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Abstract

For primates, and other arboreal mammals, adopting suspensory locomotion
represats one of the strategies an animal can use to prevent toppling off a thin support
during arboreal movement and foraging. While numerous studies have reported the
incidence of suspensory locomotion in a broad phylogenetic sample of mammals, little
researchhas explored what mechanical transitions must occur in order for an animal to
successfully adopt suspensory locomotion. Additionally, many primate species are
capable of adopting a highly specialized form of suspensory locomotion referred to as
armswinging, but few scenarios have beasipedto explain how araswinging initially
evolved. This study takes a comparative experimental approach to explore the mechanics
of below branch quadrupedal locomotion in primates and other mammals to determine
whether &ove and below branch quadrupedal locomotion represent neuromuscular
mirrors of each other, and whether the patterns below branch quadrupedal locomotion are
similar across taxa. Also, this study explores whether the nature of the flexible coupling
betweerthe forelimb and hindlimb observed in primates is a uniquely primate feature,
and investigates the possibility that this mechanism could be responsithle &wlution
of armswinging.

To address thegesearch goalkinetic, kinematic, and spatiotenpbgait
variables were collected from five species of prim@Bebus capuciny®aubentonia
madagascariensjd.emur catta Propithecus coquerelandVarecia variegatawalking

guadrupedally above and below branches. Data from these primate species were



compared to data collected from three species ofpniomate mammal§Choloepus
didactylus Pteropus vampyrysandDesmodus rotundiisind to three species of arm
swinging primate (Hylobates molochAteles fuscicepandPygathrix nemaeygo
determine howarying forms of suspensory locomotion relate to each other and across
taxa.

From the data collected in this studyis evident the specialized gait
characteristics present during above branch quadrupedal locomotion in primates are not
observed when Weng below branches. Instead, gait mechanics closely replicate the
characteristic walking patterns of rpimate mammals, with the exception that primates
demonstrate an altered limb loading pattern during below branch quadrupedal locomotion
in which theforelimb becomes the primary propulsive and wetggwdring limbi a
pattern similar to what is observed during awinging. It is likely that below branch
guadrupedal | ocomotion represents a fAmecha
on top of hin arboreal supports. Additionally, it is possible that-aminging could have
evolved from an anatomicallyeneralized arboreal primatgth tendencieso forage and
locomote below branches. During these suspensory bouts, weight would have been
shiftedaway from the hindlimbs towardke forelimbs, andas the frequency of these
bouts increasegdthe reliance of the forelingfor weight support would have also
increased. This functional decoupling may have released the hindlimbs from theirweight
bearingrole during suspensory locomotion, and eventyaligrswinging would have

replaced below branch quadrupedal locomotion as the primary mode of suspensory



locomotion observed in some primate species. This study provides the first experimental
evidence suppting the hypothetical link between below branch quadrupedal locomotion

and armswinging in primates.
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1l ntroducti on

Suspensty positional behaviorésee definition in section 1.have evolved
independently in at least 14 different mammatidesFujiwara et al., 2011)and
numerous times in livingrimates(Stern and Oxnard, 1973; Granatosky et al., 20416)
primates can, and do, adopt suspensory behaviors, but some groups emphasize these
behaviors more effectively, or for longer periods of time than o{seresTable 1Stern
and Oxnard, 1973 he shift to specialized suspensory locomotion, and thityatoiluse
both above and below branch locomotion, is interpreted as a major transition during the
evolution of primates, and is seen by mésiern and Oxnard, 1973; Stern, 1975, 2000;
Rose, 1983; Green and Alemseged, 2012; Chiuethal., 2013; Macias, 201%)sa likely
precursor prior to the acquisition of bipedalism in early homi(bns sed_ovejoy, 2009;
Lovejoy et al., 2009&b; White et al., 2009)Additionally, at least in respect to living and
fossil apes, it remains unclear as to whether the acquisition of suspensory locomotion was
a result of a single adape shift(Alba et al., 2015)or the result of multiple, independent
evolutionary eventfLarson, 1998)Because of the critical importance of the evolutdn
suspensory postures in primate and human history, numerous scenarios have been
proposed about both the development of these postures and their signifitetnuene
of those scenarios have ever been tested experimentally in anbao@daliarsample,
nor have the deep underlyimgechanics (force distribution afichb movementsbeen
compared across animals that are capable of adopting suspensory movémeoil of

this study is to fill this gap.



Table 1. The proportion of quadrupedal and bimanual suspensory locomotion observed in the locomotor repertoires of

primates
Family Species Source Captive Quadrupedal suspensic Bimanual suspension
(©wild (%) (%)
(W)
Galagidae Galago senegalensis (Gebo, 1987) C 2 1
Galagodemiddf (Gebo, 1987) C 6 0.5
Lorisidae Perodicticus potto (Gebo, 1987) C 22 0.5
Nycticebus coucang (Gebo, 1987) C 29 0.020
Nycticebus coucang (Glassman and Wells, C 0.5
1984)
Loris tardigradus (Gebo, 1987) C 295 0.5
Cheirogaleidae Mirza coquereli (Gebo, 1987) C 23 0.5
Microcebus murinus  (Gebo, 1987) C 5 0.5
Cheirogaleus medius (Gebo, 1987) C 11 0.5
Cheirogaleus major  (Gebo, 1987) C 7 0.5
Daubentoniidae Daubentonia (Curtis and Feistner, C 2
madagascariensis 1994)
Indriidae Propithecus verreauxi (Gebo, 1987) C 5 10
Lemuridae Varecia variegata (Gebo, 1987) C 11 0.5
variegata
Varecia variegata (Gebo, 1987) C 14 1
rubra
Lemur catta (Gebo, 1987) C 4 1
Hapalemur griseus (Gebo, 1987) C 3 0.5
Eulemur rubriventer  (Tilden, 1990) C 0.9 0.1
Eulemu mongoz (Gebo, 1987) C 8 1
Eulemur macaco (Gebo, 1987) C 6 4



Tarsiidae
Atelidae

Callitrichidae

Cebidae

Eulemur fulvus (Gebo, 1987) C

Eulemur coronatus (Gebo, 1987) C

Tarsius syrichta (Gebo, 1987) C

Lagothrix lagothricha (Cant et al., 2001, w
2003)

Ateles paniscus (Youlatos, 2002) w

Ateles paniscus (Mittermeier, 1978) W

Ateles paniscus (Fleagle and wW
Mittermeier, 1980)

Ateles geoffroyi (Fontaine, 1990) wW

Ateles geoffroyi (Johnson and Shapirc W
1998)

Ateles geoffroyi (Mittermeier, 1978) W

Ateles geoffroyi (Cant, 1986) wW

Ateles belzebuth (Cant et al., 2001, w
2003)

Alouatta seniculus (Youlatos, 1998) w

Alouatta pigra (Cant, 1986) wW

Alouatta palliata (Gebo, 1992) w

Alouatta palliata (Johnson and Shapirc W
1998)

Leontopithecus rosalie (Rosenberger and C
Stafford, 1994)

Saimiri oerstedii (Johnson and Shapirc W
1998)

Saimiri boliviensis (Fontaine, 1990) W

Cebus capucinus (Gebo, 1992) wW

Cebus capucinus (Johnson and Shapirc W

1998)

O N ©

0.5

31

13
0.5

0.5

0.1
0.1

11

321
38.6
386

218
375

26
25
20

0.5
20

11

16

6.4



Cebus apella (Fleagle and w 1
Mittermeier, 1980)
Pitheciidae Pithecia pithecia (Fleagle and w 5
Mittermeier, 1980)
Cercopithecidae Trachypithecus (Xiong et al, 2009) w 0.2
leucocephalus
Trachypithecus (Xiong et al., 2009) W 21
francoisi
Pygahrix nemaeus (Wright et al., 2008) C 46
Pygathrix cinerea (Wright et al., 2008) C 56
Presbytis siamensis  (Fleagle, 2013) w 5
Presbytis melalophos (Fleagle, 1978) wW 34
Colobus guereza (Gebo and Chapman, W 0.5 0.5
1995)
Colobus guereza (Rose, 1978) w 0.1
Colobus badius (Gebo and Chapman, W 0.5 3
1995)
Colobus badius (McGraw, 1998) wW 3.9
Cercopithecus mitis  (Gebo and Chapman, W 0.3 0.3
1995)
Cercopithecus diana (McGraw, 1998) w 0.1
Cercopithecus (Gebo and Chapman, W 0.5
ascanius 1995)
Cercocebus albigena (Gebo and Chapman, W 0.5
1995)
Hylobatidae Symphalangus (Chivers, 1972) W 80
syndactylus
Symphalangus (Fleagle, 1976) W 379

syndactylus



Hominidae

Nomascus nasutus
Hylobates pileatus
Hylobates lar
Hylobates lar
Hylobates agilis
Hylobates agilis

Pongo pygmaeus
Pongo pygmaeus
Pongo pygmaeus
Pongo pygmaeus

Pongo abelii

Pan troglodytes
Pan troglodytes
Pan troglodytes

Pan troglodytes
Pan troglodytes
Pan troglodytes

Pan paniscus
Pan paniscus
Gorilla gorilla

(Fan et al., 2013)

(Srikosamatara, 1984)

(Fleagle, 1976)
(Fleagle, 1980)
(Gittins, 1983)
(Cannon and
Leighton, 1994)

(Manduell et al., 2011

(Cant, 1987b)
(Sugardjito, 1982)
(Sugardjito and van
Hooff, 1986)
(Thorpe and
Crompton, 2006)
(Sarringhaus et al.,
2014)

(Doran and Hunt,
1996)

(Doran and Hunt,
1996)

(Hunt, 1991)
(Hunt, 1992)
(Doran and Hunt,
1996)

(Susman, 1984)

(Susman et al., 1980)

(Doran and Hunt,
1996)

ST £ £ £ £ £ £xs52 z£zszss

26

59.6
84.4
56
512
66.3
48

a7
11
21
1938

16

13

0.8

0.5
0.2
0.2

21
15
0.1




This study takes a comparative approach to anatomical and behavioral changes
that are associated with the transition from arboreal quadrupedalism to suspensory
locomotion.Specifically, kinetic, kinemiéc, and spatiotemporal gait daterecollected
from a broad phylogenetic sample of primate andpramate mammals walking
guadrupedally both above and below an instrumented ruridedgw branch quadrupedal
locomotion is an understudied form of suspepsocomotion that requires very few
anatomical modificationsand thereforemost primates are capable of moving in this
mannerln this study, data from both above and below branch waikagrompared
with data fromspecialized araswinging primates inraer to answer the following

research questions:

(1) Do primates adopt differing mechanical strategies when switching from above
to below branch quadrupedal locomotion, or simply modify the exigtiitgpattern®

(2) Do primates and neprimate mammalstilize the same mechanical strategies
during below branch quadrupedalism, or are different species capable of adopting
differing mechanical strategies?

(3) Does below branch walking bear greater similarities to above branch walking

or more specialized fors of sispensory locomotion (i.e., arswinging)?

Data from this studprovidesinsight into an essential, but understudied,

evolutionary transition within our owcladeand more broadly aid in our understanding



of how animals deal with the mechanicahdads of switching from orferm of
locomotion to another.

There iscurrently no cleaconsensus on what features (anatomical or mechanical)
species that use suspensory locomotion have in common. This introduotiens
suspensory locomotion from a neological perspective and addressuch topics as the
mechanical definition of suspensory locomotion, the taxonomic diversity of suspensory
locomotion, anatomical features associated with suspensory locomotion, current theories
about the origins of suspery locomotion, and experimental studies on suspensory
locomotion. The goal of thistroductionis to identify themes and patterns about
suspensory locomotion to determine what is currently known and unknown about this

form of locomotion.

1.1 A mechanichdefinition of suspensory locomotion

Perhaps the most difficult aspect of discagssuspensory locomotion is the
nebulous terminology that is currently used tedali#e this form of movement. ik
important to first outline differences between postuegipmotor, and positional
behaviorsA locomotor behavior is one where ara@l moves its center of mass (R
over distane, whereas a postural behavior is one where thel@@ves very little, or
not at all(Johnson, 2012he combination of the postural and locomotor behaviors is
defined as positional behavidiRrost, 196k

For most, images of suspensoogdmotion are centered on what is commonly
referred to as arrawinging, a form of forward progression in which the animal hangs

below the support and the forelimbs bearst of the weightArm-swinging may be
7



associated with prehensileltase in theNew World atelinegTurnquist, 1975; Swartz,

1989; Hunt, 1991; Hunt et al., 1996; Turnquist et al., 1999; Bertram, 2004; Schmitt et al.,
2005) The issue with thisommondefinition is that it excludes species that utilize below
branch giadrupedal locomotigrwhich is aform of suspensory locomotion in which both
the forelimbs and hindlimbs are used in some combination, the torso is pronograde, and
the limbs are loaded in tensi@@ant, 1986jshida et al., 1990; Hunt et al., 1996;

Bergeson, 1998Many studies have identified the problems with these definitions of
suspensory locomotigto find a more unifying terminologynany have sought a
mechanical definition thatpplies taall suspensagrpositional behaviors.

Stern and Oxnard (1973) proposed that all suspensory positional behaviors are
united ty a common limb loding patterrin which the forelimbs and/or hindlimbs are
loaded in urtiaxial tension rather than compressiblowever theyseethis asan
approximatiorsince theyhaveno direct data on limlbading patterns during suspensory
locomotion. Thigdefinition alludes to an important mechanical situation that differs
drastically from the limb loading behavior of most other forms odhootion(Kimura et
al., 1979; Reynolds, 1985a; Demes et al., 1994; Schmitt and Lemelin, 2002, 2004;
Schmitt and Hanna, 2004)ensile loading on the limbsvhen it is a dominant part of the
loading environmenis thought to result in profound changes to the overall intrinsic and
structural properties of the bones allowing them to become thinner, longer, and materially
more compant (Swartz, 1990; Skedros et al., 1994, 1996, 2004; Rein et al.,.Z015)
exploretheclaimtat suspensory | ocomoti o(ternanddefi ne

Oxnard, 1973)Swartz et al(1989)collected strain data from the long bones of the
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forelimb (humerus, radius, and ulna) to determine intrinsic strain patterns during arm
swinging in a freely moving gibbon. From this data it was determined that strain patterns
were not evenly distrilted throughout the forelimb, and while ulna and portions of the

radius did experience tensile loading, the humerus experienced net compressive loading
due to muscular contraction from powerful flexors. This finding makes a simple

def i ni ti onenosfi ofinldi nmss soindicatesiomly thecdirection of the pull of

the body and not actual loading specificallg. Phaps a more gener al de
under reduced compr essi v garlsomand Pate Z006may b e
Patel and Qdson, 2008) This more general approach is aso simplistic andlifficult

to applybecaus®f the needo determinef the bone is actually under reduced

compressive loading'here are many ways an animal can reduce compressive loading
without adoptilg what is traditionally considered suspensory behayieynolds,

1985a; Demes et al., 1994; Schmitt, 1999; Schmitt and Lemelin,.2002)

For many types of locomotion, the use of mechanical analogies has proven
effective as a means of translating complex mechanics into understandabléscémcep
numerous studiesuspensory movemeistoften describednd discusseds amovement
analogous tasimple pendulunAvis, 1962; Erikson, 1963; Fleagle, 1974; Andrews and
Groves, 1976; Swartz, 1989; Swartz et al., 1989; Turnquist et al., 1999; Chang et al.,
2000; Bertram and Chang, 2001; Usherwood, 2003; Bertram, 2004; Nyakatura and
Andrada, 2012; Granatosky, 2018Yhen examined in more detail howeveahis analogy
weakengBertram, 2004)and many suspensory animals modify pendular movements

through kinematic mechanismsonr der t -0 ufi ® m€O®Mh ndeagteme nt s
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1974; Bertram et al., 1999; Bertram and Chang, 2001; Usherwood, 2003; Bert@din, 20
This process is considered an important adjustment required during brachiation in order
to reduce mechanical energy loss due to collisions that occur as a result of discontinuity
in COM path(Bertram et al., 1999; Bertram and Chang, 2001; Bertram, 2004)
Additionally, data on the COM movements in slotageal thathat these animaldo not
use pendular motion during below branch quadrupedal locomdti@katura and
Andrada 2012)demonstrate that sloths actively slow themselves down throughout the
stride, and subsequently use ddeuretraction and elbow flexion to propel themselves
prior to swing phaselhis active perturbation of pendular motion in sloths is thought to
be a mechanism to ensure deliberate limb placement and cryptic movements necessary
for the unique locomotor i@ observed in living sloti®lyakatura, 2011; Nyakatura
and Andrada, 2012)t remains unclear as to whether this type of movement is present for
all species during below branch quadrupedal locomotion, or whethepthésstinusual
in this regard.

It is obvious, that determining a single mechanical definition for suspensory
l ocomotion is quite difficult. Current def
simple pendular motion do not properly describe the mechamat occur during
suspensory locomotion or exclude certain types of suspensory locomotittatod o
rectify this problem, Granatosky et €016 proposed thatuspensory locomotion
should bedefined as any form of forwamt backwardrogressionnwh i ch t he ani me
COM s positioned beneath the suppditiis definitionis inclusiveof many forms

locomotion without specifially invoking patterns of limbbading and COM movements.
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Additionally, it speaks to the biomechanical challenge of gravitiypg on the animal by
pulling the COM away from the support. In order to avoid falling, animals eitlsr
evolve beneficial anatomical features (see section 1.38}jost themselves through
behavioral mechanisms. By usiaglefinition that speaks theé biomechanical

challenges, rather than particular smns (either anatomical or behaviora)ows a
broader appreciation of the numbediferentstrategies that have arisen in order to deal

with the stresses and mechanical challenges associdtethexting below branches.

1.2 Taxonomic diversity of suspensory locomotion in mammals

Suspensory locomotion has evolved in at least nine of the major mammalian
radiations (i.e., Marsupialia, Xenarthrdydidota Dermoptera, Primates, Scandentia,
Rodenta, Carivora, and Chiroptera) (Figurg.lFor certain taxonomic groups (i.e.,
Primates), locomotor profiles documenting the percentage of certain locomotor modes
observed within species have been quite extensivahantype of data allows us to
obtaina detailed understanding of those species locomotor repertoires. For most other
mammalian groups, data documenting locomotor profiles are minimal or absent, and
inferences about locomotion are primarily based on anecdotal reports rather than specific
obsenations.This introduction will discuss, to whatever extent possible, the frequency

and nature of suspensory locomotion in the major mammalian orders.
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Figure 1: Mammalian phylogeny (adapted from Springer et al, 2004)
indicating the mammalian orders in which suspensory locomotion has evolved.
Orders illustrated in blue indicate that suspensory locomotioris present
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1.2.1 Marsupialia

Despite the numerous studies that have posited marsapaismportantmodel
for the study of primate locomotor origins, little information is available on the locomotor
behaviors of thismup beyond gross categorization (e.g., terrestrial, arboreal, semi
arboreal). Without detailed locomotor profiles it is difficult to determine the importance
and use of suspensory locomotion within the extant marsupials. It is assumed that most
marsupialswith the exception of highly terrestrial species (e.@¢mpodsand
dasyuromorph), can adopt suspensory positional behaviors, but only three studies
(Russell, 1986; Rasmsisn, 1990; Dalloz et al., 2018ave actually provided detailed
locomotor profiles of marsupials, and of those only Russell (1986) and Rasmussen (1990)
documented the presence of any suspensory moveBas#d on the anatomy of certain
marsupialsit is likely that suspensory locomotionfexr more commorfArgot, 2001;

Grand and Barboza, 2001; Kirk et al., 2008; Granatosky et al., 2014a; b)

1.2.2 Xenarthra

The xenattrans are well known for their propensity for suspensory locomotion
(with the exception oMyrmecophaga tridactyland the dasypodids). While both
Tamandugthe lesser anteater) a@yclopeqthe silky anteater) use suspensory
locomotion during their nornhdocomotor behavio(Taylor, 1978, 1985)he sloths
[Choloepugtwo-toed sloths) an8radypus(threetoed sloths)] are the exemplars of
below branch walking Considerable work has gone into understanding the evolutionary
history behind how suspensory locomotion evolved in these si{dlyiakatura, 2011;

Grass, 2014)
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It has long been assumed that based on the anatomical and biomechanical
similarities betweeholoepusaandBradypusthat these species share a close taxonomic
affiliation, but recent genetic evidence demonstrate that these species are only distantly
related. Phylognetic restructuring pladgradypusas either the sister taxon to all other
extinct and extant slot{i&audin, 2004)or associated with the extinct megatheriid sloths
(Greemwood et al., 2001)Choloepuss considered a member of the Megalonychidae, a
group consisting pri-mmhpt hgoodf t(Mc®onétlckt Amet i
and De luliis, 2008)Regardless of the exact taxonomic position of these species, none of
the known fossil sloths show any anatomical indication giesusory locomotion
(McDonald and De luliis, 2008; Nyakatura, 2011; Grass, 2004grefore, it is most
parsimonious to assume tl&radypusandCholoepusevolved obligate suspensory
locomotion convergently. The exaotechanism for how this remarkable example of
convergence occurred is still largely unknown, but Nyakatura (2011) suggested that the
fossorial adaptations (i.e., strong forelimb flexor musculature and strong claws) present in
the last common ancestors tifths preadapted extant sloths for suspensory locomotion.
Additionally, current reconstructions of many of the smaller fossil sloth species suggest a
semtarboreal lifestyldWhite, 1993; Toledo et al., 201Z3uspensory positional
behaviors in relativelfargebodied taxa negate the need to balance above branches, and
are thought to be more energy efficié@rand, 1972; Cartmill, 1985The generally
lower metabolic rates of xenarthraiNdagy and Montgomery, 1980; Robinson and

Redford, 1986)vould have favored suspensory positional behaviors, and this need for
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energy efficiency is thought to accodat the convergence in modern slo{hs/akatura,

2011)

1.2.3 Dermoptera

The dermopterans (flying lemurs/colugos) are Southeast Asian arboreal mammals
characterized by large patagiums used for gliding between gaps in the (Byoms et
al., 2008, 2011a; b)t is assumed that because of this large gliding membrane these
animals are limited to suspensory locomotion and vertical climbing when not gliding, as
upright quadrupgal locomotion is ungainly and awkward. Despite the numerous
morphological studies that have used dermopterans to inform behavioral reconstructions
of fossil taxa(Beard, 1989; Sargis, 208; Kirk et al., 2008; Granatosky et al., 2014b)
incredibly little is known about the negliding locomotor behavior of these species.
Dzulhelmi and Abdullali2009)created amthogram noting numerus aspects of
dermopteran behavior, and while suspensory locomotion was recorded, no quantitative
measures were presented to elucidate the relative importance of suspension within the
overall behavioral repertoir€ujiwara et al. Z011)comparedstatic levels of elbow
flexion in dermopterans and compared these to other species that utilize below branch
guadrupedal locomotiorCholoepusNycticebusandPteropug, and from this data
determined that dermopterans, like other below branch quadrgesdsnstrate angles

that maximize momerdrms during suspensory positional behaviors.

