 29
Mean | 0.682 0.825 0.741 0.942 1.29 0.859
V. variegata | St Dev | 0.482 0.64 0.486 0.823 0.829 0.512
Min 0.158 0.198 0.197 0.194 0.366 0.214
Max 3.19 3.31 2.35 4.67 4.04 2.39
1 1 1 1 1| 09811
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There were no significant differences between the standard deviation means of P.
verrauxi hand force traces.

For the hand force traces of V. variegata, F- (3.00N+1.75) is significantly lower than
both Fy (5.79N+1.77, p=4.03%) and Fx (5.9+1.4, p=4.14-). There are no significant
differences between standard deviation means within hand force traces of V. variegata.
For the foot force traces for V. variegata, Fy (Av=11.7+1.54) is significantly higher than F-
(Av=8.33%1.18, p=1.65%) and Fx (Av=1.79+1.52, p=1.9519). F. is significantly higher than Fx
(p=1.951%). There are no significant differences between standard deviation means within
foot force traces of V. variegata.

On the whole, what emerges from the kinetic study is that the differences
between hands and feet rather than differences between the species. These differences
will be interpreted in reference to the models of Cartmill (1974a; 1979) and Preuschoft

and Witte (1991) in the discussion.
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Table 57: Within -species comparisons of the force averages for P. verrauxi and
V. variegata. Bold indicates statistically significant differences between pairwise
Mann -Whitney U comparisons, within species, within the hands and feet.

Average Forces P. verrauxi
Mean StDev. Min Max Pa1rw1? ¢ p-value
(N) Comparison
Fz(N) |22 | 3.37 2.01 0.211 | 691 Fz-Fy 0.0187
Hands | Fy (N) | 22| 5.1 1.3 3.07 | 7.85 Fy-Fx 0.0285

Fx(N) | 22| 6.23 1.22 3.71 | 9.16 Fz-Fx 1.87E05

Fz(N) 11| 794 2.46 454 | 117 Fz-Fy 1.78E03
Feet Fy (N) | 11 12 2.01 8.67 | 153 Fy-Fx 1.10E04
Fx(N) |11 | 1.67 1.09 0.12 | 3.93 Fz-Fx 1.10E04

V. variegata
n N(If\};n StDev  Min Max C:rillllr)‘;]l}issi)n p-value
Fz(N) [ 43| 3.99 1.75 0.819 | 8.84 Fz-Fy 4.03E05
Hands | Fy (N) | 43 | 5.79 1.77 235 | 11.2 Fy-Fx 1

Fx(N) [ 43| 5.9 1.48 3.33 | 8.83 Fz-Fx 4.14E06

Fz(N) |29 | 8.33 1.18 6.65 | 109 Fz-Fy 1.65E08

Feet | Fy(N) | 29| 11.7 154 | 728 | 142 Fy-Fx 1.95E10
Fx(N) |29 | 1.79 1.52 0.079 | 5.19 Fz-Fx 1.95E10
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Table 58: Within -species comparisons of the standard deviations within force
traces for P. verrauxi and V. variegata. Bold indicates statistically significant
differences between pairwise Mann -Whitney U comparisons, within species, within

the hands and feet.

St Dev P. verrauxi
n h/([;za)n StDev. Min Max C:I?;Z;isse()n p-value
Fz(N) [22| 0.63 0.42 0.18 | 1.45 Fz-Fy 1
Hands | Fy (N) | 22 | 0.693 0.403 0.153 | 1.47 Fy-Fx 1
Fx(N) | 22| 0.771 0.489 0.307 | 2.34 Fz-Fx 0.0602
Fz(N) [ 11| 0.868 0.352 0.389 | 1.62 Fz-Fy 0.0677
Feet Fy(N) 11| 1.32 0.533 0596 | 2.14 Fy-Fx 1
Fx(N) [ 11| 1.15 0.597 0.291 | 1.88 Fz-Fx 0.781
V. variegata
n 1\/(I§Ia)n St Dev Min  Max Cfril}r)‘gl}issi)n p-value
Fz (N) |43 | 0.682 0.482 0.158 | 3.19 Fz-Fy 1
Hands | Fy (N) | 43 | 0.825 0.64 0.198 | 3.31 Fy-Fx 1
Fx (N) |43 | 0.741 0.486 0.197 | 2.35 Fz-Fx 1
Fz(N) [29 | 0.942 0.823 0.194 | 4.67 Fz-Fy 0.0817
Feet Fy(N) 29| 1.29 0.829 0.366 | 4.04 Fy-Fx 0.0956
Fx(N) [29 | 0.859 0.512 0.214 | 2.39 Fz-Fx 1
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4. Summary, Discussion and Conclusions

The goal of this study was to explore specific hypotheses about the biomechanics of
primate vertical clinging and grasping postures and to explore the implications of this
specialized positional behavior on primate anatomy and primate locomotor evolution.
The project used an explicitly comparative experimental anatomy perspective
(Washburn, 1951) to explore the ways in which primates solve the substantial paradox of
vertical clinging in animals with digits that terminate in nails rather than claws.

Three general mechanical hypotheses were tested using kinematic and kinetic data:
1) that locomotor mode and associated morphological differences will influence
postures, 2) that increases in substrate size will influence postures, and finally 3) that
body mass influences postures. The results of this study will first be summarized and
discussed in relation to these three hypotheses. Then, implications of these results for

overall primate morphology and evolution will be discussed.

4.1 Hypothesis 1: Primate locom otor mode influences VCG
postures.

This hypothesis (and also hypothesis 3 below) involved a comparison of
primates that habitually (or at least often) use VCL locomotion compared to active and
slow arboreal quadrupeds. This hypothesis focused on species pairs consisting of what I

call VCL primates and those I call AAQ or SAQ primates (see Introducton and Materials
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and Methods for details). In hypothesis 3 I consider the broader groups as a whole. The
core expectation of hypothesis 1 is that habitually VCL primates will have a preference
for VCG postures and will perform then in a different and more mechanically effective
way (see Introduction for details on measures of “effectiveness”; the key elements are
duration, postural stability, and muscle position) than habitual quadrupeds. The absence
of a pattern of difference between locomotor groups will be treated as a rejection of this
hypothesis.