1.2.4 Primates

Of all the mammalian groups, primate locomotor behavior has been the most

thoroughly studied and recorded. This level of detail allows us to understardutty
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what species are using suspensory locomotion, and whether taxonomic patterns are
presentSuspensory positional behaviors are commonly discussed in concert with the
hominoids, atelines, and to some extent the Asiarbaws, but it should be red that
al primates can, and dengage is suspensory locomotiaithough some groups
emphasize these behaviors more effectively, or for longer periods of3tera and
Oxnard, 1973Table 3. One group commonly ignored in terms of suspensory
locomotion are the strepsirrhin@sut sedshida et al., 1990Jouffroy and Petter, 1990;
Jouffroy and Stern, 1990YVhile suspensory postural behaviors like vertical clinging and
hindlimb suspension are commonly observed amahgstrepsirrhines, locomotor
behaviors like inverted walking and bimanual progresarermuch more uncommon.
These behaviors have generally been observedris, NycticebusPropithecus
Varecig Lemur, Mirza coquereli Daubentonia madagascariensendCheirogaleus
mediugTable 1)

Perhaps natrepsirrhines are moweell-knownfor suspensoryocomotion than
the subfossil sloth lemuBalaeopropithecus, BabakotiandMesopropithecusThese
animals were endemic to Madagascar, and persisted late into the HqlGoefrey and
Jungers, 2003Molecular evidence suggests thiais group shared a close phylogenetic
relationship with extant indriidéroder et al., 199%aranth et al., 2005; Orlando et al.,
2008) Along with an extensive collection of skulls and dental remains, there have been a
large number of postcranial elements collected and attributed to the various species of
sloth lemurqJungers et al., 1997; Hamrick et al., 2000jis has allowed for though

and reliable reconstructions pbsitional behaviofJungers et al., 1997; Hamrick et al.,
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2000; Shapiro et al., 2005; Granatosky et al., 201¥MBsopropithecus, Babakotiand
Palaeopropithecubave all been interpreted as antippgrade primates with varying
degrees of suspensory locomoti@his interpretation has led many to believe that these
genera filled a similar ecological rolelteing sloths,and they have argued that some
parts of the anatomy, such femoral neck andihkaee joint, elbow, and back are similar
to and convergent on a slelike anatomyJungers et al., 1997; Hamrick et al., 2000;
Godfrey and Jungers, 2003; Shapiro et al., 2005; Granatosky ét1ah)2

Among the South Americgplatyrrhines the atelines are most often observed
using suspensory positional behaviors, although suspensory locomotion is present in
many other platyrrhine species (Table 1). The atelines use botsvanging and below
branch quadrupedal locomotion, and accordingly have evolved a number of anatomical
features that are commonly considered adaptive for proficient suspensory locomotion
(Stern et al., 1980a; Jenkins, 1981; Jungers et al., 1997; Johnson and Shapiro, 1998;
Turnquist et al., 1999; Rosenberger et al., 2088n-swinging in the atelines ba
evolved independently from other aswinging primates, and although the mechanics of
armswinging in the atelines are similar in many ways, there are also substantial
differenceqTurnquist, 1975; Turnquist et al., 1999; Schmitt et al., 2005, 2009; Tripp et
al., 215). Perhaps most obvious is the aid of a prehensile tail that makes contact with the
support throughout an arswinging cycle, and is thought by most to support a
substantial portion of body weigfitemelin, 1995; Bergeson, 1996; Laska, 1998;

Meldrum, 1998; Schmitt et aR005; Organ, 2008)
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Traditional interpretations of the cercopithecids have suggested that suspensory
locomotion was extremely rare or even absent, but recent(Bgrian and Coert, 2004;
Workman and Covert, 2005; Wright et al., 2008; Su and Jablonski, 2009; Granatosky,
2015)has demonstratefiat suspensory locomotion is present in at least €ich@/orld
monkeys. First described by Byron and Covert (2004), and later corradmbiat
Workman and Covert (2005) and Wright et al. (2008), is the unexpected ability of the
redshanked douc languPygathrix nemaegd4o commonly [46%; (Byron and Covert,
2004)] engage in arrewinging locomotionThis observation is surprising, because
aratomicallyP. nemaeuslosely resembles other phylogenetically related Asian
colobines [but see Su and Jablonski (2009) and Bailey and Pampush)]2&i& shows
few of the anatomical similarities with other aswinging primatesUntil recently no
detaied mechanical analysigas availabléo understand the proficiency sdispensory
locomotion in this specie$ranatosky (2015jemonstrated the mechanics of the-arm
swinging in redshanked douc langur are remarkably similar to what has been reported
for am-swinging mechanics in other species (ifgelesandHylobate$

For many, the hominoids are the group of primates most associated with
suspensory locomotion, but in reality, beyond the juvenile stage, susptsonption
in PantroglodytesandGorillais incredibly rarg(Doran, 1992, 1993, 1996, 1997; Hunt,
1992; Doran and Hunt, 1996; Congdon, 20T2)s ledStern and Oxnard (1973) and
Larson (1998) to refer to these species as suspensory primarily during postural behaviors,
but not locomotionSuspensorjocomotion is more common ikan paniscusand

according to Doran (1992) this is evidence of behavimmatdomorphismetained in this
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speciesThe hylobatids an®ongoon the other hand are highly suspensory throughout
life, and each has become a spestidbr armswinging and below branch quadrupedal
locomotion, respectively. The gibbons are wealbwn for their acrobatic abilities below
branches, and based on the finding that suspensory locomotion compromises upwards of
84.4% of the locomotor reperteiof some gibbon speci€Srikosamatara, 1984t is not
surprising that their skeleton has been drastically reorganized to reflect numerous
adaptations for suspensory locomot{&mdrews and Groves, 1976; Michilsens et al.,
2009, 2010; Cheyne, 201T)he gibbons are solely arboreal, and almost never descend to
the ground. The relatively largmdied siamangSymphalangus syndactyjusnds to
travel primarily by continuous contaatm-swinging(Fleagle, 1974)while the smaller
species are much n®apt aticochetalmovements in which they launch themselves
(with sometimes a substantial aerial phase) fromtor&ee (Bertram et al., 1999;
Usherwood, 2003; Bertram, 2004; Cheyne, 2011)

In comparison to the gibbons, the movemerRafgois slow and deliberate, and
has been referred to &ntipronogradelocomotion(Stern, 1975)Suspensory
locomotion makes up a large portiontiké orangutawveralldiverse movement
repertoire This has resulted in extremeodifications of postcranial skeletancluding
incredibly longforelimbs highly curved phalanges, and a highly mobile hip joint
(Jungers et al., 199 arson, 1998; Hammond, 2014IthoughPongois capable of
armswinging, this is usually done over short distances and is never rico¢Hetale,
2013) Insteadijt uses a clambering form of suspensory locomotion usually referred to as

guadrumanus suspensiprhorpe and Crompton, 2006; Thorpe et al., 20072009;
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Manduell et al., 2011)While formal definitions of quadrumanus suspengiave been
difficult to ascertain from the literature, this movement has been likened to the

guadrupedal suspensory walkinglafises(Walker, 1974)

1.2.5 Scandentia

The locomotor behaviors of the scandentians, like so many other mammalian
species, are woefully understudied and most of our behavioral inferences are based on
anatomical interpretations andesalotal reportfout seeEmmons(2000] rather than
rigorous surveysAll scandentians demonstrategicranial morphology associated with
arboreal locomotion, although most species are habitually terréEmahons, 2000;

Sargs, 2001a, 2004)This has led to serious inquiry concerning the ancestral condition of
Scandentia and whether arboreality or terrestriality represents the primitive locomotor
mode.Sargis 2004 has examined this question in detail, and becBtikxeraus lowii,

the most morphologically primitive treeshrew specteargis, 2007)is strictly arboreal,

and all species retain morgbgical adaptations for arboreality it seems almost a
certainty that the living species all derive form an arboreal anggstonons, 2000;

Sargis, 2004, 2007Because arboreal anatomy is present in all extant scandentians, it is
possiblethat all living treeshrewsiay becapable of suspensorydomotion. Data from
Sargis(2001b)supports this notion as boftupaia minor(a highly arboreal species of
treeshrew) and@upaia tanaa primarily terrestrial treeshrew) were reported to use

suspensory locomotion (5.0% and 0.2% respectively).
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1.2.6 Chiroptera

All chiropterans utilize suspensory positional behavidhss is thought to be a
consequence of reagizing the postcranial skeleton for specialized powered flight
(Lawrence, 1969; Howell and Pylka, 1971f) general, théorearmbones obatsare long
and curved compared to similaityzed terrestrial mammals. The radius is large relative
to the ulna (with whib it is often fused), and the digits are elongateprovidea
supporting frame for the membranous w{kgown as a patagium)he hindlimb
skeleton is also extensively modified. The fibula is reduced or absent, the femur and tibia
are long and slim relae to those of similarly sized terrestrial mammals, and these bones
are rotated laterally from the typical mammalian pattern. As a resufertiue extend
laterally or caudally, and the flexor surface of the kneesfaeetrally (Riskin et al.,

2005) This combination of specializations is presumed to result in the poor upright
walking ability seen ibats(Lawrence 1969; Howell and Pylka, 197But seeRiskin
and Hermanson, 2005; Riskin et al., 2005, 2006)

While many of the features associated with upright movement have been lost in
the chiropteransjumerous features associated with increasing the efficiency of
suspensorypositional behaviorare present thrghout the postcranial skeleton. This
includes large hooked distal phalanges, elongated intermediate phgBogesand
Bloch, 2008)and digital locking tendons in the fo@chutt, 1993; Simmons drQuinn,
1994) powerful forelimb flexor musculatuf&ujiwara et al., 2011)and anatomically
rigid lumbar vertebraéGranatosky et al., 2014bB)Vhile suspensorgostures are

ubiquitous across chiropterans, fireportionof suspensory locomotiamsed by
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chiropteransn their locomotor repetoires poorly knownVandoros and Dumon2004)
recorded the incidence of suspensory locomotion ibat&pecies and determined that

the relative amounts of suspensory movement appear to be phylodbnietiiceenced.

In general, the phyllostomids (leabsed bats) rarely used suspensory locomotion, but
the pteropids (megachiropteran fruit bats) used suspensory locomotion quite regularly.
This pattern appears to be reflected in vertebral morphologyiroptérang Granatosky

et al., 2014h)

1.2.7 Carnivora

Carnivorans demonstrate a great deal of locomotor diversity withiordes
including swimminggcursoriality, arboreality, fossoriality, and many combinations in
between(Van Valkenburgh, 1987; Taylor, 198@)ue to these locomotor specialipais,
suspensory locomotion rare, and appears to only begest in the procyonids
(raccoons, coatis, kinkajous, olingos, olinguitos, ringtails and cacomigti€dearn
1992; Organ, 2008; Fujiwara et al., 201l1)s possible that suspensory locomotion is
also present in the highly arboreal viverrids (civets, genets, and binturbats$gtailed
locomotoraccountsare severely lackindvuch of the giantitative analyis of procyonid
locomotion is based on laboratergntrolled experimental gaginalysis(Lemelin and
Cartmill, 2010)andqualitativedata McClearn 1992).According toMcClearn(199Q
1992) Procyon(raccoon andNasua(coati)are careful, altbugh not particularly
graceful, climbers, antheir elongated limbanddigitigrade postures make thdratter
suited for terrstrial cusorial locomotion rather than arboreabvementDuring

climbing, Kaufmann(1962)and McClearn (1992)otes thalNasuaandProcyon
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occasionally progressn the underside of an arboreal substrate. In conRagisflavus
(kinkajou) are highly arboreal and commonly use suspensory locomotion wh@mgmo

among terminal branchésicClearn, 1992; Organ, 2008)

1.2.8 Rodentia

The great taxonomic diversity of the rodents tessilted in a range of locomotor
adaptations including some highly arboreal spetiesil recently however, locomotor
profiles on these species have been absent. Whiledzgtll limited, we begin to
understand the role of suspensory locomotion withe normal behavioral repertoires of
certain species. Among the sciurids (squirrels), the most arboreal of the rodents,
suspensory locomotion has not been observed (Youlatos, 1999; Stafford et al., 2003;
Essner, 2007; Youlatos et al., 2007; Youlatos Sacharas, 2010). Suspensory
locomotion was however observed in the murids [Micromys minutus; 2.4% of locomotor
repertoire; (Urbani and Youlatos, 2013)] and the glirids [Graphiurus murinus; 8.2% of
locomotor repertoire; (Youlatos et,@2015)]. It is alsoikely thatCoendouprehensile
tailed porcupine) also uses some degree of suspensory locomotion, but these behaviors

have not beedocumented

1.3 Postcranial morphology associated with suspensory locomotion

Across the wide range stispensorynammals, ertain anatomical patterns have
arisen convergently that are thought to allow for more proficient below branch
locomotion. It is important to note thatthough many anatomical modifications are

present within the postcranial skeleton of suspensory masyimase features are not
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required to adopt suspensory locomotion. As stated above, the ability to adopt suspensory
locomotion does not require any particular anatomical necessity beyond the ability to flex
the digits of the hand and/or foot into a funoabhook. Thiss problematic for
paleontologistbecause without clear diagnosticatomical featurdgked specific

behaviorsit is impossible to accuratehgconstructhe locomotor repertoire of a fossil
organism. Below are the general anatomicaldscthat have been observed in suspensory
mammals. This outline is by no means exhaustive, but instead is meant to focus on

functional features that potentially inform biomechanical behaviors.

1.3.1 Manual and pedal phalangeal morphology

During both armswinging and inverted quadrupedal locomotion, the hand and
foot (during below branch quadrupedal locomotion only), can be described as being
positioned like a hook to wrap above and around the su(fwertz et al., 1989; Jungers
et al., 1997; Richmond, 2007; Fleagle, 2013)e proximal phalanx is usually positioned
above the symrt, while intermediate and distal phalanges make contact on the side and
near the bottom of the support, redpagty (Richmond, 2007)In most cases the
metacarpals have no contact with the support, and the pollex is thought to be of little
importance during symensory movemer{Eleagle, 2013but see Mcure et al, 2013.

The relativedegreeof phalangeal curvature the proximal phalanx is thought to be an
accurate predictor of the importance and proportion of arboreality and suspensory
positional behavioréStern and Susman, 1983; Stern et al., 1995; Jungers et al., 1997,
Richmond, 2007; Congdon, 2012he hook style grip observed during suspensory

locomotion serves as an importantananism for mitigating bending strain while below
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branches. Basically, as a digit is loaded during suspensory postures, joint reaction forces
load the articular ends of the phalanx in compression and dorsally, while digital flexor
musculature pulls the nstiaft towards the paliiiRichmond, 2007)The presence of
highly curved digits substantially mitigates the strains experienced during suspensory
locomotion, and these strains can be further mitigated by behavioral changes to hand
position(Stern et al., 1995; Jungers et al., 1997; Richmond, 2007; Congdon, 2012)
Among living primates, pHangeal curvature appears to be greatest in highly suspensory
species, such as gibbons, orangutans, and spider mddkegers et al., 1997; Congdon,
2012)

Unlike primates, highly suspensory nprimate mammalian species, such as
sloths, bats, and colugdsave relatively straight proximal phalandBgard, 1990;
Hamrick et al., 1999; Boyer and Bloch, 200Bhese animals instead support biogly
with long and highly curved claws of the distalatanx(Boyer and Bloch, 2008)
Perhaps most interesting is the presence of a digital locking tendon that has arisen
convergently in the dermopterans and chiropterine fundional unit consists of two
components, a tuberculated fibrocartilggeéch on thgroximal plantar surface of the
combined tendons of the flexor digitorum longus alaahiaris muscles, arah adjacent
plicated portion of the synovial layer oktliexor tendon sheatfihe tendon lock is
engaged when the flexor tendon isled proximally, asoccurs when the digit is flexed
(Schutt, 1993; Simmons and Quinn, 19%hce the tendon tubercles agg with the
plicae, the tendoremains locked in place as long as the dlemainsunder tesion (i.e.,

as long as the bodyeight of the animal is suspended from the flexed claw).
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1.3.2 Forelimb morphology

Perhaps no anatomical feature has been associated with suspensory locomotion
more than the elongation of the forelimbs. Thie af the londgorelimb has been a matter
of considerable inquiry, and a number of biomechanical solutions have been proposed to
explain why this feature has evolvgdvis, 1962; Preuschoft and Demes, 1984; Swartz,
1989; Bertram et al., 1999; Chang et al., 2@&rtram, 2004; Michilsens et al., 2011)
Longerforelimbshave commonly been cited as mechanism to reduce the cost of
locomotion during arrswinging. This is because as the amplitude of the swing increases
(i.e., effective limb length) so does the distatraversedetween subsequent handholds.
This results in fewer interactions with the substrate in a set locomotor bout. Although the
pendular movement observed in some species is thought to be highly efficient, every time
a limb makes contact with thegport a certain amount of energy is lost, and additional
muscular energy must contributed to continue forward move(Ransons and Taylor,
1977; Stern et al., 1980b; Jungers and Stern, 1981; Swartz, 1989; Michilsen20dtla
2012) By decreasing the number of handholds within a locomotor bout an animal is
thought to be able to increase the overall efficiency of locoméfiemerin and Cant,
1983)

This explanation for the elongation of the forelimbs is not without criticism
(Swartz, 1989; Bertram et al., 1999; Bertram, 2084#¥t, there is no reason to assume
that the same biomechanical principles described above would not apply to upright
locomotion(Swartz et al., 1989Next, the assumption that arswinging is govened by

simple pendular mechanics is overly simplistic. A8minging should be considered as a
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combination oforelimb length,pendular motionand collisional mechanig8ertram et
al., 1999; Bertram and Chang, 2001; Bertram, 2004; Michilsens et al., 2011, POi%2)
viewpoint makes no assumptions about likrigth and overall energetic efficiency
(Usherwood, 2003; Bertram, 2004Yith these mechanistic criticisms in mind,
alternative explanations for limb elongation mayweth consideringAs proposed by
Swartz et al.1989) the altered loading environment during below bhamotion
released the forelimb from the physical constraints of compressive loading, and as a
consequence the limb was able to become longer, perhaps for other purposes such as
reaching for unevenly spaced supports.