Individual species were compared within their locomotor mode in general for
this hypothesis and more specifically across locomotor groups in hypothesis 3 (see
summary below). Vertical clingers and leaping (VCL) primates include P. verrauxi, E.
rubriventer, and H. griseus. Arboreal quadrupeds (AQ) include V. variegata, L. catta, N.
coucang, N. pygmaeus, and C. medius (for details see Introduction and/or Material and
Methods).

4.1.1 Substrate preference index (SPI) analysis for hypothesis 1

The substrate preference index (SPI or the ratio between the average duration of
clings and 30, the maximum number of clings per species per substrate studied) will be
summarized first. This is intended as a summative measure of preference and duration
that can be compared across taxa (see Methods). VCL primates were predicted to have a

higher SPI (a higher frequency and/or duration of VCG postures) than AQ species as
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vertical clinging is a part of their habitual locomotor mode, whereas for AQ species
while they can and do vertically cling, it is not as frequent as in VCL species (Dagosto
and Yamashita 1998; Gebo 1987; Walker 1979). However, the data rejected this
prediction. Comparing P. verrauxi and V. variegata, V. variegata, the arboreal quadruped,
has a higher overall SPI than P. verrauxi (Table 8). This is largely due to two individuals
of Propithecus (Matilda and Lucius). Although there was one individual of Propithecus
(Antonia) that had higher SPIs that were in the range of those for V. variegata, the other
two were much lower. However, one individual Propithecus (Lucius) did not cling for
long periods of time and did not cling the maximum amount of 30 clings per substrate
on any substrate and had low SPI values on all substrates used. Another individual
(Matilda) clung often and for long periods on the 6cm substrate and 11cm substrate, but
on the 22cm substrate she used clinging postures with a low frequency and for a short
duration. In contrast, all V. variegata individuals would cling with high frequency,
making the maximum number of 30 clings on every substrate (Table 8). Thus, it appears
that the habitual use of VCL locomotion does not predict the frequency of duration of
VC postures. This suggests that habitual locomotor behavior and associated anatomy do
not influence SPI as predicted.

However, these data are difficult to reconcile with ecological data, where P.

verrauxi have higher frequencies of vertical clinging behaviors than V. variegata (Dagosto
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and Yamashita 1998; Gebo 1987; Walker 1979). Additionally, they have been observed to
cling for extended periods of time >20min on moderately sized substrates while free-
ranging in the Duke Lemur Center forests (personal observation). There may be a couple
of reasons for these data that are specifically related to this sample. First, the V. variegata
individuals were all free-ranging at the Duke Lemur Center, meaning they spend a
majority of their time in large patches of the Duke Forest. Although they are provided
food by DLC staff members, they frequently forage for themselves and have more room
to range and move compared with non-free ranging DLC lemurs used in this study. This
typically means that they are highly food motivated and respond well to being
prompted with food. The P. verrauxi individuals in this study were not free rangers, and
P. verrauxi are also characterized by preferring to go up high on trees when they are
nervous. Potentially the fact that the substrate was only 1.5m tall made the P. verrauxi
individuals hesitant to cling for long periods of time because it is so low, particularly
compared with the height of the room. Nonetheless, locomotor habit does not predict
clinging preference in this comparison pair.

E. rubriventer (a quadruped that often uses VCL locomotion according to some;
see Introduction and Methods) and L. catta were more evenly matched in SPI compared
with P. verrauxi and V. variegata. However, within E. rubriventer I observed a pattern

similar to P. verrauxi, where one individual (Cheyenne) clung with high frequency and
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had the highest SPI (14). E. rubriventer also had one individual (Hopi) who had the
lowest SPI (5) and would not cling at all on the 11cm substrate (Table 9). Once again
habitual locomotor preference did not predict clinging preference in this study.

For the smaller species the expected pattern was observed. But this comparison
involved a quadruped that frequently uses VCL and a slow arboreal quadruped. In
addition, the sample on the latter was small and some individual lorises showed
idiosyncratic behavior. In this comparison, H. griseus typically has a higher SPI than N.
coucang. This disparity is due to the higher frequency of clinging postures for H. griseus
rather than duration (Table 10). One N. coucang individual, Dharma, had a higher
duration of clings than H. griseus on every substrate. This may have had to do with the
comfort level of one of the lorises (Dharma). Moreover, the small sample for Nycticebus
makes interpretation of these data limited. The DLC has two N. coucang individuals,
Dharma and Lakshmani. Lakshmani was used only once, and clung for over 10 minutes
in the same position on the 3cm substrate, and could not be induced to move because he
seemed to be uncomfortable. Dharma was induced to cling only when a towel was
placed upon the top of the pole, which she would then slowly climb to, in order to hide
under the towel, clinging during the process. Potentially, if Dharma or Lakshmani were
comfortable in the experimental setup they would have clung more frequently and had

a high SPI, due to the high duration of their clings. N. pygmaeus and C. medius are not
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included in this analysis because they do not have a comparable VCL animal in this
study. Thus, any differences between species in SPI seem to be more related to comfort
level and food motivation, and thus the experimental setup, rather than differences in
locomotor mode.
4.1.2 Kinematic analysis for hypothesis 1

For the qualitative and quantitative kinematic data, Hypothesis 1 is supported by
data typically found in the hands and hindlimbs, but not the forelimb. The forelimb
typically shows no significant differences in either arm angle, elbow angle, or wrist
angle in the quantitative data. The arm angle means of all species on all substrates range
between 30°-58° (Table 31). The only significant difference is between P. verrauxi and V.
variegata on the 11cm substrate, where P. verrauxi has a significantly higher arm angle
mean of 50.1° compared with V. variegata’s mean of 35.4°. The elbow angle means of all
species on all substrates range between 61°-91° (Table 32). The only significant
difference is between E. rubriventer who has a higher elbow angle mean of 75.6° to L.
catta’s mean of 61.1° on the 6cm substrate. The few significant differences between
species is largely upheld by the qualitative data, where species have similar frequencies
of flexed to moderately flexed forelimbs, and rarely have extended forelimbs. The wrist
angle had no significant differences between species, within a given substrate size. Mean

ranges are all very high angles, between 141°-161° (Table 33), indicating having a
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forearm parallel to other digits is very important for a forelimb under tension. Thus, arm
and elbow posture appears to be variable within individuals and species and across
species. This suggests flexibility in choices of upper limb posture with a minimal impact
on clinging performance. In short, the shoulder and elbow joint may be described as free
to vary.

The hand, however, showed more significant differences between species. This is
not surprising and ultimately relevant since the hand creates the actual grip on the
substrate and the anatomy of the hand is highly variable and associated with locomotor
modes (i.e. long digits in habitually VCL primates). In addition, variation in hand
postures in relation to clinging has been described by Lemelin (1996) and Hamrick
(Hamrick 1996b) in association with wrist and ray anatomy in different strepsirrhines.

P. verrauxi had a significantly higher mean hand grip angle (angle between the tip of the
pollex, the wrist as the vertex, and the tip of digit II) on both the 11cm (62.5°) and 22cm
(60.6°) substrate compared with V. variegata (11cm=47.5°, 22cm=44.5°, Table 34).

This matches the pattern found in the qualitative data, where P. verrauxi grasps
on all substrate sizes, but V. variegata stops “grasping,” as defined by a pollex greater
than 90° divergent from digit I (and instead uses a parallel or bowed posture) on the
11cm and 22cm substrates (Tables 19-21). E. rubriventer has a significantly higher hand

grasp angle on the 11cm substrate (51.3°) compared with L. catta (35.8°, Table 34), also
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matched by qualitative data showing E. rubriventer grasps more on the 11cm substrate
compared with L. catta (Tables 22-24). In both of these cases, on the larger substrates the
VCL species (P. verrauxi, E. rubriventer) are more likely to grasp the substrate and have a
higher mean hand grip angle. It indicates that locomotor mode influences the hand grip
angle.

In contrast to the pattern above in which habitually VCL primates have a higher
hand angle than habitually AAQ primates, N. coucang has a higher mean hand grip
angle on both the 6cm (74.9°) and 9cm (88.8°) substrates compared with H. griseus
(6cm=43.3°, 9cm=39.7°, Table 34). The qualitative data show that N. coucang only
“grasps” (rather than using a parallel or bowed posture) with its hands when in VCG
postures (Tables 25-27). The finding of a higher hand grip angle is consistent with
anatomical and biomechanical descriptions of the loris wrist and its inherent mobility
and ability to deviate (Lewis, 1985; Cartmill and Milton 1977; Preuschoft, 1993). The
variation in the frequency of grasping versus parallel or bowed postures is also
consistent with data from Lemelin (1996) and Lemelin and Schmitt (1998) on the range
of hand postures that primates are capable of irrespective of their anatomy. Some of the
differences between the loris and bamboo lemur may also be due to the fact that N.
coucang has a slightly different locomotor mode from V. variegata and L. catta, as a slow

arboreal quadruped. Being a slow arboreal may require a stronger, more stable hand

203



grip as indicated by the reduced digit II and “pincer-like” grip between the pollex and
digit III-V of N. coucang (Jouffroy et al. 1991). This configuration may provide more
range (interdigital space) for the pollex to reach around the substrate and oppose digits
III-V. This means that there may be a continuum of grasping, where the active AQ
animals have the lowest frequency of grasping and a low hand grip angle, followed by
VCL primates, but that slow AQ animals emphasize grasping the most.

Unlike the shoulder and elbow, all of the joints of the hindlimb show significant
differences between species with differing locomotor modes. Thus adjustments to the
hindlimb appear to be related to clinging performance and anatomy. For the hip angle,
when there are significant differences. The habitually VCL species have significantly
lower hip angles, meaning the hip joint is more flexed than the AQ species. There was
some variation that is worth noting. For example, two species that are both capable
quadrupeds but also frequent users of VCL postures show an inconsistent pattern. E.
rubriventer (mean hip angle=83.2°, Table 35) that uses VCL postures with less frequency
that H. griseus did not show significant differences from H. griseus (mean hip
angle=59.7°, Table 35) on the 3cm substrate. N. coucang likely is not significantly higher
than H. griseus in hip angle on the 6cm and 9cm substrates due to the small sample size

and large ranges.
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The knee angle follows the same pattern as the hip for some groups. P. verrauxi,
have a significantly lower mean knee angle than V. variegata on all substrates (Table 35).
E. rubriventer and L. catta do not have significantly different knee angles, where their
means are all between 69°-87°, despite the slightly higher level of VCL use in the former.
H. griseus and N. coucang follow the same pattern as P. verrauxi and V. variegata, where
H. griseus has a significantly lower mean knee angle on all substrates compared with N.
coucang (Table 36). It is not clear why the mean hip angle and the mean knee angle
would not follow the same pattern, as both contribute to extending the body above and
away from the foot. Potentially, if both joints are moderately extended, then the body is
more likely to be further away from the foot, creating a larger torque around the body
that the forelimbs have to resist (Figures 8,9). For the ankle angle, VCL species show a
more flexed ankle angle than AQ species, except for E. rubriventer and L. catta. E.
rubriventer had a slightly higher mean ankle angle (54.5°) compared with L. catta (49.3°,
Table 37). Despite the at-times of more extended knees and ankles of E. rubriventer,
overall there are differences between species with differing locomotor modes.

Interestingly, the mean foot angles do not follow the pattern of the hands. With
the exception of a few cases, the qualitative data showed the feet had a parallel (rather
than gasping or bowed) posture on the substrate. The foot grip angles are probably

highly conserved due to the hindlimb bearing most of the weight.
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4.1.3 Kinetic analysis for hypothesis 1

The force data only show one significant difference between species. When
controlled for body weight. P. verrauxi hold proportionately more weight in their hands
compared with V. variegata, which may have to do with the higher frequency of grasping
postures in the hands of P. verrauxi. Both species show a similar pattern compared
within the species, between the three decomposed force vectors (Fz, Fy, Fx) in the hands
and feet, where they are all significantly different. Notably, the hands have a higher
tangential force (Fx) than the feet, suggesting that the moment pulling the upper body
backwards off of the substrate, around the foot axis as described by Cartmill (1979) is
accurate (Figure 7).