There aremany other features within thforelimb that aralso thought tde
driven by the mechanical challenges associated with suspensory locomotion. The scapula
of suspensory anials has been highly modified to deal witblow branch locomotion.
The glenoid fossa in most suspensory aninsatsanially positionedshallow and small.
This arrangement is highly mobile, but is severely lacking in staliiiikson, 1963;
Roberts, 1974; Ankebimons, 2000; Grass, 2014; Bailey and Pampush, 201ba)
acromion and coracoid processes also tends to be expanded. This is thought to provide a
strong anchor point for muscles of the shoulder, especially the d@Wilielr, 1935;
Roberts, 1974; Taylor, 1997; Ank8imons, 2000; Nyakatura and Fischer, 2010w)
most cases, the acromion and coracoid processes are joined by a strong coracoacromial
ligmament, but the expansion oEsle processes is so greaCimloepugthe twotoed
sloth) that the two are fused into one bony gMyakatura and Fischer, 2010&he

scapula of highly suspensory primates tends to be mediolateral compressed with a
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craniocaudally oriented scapular sp{harson,1995) This reorientation of the scapular

spine impacts the line of action of the infrapinatus muscle, which is an important muscle
for maintainingstability during suspensory locomoti@irarson and Stern, 1986)

Additionally, subscapularis is a large muscle in most suspensory taxa that is important for
armoverhead reachingnd movemenflLarson and Sterri,986) This muscles size can be

so large that it may haveaerml expansion of the subscapulassa beyond the ventral
bar(Larson, 1995)

The clavicleconnects the scapula to the sternum, provides leverage and
attachment for various muscles of the shoulder, and permilisrarfge of motion at the
glenohumeral join{Voisin, 2006; Kagaya et al., 2010; Gebo, 2014; Squyres and DeLeon,
2015) All species that use suspensory locomotion have a @dqlueGrosClark, 1926;
Walton and Walton, 1970; Diogo, 2009; Nyakatura and Fischer, 2010a; Lambert et al.,
2014; Squyres and DelLeon, 201B) general, thelavicle of suspensory animals tends to
be twisted cranially on its lateral end, is longer than insuspensory animals, and
generally has a great deal of curvat{kagaya et al., 2010; Squyres and DelLeon, 2015)
Thestrong ventral curvature of tlmeedial clavicleis thought to preverthe bonerfom
cuttingacross the thoracic outlet during aswinging,particularly when the arm of
interest is in the craniodorsalost positionin this position the clavicle is primarily
alignedalong a dors&entral axs and its ventral curvature pents it fromimpinging on
soft structureof the root of theneck(Jenkins et al., 1978; Squyres and DelLeon, 2015)

The humerus of suspensory animals is highly ifrexdito promote mobility at the

glenohumeral and elbow joint. For some species mobility is so high that the shoulder can
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rotate in a full circle (circumduction) around the glenohumeral {@ishton and Oxnard,
1964; Oxnard, 1967; Jenkins et al., 1978; Ar&ighons, 200Q)This ability is important
for overhead reaching during aiswinging, and the large amount of shouldenesion
during below branch quadrupedal locomot{dankins et al., 1978; Nyakatura et al.,
2010; Tripp et al., 2015)n most suspensory taxa, the humeral head is a largkkieall
structure thaéxtends welbbove the thercles. This, in addition to smaller greater and
lesser tuberclesllows for a great rangaf motion without the tubercles impinging on
movement at the glenohumeral jo{Rose, 1983; AnkeSimons, 2000; MacLatchy et al.,
2000; Rosenberger et al., 20@*:bo, 2014)

In suspensory speciebethumerus tends to be strai¢tvartz, 1990; Yamanaka
et al., 2005; Nyakatura and Fischer, 20M#h moderate levels of medial torsion
(although this varies among speci@Sgbo et al., 1988; Laon, 1988, 1996; Gebo,

2014) Medial torsion allows the humeral head to contact the scapula, which now faces
laterally as it lies along a barrghaped thorax, and positions the distal humerus (elbow
joint) forward(Gebo et al., 1988; Larsoh988,1996; Gebo, 2014)he straght shape of
the humerus is thought to be a way to mitigate {sigdar loading that occurs during arm
swinging(Swartz, 1990; Yamanaka &., 2005) Undersheaing stressdiaphyseal
corticalbone ismuchwealerrelative to other stress environmeatsicurvature only
accentuatethis weaknesgCrowninshield and Pope, 1974; Swartz, 1990; Fung, 1993,
2013) By straightening out the humerasmswinging animals are able to better resist

exceptionally high sheang stresse¢Swart et al., 1989)The ulna and radius do not
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experience as much shear, and thereftagnot under the same selective pressure
(Swartz et al., 1989)

The distal aspect of the humerus also reflects modifications for suspensory
locomotion. The capitulum is bdlke, and promotes greater mobyjlof the radius
during pronation and supinatigRose, 1983, 198&ebo, 2014; Johnston, 2014he
trochlea tends to be beveled, which allows the ulna to be held firrdythumerus
during full extension of the forear(Rose, 1988; Gebo, 2@). The medial epicondyle is
also quite large in comparison to the lateral epicondyle. This reflects the need for a large
attachment site for the strong flexor musculature that originates from this structure
(Miller, 1935; Gebo, 2014)'he same features are also observed in arboreal species in
general, but not to the same degiRese, 1983, 1988; Harrison, 1989; Gebo, 2014)

The ulna of suspensory mammals is highly modified compared to otheearbor
animals(Michilsens et al., 2010; Fleagle, 2013; Rein et al., 200% ulna is elongated
(Rein et al., 2015)and haselativelyshort olecranon process, which is the site of
attachment for powerful extensor musculature (i.e., thegsidrachii). The shortening of
this feature is thought to enhance the speeadbafw extension during the 8vg phase of
suspensory behaviofFurnquist, 1975; Rein et al., 2019)his feature is also thougto
allow a greater degree of arm emsion, which can result in a greater effective limb
length(Su and Jablonski, 20Q9)

Similar to the ulna, the radius is elongated compared tesnspensory species.
This, as mentioned above, rasuh an overall lengthening of the arm. In contrast to the

ulna, the radius is quite robust, and demonstrates significant cur¢aitie, 1972;
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Turnquist, 1975; Preuschoft and Demes, 1985; Swartz, 19@bjlbéns et al., 2009)
The reasoffior this significant curvature is not wddhown, but it is believed to provide a
largeattachment site for the supinator mug@evartz, 199Q)Supination is thought to be
incredibly important during arrawinging as substantial rotation of the body occurs
underneath the support for certain spegieskins, 1981)

In association with theotation of the body underneath the suppibetrealso
appear to have been significamatomical modifications to both the proximal and distal
radius. Ircreased mobility corresponttsa highly circularadial head and more
symmetricaldistal articuar surface for the articulatiomith the radial nath of the ulna
(Napier and Davis, 1959; Morbeck, 1972; Rose, 1988; ASkmlons, 2000)The
radiocarpal joint is also considerably expanded to allow high mobility between the bones
of the wrist and the dtal radiugHamrick, 1996; Hamrick et al., 20Q0)

Patterns of wrist morphology in suspensory species are thought to promote
mobility and overall range of motigihewis, 1971, 1985a; b; Cartmill and Milton, 1977;
Mendel, 1979; Jenkins, 1981; Kivell et al., 2018any species that commonly adopt
suspensory postured) lack an ulnapisiform and ulnotriquetral articulation; (2) have a
slerder styloid process of the ulna ending in a smaller articular sugadé3) have an
increased expansion of radiocarpal joint surfaces. Additionally, certaxs\aimging
primates possess a rotary raiarpal region where the scaphoid is capable of ngjati
around the madl ulnar side of the capitat@enkins, 1981)Like primates, sloths also
have wrist morphology that promotes anatomical mokiMitler, 1935; Mendel, 1979)

The sloth wrist is considerably modified from the primitive mammaliatepatn order
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to allow a great deal wrist flexiorayeragel00°), extensionaverage81°), and ulnar
devidion (average %) (Mendel, 1979)As metioned above, extreme ulnar deviation
appears to be a trait consistent with species that practice suspensory positional behaviors;
the sloth is no exceptidiartmill and Milton, 1977)

A deep carpal tunnellso typifiesvertical clinging and suspensory mammals
(Miller, 1935;Mendel, 1979; Hamrick, 1996; Hamrickal., 2000) This allows for the
passage gbowerfuldigital flexor tendonsln many species, ulnar deepening of the carpal
tunnel is accomplished by an elongated hamate hamulus, which serves as the attachment
site of he transversearpalligament.Slothshave an elongate, palmarly directed scaphoid
tubercle thatleepens theadialborder of the camd tunnel(Mendel, 1979; Hamrick,
1996; Hamrick et al., 2000J heslothcarpal bones are proximdistally short, but deeply
concaveconvex ventredorsally. The volar surfaces of these deep concave bones form
the floor ofthe carpaltunnel(Mendel, 1979)Together, these traits are thought to reflect
adaptations for high joint mobilitgnd the pasage of powerful flexor tendomisat allow
species to move fluidly and rapidly below branchkeswis, 1971; Cartmill and Milton,

1977; Mendel, 1979;ehkins, 1981Hamrick, 1996; Hamrick et al., 20p0

1.3.3 Hindlimb morphology

Compared to the forelimb, the hindlimb has been largely ignored in discussions of
suspensory locomotion. This is most likely due to the fact that most morphological
studies ouspensory locomotion have been conducted orsanimging primate rather
than species that use below branch quadrupedal locomotion. Like the shoulder, the hip

joint of suspensory species has been modified to promote a greater deal of mobility,
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especially m respects to abduction and external rotatiteammond, 2014)The nobility

of the hip joint appears primarily due to modifications of the proximal femur, which
includes a longer femoral neck and greater trochanter that lies inferior to the femoral head
(Simons et al., 1992; Godfrey and Jungers, 2003; Gebo, .2Bau) of these features

allow a greater potential space for movement to occur without adjacent bony structures
abutting against one another. The femoralfisbf suspensory animals tends to be

straight, and mediolaterally flattened with thicker cortical bone on the mediolateral
aspectgGebo, 1989, 2014 he flattening and increased cortical bone deposition on the
mediolateral asgrts is thought to strengthen the bone due to habitual mediolateral forces
experienced during below branch movem@webo, 1989, 2014As with the humerus,

the straight femoral shaft is thoughtite a mechanism tmitigate highshear loading that
occurs during suspensory movemgwvartz, 1990; Yamanaka et al., 200bhe distal

femur is broad wittawide patllar facet. This morphology is thought to allow a

maximum range of flexion and extension, which is important for locomotion that utilizes
a high variety of leg positions when grasping-@tdgjled support&ith the foot(Gebo,

1989 2014)

The morphology of the tibia anibtila of suspensory animals are rarely discussed
beyond general shape and size. The most detailed analysis is provided by Mendel (1981)
in his discussion of the foot @holoepusin most suspensory animaiksetibia and
fibula are more similar in size to one anotfmkel-Simons, 2000; Gebo, 2014)
compared to cursorial animatbat showfibular reduction. In the sloth, the tibia is a stout

bone that bows medially and anteriorly. Like the distal femeratticular surface on the
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proximal tibia is flat and broad, which allows a large amount of knee flexion and
extension. The proximal tibia is roughly triangular in cross section, but becomes
progressively more anteroposteriorly flattened from-shidft tothe distal articulating
surface. The medial malleolus is separated from the inferior articular surface of the tibia
by 35 mm, and has a deeply notched posterior aspect, which serves to guide the tendon
of tibialis posterioMendel, 1981)

Based on the description of Mendel (198§ slothfibula islarge (relatively
close in size to the tibiagspecially in its distal half. It bows slightly laterally, and forms
a tight fibrous connection with the proximal tibia via dense capsular ligaments. The distal
tibio-fibular joint is covered antenity and posteriorly by ligaments that are continuous
with the interosseous membrane. The fibula is tightly boutigettibia, but some antero
posterior slidings possible (~1 mmylendel, 1981)

As with the wrist, the ankle of suspensory animals promotes a high level of
mobility, especially fo suspensory quadrupeds (e.g., sloths and lorisks)lorisid
talocrural joint, like that of other priates, comprises the articulatiohthe talus with the
distal extremities of the lowdeg bones, whereby the talussiscurely lockedbeneath the
tibia and fibula dung inversion and eversiofGebo, 1989, 2014Yhe hinge like
mechaism of the joint permitplantar/dorsiflexion across a range of about if0°
motion (Grand, 1967)The ligaments of thpint assist in retaining the single plane of
mation in this joint(Grand, 1967; Read, 2001)ke the lorisine talocural joint, there is
remarkable mobility in sloths as wéMendel, 1981)Based on the cadaveric

descriptions of Mendel (1981 sloth talus is a narrow bonith ahemispherical
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trochlea. The articular surface for the tibi@asmvex and tapered slightly posteriorly.

There is no articulating surface for the medial malleolus. From a neutral position the
ankle can be flexed approximately 90° and dorsiflexed (extende®)SFurther motion

of these joints is limited when the caleus abuts against the posterior aspect of the tibia
and fibula (flexion), and when the neck of the talus strikes the anterior tibia
(dorsiflexion). Medial and lateral collateral ligaments limit ankle inversion and eversion
(Mendel, 1981)

The subtalar joint consists of two articular faceis)tjy contributing to a single
axis ofmovemen{Read, 2001)As the talus is tightly bouh dlowing restricted
mediolaterakxcursion, the calcaneus, navicular and tifstat move relative to the talus,
at thesubtalar joint, to contribute to the range of mibpi{Grand, 1967; Gebo, 1989;
Read, 2001)These movements take pladehe posterior and anterior talocalcaneal
articulatiors, and at the transverse tafjsat. The primary diretion of motion at these
points is inversion/eversioithenavicular articulates mediolaterally with the anterior
surface of the flattened talaead, facilitating inversion/eversion acrassange of
approximately 6670° (Grand, 1967; Read, 200Bdditional inversion and flexion ats
occurs at the metatarsals atidits. This inverted posture of the fpacconpanied by
plantarflexion at théalocrural joint, is documented as the naturalifan of the tarsus
and digits relative to the ank{&rand, 1967; Read, 2001)

As described by Mendel (1981), the slatinsverse tarsal joint (talonavicular and
calcaneocuboid joints) is the primary site of irsten and eversion of the foot. Eversion

is extremely limited (8L0°), but overall inversion is quite high (90°). Distal tarsal joints
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and the metatarsophalangeal joints permit an additionab1@f inversion. The

transverse tarsal joints also allowstrer 2040° of overall flexion.

1.3.4Axial morphology

The ribs of many suspensory mammals are heavily bent near their articulation
with the thoracic vertebrae, and the transverse process on which the ribs articulate are
angled more dorsallErikson, 1963Ankel-Simons, 2000; Rosenberger et al., 2008)
Together this results in a broader more bastelped rib cage. This is thought to aid in
the repositioning of the scapula more dorsally, which allows for better overhead reaching
and more abducted positioning of the foreli(&likson, 1963Ward, 1993; Ankel
Simons, 2000; Rosenberger et al., 2008k ribs ofsuspensorynammalsalso tend to &
craniccaudally expanded compared to those of pronograde spitias.been suggested
that craniecaudal expansion of the ribs limits back flexion by passively reducing
intercostal spaces between adjacdrg (denkins, 1970; Sargis, 2001a; Granatosky et al.,
2014a) In certain taxa likeCyclopegqthe silky anteat@ythis expansion is so rexdl that
adjacent ribs have grooves that might serve to limit axiatioot as wel(Jenkins, 1970)

In sloths, the ribs also serve an important attachment site for the abdominal organs
(i.e., liver and glandular stomach). These extra attachments are thought to have evolved
to prevent the abdominal organs from impinging on the diaphrdggrefore allowing
greater overall lung volumgliffe et al., 2014) It is unclear whether this anatomical
arrangement is present in other highly suspensory species.

Animals that use suspensory locomotare all characterized by crantaudlly

elongated and dorsoventrally short spinous processes, dorsally oriented transverse
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processes, and dorsoventrally and mediolaterally elongatésgbval bodie¢Sargis,
2001a; Shapiro et al., 2005; Granatosky et al., 2004&hese features are proposed to
provide éther (1) bony stops that limit movement between adjacent vertebrae, or (2)
more effective levers that aid in maintaining erect or sen@it postures by resisting
ventral flexion of the trunkShapiro, 1995, 2007; Shapiro and Simons, 2002; Shapiro et
al., 2005; Granatosky et al., 2018%a Cranio-caudally elongated and dorsoventrally
short spimus processes are presumed to passively limit axial extension by providing a
bony stop between adjacent vertel(@argis, 2001a; Shapiro and Simons, 2002;
Granatosky et al., 20148). The dorsal orientation of the transverse processes has been
inferred to align thk insertion points of the erector spinae closer to the midline resulting in
more effective levers that aid in maintaining erect or seneit postures by resisgin
ventral flexion of the trunkJohnson and Shapiro, 1998; Sargis, 2001a; Shapiro and
Simons, 2002; Granatosky et al., 2014a

Vertebral body shape withsugpensory mammalis dorsoventrally high and
mediolaterally wide compared to that of pronograde, vertical clinging, and gliding
mammalsThese features have been interpreted as another form of passive resistance
limiting flexion within the spine. Mediolateltg wide and dorsoventrally elongated
vertebral bodies would abut against one another when gravity is acting to flex the spine,
as in inverted posturgéShapiro, 1995, 2007; Johnson and Shapiro, 1998; Sargis, 2001a;
Shapiro and Simons, 2002; Granatosky et al., 2dd4Again these features may be

especially important for inverted quadrupeds, passively reducing the totahflaxhe
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spine and reducing overall energy expamditby reducing muscular effq@artmill and

Milton, 1977)

1.4The evolutionary origins of suspensory locomotion

From the information above, it is clear that suspensory locomotion has evolved
independenyl in numerous mammalian cladesd that the acquisition of suspensory
locomotion is som@nes accompanied with substantial anatomical reorganization. What
remains less clear, and often confusing, is how suspensory locomoti@mdss in each
of these clade Usually the origin of suspensory locomotion is discussed as a single
event, but mag fruitful investigation may arise by considering the evolution of below
branch quadrupedal locomotion and the evolution ofamimging as two distinct
entities. This is an important distinction, because the transition to below branch
guadrupedal locomaih is thought to require very little anatomical and neuromuscular
reorganization, and as a result has evolved numerousdimasg varying mammalian
clades (Demes et al., 1990; Nyakatura, 201lh)contrast, araswinging is a highly
specialized form of suspensory tmaotion that requires significant anatomical
specializations, especially in the forelimb, and has onlfwedan certain primate clades
The restriction of araswinging to theorder Primates is incredibly important and
interesting because it suggests thiere is something inherently uniquePmatesthat
has allowed them to adopt this highly specialized form of suspensory locomaotion.

It is safe to assume that beldsanch quadrupedal locomotion represents the
simplest way for an upright arboreal mval to adopt suspensory positional behaviors.

Nyakatura (20113uggestdthat the transition from above to below branch quadrupedal
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locomotion is so simple (at leastancestrakloths) thatnimals utilizeconserved neural
control of locomotion. Other studies agree with this imetgiion, andome argue based
on very limited data and specigmt animals walking quadrupedally below a support are
simply inverting normal patterns observed during upright walkKingnquist, 1975;
Parsons and Taylor, 1977; Jouffroy and Petter, 1990; Jouffroy and Stern, 1990;
Nyakatura et al., 2010For example, Parsons andylor (1977) observed a slow loris as
it walked above and below a motriven rope and found no significant differences in
timing or energy consumption between the two modes of locomotion. Jouffroy and Petter
(1990) and Jouffroy and Stern (1990) corrobedahese results, demonstrating that step
length, duty factor, limb excursion, muscle activation, and overall body contour line were
mirrored between above and belovatch quadrupedalism in lorises. It should be noted
that theanatomical and locomotor aptations oforisids are highlyderived,andarenot
typical for primateg(Grand, 1967; Cartmill and Milton, 1977; Jouffroy and Stern, 1990;
Read, 2001; Schmitt and Lemelin, 2004; Shapiro, 2007; Granatosky et al., @014a
There are two nogxclusive theosds as to why animalsay adopt below branch
guadrupedal locomotiofrroman ecologtal perspectiveone theoryposits that below
branch movements are associated with increased food acquisition, and as a means for
relatively largebodied arboreahammals to move alortgin, compiant supports often
associated with the terminends of brancheGrand, 1972)These branches provide
important foraging locations, as they are often tteed young leaves, fruiblooming
flowers, and insect prégussman, 1991; Cartmill, 1992chmitt and Lemelin, 2002)

Access to these branches, however, is difficult for animals whose repertoireesohlg
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above branch locomotigirand, 1972; Cartmill, 1985; Cartmill et al., 2002; Lammers
and Gauntner, 2008)Ysing suspensory positional behavior allows animals to more
efficiently exploit these terminal branch resources, opening or expanding aasanim
feeding nichdGrand, 1972; Cheyne, 2011)

A secondheory cosidersa biomechanicahodelthatpredicts the ratio of body
size to support varies inversely with the ability to aambalanced above the support. As
thebody size to support size ratio increases, alarchquadrupedadlocomotion
becomes perila(Napier, 1967; Cartmill, 1985; Lammers and Gauntner, 2008)s, as
bodysizd ncreases an animal 6s ability to safel
small arboreal supports rapidly declines. One solution to this balance problem may be for
arboreal animals to move their COM below branch, thereby adopting suspensory
behaviorqNapier, 1967; Cartmill1985 Figure 2.

As will be discussed in section 1tGere are many strategies besides suspensory
locomotion that animals use to prevent falling off of thin supf&iture2). Many of the
other solutions involve adjustments to intrinsic gait parareétebetter maintain balance
and improve security while moving on top of thin supp@fismura et al., 1979; Larson
et al., 2000; Cartmill et al., 2002)nterestingly, few studies have explored whethese
gait characteristics that have evolved for above branch quadrupedal locomotion are
retained when moving below branch#smay be possible that the adaptive benefits of
these features are nullified when moving below branchMsreoverthe gaitmeclanics
of below branch quadrupedal locomotimayr e pr esent a fAmechani cal

highly modified gait characteristics observed during primate quadrupedal locomotion.
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Figure 2: The various solutions to prevent topplingoff a thin arboreal support. An
animal standing on a relatively small horizontal cylinder (top) can easily roll or
pitch into a position where its center of mass (c) no longer lies above its narrow base
of support, whereupon gravity produces a rotatory monent of magnitude {Vm) that
topples the animal from the support. This can be resisted in several ways: by using
grasping extremities (bottom left) to generate a torque (white arrow) equal and
opposite toWm (black arrow), by hanging underneath the support ottom center);
by reducing height of ¢ above the support (bottom right), or producing a relative
increase in the size of the support polygon (dashed lines). Figure from Cartmill
(1985).
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As mentioned above, adopting below branch quadrupedal locomotiomaloes

seem to require significant anatomical or mechanical modifications all that different from

abovebranchquadrupedal locomotion. This is not the case forswimgingasthe
transition from arabovebrancharboreal quadruped to a primate capableiminual
locomotionappears to require significant anatomical and neural reorganization.
Specifically, the greatest change that must occur is a functional reorganization of the
forelimb to become the primary propulsive and kba&aring limb. Currentlysome
studies have address#ds transition(Fleagle et al., 1981; Gebo, 1996; Meldrum, 1998)
with onestudyformalizing it (Cartmill and Milton, 1977)

First reported byartmill and Milton(1977) and later supported hyarson
(1998) andread(2001) is the finding thasomearmswinging primates bear
considerable anatomical similaritiesthe wrist(especially hominoids) and other
aspects ofhe postcranighnatomy(Larson 1998) with slow, deliberate moving arboreal
guadupeds (e.qg., lorisidsT.he cowergence between these two vdifferent primate
groups implies ahared mechanical convergence thattmill and Milton(1977)
assumed may indicate a connection to the evolution okarmging. This idea was later
refined byMendel ((979)to suggest that it may not be deliberate arboreal quadrupeds
that gave rise to arswinging primates, buhstead animals that commonly use below
branch quadrupedal locomotiand bridgingi.e., lorisesand sloths)As proposed by
these authorgCartmill and Milton, 1977; Mendel, 1979; Larson, 19%8possible
scenario to explain the acquisition of asminging is that as relatively lardgmdied,

anatomically unspecialized antealprimates began to adopgeeater proportion of
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below branch quadrupedal locomotion the mechanical challenges associated with
suspensory locomotion would have driven certain anatomical features (e.g., changes in
the wrist, elbow, and shoulder, and inceshfinger and forelimb lengthd be selectively
favored.These features would in turn be beneficial for the eventual acquisition and arm
swinging.Eventually,armswinging would have replaced below branch quadrupedal
locomotion as the primary mode of saapory locomotion observed in primates.