In summary, Hypothesis 1, that habitual locomotor mode will influence clinging
performance, is only partially supported. A measure of postural preference (the SPI) did
not vary predictably with locomotor mode. The hand, hip, and knee angles do vary
according to locomotor mode with habitually VCL primates having higher hand angles,
more frequent grasping, and more flexed hips and knees. But the arm and elbow angles
and foot postures do not change with locomotor mode. The force data show that there is
a difference between two of the species in the load-bearing by the hands, which may be

related to a higher frequency of grasping in P. verrauxi compared with V. variegata.
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4.2 Hypothesis 2 : Postures cha nge as substrate size increases

This hypothesis predicts that as substrate size increases limb angles and hand
postures will change. In essence, the core of this hypothesis is that as substrate size
increases, new biomechanical strategies are required to maintain VCG posture. This
hypothesis follows the model of Cartmill (1974a; 1979) whereas substrate size increases
it should be more difficult to cling and postures should change to manage the normal
and tangential forces of the hands and feet. First the SPI data are discussed, followed by
the quantitative data, and the qualitative analysis of the hand postures is at the end.
4.2 1 Substrate preference index (SPI) analysis for hypothesis 2

The SPI data are more reliable in this context, as it is within species and any
comfort-level issues between species would be controlled. The SPI data largely support
this hypothesis in four species. For P. verrauxi, E. rubriventer, L. catta, and H. griseus all
have SPIs that decrease as substrate size increases (Table 8, 9, 10). That is, these species
showed a decreased preference for clinging to relatively large supports. N. pygmaeus also
shows a decrease in SPI from the 2cm substrate (43) to the 3cm (25) and 6¢cm (27)
substrates (Table 11).

The other three species show no discernible pattern (V. variegata, N. coucang, C.

medius). V. variegata likely had no pattern because all individuals had a clinging
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frequency high enough to have the maximum number on every substrate (30, Table 8).
Any difference was therefore due to cling duration, which may have been increased on
the 22cm substrate because it took longer for the individuals to get into position and out
of position because it was more difficult to hold grip. N. coucang, as previously
described, was typically uncomfortable during data collection which explains the low
frequency of clinging postures, but had a high duration on all substrates, indicating the
differences are due to the difference in frequency (Table 10). Finally, one C. medius
individual (Osprey) needed to be habituated, as the individual had difficulty clinging on
the small substrate because it was the first substrate in the study it experienced, and
caught on by the second substrate.
4.2.2 Kinematic analysis for hypothesis 2

For the quantitative data, the majority of statistically significant differences occur
between the smallest substrate and the largest substrate. For example, in P. verrauxi the
hand grip angle increases from the 6cm substrate compared with the 22cm substrate and
the 11cm substrate and the 22cm substrate, but not from the 6cm substrate to the 11cm
substrate (Table 39). The same is true for the ankle angle and the foot grip angle. The
elbow angle shows the opposite relationship, where the 22cm substrate is significantly
larger than both the 6cm substrate and the 11cm substrate, but they are not different

from each other. The only other significant difference is the increase in wrist angle
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between the 6cm substrate and the 22cm substrate (Table 39). This indicates that there is
some threshold change between the 6cm substrate and the 11cm and 22cm substrate,
which is interesting because there is a larger absolute difference comparing the 11cm
and 22cm substrate than the 6cm and 11cm substrate.

V. variegata also shows the pattern found in P. verrauxi. The arm, knee, and ankle
angles are all significantly higher on the 6cm substrate compared with the 11cm and
22cm substrates, but not between the 11cm and 22cm substrates (Table 40). The knee
angle is mirrored in the qualitative data, as the frequency of extended and moderate
postures decrease as size increases (Tables 19-21). The elbow angle is significantly lower
on the 6cm substrate compared with the 22cm substrate, but it is not significantly
different from the 11cm substrate. However, it does trend towards significance between
the 6cm and 11cm substrate (p<0.0001.0615, Table 40). The elbow angle does not quite
parallel the qualitative data, as the frequency of moderate postures of the forelimb go
down from the 6cm to 11cm substrates, and back up on the 22cm substrate (Tables 19-
21). This may be due to the fact that the moderate range is very large, and encompasses
the elbow angle means in this study.

E. rubriventer and L. catta do not follow the same trend as P. verrauxi and V.
variegata in having a threshold between the smallest substrate size and the medium and

largest substrate size. For E. rubriventer, the foot grip angle significantly increases as
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substrate size increases, for all substrates (Table 41). The significant difference between
the wrist angle going up for the 6cm and 11cm substrates indicates that being more
parallel with the digits becomes more important on the larger substrate size. Whereas
the ankle angle is significantly different between the 3cm and 11cm substrates, as the
angle becomes significantly smaller, indicating more compression (Table 41).

L. catta have few angles that change with substrate size increase. The elbow angle
is interesting in that it significantly decreases from the 3cm to 6cm substrate, and then
significantly increases from the 6cm and 11cm substrate, but the 3cm and 11cm
substrates are not significantly different (Table 41). Potentially, the forelimbs of L. catta
are bringing the body closer to the substrate on the 6¢cm substrate to reduce the moment
around the center of mass. Then, the larger 11cm substrate means that the arms do have
to go further in order to encircle around the substrate. It is unclear why they would have
extended forelimbs on the smallest substrate (Table 42). The qualitative data also do not
match in the elbow angle here, as the frequency of moderate forelimb posture decreases
from the 3cm and 6cm substrates, and increases in extension and flexion on the 11cm
substrate. The foot grip angle increases as size increases (Tables 22-24).

H. griseus also does not show that many differences as substrate size increases.
The elbow angle is reflected in the qualitative data, where the 3cm and 6cm substrates

are not significantly different from each other, but the 3cm substrate is significantly
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higher than the 3in substrate (Table 43). The qualitative data also show this pattern
(Tables 25-27). The ankle and foot grip angles follow the pattern showed by P. verrauxi
and V. variegata, where the 3cm substrate has a significantly higher ankle angle
compared with the 6cm and 3in substrates, but the 6cm substrate is not significantly
different from the 3in substrate. The foot grip angle follows the same pattern, but
increases in value from the 3cm to 6cm and 3in substrates (Table 23).

N. coucang, N. pygmaeus, and C. medius are all species that were very constant in
posture as substrate size increased Tables (44-46). The hand grip angle of N. pygmaeus
increased from the 3cm to 3in substrate. The elbow angle of N. pygmaeus increases from
the 2cm substrate to the 3cm and 6cm substrate, but not from the 3cm to 6cm substrate.
There are no significant differences between C. medius data as substrate size increases. It
is interesting that the other species have significantly different foot grips, but these
species do not. It may be partially due to the fact that there are very few trials on the
hands and feet for these species, as seeing through the clear PVC pipe is difficult for
nocturnal species and the 2cm substrate is not clear.

The hand grip angles for the quantitative data were largely not significantly
different as substrate size increased. However, that is not the case for the hand postures
gathered in the qualitative data. The hand grip angle is slightly different when

comparing the quantitative and qualitative data. For P. verrauxi, the quantitative data
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show that the mean on the 6cm substrate is different from the 11cm and 22cm substrate.
However, when looking at hand grasping frequencies, as substrate size increases, the
hand grasps with a lower frequency (6cm=91.6%, 11cm=71.8%, 22cm=12.1%), and the
hand has a parallel posture with higher frequency (6cm=8.4%, 11cm=26.4%, 22cm=87.9%,
Tables 19-21). For the quantitative data of V. variegata, E. rubriventer, L. catta, and H.
griseus there are no significant differences between the hand grip angles as substrate size
increases. However, the frequencies of hand postures significantly change as substrate
size increases. For all of these species, grasping frequencies significantly decreases as
substrate size increases, and parallel postures and bowed-up postures increase. This is
probably because on the smallest substrate, the pollex is not highly divergent from the
rest of the digits because the substrate is not large enough for it to be a large angle. Then,
as substrate size increases, the hands stop grasping and thus would maintain a smaller
angle.

For the variables that correlation tests were performed on, it tended to be
forelimb joints that are positively correlated with substrate size increase, and hindlimb
joints (except the foot grip angle) are negatively correlated with substrate size increase.
This is not surprising, and could be predicted by the forelimb joints being under more
tension as substrate size increases, and hindlimb joints more compressed. Overall,

substrate size increase seems to influence the hands and feet the most, which is not
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surprising because they are largely the body segments that should have to manage the
normal and tangential forces. Only V. variegata seems to decrease the knee angle as
substrate size increases.
4.3 Hypothesis 3 : Body mass differences in VCG postures

This hypothesis incorporates the important effect of resisting gravitational force
during VCG postures as well as the differential scaling of body mass and muscle
strength and predicts that VCG postures will be harder to maintain and require different
biomechanical strategies for large versus small primates. Many animals differ in
postures during locomotion due to the effect of body mass increases. Because limbs scale
linearly, muscle strength scales to the square, and mass scales cubically. It may be
expected, then, that as body mass increases VCG postures will change. This hypothesis
(and the discussion below) explores the effect of body mass across the sample and
within locomotor groups. There is some overlap with hypothesis 1. But this hypothesis
attempts to parse the effects of body mass and habitual locomotor mode. Species were
compared within their locomotor mode. Vertical clinging and leaping (VCL) primates
include P. verrauxi, E. rubriventer, and H. griseus. Arboreal quadrupeds (AQ) include V.
variegata, L. catta, N. coucang, N. pygmaeus, and C. medius. Within each group, data were

compared within the smallest substrate size for each individual in the group. For
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example, angles were compared for P. verrauxi on the 6cm substrate, E. rubriventer on the
3cm substrate, and H. griseus on the 3cm substrate (Table 5).
4.3.1 Substrate preference index (SPI) analysis for hypothesis 3

Body mass does not seem to influence SP], as the two species with the highest
SPI for VCG postures were V. variegata and N. pygmaeus spanned almost the entire range
in body masses in the study (Tables 8, 11).
4.3.2 Kinematic analysis for hypothesis 3

Kinematic differences for the VCL group compared to other primates in this
sample are found largely in the hand grip angle and the hip and knee. But these
variables do not typically follow the cline in body mass. On the smallest substrate, the
mean hip angle and the mean knee angle increase from P. verrauxi to H. griseus, but get
even larger for E. rubriventer. Likewise, the foot grip angle is highest for P. verrauxi and
decreases for H. griseus, and goes even lower for E. rubriventer (Table 47). Because P.
verrauxi is the largest, E. rubriventer the next largest, and finally H. griseus is the smallest,
it would be expected that if the differences were due to body mass, then E. rubriventer
should have a value between that of P. verrauxi and H. griseus. That does occur in one
case, of the ankle angle, where ankle angle increases as body mass decreases. This
pattern continues on the medium sized substrate, where the mean hip angle and knee

angle both increase from P. verrauxi to H. griseus, then increases more for E. rubriventer
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(Table 48). Again, the ankle angle increases as body mass increases. Additionally, the
hand grip angle decreases as body mass decreases. On the large substrate, the pattern
continues for the mean hip and knee angles, where they increase from P. verrauxi to H.
griseus, increasing again to E. rubriventer (Table 49). The ankle angle is significantly
lower in P. verrauxi compared with E. rubriventer and H. griseus, but E. rubriventer is not
significantly different from H. griseus. The foot grip means do not significantly differ on
the largest substrate.