This scenario is to some degree supportetheyinding of a partial skeleton of
the extinct dryopithecinklispanopithecus laietanugvhich is characterized by a unique
combination of anatomical features suggeshiath pronograde arboreal locomotion and
suspensory behavionslost notale are highly curved phalangésimécija et al., 2007)
and an elbow complex suitable for enabling considerable pronatobsugpinatior{Alba
et al., 2012)These features, commonly associated with suspensory locomotion, are
paired with olecranomorphology usually consistent with above branch quadrupedal
locomotion.This mosaic of features led Almécija et al. (2007) and Alba et al. (2012) to
suggest thatl. laietanudikely moved in a fashion similar tthat ofthe orangutan, which
commonly adoptbelow branch quadrupedal locomoti¢fhorpe and Crompton, 2006)
This finding potentially indicates that an animal capable adoptitly above and below
branch quadrupedal locomotion may have represented an intermediate stage between the
transition from a generalized arboreal quadruped to a specialized suspensory primate
(Cartmill and Milton, 1977; Mendel, 1979; Read, 2001; Almécija et al., 2007; Alba et al.,

2012)
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The most serious criticism of this theory comes from the obvious fact that there
are many animals that use below branch quaettal locomotion in their normal
locomotor repertoire, but there are only a few primate species that are capable of arm
swinging. Granatosky et al. (2016) addezbkthis issue by exploring limbading
patterns in two species of anatomically generalizedgies Lemur cattaandVarecia
variegatg during above and below branch quadrupedal locomotion, and determined that
these species alter the functional role of the forelimb to become the primary propulsive
and loadbearing limb during below branch quadrdpElocomotion. A similar pattern
was observed b8tern et al. 1980a)that observed serratus anterior function changed
duringbelow branch quadrupedal locomotion to more closely match what was observed
during armswinging than above brancjuadrupedal locomotiorGranatosky et al.

(2016) proposed that the ability of rates to alter limbobading patterns maneflecthigh
levels of mechanical flexibilityWainwright et al., 2008; Iriart®iaz et al., 2012)hat
may not be present in ngorimate mammals.

The capacity for animals to ahge intrinsic agects of locomotion (e.g., limb
loading patterns and limb kinematics) fluidly and efficiently is key to animal locomotor
success imlifferentsettings. This ability seems especially important in a complex
arboreal milieu occupied by many mealian specie@lanchard and Crompton, 2011;
Fleagle, 2013)The idea that primates have a waveloped capacity for adjusting
aspects oforelimb positioning anfbr gait to effectively adjust togsticular
environmental circumstances is not n@lilensky and Larson, 1989; Lemelin and

Schmitt, 1998; Schmitt, 1999; Nyakatura et al., 2088¥ this mechanical flexibility
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(Wainwright et al., 2008; Iriart®iaz et al., 2012has been seen as reflecting underlying
neuromuscular mechanisnthat may have allowed for the great amount of locomotor
diversitywithin the primate ordefVilensky and Larson, 1989; Schmitt, 2010)

For most nofprimate mammals, locomotion is thought to be controlled by central
pattern generators, which areuna networks that produce rhythmic outputs without
significant cortical feedbaciMacKay-Lyons, 2002; Drew et al., 2004, ljspeert, 2008)
and produce the basic action of stepping without highemrmands from the cortex
(Mori, 1987; Mori et al., 1996; Golubitsky et al., 1999; MacKaypns, 2002; Drew et
al., 2004) Evidence for such circuits in higher order primates, incluingans, is
tenuous, and studies suggest that supraspinal inputs, and likely cortical inputs, have a
more important role in the generation of primate locomdi\ari, 1987; Vilensky and
Larson, 1989; Mori et al., 1996; Schmitt, 2010)

Demonstrating evidence of cortical control during locomotion has been difficult,
but recent neuromuscular studies suggest that humans, and sotneman primates,
may have evolved a flexible coupling of thoracolumbar and cervical centers that allows
them to use the upper limbs for manipulative and skilled movements, or for locomotor
tasks(Dietz, 2002, 2003)This flexible coupling of the forelimbs and hindlimbs has
received considerable attention in studies of primate locom@tmod Jones, 1916;
Kimura et al., 1979; Schmitt and Lemelin, 2002; Schmitt, 2010; Patel et al.,, 2015)
has been proposed by some to be the undentgimgpn for many important locomotor
transitionswithin the evolutionary history of primat€#¥/oodJones, 1916; Sylvester,

2006; Schmitt, 2010; Granatosky et al., 2016)vasWoodJones (1916h&at first
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identified the importance of flexible coupling between the forelimbs and hindlimbs as a
possible mechanism underlying the evolution of-ammnging and bipedalism. From this
early work, many other have demonstrated clear examples of functenmalming
betweerthe forelimbs and hindlimbs in primat@§imura et al., 1979; Reynolds, 1985a;
Larney and Larson, 2004; Franz et al., 2005; Patel et al., 28id)t is likely that this
unusual neuronsculr pattern evolved early in basal primateatel et al., 2015Arm-
swinging is a clear example of functional decoupling of the forelimbs and hindlimbs in
which the forelimbs become the sole wetgbaring limb and propulsive limb while the
hindlimbs are rieased from their weigkiearing function. Based on the data collected
from Granatosky et al. (201,8) is evident that the same pattern of functional decoupling
is occurring during below branch quadrupedal locomotion in primates. As proposed by
Granatosk et al. (2016)the functional shift of the forelimb aselprimary propulsive

and weightbearing limb may reflect the best possible biomechanical solution for
primates to effectively move below branches. If this assertion is correct, then this may
explain the level of convergence that is observed in-swimging primates bothceoss

and within certain cladgLewis, 1971; Cartmill and Milton, 1977; Rose, 1983; Larson

1998; Read, 2001; Almécija et al., 2007; Alba et al., 2012, 2015)

1.5Mechanical strategies during suspensory locomotion

As evident above, theories concerning the evolution of suspensory locomotion are
incomplete, and leave open twoportantand tetable questions: (1) is below branch
quadrupedal locomotion simply a neuromuscular mirror of above branch quadrupedal

locomotion; and (2) is there some connection between below branch quadrupedal
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locomotion and arrswinging? While anatomical studies carphieentify species that

use suspensory locomotion, they provide generally little information concerning the
guestions above. Through biomechanical analysesan better understand how animals
adjust to thanechanicabtresses associated with below bralocomotion and ascertain
the varying solutions animals have evolved to move in this manner. The following
section reviews what is currently known about the mechanics of suspensory locomotion,
and outlines how each form of below branch movement (i.eawbeianch quadrupedal
locomotion and arrswinging) relates to each other. Additionally, patternabafve
branchquadrupedal locomotion will be discussed in order to understand the transitions
that must have occurred during the evolution of suspensorsntéan. This section will

be broken down into four parts that specifically discuss COM movements, kinetics,

kinematics, and overall footfall patterns and timing.

1.5.1Center-of-mass movements

As mentioned earlier, the COM movenmte of suspensory locomoh haveoften
been compared to a simple pendulum, especially in respects-swnanging(Avis,
1962; Fleagle, 1974; Preuschoft and Demes, 1984, 1985; Swartz, A%88ple
pendulum is an idealized system in which a dimensionless point mass is suspended from
a massless cord. At rest, the pendulill be aligned with the gravitational vector, but
once in motion, it will swing back and forth in periodic, oscillatory motion. Pendular
motion resultsinowbf-p hase fl uctuation of the, bodyos
creating the opportunity ohergy exchangéBertram et al., 1999; Bertram and Chang,

2001; Michilsens et al., 201,1and thereforghighly efficient locomotion.
a7
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While the comparison between aswinging locomotion and a simple pendulum
has served as an inciely valuable heuristic tool, this comparison should be made with
caution when making detailed mechanical analyses. The first problem with purely
pendular motion during arswingingisthatb ased on t he ani mal 6s
massthere is only anarronv rangeof speeds and distandestween supportfie animal
can use to maximize energetic efficierfPyeuschoft and Demes, 1984; Swartz, 1989;
Bertram et al., 1999; Michilsens et al., 201\hile there is evidence that some animals
do confine themselves to these speeds and support disBnegschoft and Demes,

1984) it seems improbable that in a complex arboreal environment animals would be
able to maitain a constant direction and speed for any extended period of time.

Another aspect of pendular motion that must be considecadlisonal losses of
energy.A collisional loss can bdescribed as a type ofathanical energy loss due to
alrupt changesin the direction of motion (e.g., when grasping a new supfBetfram et
al., 1999; Bertram, 2004; Michilsens et &011) In a simple pendulum, no energy is lost
during subsequent supports because collisional losses are eliminated by the motion
coming to rest (i.e., velocity = 0) at the end of eaclofimotion As discussed abovis,
order for ararmswinging anmal to benefit from the energy saving advantages of simple
pendular motion that animal must restrict its movement considerably to a particular speed
and stride distance. Any dation from that restricted range would result in low energy
recovery due to dlisional losses. Obviously, answinging animals are not restricted in
this regard, antb prevent collisional losses arswinging animals use a number of

kinematic mechanisnte modify COM movementso maximize overall energy recovery.
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The type of mech@sm used to prevent collisional losses is dependent upon the
type of armswinging behaviorAt slower speeds, animals use gaits that are characterized
by duatlimbed support phaseith duty factors of each limb 0.5, meaningat least one
limb is alwaysin contact with the suppofBertram et al., 1999; Turnquist et al., 1999)
Arm-swinging gaitswvith continuous contaatiosely resemble simple pendular motion,
where the ani mal s COM moves along a seque
be avaded during continuousontact arrswinging by taking hold of the support at the
same time that the position of the COM is at its highest joithte arc At higher speeds,
animals tend to use ricochetal gaits that are characterizeddmrial(noncontac)) phase
between support phases of each $Bsgtram et al., 1999; Michilsens et al., 2011)
Centerof-mass movements during ricochetal eswinging closely match a sine wave,
where the trough coincides with the lowest position of the COM dwtiiprt phase
[i.e., usually at miesupport (50% of support phgkeand the crest represents the highest
point of the COM during a noontact flight phase. Collisional losses can be reduced by
assuring the trajectory of tt@OM att he end of the pight phase
swingarc around tb next handhol@ertram et al., 1999; BertramQ@4; Michilsens et
al., 2011)

Both collisional loss and pendular mechanics play a rodietermining
locomotor behavior, as thelp in upright walkingLee et al., 2013)and are not mutual
exclusive A complete model considers them both and how they complemmeonflict
with each otherlt is important to note that arswinging animals are not inherently

simple pendulums, but instead alter many intrinsic aspedtt®inhait in order to
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replicatependular movement. This leadsdwery important point and a common
misconception that is rampant throughout the literature. As discussed above, the
movement of a simple pendulum allows for high levels of energy exchange, and
theoretically more efficient bcomotion. This begs the questias towhether or not arm
swinging animals are particularly good (as measured by energetic efficiency) at
modifying their gait to move like simple pendulunifie answer to this appedcsbe
simultaneously yes and né/hile armswinging animals appear to be very good at
replicating the energy exchange observed during pendular motion [energy recovery 40
80% (Michilsens et al., 201},)the cost do to so appears quite higarsons and Taylor,
1977) Parsons andlaylor (1977)measured the cost lmfcomotion during arAswinging
andshow thaarmswinging(at least inAteleg was energetically more expensive when
compared tavalking. This finding suggests that aswinging may have evolvetle
other selective advantagesch aseducing overall travel distan¢Barsons and Taylor,
1977; Temerin and Cant, 1988)e ability to occupy a unique and unoccupied niche,
egape from slower predators, arehch for frits at he end of fine branches.

While considerable attention has been given to COM dynamics ks\&inging
animals, only one study has explored this topic during below branch quadrupedal
locomotion.Nyakatura and Andrad2012) proposed that while arswinging can be
modeled as a simple pendulum, below branch quadrupedal locomotion could st be
as simple connected pendulum. They tested this assumption by comparing the kinematic
movements of a twioed sloth to that of freely svinging connected pendulum. Alysis

of swing frequency and the vertical oscillation of the approximated COM demonstrate
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that these parameters do not match values predicted for a simple connected pendulum.
Nyakatua and Andrada2012)proposed that slotresctively slow themselves down
throughout the stride, and subsequentfe shoulder retraction and elbow flexion to
propel themselveforward prior tothe swing phaseThe reason for this active

perturbation of pndular motion has beangued as promotingeliberate movements
necessary for a slow moving animal unable to react quickly if a branch were to break. It
is unclear whether this pattern is present in all animals that move quadrupedally below
branches, offisloths are unusual in this regard.

While suspensory locomotion (both quadrupedal and bimanual) is usually

modelled as some form of a simple pendulabgvebranchquadrupedal locomotion is
commonly referred to as an inverted pendulum, which is chaizedéry a cyclic
exchange betweggravitational potential energgnd kineic energy(Cavagna et al.,
1977, Griffin et al., 2004)Energy recovery via thisxchange is nevai00%perfect as
the transition from one leg to the néxe¢vitably results in energp$s(Griffin et al.,
2004; OO6Nei |l | .Acddind\ tiemaximum valRedfdnchanical
energy recovery tend to @ver for quadrupeds (365%) than for bipeds (780%),
suggesting that thieverted pendulum mechanism fxchange ofenter of mass energy
may be less effective iquadrupedal animal€avagna et al., 1977; Griffin et al., 2004;
O6 Nei | | and. Schmitt, 2012)

As discussed aboweith respect to arrswinging, there are many ways in which

animals walkingabovebranchcan modif overall COM movement&Schmitt, 1998;

Bishope al . , 2008; 006 N and tetluceaailidiond lods@ing ¢t , 2012)
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al., 2005) During upright locomotion, the most commonly discussed mechanism to
modify COM movements is through increased flexion at the elbows and (Swenitt,
1994, 1995, 1998 2012 dhsepattérn resalts id geBecatyhoiver t
oscillations of the COM, and therefore lower collisional losses and overall smoother gaits
(Bishop et al., 2008)This pattern tends to be especially important for stealthy walking
and arboreal animalgVith respect to arboreal animals walking on compliant branches,
lower COM oscillations result in lower substrate oscillati@®shmitt, 1994; Schmitt and
Hanna, 2004)Reduced substrate oscillations make arboreal locomotion safer by reducing
the risk of breakig or fallingoff arboreal supports. Obviously, animals walking below
branches are under similar environmental pressures, but it is unclear whether similar
mechanisms are used during below branch quadrupedal locomotion.

It is clear that overglthe pattens of COM movements are largely conserved
between upright and inverted locomotion, with the asalgiablethat substantially
changes ishe reliance of aimple or inverted pendulum. This switch in orientation is
accompanied with significant downstrearfeefs on the results of kinetic and kinematic
patterns. Currently, few studies have addressed these effects, and minimal information is
available on whether animals adaiiffering mechanical strategies when switching from
above to below branch quadrupelitelomotion, or simply modify the existirggit

patterns.

1.5.2Kinetics

In finer-scaled analyses of movememigasuredyround reaction forces during

locomotioncan be broken down into mediolateral, horizordat] vertical componesit
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(Eberhart and Inman9561; Kimura et al., 1979; Budsberg et al., 198gure 3. The
verticalforce component is usuallgf highest magnitude and has been used in numerous
studies to understand how animals load their lifkaswura et al., 1979; Reynolds,
1985a; b; Schmitt, 199 Schmitt and Lemelin, 200ZJhe horizontal force component
allows us to explore how animascelerat@anddeceleratdy examiningat the
distribution of braking and propulsive forces within a st(ileerhart and Inman, 1951,
Kimura et al., 1979; Demes et al., 199®hroughout a stride, ediolateral forces are
generally lowand measure the side-side movemendf the GCOM and/or muscular
forces applied by the animal to maintain stab{fghmitt, 2003a; Carlson et al., 2005;
Franz et al., 2005Force analysiprovidesone type offirect test othe relationship
betweeranatomicakhape and mechanical functidnfortunately, collecting this sort of
data is difficult especiallyfor suspensory specieand limited information is available for

many species and locomotor modes.
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Figure 3: Schematic diagram of force traces observeduring suspensory
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portion of the stride in which the limb is in contact with the support).



Numerous studies have concentrated on limb loading patteat®weé branch
guadrupedal locomotiofKimura et al., 1977, 1979; Reynolds, 1985a; Ishida et al., 1990;
Demes et al., 1994; Schmitt, 1994, 1995, 1998, 1999; Schmitt and Lemelin, 2002;
Schmitt and Hanna, 2004; Franz et al., 208563 b describe all these studies in detail
will be amomentous task, so information presented below will only address
generalizations foabovebranchquadrupedal locomotion and pertinent information for
future comparisons to suspensory locomotion. For all forms of upright wglleng
bipedal or quadruped), horizontal forces appear to be consistent. As the limb makes
contact with the substrate it first applie
COM followed by a propulsive force that subsequently accelerates the(Déhks et
al., 1994) In bipedsthe relative contributions of braking and propulsive forces tend to be
equal for each steand the braking to propulsive transition (B/P) generally occurs at
mid-stance (the point at which the anldeinderneath the higKimura et al., 1977;

Inman et al., 1981)n contrast, during quadrupedal locomotion there is a functional
differentiation of the braking and propulsive roles of the limbs, in whiclfotteéimb
serves a net braking function and the hindlin@s anet propulsiveole (Ishida et al.,
1990; Demes et al., 1994; Franz et al., 2005)

While this finding of differential braking and propulsive roles of the forelimbs
and hindlimbs has been reported in numerous studies, no explanation has been put
forward to eplain the mechanism that drives this patt®&ased on characteristics of
bipedal walking, itan reasonably be assumed that the B/P generally occurs-siiamaoe
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for quadrupeds as well, and variation in
to differingdegree®f limb protraction {.e., relatively greater limb protraction results in
a longer period of the stride in which the limb can brake) and retraceomédlatively
greater limb retraction results in a longer period of the stride ichathe limb can

propel). Unfortunatelyjmited evidences available to addregsbis notion.Data collected
by Schmitt (1994, 1995)n five Old World monkeys and one New World monkey reveal
that theB/P does not occur at mistance, bukater during thdorelimb support phase
(about 22% after midtance on averagdj this finding is consistent across other
guadrupedghen it is obvious that the B/P is independent of-st&hce and some other
mechanism must be driving the differing braking and propeilsies of the forelimb and
hindlimb.

Vertical forces are usually the highest magnitude forces observed during
locomotion and have revealed important pattemisow animals distribute loads across
the limbs. Mbst quadrupedal primates experience highek pedtical forceqVpk) on the
hindlimbs relative to the forelimbs, resulting in a relatively lowerlfiore to hindlimb
Vpk force ratio, while most other quadrupedal mammals are characterized by relatively
higher forelmb to hirdlimb Vpk force ratios (Figre 4 (Kimura et al., 19771979
Reynolds, 1985a; lemes et al., 1994chmitt and Lemelin, 200&hine et al., 2015)
This dfference in weight distribution on the forelimbs versus the hindlimbs between
most primates and most ngnimate mammals may represent a basal adaptation to
arboreal locomotion and foragirtBemes et al., 1994; Schmitt and Lemelin, 2002;

Lemelin and Schmitt, 2004; Franz et al., 2005; Wallace and Demes, 2008; Raichlen et al.,
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2009) Successful arboreal locomotion and foraging would have required early primates

to exploit food sarces placed off the path of locomotiandmakerapid directional

changes along branches, both of which require a highly responsive forelimb. In those

cases, a highly mobikerelimb bearing esmaller portorof t he ani mal 6s bod
would provide a ditinct advantage, as it would allow the animal to test supports prior to
committing a majority of bodweight. Additionally, the disparity in limb loading is

thought tofree theforelimb from its locomotor function permitting tHerelimbto evolve

as a hghly manipulative orgatWoodJones, 1916; Schmitt and Lemelin, 2Q0&)e

increased disparitgf the functional roles between tfaelimb and hindlimb on arboreal

supports dirther supports thisonnectionSchmitt and Hanna, 2004; Wallace and Demes,

2008)
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Figure 4: Three locomotor characteristics that distinguish primates from other non
primate mammals. Primates (right) use (A) diagonakequence walking gaits (i.e.,
footfall of right hindfoot is followed by that of left forefoot). In comparison, most

non-primate mammals (left) use lateralsequence walking gaits (i.e., footfall of right

hindfoot is followed by that of right forefoot). Primates also tend to have (B)
protracted humeral positions at forelimb touchdown (i.e., humeral angles greater
than 90° relative to horizontal body axis), in comparison to most nofprimate
mammals that have more retracted humeral positions at forelimb touchdown (i.e.,
humeral angle less than 90° relative to horizontal body axis). Finally, when landing
on a substrate, (C) forelmbs of primates experience lower peak vertical substrate
reaction forces than do hindlimbs. The reverse is true for most other neprimate
mammals. Figure from Schmitt and Lemelin (2002).
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As mentioned aboveheé standard limb loading pattern observedrimates is
thought to be an important mechanism to free the forelimbs from their normal weight
bearing role inocomotion(WoodJones, 1916; Reynolds, 1985a; Schmitt and Lemelin,
2002) The mechanism for how this is accomplished is still a matter of ingthire
remains productive discussion as to whether this altered limb loading patpermates
is an active procegse., active shift o cranially positioned COM caudally toward the
hindlimbs Reynolds, 1985a; b, 1987; Schmitt, 1988a passivene (i.e. by-product of
other aspets of normal primate locomotpatternsRaichlen et al., 2009As a group
primatesare characterized by relatively greater limb excursion during above branch
guadrupedaibcomotion(Larsan et al., 2000)hat tends to place relatively protracted
hindlimbs underneath the COM for longer periods of time than relatively retracted

forelimbs(Raichlen et al., 2009)t has been argued that this pattern is thought to result

in relatively greater hindimbVpk or ces si mply because the

relaton t o the bodyds COM, t holwasonadDemes mpor t a

(2011)

In respect to the hypothesis that primatds/aty shift (have higher forces)

weight to the hindlimbs, two biomechanical models have been proposed to explain how

primates maintain relatively higher Vpk forces on their hindlinibe first model,
proposed byReynolds, 1985a; lgnd supported blyarson and Sterr2009) suggests

that primates activelghift weight caudally on their relatively protracted hindlimbs using
powerful muscular retractors of the hindlimb. The second model, proposschhyitt,

(1994, 1999xand tested bizarney and LarsofR004) argues that primates change
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vertical stiffness of their limbs by increasing limb yield, contact time, and angular
excursion. These models are not mutually exclusive atidgrovide important
mechanisms by which locomotor foscen the limbs can be modera{&thmitt and
Hanna, 2004; Young, 2012)

Compared to horizontal and vertical forcéataon mediolateral forcesre more
limited. This is because these forces are generally logniade and highly variable
between individual§Schmitt, 2003a; Carlson et al., 2008)ediolateral forces are
important for interpreting how animals deal with bala(®ehmidt and Fischer, 2010)
During terrestrial locomotion animals tend apply a laterally directed force to the substrate
that can be quite high for species with lumbering dags, gaits with high degree of
sideto-side movementShine et al., 2015)rhis switches during arboreal locomotion,
with animak applingmedially directed forcesnto the substrat order to maintain
balancg(Schmitt, 2003&; Carlson et al., 2005; Schmidt and Fischer, 2010)

Compared to what has been collected during upright locomoiietjkstudies
of armswinging primates have been ra@ang et al. (200@ollected multiaxial force
data during continuossontact arrrswinging from a freely moving gibboiylobates
lar) on a instrumented runwalyrom these dat&hang et al. (2000) determined that (1)
vertical forces displayed a single peak pattern with maximum vertical force (Vpk)
reaching approximately 1.8% of bodyiglet; (2) as the limb makes contact with the
support it applies a propulsive force to the substrate during the first half of support phase,
followed by a braking force throughout the remainder of support phase; and (3)

mediolateral forces were low and imsistent (suggesting little movemather tharthe
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parasagittal plane). These findings reported by Chang et al. (2000) are consistent with
data collected from other hylobatids during eswinging(Bertram et al., 1999;
Michilsens et al., 2012)

The patternslescribechbove ardargely replicate thenovements of a simple
pendulum, and it is possible, as suggested by Chang et al. (2000), thataNiagimg
primatesmaysolve the mechanicahallenges of suspensory locomotion through similar
kinematic and kinetic strategidg¢ot enough information was available to test this
assumptioruntil Granatosky 2015 collected kinetic and kinematic data during arm
swinging in theredshanked douc lang (Pygathrix nemaeygo test whether patterns of
movement in this species were similar to other-awimging primates (i.eAtelesand
Hylobate$. The force traces collected frofh nemaeuslosely match those éfylobates
described by Chang et al. (Z)Pandare characterized by single vertical peak occurring
approximately at migsupport, a propulsive force occurring within the first half of support
phase, and a braking force occurring during the latter portion of supfeatiolateral
forces were highr than expected for a simple pendulum, which shoulddse to, or
fluctuate aroundzero.This finding supports earlier findings by Byron and Covert (2004)
that demonstrate th& nemaeusises some sid®-side movement during arswinging.