Indeed, for E. rubriventer, a primate reported to often use VCL locomotion but is
also capable of frequent quadrupedal locomotion, the mean hip angle and knee angle
are more similar to the AQ group than to the VCL group (AQ Tables: 51, 53, 55, VCL
Tables: 47-49). Although E. rubriventer is significantly lower in mean hip angle than L.
catta, the mean hip angle of E. rubriventer is within the range of the arboreal quadrupeds
of the group (Table 21). Thus, some of the significant differences between E. rubriventer
and L. catta may be due to L. catta having a relatively extended hindlimb of the arboreal
quadrupeds. Together with the data on E. rubriventer having the highest frequencies of
quadrupedalism of the habitual VCL primates, this indicates that although E. rubriventer
can be considered a VCL primate by some characteristics, the data on VCG postures do

not necessarily support that assertion.
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The AQ group was more difficult to interpret, given the large amount of pairwise
comparisons performed, but the AQ data also suggest that differences in locomotor
mode influence postures. Though the AQ species are grouped together, they can also be
split into active arboreal quadrupeds (AAQ) and slow arboreal quadrupeds (SAQ). The
AAQ species include V. variegata, L. catta, and C. medius. The SAQ species are N. coucang
and N. pygmaeus. C. medius and N. coucang were particularly difficult to assess due to
small sample size.

On the smallest substrate size for the forelimb, there is no pattern to the
significant differences between species (Table 50). L. catta has a significantly lower mean
arm angle than V. variegata and N. pygmaeus. The mean elbow angle of N. pygmaeus is
significantly higher than V. variegata and N. coucang. For the forelimb on the medium
substrate size there are more significant differences, but differences for the mean arm
angle do not follow a particular pattern (Table 52). The mean arm angle was
significantly higher in N. pygmaeus compared with V. variegata and L. catta. The elbow
angle trends more towards distinguishing the AAQ individuals from the SAQ
individuals. L. catta is has a significantly lower elbow angle than the Nycticebus spp., C.
medius, and V. variegata had a smaller elbow angle than N. coucang. The hand grip angle
separated the AAQ from the SAQ species, where the Nycticebus spp. have significantly

larger hand grip angles than V. variegata and L. catta (Table 52), which is likely due to
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their reduced digit II (Jouffroy et al. 1991). On the largest substrate size, the hand grip
angle distinguished most of the species (Table 54). V. variegata has a higher hand grip
angle compared with L. catta and the Nycticebus spp. Additionally, L. catta was
significantly lower than the Nycticebus spp. and N. coucang is significantly higher than N.
pygmaeus. Overall, the forelimb does suggest that locomotor mode influences postures
more than body mass does.

The hindlimb shows more significant differences that separate most species from
each other, and do not separate the AAQ species as readily from the SAQ species, except
for the ankle angle. On the smallest substrate size, L. catta has a significantly higher hip
angle than V. variegata and N. pygmaeus and N. coucang has a significantly higher hip
angle than N. pygmaeus (Table 51). The knee angle of V. variegata is significantly lower
than the Nycticebus spp., but L. catta is not. The ankle angle on the smallest substrate,
however, does distinguish the AAQ from SAQ species. V. variegata and L. catta both have
smaller mean ankle angles than the Nycticebus spp. On the medium —sized substrate, two
more exceptions are the hip and ankle angles of V. variegata and L. catta. V. variegata has a
significantly lower hip angle than L. catta (Table 53). L. catta has a significantly higher
hip angle than N. pygmaeus and C. medius. The knee angle of V. variegata is significantly
lower than L. catta, the Nycticebus spp. and C. medius. The ankle angle again separates the

AAQ and SAQ species, where the ankle angle is significantly lower in V. variegata and L.
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catta compared to the Nycticebus spp. Finally, on the largest substrate size, L. catta has a
higher hip angle compared with V. variegata, N. pygmaeus, and C. medius, supporting the
argument that they are a highly extended hindlimb form (Table 41). The knee angle
shows that V. variegata has a significantly lower mean knee angle compared with the rest
of the arboreal quadrupeds. The ankle angle again separates the Nycticebus spp. from V.
variegata and L. catta, although C. medius has a similar mean. However, V. variegata and L.
catta also have significantly different means, but they are still closer in value as
compared with the Nycticebus spp.

The high mean ankle angles of Nycticebus spp. may be due to their unique ankle
joint morphology. In a study by Grand (1967), he found that N. coucang does not have a
trabecular reinforcement as is found in the calcaneus of other primates, which he
suggests is for transmitting forces through the calcaneus. Instead, he suggests the sole of
the foot transmits the body weight of the animal, which may be why Nycticebus can have
large angles at the ankle joint. Interestingly, given that most other primates have
calcanei with a high amount of trabecular reinforcement, this may be evidence of
trabecular anabolism for postural behaviors as suggested by Rubin and colleagues
(Rubin et al. 2001; Rubin et al. 2002a; Rubin et al. 2002b).

These results do not support Hypothesis 3 that body mass is a predictor of VCG

postural preference or mechanics. Instead, the data can be explained by differences in
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locomotor mode. These results thus reinforce the support for Hypothesis 1 described

above.

4.4: Larger implications of thes e data for functional morphology,
primate origins, and primate locomotor evolution.

One of the most significant findings of this study was the pattern of difference
across taxa in hindlimb posture and on the hands. These will be discussed in order in the
following sections. The postural differences described above focus attention on the areas
of most relevance for understanding how early primates solved the problem of clinging
without claws and on pathways of primate evolution.

4.4.1 The influence of locomotor mode on the hindlimbs

In this study, locomotor mode has been shown to be a powerful explanatory
factor of differences between species for the hindlimb variables associated with VCG
postures. Musculoskeletal anatomy alone cannot explain the differences seen in the
species with differing locomotor modes. P. verrauxi has long hindlimbs and hold highly
flexed postures, though the anatomical characteristics for P. verrauxi promote extension
in the hindlimb. P. verrauxi have a higher percentage of muscle mass in extensors
relative to arboreal quadrupeds (Demes et al 1998). P. verrauxi and H. griseus have a
dorsally-extended ischium in order to have a better mechanical advantage for the

extensors (Fleagle and Anapol 1992). They would not be using these muscles in a VCG
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posture, rather these features are more likely used during powerful leaps. To explain
this juxtaposition, these species may be holding a posture that does not use muscles that
are used primarily for leaping. This suggests that muscular configuration for leaping
and VCG do not match, but that the VCL animals may be preventing muscle fatigue
during clinging in order to leap.