A similar pattern has also been reported during-ammnging inLagothrixbased on
video analysigSchmitt et al., 2005)

As with armswinging, limited infomation is available on the limbading

patterns of below branch quadrupedal locomotisimda et al. (1990) collected

multiaxial force data from freely aving slow lorisesNycticebus coucangn an upright
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and inverted instrumented runwddrom these data, Ishida et al. (1990) determined that
(1) Vpk magnitude and distribution between forelimbs and hindldnbsot change
between above and below branealadrupedal locomotion; (2) during above branch
guadrupedal locomotion, animals exerted relayigebater peak propulsiferces in the
hindlimbs than the forelimbs, and this pattern was reversed during below branch
guadrupedal locomotion; (3) during abdwanch quadrupedal locomotion, animals
exerted relavely lower peak brakindprces in the hindlimbs than the forelimbs, and this
pattern was reversed during below branch quadrupedal locomotion; (4) during above
branch quadrupedal locomotion, the limbréianb or hindlimb) first applied a braking
force to the substrate during the first portion of support phase, followed by a propulsive
force throughout the remainder of support phase, and this pattern was reversed during
below banch quadrupedal locomotiofb) during above branch quadrupedal locomotion
animals generated a net brakingci®[i.e., braking impulse > propulsive imputs@et
negative horizontal impulse (Hlx the forelimbs and a net propulsive force (i.e., net
positive HI) in the hindlimbsand this pattern was reversed during elwanch
guadrupedal locomotion; and (6) mediolateral forces were low in both the forelimbs and
hindlimbs and animals tended to apply a medially oriented force to the substrate.
Together, these findings indicateathimovements during below branch quadrupedal
locomotion might be effectively modeled as simple pendulum sydietsge Nyakatura
and AndradaZ012)], in which the forelimbs act as the primary propulsive limb, and the
hindlimbs serve a minor brakingrolea i ng t o decel erate the

COM.
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While Ishida et al. (1990) laid the groundwork for interpretation of the kinetics of
below branch quadrupedal locomotion, their use of the slow loris may constrain the broad
applicability of these data tinderstanding the mechanical behavior of more generalized
primatesAs a group, the lorisids have a highly derived postcranial anatomy specialized
for slow and cautious quadreghalism(Cartmill and Milton, 1977; Schmitt and Lemelin,
2004) Additionally, lorises exhibit a number of uuad gait patterns including the
variable use of diagonahnd lateralsequence gaitdshidaet al., 1990; Schmitt and
Lemelin, 2004)More pertinent to this study, lorises have a higher Vpk forces on their
forelimb comparedo the hindlimbduring abovebranch quadrupedal walkirfgshida et
al., 1990; Schmitt and Lemelin, 200Zhis patternis common to nofprimate mammals
but not found in most other primateghich have the revergmtern(Kimura et al., 1979;
Reynolds, 1985a; Demes et al., 1994; Schmitt and Lemelin, 2002; Franz et al., 2005)
This unusual Vpk force ratio observed in most primates is thought to be anssoho
reduce high substrate reaction forces on highly mobile and weak shoulder joint
(Reynolds, 1985a)The combination of derived anatomy and specialized gait
characteristics potentially makes fbesesa poor model for understanding the
mechanisms by which generalized primates manage to switch effectively from above to
below branch quadpedal locomotion.

To explore whether the patterns reporteddbyda et al. (1990&re present in
more generalized primates, Granatosky et al. (282&ninel limb loading behavior of
two quadrupedal primategarecia variegatga committed arboreal quadgred that

commonly adopts suspensory positional behaviors (Gebo, 1987; Meldrum et al., 1997)]
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andLemur cattgthe most terrestrial of all the lemurs that moves mostly quadrupedally
or by leaping, and that rarely adopts suspensory positional behaviors (SG8[@Y)

during above andddow branch quadrupedal walking. Duribglonr branch quadrupedal
locomotion, datavas consistent with that of Ishida et al. (19%Qit also deviated from

the pattern they reported for lorises in key waydemurs, braking pealorces were
always relatively greatam the forelimts and did not vary between above and below
branch quadrupedal locomotid®decondand more importantly, whilanimals did exert
greater Vpk forcesnthe hindlimbs compared to the forelimbs during ablonasch
guadrupedal locomotion, both variegataandL. cattacompletely reversed this pattern
during below branch quadrupedal locomotitins likely that the lack of notable
differences in Vpk forces distribution patterns between above and below branch
guadrupedal locomotion observed by Ishida et al. (1990 foapbucangs a result of the
unusual locomotor mechanicslofisescompared to other primateéSranatosky et al
(2016)arguel that lorisids did not shift therpnary weightbearing roles of thembs

during below branch quadrupedal locomotion because these animals already demonstrate
relatively higher Vpk forces on the forelimbs during ab&wvanch quadrupedal
locomotion(Schmitt and Lemelin, 2004)

The findirgs from this study provide insight into how primates may accommodate
limb loading patterns to adjustechanicallyto a new biomechanical environmenhe
primary kinetic changes that occur whénvariegataandL. cattaswitch from above to
below branch gadrupedal locomotion can be summariasdollow (1) the forelimb

becomes the primary propulsive element, while the hindlimb serves a braking role; and
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(2) the forelmb serves as the primary weiggaring limb, while the hindlimb reduces its
weightbearng function.These patterns were similar for both speciescaiahotappear

to be affected by the relatifeequencyeach speciestilized suspensory locomotor
behaviors during theimormal locomotor repertoires. Granatosky et al. (2016) provided
importart evidence for how anatomically generalized animals adopt below branch
guadrupedal locomotion, but this dataset consisted of only two species and it remains
unclear whether the patterns observed in this study are true for all mammals that use

belowbranchquadrupedal locomotion.

1.5.3Kinematics

Understanding the transition from upright to below branch locomotion requires
not only insight about how the limbs are loaded, but also information as to how the limbs
move. Kinematic analyses provide direct evicke for how animals adjust to locomotor
demands, and, as suggestedq\ajensky, 1987) represents the best observable measure
of neural intent. Currently, little information is available on the transition from above to
below branch locomotion, and experimental studies focused on the kinematics of below
branch quadrupedal locomoti have been limited to select taxa and small sample sizes
(Turnquist, 1975; Jouffroy and Petter, 1990; Nyakatura et al., 2010; Fujiwara et al.,
2011) While these studies appear gree on certain aspects, there is still considerable
disagreement on whether below branch quadrupedal locomotion is kinematically unique,
demonstrates greater similarities to eswinging, or is simply a mirrored version of

above branch locomotion.
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The kinematics of upright quadrupedal locomotion has been studeedariety
of speciegSchmitt, 1994, 1995, 1999; Larson et al., 2000, 2001; Larney and Larson,
2004; Schmidt, 2005; Schmidt and Fischer, 20aay will only be summarized here.
Patterns of limb movements are generally consistent across quadrupeds with some
notable exeptions for highly arboreal species. At touchdown the level of humeral and
femoral protraction varies substantially between species with primate®aredrboreal
mammalsshowingrelatively high levels of protractigRigure 4, while most norprimate
mammals have relatively resicted arms and thiglisarson et al., 2000, 2001; Schmitt
and Lemelin, 2002, 2004The same pattern is present duriiftgdff, in which primates
and other arboreal mammalisplaysignificant humeral and femoral retraction, while
most norprimate mammals show lower levels of retraction in both the forelimb and the
hindlimb. This pattern of exaggerated protraction anécétn results in overall higher
levels of shoulder and hip excursi@irarson et al., 2001 reater limb excursion has
been interpreted as adaptive for highly arborpat&gs becauseresulsin longer
strides coveringfurther distance. This tends to reduce stride frequemlaigh in turn
decreasesontactfrequencywith the substratand itsoscillation(Larson et al., 2000,

2001; Schmitt, 2011)

As with the shoulder and hip, patterns of elbow and knee movement tend to vary
depending on the amount of arboreality present within a species locomotor repertoire.
Generally, for terrestrial species elbow and knee angles tend to be extended throughout
the strice (Schmitt, 1994; Larson et al., 2000; Schmidt and Fischer, 20b@ is thought

to result in longer stride distances and greater energyescbecause the COM vaulting
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over long stiff imbs better replicates inverted pendular mdtiéghc hmi tt , 2011; C

and Schmitt, 2012)n arboreal species, elbow and knee movements are characterized by

significant flexion occurring approximately at rsdpport(Schmitt, 1994, 1995, 1998;

Schmidt and Fischer, 2010 the forelimb, this flexion is commonly referred to as

Ael bioeM dy0, a n d,hdsbeersaogued redu@ eakvertical forces on

highly mobile and relatively weakforelimb joints. Additionally, this flexion has the

effect of | owering an animal 6s COM cl oser

important mechanism for maintaining balance abovedhboreal supports. There is also

evidence suggdsg thatwhenelbow and knee flexion are timed appropriately

throughout the stridét reduces COM oscillations and collisional lossé€Schmitt, 2011)
Patterns of wrist and ankle movements are poorly known for upright quadrupedal

species. In primates, wrist and ankle position throughout a stride is prone to substantial

intrarindividual variation(Lemelin and Schmitt, 1998) evels of variation arpoorly

known for nomprimate mammals, but certain studies suggest this may lee (8ahmidt

and Fischer, 2010Much of the variation in wrist and ankle movements is dependent on

whether the animal is: (1) moving on arboreal supports or on the ground; and (2) how the

animal grasps the support. Unfortunately, this information is rarely recoréatematic

analyses of wrist and ankle movements. The position at which the animal grasps the

support determines what a twdimensional wrist and ankle angle is actually measuring.

For animals walking on the groud graspa branch(between the second atidrd digit,

or along the axis of the third digjitvrist and ankle angle provides a measure of joint

flexion and extension. For these animals, the joint tends to be in a slightly extended or
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neutral position at touchdown, and then is further extendeddhout the remainder of
support phase. Near the end of support phase (just prioradf)ifthe wrist and ankle
begins to flexquickly, and may even be in a flexed position as the limb leaves the
substrate. In grasps during which the support is bettesefirst and second digit, the
wrist angle gives us a sense of radial and ulnar deviation in a stride. For arboreal animals
that grasp the support in this manriee wrist tends to be ulnarly deviated at touchdown
and is subsequently radially deviatbdoughout the remainder of the stride. Ulnar
deviation may occur again at the end of support phase. In a similar vein, when animals
grasp the support between the first and second digit on the foot the movements of the
ankle can be best described as benagially and caudally oriented. As the foot makes
contact with the suppqrthe ankle is cranially oriented. As support phase continues the
ankle sweeps caudally until it reaches a more neutral, or even caudally oriented, position
prior to lift-off.

Kinematic patterns of below branch quadrupedal locomotion are poorly known,
and most of the information available is based on the movement of @lythisatura et
al., 2010)and a small number of other mammalian t@anquist, 1975; Fujyara et al.,
2011) Nyakatura et al. (2010) observed that the overall kinematic patterns of below
branch quadrupedal locomotion in the sloth were remarkably similar to those observed in
other upright quadrupedal mammals. This was especially eviderd faréllimb, in
which the kinematics of arm, elbow, and forearm were similar to those of pronograde
mammals and arboreal primates. Despite kinematic differences observed in the distal

limbs elements, which were attributed to the sloths specialized haridcrashatomy,
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Nyakatura et al. (2010) argued for a pattern of conserved gait kinematics between above
branch and below branch quadrupedalism.

One significant difference in the overall kinematics of upright and below branch
guadrupedal locomotion that deges special attentiorelates to th@atterns of elbow
and knee flexion. During upright quadrupedal locomaqtibis flexion is a passive
process, but during below branch movement this requires an active input of energy to
hoist the body closer to the qagt. Currently, it is unclear why mammals that move
guadrupedally below branches all demonstrate this substantial level of flexion. According
to Nyakatura (201} this patterr(at least in slothsimply represents conserved neural
control over locomotiometween above and below branch locomotion. In contrast,
Fujiwara et al. (2011) suggests that the amount of flexion is positioned to maximize the
mechanical advantageé powerful flexor musculatur&xperimental studies directly
comparing the kinematics apright and below branch quadrupedal locomotion are
missing makng the underlying mechanisms for limb flexion during below branch
guadrupedal locomotion difficult to ascertain.

While kinematic patterns of quadrupedal locomotion are considered generally
similar regardless of orientation, the orthograde trunk posture durirgwvaimging
drastically alters the movements in the limbs. Currently, kinematic analyses-of arm
swinging have been limited to a few species, but in general movements appear to be
fairly consistent across taxa. While overall kinematic patterns duringwaimnging
appear to be generally the same for all species, patterns of muscle recruitment are highly

variable between species (at least betwatetesandHylobate3 (Stern et al., 1980a; b;
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Jungers and Stern, 19817 his finding suggests that there are many ways to converge
upon the same kinemaftiattern At touchdown the shoulder tends to be protracted
beyord the neutral positioand is subsequently retracted throughout the remaindiee of
stride(Turnquist, 1975; Turnquist et al., 1999; Wright et al., 2008; Michilsens et al.,
2010) The levels of proti@ion and retraction observed in aswinging species are
approximately equidistant from the neutral positid@monstrating substantial angular
excursion throughout support phddenkins et al., 1978; Turnquist et al., 1999; Su and
Jablonski 2009; Michilsens et al., 2011, 2012; Granatosky, 2(Ré&iterns of elbow
movements are also fairly similar across different species ebainging primats. In
general, the elboyoint is slightly flexed at the beginningf thesupport phase, and then
begins to extend. This extension continues until approximatehsapgort, at which

time the foelimb is almost fully extendedNear the end of support phase the limb
experiences varying levels of flexiam the elbowTurnquist, 1975; Turnquist et al.,
1999; Michilsens et al., 2010y his pattern of elbow movement likely represents the
animal adjusting COM position to maximize pendular motion, while simultaneously
limiting collisional losses of eneygBertram et al., 1999; Usherwood, 2003; Bertram,
2004; Ruina et al., 2005)

The movements of the wrist during agwinging are less clear, and appear to be
highly varialle between species. During aswinging in the regshanked douc langur
(Pygathrix nemaegsanimals grab the support with pronated handholdshad/
substantial forward and backward movement at the radiocarpal joint. This means that as

P. nemaeugrabs oto the support the wrist is first ulnarly deviated, and subsequently
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radially deviated throughout the remainder of the stride. In contrast, durirgnanging

in AtelesandHylobates animals are thought to grab the support with supinated hand
positions ad showlittle radial and ulnar deviatiofTurnquist, 1975)The wrist joint

does experience substantiaefary movements due to the rotation of the body below the
support(Jenkins, 1981)and this is thought to be a largely passive movement that results
from the forward momentum of the body. Unfortunately, detailed experimental studies of
wrist movements during arswinging are few, and it remra difficult to interpret

Anor mal 6 wri st kswimgmgnati cs during arm

1.5.4Footfall patterns and timing

Spatiotemporal gait variablgsovide an easily measured means of assessing
interlimb coordination antiming of particular events within a strideataffectsoverall
stability, security, and quality of a particular locomotor sequence. Analyses of
spatiotemporal gait variables have been rare for suspensory locomotion, and what we do
know is based off of small sample sizes and select speciesl@tlgs, lorisesAteles
andHylobates$. In contrast, numerous studies have reported and analyzed spatiotemporal
gait variables during upright quadrupedal gaits, and, consequently, most of our
interpretations are based on the movements of upright quagrupesdunclear as to
whether suspensory species use similar patterns, and whether the adaptive scenarios
currently proposed for upright quadrupedal gaits epggly in an inverted context.

A number ofassumptions abouenromusculacontrol of locomotio and balance
are derivedrom patterns of interlimb coordinatigWilensky, 1987; Vilensky and

Larson, 1989; Vilensky et al., 1992, 199A)l symmetrical walking gaits in mammals
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can be broken down into two categories based on the sequence in which the limbs make
contact with the substrate. A laterakquence gait is one in whielch hindlimb footfall

is followed by an ipsilateral forelimb footfdjle., the feet touch down in the order of
right hindlimb, right forelimb, left hindlimb, left forelimb). A diagors¢équace gait is

one in whicheach hindlimb footfall is followed by a contralateral forelimb footfid.,

the feet touch down in the order of right hindlimb, left forelimb, left hindlimb, right
forelimb). The footfall sequences described above have berareflible interest to
researchers because the presence of these gait patterns is divided along fairly firm
phylogenetic and/or functional boundar{&uybridge, 1887; Magne de la Croix, 1936;
Hildebrand, 1967; Tomita, 1967; Rollinson andtih, 1981; Vilensky and Larson,

1989; Meldrum, 199; Cartmill et al., 2002, 200Bhapiro and Raichlen, 2005, 2007;
Lemelin and Cartmill, 2010 Generally, primates and other highly arboreal mammals
tend to use diagonakequence footfall patterns, esidly when walkingon arboreal
supports. In contrast, most rpnmate mammals almost exclusively use lateejence
footfall patterns (Figure)4While there has been considerable debate concerning the
functional reasons for this division (see beloverhaps most interesting is the argument
that primates are able to adopt diageseduence footfall patterns because of a unique
arrangement of the neuromuscular system. As described above, it is thought that cortical
inputs have a more important role iretheneration of primate locomotion compared to
non-primate mammals. This more direct cortical network is thought to allow greater
flexibility in interlimb coordination, and as a result primates may be better equipped to

adjust to the locomotor demands loéir environment with greater proficiency than non
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primate mammaléVilensky, 1987; Vilensky and Larson, 1989; Vilensky et al., 1994;
Schmitt, 2010)

The functional interpretations of laterand diagonakequence footfall patterns
remain an issue of considerable delf&fieensky and Larson, 1989; Cartmill et al., 2002,
2007; Skapiro and Raichlen, 2005, 2007; Lemelin and Cartmill, 204:@) to more fully
understand the current theories we must add two further modifiers to our concept of
interlimb coordination. Commonly, during normal walking gaits the forelimbs and
hindlimbs ae traveling together as a slightly asynchronous couplet. When the ipsilateral
forelimbs and hindlimbs are traveling togetttars is referred to as a lateral couplet
when the contralateral forelimbs and hindlimbs are traveling togétiers referredo
as a diagonal couplet. Very rarely do the limbs move together in perfect synchrony
Whenthese gait patterns receive their own unique names of a trot (contralateral
synchrony) and a pace (ipsilateral synchrony).

While descriptions of these gait patteifmave been known for some time
(Muybridge, 1887; Magne de la Croix, 1936; Hildebrand, 196i&) adaptive benefit of
each of these gaits remains an area of active inquiry. Lategakencdateratcoupld
(LSLC) footfall patterns tend to be present in ldagged terrestrial mammals,and are
thought to be the best mechanism to prevent interlimb interference. However, this footfall
pattern is thought to be inherently unstable because a majority (~66%)sifitte is
spent as a unilateral bipoide(, only two ipsilateral limbs in contact with the support),
which tends to roll the body side-side throughout the stride. This instability is thought

to be negligible for londgegged animals, but can be dewadistg for shodlimbed broae
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chested quadrupeds. For these species, lategalencediagonalcouplet (LSDC)

footfall patterns tend to be more common. This footfall sequence is inherently more
stable than LSLC gaits due to the generally low proportidhestride spent as a

unilateral bipod (~22%), and the relatively high proportion of the stride spent as a
diagonal bipod (only two contralateral limbs in contact with the support) and large tripod
(three widely splayed limbs in contact with the suppdmtgeneral, foot positions

arranged as diagonal bipods and large tripods are thought to be highly stable because a
guadruped with a nearly centered CONMnigre nearly balanced over a line passing
throughdiagonally opposite feet than over one passing tiirthe two feet on one side
(Cartmill et al., 2002)

In contrast to the patterns described above, primates and other highly arboreal
mammals tend to use diagorsaquencediagonalcouplet (DSDC) footfall patterns when
moving along relatively thin arboreal suppdit4uybridge, 1887; Hildebrand, 1967;
Cartmill et al., 2002)This gait pattern maximizes the proportion of the stride in which
the limbs are arranged as a widely splayed diagonal bipod, and ensures that one of the
grasping hindfeet is placed in a protractedifion (and thus lies roughly underneath the
a n i m@dMpos a testedupport at the moment when thentralateral forefoot strikes
down on an untesteslipport during arboreal locomoti¢@artmill et al., 2002, 2007;
Lemelin and Cartmill, 2010)The legitimacy of this adaptive scenario for DSDC gaits
has received considerable deb@eeShapiro and Raichlen, 2005, 200MApwever the
presence of DSDG@aits in other highly arboreal mamméidcClearn, 1992; Schmitt and

Lemelin,2002; Lemelin et al., 2003; Lemelin and Cartmill, 2010; Karantanis et al., 2015)
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and the tendency for animals to increase DSDC footfall patterns as they move from
terrestrial to arboreal suppofi#/allace and Demes, 2008; Shapiro and Young, 2010)
appears to largely refute any doabiout the association between DSDC gaits and
arboreality.

With respect to suspensory locomotion, it is obvious that quadrupedal interlimb
coordination does natpply during arrswinging, butstill has importanimplications for
below branch quadrupedal locomotion. Currently, relatively few studies have reported
patterns of limb placement and timing during below branch quadrupedal locomotion
(Jouffroy and Petter, 1990; Nyakatura et al., 20bQ}, at least foNycticebusit appears
that animals are utilizing similar gait patterngtbabove and below branches. This
finding supportdNyakatura'sZ011)assertion that that transition from above to below
branch quadrupedal locomotion requires few mechanical adjustments, and animals are
utilizing conserved neural control of locomotion. If this is the case, themowddsexpect
that primates will use DSDC gaits both above and below branches.

In opposition td\yakatura'sZ011)hypothesis, there are functional reasons why a
DSDC gait may not be advantageous during below branch movement. As mentioned
above, the argument for DSDC gaits above suppsithat they: (1) lower the chance of
rolling off the support; and (2) ensure that a grasping hind$gaiced in a protracted
positionon a testedupport at the moment when tbentralateral forefoot strikes down
on an untestedupport. The problemwith the applicability of these scenarios below
branches is twofold. First, animals moving below branches do not have worry about

rolling off the suppor{Napier, 1967; Cartmill, 1985)nstead theymay want to

75



minimize the risk of interlimb interference or maximize the praporof the stride in

which the limbs are arranged as tripods. If either of these scenarios is true, then LSDC or
LSLC gaits may be more appropriate during below branch quadrupedal locomotion.
Secondly, a protracted hindlimb on a tested support only wbaksanimal is able to
subsequently retract itself if the untested support proves unstable. While this works for
animals that support a majority of their body weight on their hindlimbs (i.e., primates
walking above branches), it is unlikely that this liplacement would be of any use for
animals that support a majority of their body weight on their forelimbs (i.e., primates
moving quadrupedally below branché&yanatosky et al., 2016)Vithout additional

data it is difficult to test the validity of these hypotheses.

Thus far, discussion in this subsection has largely centered on rhythmicity and
interlimb coordinationHowever |t is important to note that other spatiotemporal gait
variables (e.g., stride length, stride frequency, and swing time) can have profound effects
on the overall quality and security of the stride. For example, increased contact time and
decreased swing phasssults in a lower potential for a whebedy aerial phase. The
added security is believed to be important for moving on thin arboreal supports, and it is
likely that the same pattern, or even an exaggerated version, occurs during below branch
guadrupedalbcomotion. That being said, it is interesting to note that often times an aerial
phase is present during asswinging(Turnquist et al., 1999; Chang et al., 2000;
Usherwood, 2003; Michilsens et al., 2010, 2012)

Another important set of spatiotemporal gait variables that have implications for

overall cost and security of the stride is the relationship betsteele duration, stride
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frequency, and stride length. In most cases, quadrupedal gaits are typified by long and
smooth locomotor cycles with low stride frequency. Lower stride frequency results in
more energetically efficient strid¢sO6 Nei | | an dandSawbrgOM t , 201 2)
oscillations(Schmitt, 2011) As discussed earlier, lower COM oscillations result in lower
substrate oscillations, which is important for maintaining balance on compliant supports.
It is unclear what patterns of stride duration, stride frequency, and stride lengtiedre u
during below branch quadrupedal locomotion, but it is likely that the same rules related
to security and energetic efficiency that occur during above branch quadrupedal
locomotion also apply during below branch movement. Data collected from arm
swinging in AtelesandHylobatessupport this notion as these animals are characterized
by long fluid strides. This is not always the case though, asainging inLagothrixis
characterized by high stride frequency and short stride dis@noequist et al., 1999;

Guillot, 2011)

1.6 Specific goals

From the information provided above, it is clear that although we know quite a lot
about the anatomical features and certain aspects of the nechasociated with
suspensory locomotioepistemologicatleficits to our overall understanding of the
mechanical and evolutionary origins of suspensory locomotiorain and how the
varying forms of suspensory locomotion (i.e., below branch quadrupedahbtion and
armswinging) relate to each oth&ome of theanore fundamentajuestions thateed
clarificationinclude whether above and below branch quadrupedal locomotion represent

neuromuscular mirrors of each other whetherthe mechanics déelowbranch
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guadrupedal | ocomotion represent a fAmechan

characteristics observed during primate quadrupedal lotomAlso, it remains

unknown whether the nature of the flexible coupling between the forelimb andrhimdl
observed in primates during above and below branch quadrupedal locomotion is a
uniquely primate feature and could this havemotedhe evolution of arrswinging To

fill thesegays, this studytakesan experimental approach to compare the mechahics o
above branch quadrupedal locomotion, below branch quadrupedal locomotion, and arm
swinging in a broad phylogenetic sample of primate andpmonate mammals.

Specifcally, this studyaddresssthreeResearch vjectives (1) an intraspecific
comparison ofhe mechanics of above and below branch quadrupedal loconmtion
determine whethgrrimates are using similar mechanical strategies during above and
below branch quadrupedal locomotion; é8)interspecific comparison of the mechanics
of below branch gudrupedal locomotioto determine if th@atterns of below branch
guadrupedal locomotion are similar between primate anepriorate mammalsand(3)

an interspecific comparison of the mechanics of below branch quadrupedal locomotion
and armswingingto deermine whethethere are mechanical similarities betwéesse

two forms of suspensory locomotion in primateata from this study will provide

insight into an essential, but understudied, evolutionary transition within ouclade,

and more broadlyad in our understanding of how animals deal with the mechanical

demands of switching from orfierm of locomotion to another.
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1.7 Hypotheses and predictions

Based orpreviousdata, observations, and modéhe following hypotheses have
been developed to dos investigationThedata collected in this study adesignedo
test the validity of thesgpecifichypothesesandultimately,to evaluate the scenarios of
primate locomotor evolutiarPredictions,based on the information outlinedthe
introduction are provided for each hypothesis and are specifically designed to be
mutually exclusive to allow for better discriminatory power of the results.
Research Objective 1An intraspecific comparison of the mechanics of above and
below branch quadrupedal laamotion
Hypothesis 1aWith the exception of the timing of the braking and propul&ivees
which must switch for simple mechanical reasoas, mechanics will be similar
during above and below branch quadrupéa@motion in primates due to
neuromusular patters of movement that amnserved regardless lobdy orientation
relative to the substrate
(P1) Limbloading patterns will be generally similar during above and below
branch quadrupedal locomotion in primates, with the exception that the
propukive and braking portions of the horizontal force component will switch
due to the change in pendular mechanics. Specific results to support this
prediction include: (1) relatively higher Vpk forces on the hindlimbs compared
to the forelimbs; (2) relativgllow medially oriented (the animal applies a
medial forces to the substrate) mediolateral forces; and (3) the forelimb will

serve a net braking role, while the hindlinvil be net propulsive.
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(P2) Kinematic patterns of limb movementill be similar durhg above and below
branch quadrupedal locomotion in primates. Specific resuttispportof this
prediction include: (1jelatively high levels ohumeral andemoralprotraction
at touchdown and similar levels of fiexcursiorthroughoutthe support jpase
(2) flexed elbowand knee positions throughaupport phasand similar levels
of joint excursion; and (3) similar movements of the wrist and ankle throughout
the stride and similar levels of joint excursion.

(P3) Spatiotemporal gait patterns viié similar during above and below branch
guadrupedal locomotion in primates. Specific results to support this prediction
include: (1) similar stride duration and distance; (2) similar forelimb and
hindlimb duty factors and relative swing phase; and (IPO$aits will be the
most common pattern of interlimb coordination.

Hypothesis 1bGait mechanics will differ between above and below branch
guadrupedal locomotion in primates due to the change from invertedventional
pendular mechanics, the dhfifom compressive to tensile forces acting on the body,

and the mechanical release from the challenges associated with balancing and moving
on top of thin compliant branches.

(P1) Limbloading patterns wiltliffer between bhove and below branch
quadrupedélocomotion in primatesSpecific results to support this prediction
include:(1) aswitchin Vpk forces between the forelimbs and hindlimbs during
below branch quadrupedal locomotion; (2) relatively higher medially oriented

(the animal applies a mediartes to the substrate) mediolateral forces during
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below branch quadrupedal locomotion; and (3) the forelimb will serve a net
propulsive role, while the hindlimiill be net braking during below branch
guadrupedal locomotion.

(P2) Kinematic patterns of limmovements will differ during above and below
branch quadrupedal locomotion in primates. Specific results to support this
prediction include: (1) lower levels of humeral dathoralprotraction at
touchdown and relatively higher levels of joint excurgimoughout support
phasaduring below branch quadrupedal locomotion; (2) increased levels elbow
and knedlexion throughout support phase and relatively higher levels of joint
excursion during below branch quadrupedal locomotion; and (3) a tendency to
keep wrist and ankle movements close to the neutral position throughout support
phase, and reduced levels of wrist and ankle excursion during below branch
guadrupedal locomotion.

(P3) Spatiotemporal gait patterns will differ between above and below branch
guadrupedal locomotion in primates. Specific results to support this prediction
include: (1) reduced stride duration and distance during below branch
guadrupedal locomotion; (2) relatively longer forelimb and hindlimb duty
factors and relatively shorter swy phase during below branch quadrupedal
locomotion; and (3) DSDC gaits will be reduced, and animals may favor LSDC
gaits.

Research Objective 2:An interspecific comparison of the mechanics of below branch

guadrupedal locomotion
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Hypothesis 2aGait mechaits will differ during below branch quadrupedal
locomotion between primates and Aanmate mammals duée unusal
neuroumuscular pattethat evolved early in primates and is absent inpamate
mammals. It is also possible thhe greater number of atomical features associated
with suspensory locomotion observed in the-pamate mammalwiill result in

differences in limb

the potential that primates withaintain theset unusuadait characteristics

(P1) Limbloading patterns will differ duringdow branch quadrupedal
locomotion in primate and ngorimate mammals. Specific results to support
this prediction include: (1) relatively higher Vpk forces on the hindlimbs
compared to the forelimbs in primates; (2) relatively lower medially oriented
(theanimal applies a medial forces to the substrate) mediolateral forces in
primates; and (3) differing braking and propulsive functions of the forelimb and
hindlimbs between primate and rprimate mammals.

(P2) Kinematic patterns of limb movement will difduringbelowbranch
guadrupedal locomotion in primate and fimate mammals. Specific results
to support this prediction include: (1) primates will show relatively high levels
of humeral and femoral protraction at touchdown and relatively higinges of
joint excursion throughout support phasenpared to noprimate mammals
(2) nonprimate mammals will show greater levels of elbow and knee extension

throughout support phase; and (3) fimate mammals will keep wrist and
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ankle movements close to theutral position throughout support phase and
showreducedangesof wrist and ankle excursion during below branch
guadrupedal locomotion.

(P3) Spatiotemporal gait patterns will differ durimgjowbranch quadrupedal
locomotion in primate and ngorimae mammalsSpecific results to support
this prediction include: (1) reduced stride duration and distance Hpmoiate
mammals; (2) relatively longer forelimb and hindlimb duty factors and relatively
shorter swing phase in ngonimate mammals; and (3) D&Dgaits will be the
most common pattern of interlimb coordination in primates, while other types of
interlimb coordination may be more common in fpimate mammals.

Hypothesis 2bGait mechanics will be similar during below branch quadrupedal
locomoti in both primate and ngorimate mammals because all animals share the
same biomechanical challenges associated with the change from investizakiard
pendular mechanics, the shift from compressive to tensile forces acting on the body,
and the mecharat release from the challenges associated with balancing and moving
on top of thin compliant branches.

(P1) Limbloading patterns will be similar during branch quadrupedal locomotion
in primate and noprimate mammals. Specific results to support thisiptied
include: (1) no differences in Vpk forces between the forelimbs and hindlimbs
during in any of tk species; (2) higmedially oriented (the animal applies a

medial forces to the substrate) mediolateral forces in all the species; and (3) the
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forelimb will serve a net propulsive role, while the hindlimb is net braking in all
species
(P2) Kinematic patterns of limb movememitl be similar during branch
guadrupedal locomotion in primate and fimate mammals. Specific results
to support this predictioinclude: (1xetractechumeral andemoralpositionsat
touchdown and similar joint excursions in all species; (2) similar levels of elbow
and knee flexion throughout support phase, and similar joint excursions in all
species; and (3) a tendency to keefst and ankle movements close to the
neutral position throughout support phase, and low levels of wrist and ankle
excursion in all species.
(P3) Spatiotemporal gait patterns will be similar during below branch quadrupedal

locomotion in primate and ngorimate mammals. Specific results to support
this prediction include: (19imilar stride duration and distance in all species; (2)
relatively longer forelimb and hindlimb duty factors and relatively shorter swing
phase in all species; and (3) all specidbdisplay similar patterns of interlimb
coordination.

Research Objective 3/An interspecific comparison of the mechanics of below branch

guadrupedal locomotion and armswinging

Hypothesis3a: Forelimb gait mechanics during below branch quadrupedal laommo
in primates will be more similar to what is observed during below branch quadrupedal

locomotion in norprimate mammals than to what is observed duringsammging
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than to due to shared biomechanical pattern of using all four limbs to support and
propel the body.

(P1) During below branch quadrupedal locomotion, forelimb kinetic patterns in
primates and neprimate mammals will be more similar to each other than what
is observed in primates during agwinging. Specific results to support this
predictian include: (1) Vpk forceduring below branch quadrupedal locomotion
will be relatively similar in all species and significantly lower than what is
observed during arrawinging and (2) the braking/propulsive role of the
forelimb will differ than what is bserved during arrswinging.

(P2) During below branch quadrupedal locomotion, kinematic patterns of the
forelimb in primates and ngprimate mammals will be more similar to each
other than what is observed in primates during-awimging. Specific result®
support this prediction include: (1) lower levels of shoulder excursion during
below branch quadrupedal locomotion compared tesmmging; and (2)
greater levels of elbow flexion during below branch quadrupedal locomotion
compared to armwinging.

(P3) During below branch quadrupedal locomotion, spatiotemporal gait patterns in
primates and neprimate mammals will be more similar to each other than what
is observed in primates during aswinging. Specific results to support this
prediction include: (Ldiffering levels of stride duration and distance during

below branch quadrupedal locomotion compared tesawmmging; and (2)
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differing levels of forelimb duty factor and relative swing phase during below
branch quadrupedal locomotion compared to-awimging.
Hypothesis B: Forelimb gait mechanics during below branch quadrupedal locomotion
in primates will be more similar to what is observed during-swimging than to what
is observed during below branch quadrupedal locomotion ifpriorate mammals
dueto shared anatomical features among primates, and the tendency for greater
forelimb and hindlimb neuromuscular disparity observed in primates compared to
other mammals.

(P1) During below branch quadrupedal locomotion, forelimb kinetic patterns in
primates and nofprimate mammals will be distinct from each other, and
primates willshowgreater similarity to what is observed during aswinging.
Specific results to support this prediction include: (1) primatessiviliv
relatively higher Vpk forces in thferelimbs compared to neprimate
mammals; and (2) the forelimb will be the primary propulsive limb, while the
braking and propulsive roles of the limbs will be more equal inpronate
mammals.

(P2) During below branch quadrupedal locomotion, kinenpetiterns of forelimb
movement in primates and ngnimate mammals will be distinct from each
other, and primates wilhowgreater similarity to what is observed during arm
swinging. Specific results to support this prediction include: (1) levels of
shoulder excursion will be relatively higher in primates compared te non

primate mammals; and (2) ngmimates willshowrelatively greater levels of
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elbow flexion during below branch quadrupedal locomotion compared to what is
observed in primates.

(P3) Duringbelow branch quadrupedal locomotion, spatiotemporal gait variables in
primates and neprimate mammals will be distinct from each other, and
primates willshowgreater similarity to what is observed during aswinging.
Specific results to support thisgatiction include: (1) noprimate mammals will
showdiffering levels of stride duration and distance during below branch
guadrupedal locomotion compared to what is observed during below branch
guadrupedal locomotion in primates and during-amnging; and2) non
primate mammals will demonstrate differing levels of forelimb duty factor and
relative swing phase during below branch quadrupedal locomotion compared to
what is observed during below branch quadrupedal locomotion in primates and

during armswinging.
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2Materials and Met hods
2.1Subjects

Locomotor data was collected from animals housed at the Duke Lemur Center
(Durham, NC), Greensboro Science Center (Greensboro, NC), North Carolina Zoological
Park (Asheboro, NC), Central Florida Zoo and Botar@aldens (Sanford, FL), Lubee
Bat Conservancy (Gainesville, FL), Monkey Jungle Dumont Conserdfiayni, FL),

Gumbalimba Brk (West Bay, Hondurasand the Endangered Primate Rescue Center

(Cuc Phuong National Park, within the Nho Quan District of NinthB?rovince). All

animal use was approved by the Duke Lemur Center (DLC Research Project#MO

3) and Dukeds I nstitutional Ani mal <Care an
11-10 and A24514-10). All animals were adults and were clear of any pathesoor

gait abnormalities (Table 2).
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Table 2. Animal subjects used in the study

Species Subject Sex Body Date of birth
mass (kg) (mm/dd/yyyy)
Varecia variegata Individual 1  Male 3.3 05/24/2010
Individual 2 Female 3.76 04/17/2@5
Individual 3 Female 3.7 05/31/2001
Lemur catta Individual 1 Male 2.58 05/03/2010
Individual 2 Female 2.1 05/16/2011
Individual 3 Female 2.34 04/09/2012
Propithecus coquereli Individual 1  Male 4.12 02/03/2010
Individual 2 Female 4.38 02/22/1998
Individual 3 Female 5.09 02/04/2009
Daubentonia Individual 1 Male 2.86 06/05/1994
madagascariensis Individual 2 Female 2.95 01/06/1996
Individual 3 Female 3.02 04/15/1996
Cebus capucinus Individual 1  Male n/a n/a
Individual 2 Female n/a n/a
Chdoepus didactylus Individual 1 Female 7.25 11/9/2000
Individual 2 Female 6.85 5/8/2003
Pteropus vampyrus Individual 1 Male 1.23 06/07/2001
Individual 2  Male 1.28 06/24/1999
Individual 3  Male 0.98 03/30/2013
Individual 4 Male 1.41 07/12/2012
Desmalus rotundus Individual 1 Male 0.028 n/a
Individual 2  Male 0.030 n/a
Individual 3 Male 0.029 n/a
Individual 4 Female  0.027 n/a
Individual 5 Female  0.030 n/a
Pygathrix nemaeus Individual 1  Male 9.23 n/a
Individual 2 Female 8.16 n/a
Ateles fuscieps Individual 1  Male n/a n/a
Individual 2 Female n/a n/a
Hylobates moloch Individual 1  Male 7.2 n/a
Individual 2 Male 6.8 n/a

"Data not avaliable
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Following the work ofLosos and Miles (1994) and Larson and Losos (1,996)
species werehosen based on a convergence approach. By comparing how distantly
related animals solve the same mechanical problems, it is easier to separate phylogenetic
constraints from behavioral or mechanical adaptations. The study sample consisted of
seven primatspecies and three ngmimate species. Even though there are reported
differences in locomotor ecology and performance between the sexes in many animals
(Cullum, 1998; Bokkers and Koene, 2002; Bonnet et al., 200&)sexbased
differences in kinematics have been reported fiongtes(Cant, 1987a; Doran, 1993;

Remis, 1999; Prates and Biebkarques, 2008)As mary of the known differences

between the sexes are attributed to body(€zat, 1987a; Doran, 1993his study

attempted to collected data for both male and female sulijeaach species for a more
representative species mean. In most species this was possible Rietdpus

vampyrug4 male subjects)Choloepus didactylu@ female subjects), ardlylobates

moloch (2 malesubjects), this proved unfeasible. It is unljkinat any unforeseen
consequences will arise from this sampling bias because sexual dimorphism is generally
low in these species. A brief description of the behavioral and morphological

characteristics of each species follows.