The relatively extended limbs of V. variegata, E. rubriventer, L. catta, N. coucang
and N. pygmaeus support a different model, in which muscles used for climbing are
recruited for clinging, but the postures held means the work done by muscles are
minimized. This assertion is informed in part by the extended limbs of these members of
the sample during clinging and a similar pattern of limb postures reported for arboreal
anthropoid species during vertical climbing (Hanna and Schmitt 2011; Hirasaki et al.
1993), as well as Preuschoft’s model of hindlimb-dominated vertical clinging and
climbing. Hirasaki et al (1993) and Hanna and Schmitt (2011) have documented knee
angles during stance phase of locomotor bouts for Macaca fascicularis, Macaca fuascata
and Ateles geoffroyi. Stance phase is only considered here because if moving into a
locomotor bout, the limbs are in contact with the substrate during the clinging postures
studied here. Additionally, climbing knee angles are only compared to knee angles on
the smallest substrate, which is a closer approximation of the substrate size the

anthropoid species moved on. Finally, although these data are only available for
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anthropoid primates, it seems likely that strepsirrhine primates follow the same pattern
(Hanna and Schmitt 2011). The reported knee angles range between 53.05°-136.96°
(Hanna and Schmitt 2011; Hirasaki et al. 1993). Mean knee angles in this study fall
within this range, albeit on the lower end of this range (Table 36, for N. pygmaeus Table
45, for C. medius Table 46). While the range of knee angles during clinging postures is
outside of the range of knee angles during locomotion, the AQ lemurs typically hold
postures consistent with knee angles found during locomotion.

Although more flexed hindlimbs could be argued to bring the CoM closer to the
substrate, it could also be argued that highly extended (approaching 180 degrees at hip
and knee and ankle) would also allow a primate to bring the torso close to the support.
So both flexed and extended limb postures may have equal value in COM positioning.
In addition, having limbs that are too highly flexed likely would leave the animal
without room to swing their limbs during locomotion. Thus, arboreal quadrupeds may
have more extended hindlimbs relative to VCL primates to prepare for a locomotor
bout. Moreover, extended limb postures may facilitate a relatively high effective
mechanical advantage (Figures 7, 8). Their relatively extended limbs mean their joints
are closer to the substrate reaction force, and thus have to do less work in order to hold

the joint posture, following Preuschoft and Witte’s model (1991). However, this may
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become less possible for V. variegata as substrate size increases, as their hindlimbs
become more flexed.
4.4.2 The role of the forelimb

The forelimb showed no significant differences between species for many of the
forelimb variables (except the hand), which may make it seem as though there are more
restrictions on forelimb use across species. This would reject the “freedom of the
forelimb” as hypothesized by Wood-Jones (1916). However, both the arm and elbow
angles have overall large ranges with relatively large standard deviations (Tables 31, 32
for N. pygmaeus Table 45, for C. medius Table 46), even though the qualitative data show
that the elbow is typically in moderately flexed to flexed postures. Moreover, the
forelimb bears less weight than the hindlimb, which likely led to the forelimb being off
of the substrate to grab food items more frequently than the hindlimbs, though the latter
was not quantified in this study. Thus, the large ranges of the arm and elbow
contributed to low rates of statistically significant differences between species, indicating
that the forelimb is free to vary in posture.

Though, this does not discount the morphological adaptations hypothesized to
be for vertical clinging and grasping, such as a short, high trochlea and a deep, wide
groove between the trochlea and capitulum (Szalay and Dagosto 1980). These results

support this, as the qualitative data show that the majority of the time VCL primates
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have flexed or moderately flexed postures (Tables 19-21, 25-27). Though the qualitative
data are similar for the other species in this study, quadrupedal animals bear weight on
their forelimbs during locomotion and will have other stressors placed on the forelimbs.
However, VCL species likely do not place high forces on the forelimbs during leaping
given that the hindlimbs provide the propulsive force leaping away from the substrate
and are also the first contact on the landing substrate (Demes et al. 1996). Thus, the
forelimbs of VCL primates may be specialized for stability during VCG postures in ways
that arboreal quadrupeds are not.

However, this was not the case for the wrist angle, which was largely parallel
with the digits, likely because as the forelimb is under tension, having a forearm parallel
to the digits of the hand would simulate a single long beam with a better effective
mechanical advantage.

4.4.3 The differing roles of the feet and hands

The foot grip results largely do not change between species, feet always grasp
and the angle at which they grasp increases with substrate size, as they need a larger
angle to grasp around the circumference of the substrate. The hands, however, have a
number of different postures that they adopt. As substrate size increases, the hands
move from begin to grasp less and have either a parallel posture or a bowed-up posture,

with the exception of Nycticebus spp. who have reduced digit two which may allow them
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to have a wider hand grasp than the other lemur species in this study. This indicates that
the pollex is taken out of a role of grasping around the substrate, even on some of the
smaller substrates.

This likely has to do with the torque around the CoM, which pushes the feet into
the substrate, and the hands and forelimbs backwards away from the substrate, which
was borne out in the force data. The tangential force was much larger in the hands
compared with the feet, likely due to the moment around the CoM pushing the animal
backwards off of the substrate (Figure 7). Digits II-V of the hand encircle the substrate,
going to the side or back of the substrate. When the pollex grasps, it is typically on the
side of the substrate that the body of the animal is on (Figure 35A). If the grasping pollex
is engaged, it would be under compression and create a substrate reaction force against
the pollex that increases the moment pushing the CoM of the animal backwards from
the substrate. That force would likely be very small, so for smaller substrates it would
not matter as the digits would have better positioning with a smaller tangential force.
Which means that the pollex does not, necessarily, have an incentive to grasp around the
substrate on large substrates (Figure 35B). When parallel to the other digits in the hand
on larger substrates, it likely does not have a large functional role in resisting the CoM

torque. Thus, there is little functional reason to have a long pollex relative to the other
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digits, and may explain why most primates have relatively short pollexes (Jouffroy et al.
1991).