2.1.1Species profiles

Varecia variegata
Varecia variegatathe ruffed lemur, is a largieodied (3.24.1 kg; Smith and
Jungers, 1997arboreal lemurid endemic to Madagag@ereira et al., 1988; Meldrum et

al., 1997; Fleagle, 2013Yarecia variegatas commonly separated into two subspecies
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based on external pelagédrecia variegata variegatéthe blackandwhite ruffed lemur)
andVarecia variegata rubrdthe red ruffedémur)], but both subspecies are similar in
body mass and locomotor behaviGebo, 1987; Fleagle, 2013nd therefore were
analyzed as a single study species. Locomotor behavior exhibitédvayiegatacenters
on arboreatjuadrupedalism on medium and thin arboreal supfOrteard et al., 1990;
Dagosto, 1995; Dagosto and Yamaahit998; Goodenberger et al., 20MNArecia
variegatais also considered the most suspensoryl dfi@ Malagasy strepsirrhinesd is
commonly observed hanging from the hindlimbs or walking quadrupedally below
branchegMeldrum et al., 1997)its anatomyis fairly generalizedavith slightly longer
hindlimbs than forelimbgntermembral index = 72), ardisplaysfew anatomical
featurescommonly associated with suspensory locomotigtern et al., 1995; Fleagle,
2013; Congdon, 2014; Granatosky et al., 2014b)
Lemur catta

Lemur cattathe ringtailed lemur, is a mediuthodied (average body mass 2.2
kg; Smith and Jungers, 19plargely terrstrial lemurid endemic to Madagascar
(Dagosto, 1995; Fleagle, 2013; LaFleur and Sauther, 20h&)locomotor behavior
exhibited byL. cattacenters on terrestrial quadraatism, but arboreal movements are
also common especially on large or medium sized sup(i®eiso, 1987; Oxnard et al.,
1990; Goodenberger et al., 20165¢mur cattararely adopts suspensory behaviors (4%)
during its normal locomotor repertoif@ebo, 1987)Its anatomyis fairly generalized

with slightly shorter forelimbs than hindlimijisitermembral index = 70), and shofesv
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features commonly associated with suspensory locomotieleagle, 2013; Congdon,
2014)
Propithecus coquereli

Propithecus coquelie the Coquerel's sifaka, is a lafgedied (average body
mass 3.7 kgSmith and Jungers, 19Plargely arboreal indriid endemic to Madagascar.
Propithecus coquereils best known for its anatomical features associated with vertical
clinging and leapingintermembral index ~ 64§Fleagle, 2013)This anatomical pattern
is thought to make quadrupedal locomotion unigaand inefficient(\WWunderlich et al.,
2011, 2014)but despite this, upright quadrupedal locomotion has been witned3ed in
coquerelj albeit rarely (6%)JGebo, 1987)Suspensory locomotor behaviors are more
common, andP. coquerelis known to walk quadrupedally below branches (5%) and
adopt armswinging behavior (10%4)Gebo, 1987)Suspensory positional behaviane
so commonn this specieshatOxnard (967)classifiedPropithecusi n t he A hanger
caegory along with the lorisid$t should be noted th&. coquereli as well as the other
extant indriids, share a close phylogenetic relationship to the extinct sloth I&inigrs
closerelationshipsuggestshat suspensory behaviors may have been gaitanon in the
last common ancestor of these spefigsbo and Dagosto, 1988; Godfrey and Jungers,
2003)
Daubentonia madagascariensis

Daubentonia madagascariensthe ayeaye, is a mediudbodied (average body
mass 2.5 kgSmith and Jungers, 19plargely arboreal lemurid endentic Madagascar.

Daubentonia madagascariensssbest known for its unusual cranial and manual features
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that have evolved for extractive foragi(@ncrenaz et al., 1994; Soligo, 2005; Fleagle,
2013) Generally, the locomotion &. madagascariensis centered on arboreal
guadrupedalismand leapingbut suspensory locomotion is pres@tcrenaz et al., 1994;
Curtis and Feistner, 1994 esides the hangpstcranial anatomy is fairly generalized
with slightly shorter forelimbs than hindlimigsitermembral index = 71), and shows few
features commonly associated with suspensory locom(fleagle, 2013)It is unclear
how the specialized hand anatomy observed in this species will effect patterns of
suspensory locomotiofsoligo, 2005)
Cebus capucins

Cebus capucinyghe whiteheaded capuchin, is a medidadied (average body
mass 3.9 kgSmith and Jungers, 19P@rimate native to Central America. The
locomotion of this species is most often classified as an arboreal quadrupgdhbut
locomotor diversity is observed in this spedi@égbo, 1992; Bergeson, 1996, 1998;
Bezanson, 2009Below branch quadrupedal locomotion is common in this species,
especially in young anima(#lunt et al., 1996; Bergeson, 199B$ anatomyis fairly
genealizedwith slightly shorter forelimbs than hindlimifimtermembral index = §1and
besides the prehensile (or partigisehensile) tajlshowsfew anatomical features
typically associated with suspensory locomotion.
Hylobates moloch

Hylobates moloh, the Silvery gibbon, is a relatively larp@died (average body
mass 6.3 kgSmith and Jungers, 19PFominoid endemic to the island of Java

(Indonesia). The locomotor behavior exhibited-bymolochcenterson armswinging on
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relativey thin arboreal substrates. Like all the gibbons, suspensory locomotion is very
common and makes up a majority of the locomotor reperitsrenatomyis highly
specialized (intermembral index = 127; Fleagle, 2013) forswimging behaviors.
Pygathrix nemaeus

Pygathrix nemaeyshe redshanked douc langur, is a largedied (8.110.9 kg;
Smith and Jungers, 19p/ighly arboreal colobine native to Southeast Asia. While
primarily considerecs an arboreal quadrup€d nemaeusommonly egages in arm
swinging locomotior(46%;Byron and Covert, 2004 This observation is surprising
givenP. nemaeuslose anatomicaksembhncewith othercloselyrelated Asian
colobines [but see Su and Jatdki (2009) and Bailey and Pampush (2913t shows
few of the anatomical similarities with other aswinging primates (intermembral index
= 94; Fleagle, 2013).
Ateles fusciceps

Ateles fuscicepshe blackheaded spider monkey, is a lattgadied (8.8g; Smith
and Jungers, 19%highly arboreal New World monkey found in Central and South
America.Ateles fuscicepsommonly uses arboreal quadrupedal locomotionigmalso
well-known for its use of suspensory positional behaviors, apdatally tatassisted
armswinging(Bergeson, 1998Rosenberger et al., 2008; Schmitt et al., 2009; Guillot,
2011) Interestingly, taHassisted support is observed every other Hreotd (Turnquist et
al., 1999) and it is only these strides that were used for subsequent analysis. Anatomy is
highly specialized (intermembral index = 103; Fleagle, 2013) forsavinging belaviors

(Rosenberger et al., 2008)
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Choloepus didactylus

Choloepus didactylyd.innaeus's twdoed sloth, is a mediwinodied (48 kg)
highly arboreal xenarthran na#i to South AmericéMendel, 1981; Gaudin, 2004; Grass,
2014) The locomotor repertoire @. didactyluds centered on below quadrupedal
locomotion on thin arboreal suppo(idendel, 1979, 1981 he anatomy of this species
is so highly modified for suspensory locomotiarthe formof below branch
guadrupedal locomotiotinat other forms of locomotion are ungainly and clumsy
(Mendel, 1979, 1981, Billet et al., 2012; Granatosky eRalldb; Grass, 2014There is
also evidence suggesting that gmatomy of this species is so highly modifiedsmall
supports that any support wider in diameter than 7.62 cm makes wrapping the claw on
top of the support almost impossitjdendel, 1979, 1981; Nyakatura et al., 2010)
Pteropus vampyrus

Pteropus vampyryshe large flying fox, is the largest species (016% kg) of bat
(Fujiwara et al., 2011)t is native b Southeast Asia, and locomotes primarily by flight
(Vandoros and Dumont, 2004he anatomy oP. vampyruseflects the adaptations to
flight, and consequently is incapable of proficient upright locomdtiemwrence, 1969;
Riskin and Hermanson, 2005; Riskin et al., 2005, 20@6)enmoving on supports, the
locomotion ofP. vampyrusenters on below branch quadrupedal locomdfrajiwara et
al., 2011) The mechanics of below branch quadrupedal locomoti&n wampyruss
poorly known and it remains unclear as to whether this species, whilglily modified
anatomy, adopts the same mechanics as other species that move quadrupedally below

branches.
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Desmodus rotundus

Desmodus rotundushe common vampire bat, is a srratidied (0.025.040 kg)
bat native to North and Central Ameri¢dowak, 1999) While the anatomy of this
species is primarily modified for fliglfRiskin et al., 2005)D. rotundushas
independently reevolved terrestrial locomotion in order to aid in its sanguivorous
feeding habit¢Riskin and Hermanson, 2005; Riskin et al., 2005, 2088)ile arboreal
locomotion is rare, suspensory locomotion is still quite common in cal/ecasting
sites(Nowak, 1999) It remains unclear whether the gait patterns observed during
terrestrial locomotion will remain the same during suspensory locomotion, or whether

this species adopts an entirely diffiet mechanical strategy.

2.2 Data Collection

In order to address the research objectives outlined in section 1.6, kinematic,
kinetic, and spatiotemporal gait variables were collected as animals moved across a
runway aligned parallel to the direction of wement. The construction of the runway
varied depending on the specific research objective and study species. To address
Research Objective 1animals Y. variegata, L. catta, P. coqueredndD.
madagascariensjsvere trained to walk above and below astiumented (details on
runway instrumentation below) runway measuring approximately 3.66 m in length and
3.1 cm in diameteiThe construction of the runway followed and expanded on
procedures used in otheudtes to collected data on linikading patters during above
(Kimura et al., 1979; Reynolds, 1985a; Demes et al., 1994; Schmitt, 1994, 1995, 2003b;

Schmitt and Lemelin, 2002, 2004; Lemelin and Schmitt, 2004; Schmitt and Hanna, 2004;
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Granatosky et al., 201@nd béow branchiocomotion(lshida et al., 1990; l&ang et al.,
2000; Michilsens et al., 2011, 2012; Granatosky, 2015; Granatosky et al., P616)
addresfResearch Objectives 2 and,3he same runway was used to collect locomotor
data during below branch quadrupedal walking ivampyrusandC. didactyus, and
data during arsswinging inH. molochandP. nemaeusThe runway used to collect
locomotor data during arswinging inA. fuscicepsvas the same dimensions as
described above, but contained no instrumented sddtionquist et al., 1999; Schmitt et
al., 2005) Locomotor data fron€. capucinusvas collected opportunistically from M
animals.Analysis of strides from this species was restricted to supports approximating
1.25 cm in diameter. In mostals, animals were encouraged to move back and forth on
the runway through food rewards. Locomotor data on below branch quadrupedal
locomotion inD. rotunduswas collected in a custemade plexiglass enclosure (0.48 m
x 0.15 m x 0.11 m) with an instrumented ceilfojowing the runway design outlined in
Riskin and Hermansor2Q05 and Riskin et al(2006) The use of this enclosure was
required to preverD. rotundusfrom flying away during trials. Animals were encouraged
to walk back and forth on the ceiling by lightly blowing on them through a ¢Réskin
and Hermanson, 2005)he material makeup of the ceiling consisted of a wire mesh, in
which aninals were able to grasp with their claws.

For all trials, animals were filmed from a lateral view. Most animals (
capucinusy. variegata, L. catta, P. coquereli, D. madagascariensis, P. nemaeus, P.
vampyrus, C. didactylus, H. molo@ndD. rotundu$ were videotaped using a GoPro

camera (Hero 3+ Black Edition; GoPro, San Mateo, CA) modified with a-Baok
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Ribcage (Ribcage v1.0; Bad@one, Ottawa, ON), which allows the GoPro cameras to be
outfitted with interchangeable lenses and eliminates imagettbstorherent to the

camera (Figure)5 For these animals videos were recorded at 120 fields/second- Video
recordings ofA. fuscicepsvere made available from previous studiesrnquist et al.,

1999; Schmitt et al., 2005and were recorded at 60 fields/second.
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Figure 5: Description and results of camera verificaion. All trials were filmed from

lateral view using a (A) GoPro camera (Hero 3+ Black Edition; GoPro, San Mateo,

CA) modified with a Back-Bone Ribcage (Ribcage v1.0; BaeBone, Ottawa, ON),
which allows the GoPro cameras to be outfitted with interchangeabllenses and
eliminates image distortion inherent to the camera. In order to validate that no
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camera distortion was present during filming, we constructed a 3.048 m runway
with intervals marked every 30.48 cm. The camera was placed 3.048 m from the
runway. We then had a participant (MCG) walk an object (B) with markers
attached at specific points representing a known angle and lengths. This was
repeated 10 times. These points were digitized using Imagé3chreider et al., 2012
http://rsbweb.nih.gov/ij/download.html) at each interval along the runway for each
of the 10 passes across the runway. The result of this validation indicates only minor
fluctuations in (C) length and (D) angular measurements. Theseuittuations are
most likely a result of digitization error rather than distortion from the camera.
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Following Hildebrand £967)andCartmill et al. 002) for above and below
branch quadrupedal | ocomotion, only symmet
occurred at between #0and 60% of the cycle duratipmalking steps (i.e., limb duty
factor over 50%) in which the animal was traveling in a straight path and not accelerating
or decelerating (i.e., steadyate locomotion) were selected for analysis. For arm
swinging, onlystead-statestrides approximatingontinuouscontact (i.e.aerial phase
below1/20" of a seconpiwere selected for analysiswasthe case that many of the
strides analyzed in this stuflpym Ateles fuscicepandPygathrix nemaeushoweda
brief aerial phae before touching down with the next linflinis behavior is distinct from
ricochetal brachiation becaugeochetal brachiatiohasvery specifickinematic and
COM movemerg not observed in any of the study spe(Bertram et al., 1999; Bertram
and Chang, 2001; Usheowd, 2003; Michilsens et al., 2011, 2012)eadystate
locomotion was determined lsglecting a point on the subject (usually the nose) and
calculating the instantaneous velocity betwegthis point betweesubsequent video
frames throughout the entistride, and then using regression analysis to determine
whether velocity changed throughout the stride. Only strides in which no change in
velocity was detected were used for subsequent analyses.

As many gait variables are influenced by variance in spesihgle velocity
value was collected for every stride to aid in later covariance analyses. Furthermore,
variation in limb length can result in drastically different velocity values that may
artificially exaggerate difference in gait parameters basadiffamences in body size

alone. To rectify thigsnd normalize speedlexander and Jayes (1983) and Alexander

101



(1984, 1991proposed the use die Froude nurber, which is a dimensionlesamber

that allows for speedcomparisondetweersubjects of different body size. This approach
attempts to control for size and speed simultaneously by taking into account the limb
length of the subject and controlling for its influen&&exander and Jayes (1983)
proposed that gaits with equivaléfroude numbershould be dynamically similar to

each other. The equation for Froude number is as follows:

Vv
* Ty

In this equation v = velocity, | = forelimb lengtim), and g = gravitational
acceleratonThi s velocity value was calcul ated by
head and determining the time necessary to cross a known distance marked on the
runway,and forelimb length was measured asdistance betweete glenohumeral
joint andthe radiocarpal joinfThe square root of Froude number resultsamalizel

speedA normalizel speedvas calculated for every stride in order to more properly

compare ertain gait variables across individuals of differing body sizes.

2.2.1 Kinetics

To addresfResearch Objectives 1 and &see section 1.6 and 1fdyelimb and
hindlimb singlelimb forces were collected while animals walked abdevariegata, L.
catta, P coquereliandD. madagascariensisand belowY. variegata, L. catta, P.
coquereli, D. madagascariensR. vampyrus, C. didactyluandD. rotundu$ the
instrumented runways described abd\Ve.kinetic data was collected fro& capucinus

The instrumated portion of the runways consisted of two Kistler force plates (model
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9317B; Dimensions0.030 m x 0.025 m x 0.025 m, Ma&bg, Measuring rangéx and
Fy + 1kN, Fz £2kN, SensitivityFx and Fy-26pC/N, Fz11pC/N, Frequency Fx and Fy
5kHz, fnz 21kHz}hat have been used in previous stu¢iBishop et al., 2008}orD.
rotundus the force plates were secured to piece of stiff wire mesh (0.025 m x 0.15 m).
For allother species, a small section of dowel was secured on one end of each force plate
measuring the same diameter as the rest of the runway and large enough to accommodate
an entire hand or foot (~ 0.10 m). These instrumented sections were mounted in the
middle of the runway flush with, but separated by a small gap from, the rest of the
runway. Force plate output was sampled at 12,000 Hz, and imported, summed, and
processed using BioWareE v.5.1 software, a
analyzed usig MATLAB. Prior to all trials, animals were weighed, and forces for each
day of trials were normalized to the body weight recorded for that day.

To addresfResearch Objectives 3forelimb singlelimb forces were collected
from animals 1. molochandP. remaeupduring armswinging on the instrumented
runway described above. No kinetic data was collected AofuscicepsThe
instrumented portion of the runway consisted of an AMTI rrants force plate (MC3A
100) attached to a section of dowel (0.45 ngasuring the same diameter as the rest of
the runway. This instrumented section was mounted in the middle of the runway flush
with, but separated by a small gap from, the rest of the runway. Force plate output was
sampled at 1,200 Hz, and imported, sumnaed, processed using AM-NetForce

software, and then filtered (Butterworth, 30 Hz) and analyzed using MATLAB. Prior to

103



all trials, animals were weighed, and forces for each day of trials were normalized to the
body weight recorded for that day.

The methds outlined above are all built upon the works of many others that have
used force plates to analyze the movements and limb loading patterns in aKkimais.
et al.(1979)andReynolds {985a)were among the firgb explore the limb loading
patterns of primates and set the standard for which kintetiees of primates should be
comparedTheirwork was expanded dghida et al. (1990), Demes et al. (1994), and
Schmitt (995)to include the addition of simulated arboreal supports that more
accurately replicate the conditions of an arboreal environment in which primates are most
commonly observedRelaively rapidly, more and more information has been collected
across primates to gain a better understanding of the taxoriemigrids Carlson et al.,
2005; Franz et al., 20D5New Worldmonkeys YWallace and Demes, 2008; Larson and
Demes, 2011; Young, 20)1,2ld Worldmonkeys and hominoid&®kéynolds, 1985a
Demes et al., 1994; Schmitt995, 1998; Chang et al., 2QD@nd locomdor [suspensory
locomotion(lshida et al., 1990; Michilsens et al., 2011, 20fpadrupedal locomotion
(Demes et al., 1994,; Schmitt, 1995; Schmind Hanna, 20Q4leaping (Demes et al.,
1995 Byrnes et al., 2008and climbing (Hirasaki et al., 20fJ0variations in limb
loading observed within primateStudiesmentioned aboveepresenbnly a small
sampleof thework achieved bynany researche thathasexplored limbloading patterns
in primates. lis upon the work of these researchers, and many others, that the research

described in this study is based.
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All force data wereorrectedo indicate the applied force by the animmablwas
standadized for the direction of travel, differing body mass, orientation, and whether the
limb that touched the instrumented portion of the force plate was left or right. This
resulted in comparable force curves that all displayed vertical force as positieeoval
the vertical axis, braking force as a negative value on the horizontal axis, propulsive force
as a positive value on the horizontal axis, medially oriented force (i.e., the apiptiad
a medially directed forgeas negative value on the mediolateaxis, and laterally
oriented force (i.ethe animakpplied a laterally directed forcas a positive value on the
mediolateral axis. In order to make comparisons between subjects of differing body
masses all forces traces originally measured in Nesiddywere converted into a
proportion of the animal és body weight ( %b

From these data, only steps with sinliieb contacts on the plate or those steps in
which the forelimb and hindlimb forces were clearly differentiated were analyzed. In
total, 11 \ariables were calculated for each step: (1) peak vertical (Vpk) forcixs(2)
occurring horizontal peak (F) force; (3)second occurring horizontal pe¢kHpK
force; (4)first occurring horizontal impulse (AH (5) second occurring horizontal
impulse (SH); (6) net horizontal impulse (HI); (7) peak medial (Mpk) force; (8) peak
lateral (Lpk) force; (9) medial impulse (MI); (10) lateral impulse (LI); and (11) net
mediolateral impulse (MLI). Additionbl, the timing at which Vpk, FHpk, SHpMpk,

Lpk, and theB/P transition lfraking to propulsive transition during above branch
quadrupedal locomotion amulopulsive to braking transition during below branch

guadrupedalbcomotion)occurred was also recorded within each stride. The peak forces
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are simply masured as the highest magnitude point measured on a particular portion of a
tri-axial force curve. The impulse measurements represent the area under a particular
portion of the forcdime curve. The HI is measured as the area under thetforee

curve inthe horizontal component of the substrate reaction force. The HI provides a
means for differentiating the overall braking or propulsive role of the limb during
particular locomotor behavio(®emes et al., 1994The overall HI for each limb was
calculated by subtracting the FHI from thelSPiositive values indicate a net propulsive
limb, while negativeralues indicate a net braking linflimura et al., 1979; Ishida et al.,
1990; Demes et al., 1994j)alues approximating zero represent single limb cantac
forces were braking and propulsive impulses are approximately ddngaMLI is

measured as the area under the foiroe curve in the mediolateral component of the
substrate reaction force. The MLI provides a means for differentiating if the limb is
apdying an overall medially or laterally directed forg&chmitt, 2003a; Carlson et al.,
2005) The overall MLI for each limb was calculated by subtracting the Ml from the LI.
Positive values indicate that throughout the step the limb is applying a net laterally
oriented force, while @gative values indicate that throughout the step the limb is
applying a net medially oriented for(udsberg et al., 1987; Schmitt, 2003a; Carlson et
al., 2005) In order to make comparisons between subfatiiffering body massed/pk,
FHpk, SHk, Mpk, and Lpk forces are given in mplts of body weight (%bw), and

FHI, SH, HI, MI, LI, and MLI are given in body weight seconds (%bws).
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2.2.2 Kinematics

To addresfesearch Objectives 1 and Patterns of limb movement were
collectedfrom the forelimbs and hindlimbs while animals walked quadrupedally above
(C. capucinugV. variegata, L. catta, P. coqueredindD. madagascariensisand below
(C. capucinugV. variegata, L. catta, P. coquereli, D. madagascarierisivampyrus,
andC. didactylug the instrumented runways described above. From veswdings, the
position of the shoulder, elbow, wrist, hip, knee, ankle, and forelimb and hindlimb point
of-contact were collected over the course of support phase (i.e., when the lmb is i
contact with the substrate). The resulting @oordinate data was used to track angular
movements in the shoulder, elbow, wrist, hip, knee, and ankle. In addition to overall
characterization of movement, joint excursion (maximum change in joint angle
throughout the stride) was collected for each joint throughout the stride. All limb angles
were digitized using DLT Dataviewé@redrick, 2008)n MATLAB. No kinematic
measures of limb movement were collected fidmmotundusdue to the highly modified
hand morphology and diminutiséze. To addresResearch Objectives 3similar
measures were collected during asminging inH. moloch A. fuscicepsandP.
nemaeusbut were restricted to the forelimb (i.e., shoulder, elbow, and wrist).