P. verrauxi and H. griseus, and Nycticebus spp. are exceptions. P. verrauxi has a
pollex length longer than that of V. variegata (Table 12), though in a comparative sample,

indriids do not have a relatively longer digit ray I (Jouffroy et al 1991).

Pollex

A Pollex B

Digits 11-V:
Digits 1I-V

Figure 35: Position of the pollex on differing sized substrates. A) On a small
substrate, the pollex is closer to the body of the animal than digits Il  -V. B) On a larger
substrate, the pollex is to the side, and li kely not engaged in grasping.

However, indriids do have hands that appear highly curved (Figure 35), which
could contribute to their high frequencies of hand grasping. H. griseus and N. coucang
have pollexes with similar lengths in this study (Table 16). Additionally, the Nycticebus
spp. also have a specialized, reduced digit II that likely increases their grip excursion
(Jouffroy et al. 1991). Thus, a relatively long pollex may be indicative of pollex grasping
on large substrates. While likely that primitive primates had a grasping hallux on any

sized substrate, whether primate hands were grasping on large substrates is unclear.
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Overall, all primates grasp with their hallux for their feet, but their hands use a
variety of postures in order to resist the torque of the CoM pulling the upper body
backwards. The weight-bearing on their hindlimbs also hold a variety of postures,
though they are more constrained by their locomotor mode, particularly for the ankle
angle. Their forelimbs were free to hold many different postures, and likely leave them
able to reach out for food items. Cartmill (1974a; 1979) accurately modeled one type of
clinging posture, and Preuschoft and Witte (1991) accurately modeled the variety of

hindlimb postures of lemurs.

Figure 36: Images of indriid hands, from Jouffroy et al (1991). A) P. verrauxi B)
Propithecus diadema C. Indri indri  D. Avahi laniger . Originally from Milne -Edwards
and Grandidier, 1875.
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4.4.4 The loss of claws in Primates

The above describes how primates use their body posture in order to cling on
vertical substrates without claws. But these data also provide some suggestions for
current hypotheses of primate claw loss. Soligo and Martin (2006) have suggested that
claw loss occurred when primates had a large body size (>1000g), but were highly
mobile and active in the arboreal habitat and nails have an improved function over
claws at that body size. Whereas Orkin and Pontzer (2011) proposed the Narrow Niche
hypothesis, previously proposed by Jenkins (1974) though not with that name. They
proposed that the ancestral primate was a small mammal restricted to a fine-branch
niche, and thus claw loss occurred because claws were no longer being naturally

selected as they were not useful.

The data presented here support the hypothesis of Orkin and Pontzer (2011) and
Jenkins (1974). The lemurs here largely prefer smaller substrates, to large ones,
indicating that the ancestral primate who lost claws would have been found in an
environment where there were many small substrates to fully exploit the environment.
Moreover, body mass did not seem to influence the vertical clinging and grasping
postures adopted by primates, whereas differences in locomotor mode and
musculoskeletal anatomy had a relatively strong influence. The data here, however, do

not provide a thorough test of Soligo and Martin (2006), because there are no clawed
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mammals in the study for comparison. It is possible at large body size that claws are
non-functional, indeed potentially the reason that primates demonstrate such a range in
body masses (Smith and Jungers 1997) is due to the possession of grasping hands and

feet with nails. However, how the trait first evolved is still under question.

These data also has implications for potentially initial claw loss on the hallux, as
seen in the Eocene plesiadapiform Carpolestes (Bloch and Boyer 2002) and the woolly
opossum (Lemelin 1999; Szalay 1994). The torque around the CoM that has been
previously used to describe the backwards pull of the upper body off of the back of the
substrate has ends up rotating the bottom half of the body into the substrate. This
creates a normal force into the substrate that the body can take advantage of if there is a
body part in line with the CoM torque. Observationally, it is typically the hallux that is
underneath the body, close to the midline of the body and a hypothetical CoM (Figure
36). The hallux can then take advantage of that, and are less likely to need a claw to
overcome the tangential force. Though it was not calculated, observationally the feet
seem to follow this pattern, where digits II-V are to the side or around the substrate, and

the hallux is beneath the body (Figure 36).
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ts I[I-V

Figure 37: Image showing the placement of the hallux relative to the body
midline and hypothetical CoM. A) Digits Il -V are out to the side of the body, and
cannot take advantage of the CoM torque pushing the lower body into the substrate.
B) Lines showing the foot po sture. It is difficult to see through the PVC pipe, so lines
have been added to show the shape of the foot. The hallux is much closer to the CoM.
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4.5 Conclusions

The goal of this study was to document the postures and forces involved in
vertical clinging and grasping postures adopted by strepsirrhine primates. Three
hypotheses were tested: that locomotor mode, substrate size increase, and body mass
influence VCG postures. Locomotor mode was found to influence hand grip posture and
the hip, knee, and ankle angles of the lower limb. Substrate size increase was found to
largely influence hand postures and foot grip angles. These data supported Cartmill’s
original models of vertical clinging (1974a; 1979), where the forelimb is under tension
and the hindlimb under compression. They also confirm that clinging becomes more
difficult for primates as substrate size increases, though not always as expected.

These data also supported the hindlimb-driven model of vertical clinging and
climbing by Preuschoft and Witte (1991). Primates were found to grasp with their feet,
and to hold the majority of the weight in their hindlimb. Lemurs with differing
locomotor modes were found to hold distinct postures in their hindlimbs. The forelimb
was found to vary in their posture, but did not have many differences between species
with differing locomotor modes, supporting Wood-Jones’ (1916) “emancipation of the
forelimb.” The data also suggest that the ancestral primate would have lost claws in a

fine-branch niche with an abundance of small substrates.
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Additionally, two new hypotheses were put forward. First, that the short
pollexes of primates are due to a lack of engagement of the pollex in vertical clinging
and grasping postures as a thumb would increase the backwards torque which would
move the CoM. Second, that the hallux of primates takes advantage of the torque around
the CoM as the force pushes the lower limbs into the substrate. Potentially, it would

make a nail on the hallux a selectively relevant trait.
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