All angular movements were measured in degf®eJ o make joint movements
comparable between strides, different individuals, and different species, all joint data
werescaled as a percentage of support pHasiowing Larson et al. (2000hsulder
and hip angles were measured relative to the veeigaof the shoulder or hip joint [i.e.,
when the arm passed directly above or below (depending on orientation) the shoulder or
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hip joint this was considered the neutral position (0°)]. Angles greater than 0° represent
shoulder or hip protraction, whibngles less than 0° represent shoulder or hip retraction.
Elbow and knee angles always reflect flexion, where 180° represents maximum elbow or
knee extension.

Wrist and ankle measures required additional processing depending upon the way
the animal graspkthe support. As mentioned above, the position at which the animal
grasps the support with its foot or hand determines what-aitwensional wrist and
ankle angle is actually measuring. For animals walking on the ground and during grasps
in which the suport is between the second and third digit, or along the axis of the third
digit, wrist and ankle angle provides a measure of joint flexion and extension. In grasps
during which the support is between the first and second digit, or the hand is functioning
as a hook (i.e., no involvement of first digit or first digit is aligned with other digits), the
wrist angle gives us a sense of radial and ulnar deviation in a stride, and ankle angle can
be best described as being cranially and caudally oriented. Addiyipduring arm
swinging, animals are known to grasp the support with either a pronated or supinated
hand position. While these hand postures still provide a measure of radial and ulnar
deviation, the order and magnitude of radial and ulnar deviatiely lihanges
drastically. In pronated hand positions the wrist is first ulnarly deviated, and then
subsequently radially deviated throughout the remainder of support phase. In supinated
hand positions the wrist is first radially deviated, and then subsiyjuérarly deviated

throughout the remainder of support phase.
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To make the proper adjustments for measures of wrist and ankle movements, the
position in which the animal grasped the support was recorded for everinstep.
wrist, these positions weiteroken down into three categories for comparison: (1)
flexion/extension grasps (animals grasp the support between second and third digit, or
along axis of third digit); (2) supinatéebok graspganimals grasp the support between
the first and second digitr as a hok with a supinated hadand (3) pronatetiook
graspganimal grasp support between first and second digit or askavith a pronated
hang. For dl grasp types, wrisangles were measured based on the positidmeofvtist
relative to the pint-of-contact with the support and the elbow. Neutral position (180°)
was defined as the pu in which the wriswvas in line with the poirbf-contact and the
elbow. During flexion/extension grasps angles léest180° indicate wridtexion, while
andes greater thn 180° indicate wriggxtension. During supinated and pronated hook
grasps, wrist angles greater than 180° represent radial deviation, while angles less than
180° represent ulnar deviation.

In theankle these positions were broken dowroitwo categories for
comparison: (1) flexion/extension grasps (animals grasp the support between second and
third digit, or along axis of third digitgnd(2) hook graspganimals grasp the support
between the first and second digit or as alkhoFor allgrasp typesankle angles were
measured based on the positionh&dnkle relative to the poiraf-contad with the
support and the knedleutral position (180°) was definedtas point in which thankle
was in line with the pat-of-contact and th&nee. During flexion/extension grasps angles

less than 180° indicatnkle flexion, while angles gres than 180° indicatankle
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extension. During hook grasmmkleangles greater than 180° represent cranial deviation,

while angles less than 180° represemidal deviation.

2.2.3 Spatiotemporal gait variables

To addres®esearch Objectives 1 and Zpatiotemporal gait parameters and
footfall sequences were collected while animals walked quadrupedally above (
capucinusV. variegata, L. catta, P. coquergindD. madagascariensisand below C.
capucinusV. variegata, L. catta, P. coquereli, D. madagascarierisiyampyrus, D.
rotundus,andC. didactylu$ the instrumented runway described above. From the video
recordings, cgle durationstride length,drelimb and hindlimb duty factor and relative
swing proportion, and the proportion of the stride at which-stediceoccurs were
determined by reviewing the video sequences frAyafgame using VirtualDub.

Following Hildebrand (1967)Turnquist et al(1999), Cartmill et al. (2002) and Schmitt
(2011)cycle duration is defined as the time between two touchdowns by the same
extremity. Stride length is defined as the distance between twessiee points of

contact by the same extremity; the reference point is the right hindlimb. Duty factor is the
fraction of the cycle duration that a particular limb is in contact with the substrate, and
relative swing proportion is the fraction of the @/duration that a particular limb is not

in contact with the substrate. The propamtbf the stride at which mistanceoccurs was
recorded as the fraction of cycle at which the wrist passes below the shoulder joint. This
is an important metric becauserbvides a measure of the proportion of the stride that

the limb (forelimb or hindlimb) is spent in protraction or retraction. To addesesarch
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Objectives 3,similar measures were collected during awinging inH. moloch A.
fuscicepsandP. nemaeusbut were restricted to the forelimb.

Interlimb coordination was also collected while animals walked quadrupedally
above C. capucinugV. variegata, L. catta, P. coqueredindD. madagascariensisand
below C. capucinusV. variegata, L. catta, P. cogteli, D. madagascariensi®.
vampyrus, D. rotundugsndC. didactylu the runway. These footfall sequences were
broken down into two categories based on the sequence in which the limbs make contact
with the substrate. A latergequence gait is one irhweh each hindlimb footfall is
followed by an ipsilateral forelimb footfall (i.e., the feet touch down in the order of right
hindlimb, right forelimb, left hindlimb, left forelimb). A diagorakguence gait is one in
which each hindlimb footfall is followgeby a contralateral forelimb footfall (i.e., the feet
touch down in the order of right hindlimb, left forelimb, left hindlimb, right forelimb).
These gait sequences were further subdivided to describe the synchrony of paired limbs.
When the ipsilateral felimbs and hindlimbs are traveling together this is referred to as a
lateral couplet, and when the contralateral forelimbs and hindlimbs are traveling together
this is referred to as a diagonal couplet. Very rarely do the limbs move together in perfect
synchrony, and these gait patterns receive their own unique names of a trot (contralateral
synchrony) and a pace (ipsilateral synchrony). Interlimb coordination was analyzed using
the gait formula introduced Wildebrand (1967)Diagonality (D) is the percentage of
the stride interval a forelimb lags behind the touchdown of the ipsilateral hindlimb.
Diagonality facilitates the quantitative discriminationdedgonal sequences (DS; D >

0.5), lateral sequences (LS; D < 0.5), trots (D = 0.5), paces (D = 0.0), diagap#dts
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(DC; 0.25 < D < 0.75), and laterabuplets (LC; 0 <D <0.25and 0.75 <D < 1.0). No

such measures of interlimb coordination were ctdlé during arrswinging

2.3 Data analysis

To address the research objectives of this study, statistical analyses were broken
down into three primary comparisobased on the threesearch objectives described in
section 1.6(1) an intraspecific compiaon of the mechanics of above and below branch
guadrupedal locomotion i@. capucinugV. variegata, L. catta, P. coqueredindD.
madagascariensjg2) an interspecific comparison between the mechanics of below
branch quadrupedal locomotion@ capucnus V. variegata, L. catta, P. coquereli, D.
madagascariensj$. vampyrus, D. rotunduandC. didactylusand (3) an interspecific
comparison between the mechanics of below branch quadrupedal locom@iion in
capucinusV. variegata, L. catta, P. coquad, D. madagascariensi®. vampyrus, D.
rotundus,andC. didactylusand armswinging inH. moloch A. fuscicepsandP.
nemaeusWhile all data was processed using custom written codes in MATLAB, all
statistical tests were conducted using JMP Pro vSAB(Institute Inc., Cary, NCPrior
to all statistical comparisonShapirdWi | k and Isweereeseckttddeteriniees t
normality and equal variance within the débakal and Rohlf, 2012)n the case of
multiple statistical comparisond| B-values were Bonferroni adjiesl to account for

increasedytpe | error that occurs do to multiple statistical comparisons.

112



2.3.1 An intraspecific comparison of the mechanics of above and below
branch quadrupedal locomotion

To determine whether primates use differing mechanical strategies between above
and belowbranch quadrupedal locomotion, this portion of the study compared kinetic,
kinematic, and spatiotemporal gait variables of above and below branch walkiveg in f
species of primated. capucinusV. variegata, L. catta, P. coqueredindD.
madagascariens). Prior to any statistical comparisotmdy weight normalized Vpk,
FHpk, SHpk, Mpk, Lpk forces, and FHIs, &Hls, Mis, LIs, and MLIs collected during
above and below branch walking were compared with the correspanatimglizel
speechumber using aegression analysis to determine if the variables of interest were
influenced by variation in speed or body size within the sample. As mentioned above, the
magnitude of substrate reaction forces are thought to be influenced by(Bpeszs et
al., 1994)and body siz€Alexander and Jayes, 198%)a relationship was observed,
kinetic data was compared using a qpamametric ANCOVA witmormalizel speeds
the covariate to compare across limbs and orienté@tajnik and Algina, 1984; Vickers,
2005) For those variablesdhshowed no association weamormalizel number, a
KruskalWallis test, a nosparametric ANOVA, was used to determine whether there
were statistically significant differences across limbs and orientation. Each species was
analyzed separately, and onlyadjtative comparisons were made between species in
order to confirm broad kinetic patterns.

As another means of assessing the similarity between limb loading patterns during

above and below branch quadrupedal locomotimatiming of at which Vpk, FHpk,
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SHpk Mpk, Lpk, and B/P occurred within each support phase was compared between
orientations for each limb separately (i.e., the timing of these events for forelimb and
hindlimb loading were not compared to each other in either orientafidiannii
WhitneyU-test was used to determine whether the timing of limb loading patterns for
each limb varied significantly between above and below branch quadrupedal locomotion.

As outlined in section 1.5.2, little information is available on what determines
whetherguadrupedds | imb is net braking or net
the patterns of braking and propulsive limbs switch between above and below branch
guadrupedal | ocomotion. Current thought in
general briking/propulsive role is due to differing levels of protraction and retraction
(Kimura et al., 1977; Reynolds, 1985bp aldress this assumption, two separate
statistical analyses were conducted to determine whether the: (1) B/P generally occurs at
mid-stance; and (2) proportion of protraction to retraction within a step determines
whether the limb is braking or propulsiveo @etermine if the B/P generally occurs at
mid-stance, an ANOVA was conducted to analyze the likelihood of these two events
occurring at a similar time. To assess the hypothesis that the proportion of protraction to
retraction within a step determines whatthe limb is braking or propulsive, a regression
analysis was conducted between the protraction to retraction ratio and HI. Additionally,
normalizel speedvas included as a secondary independent variable within the regression
analysis as HI has been ghoto be affected by speed and body ¢§i2zemes et al.,

1994) Data for each limb and orientation weanalyzed separately.
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From the scaled data gmint movements, shoulder, elbow, hip, and knee angles
were compared statistically at specific intervals of support phaseduehdown mid-
support andlift -off). Each species was analyzed separataly,omly qualitative
comparisons were made between species in order to confirm broad kinematic patterns. As
all comparisons were intraspecific, a Makvhitney U-test was used to determine
whether joint movements were significantly different between aboydelow branch
guadrupedal locomotion for each species.

As mentioned previously, movements of the wrist and ankle are difficult to
guantify, and vary greatly depending on the type of grasp. Prior to analyzing movements
of the wrist and ankle, all grasp&re classified into one of the three grasp categtwies
the wrist(i.e., flexion/extension grasps, supinakembk grasps, anpgronated hook grasps)
and two grasp types for the ankie., flexion/extension graspand hook graspspnce
grasp type wasatermined, wrist and ankle movements were compared between
orientations following the same methods as the other limb elements described above.
Only similar grasp categories were statistically compared to each other (i.e.,
flexion/extension grasps were raatmpared to supinated or pronated hook grasps, but
supinated hook grasps, and prondtedk graspsvere statistically compared to each
other).

With regard to spatiotemporal gait variablpsor to any statistical comparisons,
stride durationstride lengh, forelimb and hindlimb duty factor and relative swing
proportion collected during above and below branch walking were compared with the

correspondingnormalizel speedising a regression analysis to determine if the variables
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of interest were influencealy variation in speed or body size within the sample. If a
relationship was observeshatiotemporatlata was compared using ANCOVA with
normalizel speeds the covariate to compare across limbs and orien{&@iemik and
Algina, 1984; Vickers, 2005)-or thase variables that showed no association with
normalizel speeda KruskalWallis test, a nosparametric ANOVA, was used to
determine whether there are statistically significant differebheeseen the differing
orientatiors. Each species was analyzed sefgdyaand only qualitative comparisons
were made between species in order to confirm broad spatiotemporal patterns.
Interlimb coordination was presented and analyzed in two different Wwageder
to performstatistical comparisons, diagonality valuesevanalyzed between above and
below branch quadrupedal locomotion for each speciesisiag aManri Whitney U-
test. To graphically display patterns of interlimb coordination, diagonality was correlated
with hindlimb duty factor followindgHildebrard (1967) and Cartmill et al. (2002)he
use of the Hildebrand gait plot allows interlimb coordination data collected from above
and below branch quadrupedal locomotioWirvariegata, L. catta, P. coqueredindD.
madagascariensi® be placed in a coparative context, and better allows functional

interpretations for observed limb patterns.

2.3.2 An interspecific comparison of the mechanics of below branch
quadrupedal locomotion

To determine whether primates and #imates use differing mechanical
strategies between below branch quadrupedal locomotion, this portion of the study

compared kinetic, kinematic, and spatiotemporal gait variables of below branch walking
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in five species of primatéC. capucinusV. variegata, L. catta, P. coqueredindD.
madagascariensjs and three species of ngnimate P. vampyrus, D. rotunduandcC.
didactylu3 mamnals.Prior to any statistical comparisarignetic variable including
body weight normalized VplEHpk, SHpk, Mpk, Lpk forces, and FHIs, SkiHIs, Mls,
LIs, and MLIs collected during below branch walking were compared with the
correspondingnormalizel speedising a regression analysis to determine if the variables
of interest were influenced by variation in speed or body size within the sample. If a
relationship was observed, kinetic data was compared using-parametric ANCOVA
with normalizel speeds the covariate to compare across limbs and sp@&liegisik and
Algina, 1984, Vickers, 2005)or those variables that showed no association with
normalizel speeda KruskatWallis test was used to determine whether there were
statistically significant differences across limbs and species.

From the scaled data ¢gmint movements, shoulder, elbow, hip, and knee angles
were compared statistically at specific intenafishe support phasé.e.,touchdown
mid-support andlift -off). Joint movements of each species were compared to other
species using a Krusk#Vallis test to determine whether kinematics vary significantly
between below branch quadrupedal locomotiodifierent species.

As mentioned previously, movements of the wrist and ankle are difficult to
quantify, and vary greatly depending on the type of grasp. Prior to analyzing movements
of the wrist and ankle, all grasps welassified into one of thgraspcategories. Once

grasp type was determined, wrist and ankle movements were compared between species
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following the same methods as the other limb elements described above. Only similar
grasp categories were statistically compared to each other.

Prior to any statistical comparisonspatiotemporal gait variables includistgide
duration, stride frequency, stride length, forelimb and hindlimb duty f®etod relative
swing proportion collected during below branch walking were compared with the
correspondig normalizel speedising a regression analysis to determine if the variables
of interest were influenced by variation in speed or body size within the sample. If a
relationship was observed, spatiotemporal gait Wat@compared using a nen
parametric ANCOVA with normalizel speeds the covariate to compare across limbs
and speciefOlejnik and Algina, 1984; Vickers, 20Q3jor those variables that showed
no association withormalizel speeda KruskalWallis test was used to determine
whether there are statistity significant differeces across limbs and species.

Interlimb coordination was presented and analyzed in two different Wwagsder
to performstatistical comparisons, diagonality values were analyzed between species
during below branch quadrupedatbmotion using a Kruskalallis test. To graphically
display patterns of interlimb coordination, diagonality was correlated with hindlimb duty
factor followingHildebrand (1967) and Cartmill et al. (200Zhe use of the Hildebrand
gait plot allows in¢rlimb coordination data collected during below branch quadrupedal
locomotionto bepresentedn a comparative conteaindfunctional interpretationef the

observed limb patterrte be drawn
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2.3.3 An interspecific comparison of the mechanics of below &nch
guadrupedal locomotion and armswinging

To determine whether the mechanics of below branch quadrupedal locomotion
and armswinging are similar, this portion of the study compared kinetic, kinematic, and
spatiotemporal gait variables of below brandiking infive species of primateX.
capucinusV. variegata, L. catta, P. coqueredindD. madagascariensjisand three
species of noprimate P. vampyrus, D. rotunduandC. didactyluy mammals and arm
swinging in three species of primaté. (noloch A. fuscicepsandP. nemaeus In order
to make biologically meaningful comparisons between below branch quadrupedal
locomotion and arrswinging,the entiredata collectiorfocused only otthe forelimbs.

Prior to any statistical comparisorgnetic varidles includingoody weight normalized
Vpk, FHpk, SHpk, Mpk, Lpk forces, and FHIs, &Hls, Mls, LIs, and MLIs collected
during below branch walking and aswinging were compared with the corresponding
normalizel speedising a regression analysis to detire if the variables of interest were
influenced by variation in speed or body size within the sample. If a relationship was
observed, kinetic data was compared using apavametric ANCOVA witmormalizel
speedas the covariate to compare across limis gpecie¢Olejnik and Algina, 1984;
Vickers, 2005) For those variables that showed no associationnitmalizel speeda
KruskatWallis test was used to determine whether there were statistically significant
differences across species.

As another means of s&ssing the similarity between forelimb loading patterns

during below branch quadrupedal locomotion and-swimging, the timing of at which
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Vpk, FHpk, SHbk, Mpk, Lpk, and B/P occurred within support phase eaamapared for
each species.MANOVA was usedd determine whether the timing of forelimb loading
patterns varied significantly between below branch quadrupedal locomotion and arm
swinging in different species.

From the scaled data gmint movements, shoulder and elbow were compared
statistically aspecific intervals of support phase (iteychdown mid-support andlift -
off). Joint movements of each species were compared to other species using a Kruskal
Wallis test to determine whether kinematics vary significantly between below branch
guadrupedalbcomotion and arrswinging in different species.

As mentioned previously, movements of the wrist is difficult to quantify and
varies greatly depending on the type of grasp. Prior to analyzing movements of the wrist,
all grasps were classified into onktloe three grasp categories. Once grasp type was
determined, wrist movements were compared between species following the same
methods as the other limb elements described above. Only similar grasp categories were
statistically compared to each other.

In regards to spetemporal gait variablesrior to any statistal comparisons,
strideduration, stride frequency, stride length, forelimb duty factor and relative swing
proportion collected during below branch walking and-ammnging were compared with
the correspondingormalizel speedising a regression analysis to determine if the
variables of interest were influenced by variation in speed or body size within the sample.
If a relationship was observed, spatiotemporal gait data was compared usiag a non

parametric ANCOVA witormalizel speeds the covariate to compare across species
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and locomotor modg@lejnik and Algina, 1984; Vickers, 2003jor those variables that
showed no association wittormalizel speeda KruskalWallis test was used to

determine whetér there are statistically significant diffaies across limbs and species.
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S3Resul ts

This research involved comparisons of several categories of data: kinetic data,
kinematic dataandspatiotemporal gait datin addition, there are both intrand
interspecific comparisonitraspecific comparisons are first addressed in order to
determine whether there are kinetic, kinematic, and spatiotemporal gait differences
between above and below branch quadrupedal locomdt@mse comparisons are
followed byinterspecific analyses to determine whether there are kinetic, kinematic, and
spatiotemporal gait differences between different mammalian species that commonly use
below branch quadrupedal locomotion, and whether the mechanics of below branch

guadrupedalbcomotion are similar to what is observed in a&awinging.

3.1 An intraspecific comparison of the mechanics of above and below
branch quadrupedal locomotion

3.1.1Kinetics

In total, 544 single limb forces wecellected and analyzad primates during
above and below branch quadrupedal locomotitable 3and 4summarizes the number
of steps collected per limb for each orientatimtraspecific statistical comparisorsd
data for the=Hpk, SHpk FHI, SHI, HI, Mpk, Lpk, MI, LI, MLI, andZpk, and the tinng
associated with FHpISHpk, B/P, Mpk Lpk, andZpk. All data displayed a nenormal
distribution and unequal variances, therefore-parametric statistics were used for all
comparisons. A significant (P O 0.001) pos
andnormalizel speedNo significant relationshipetweemormalizel speedand the
other kinetic variables collected were observed.
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Table 3: Limb loading data (mean * standard deviatior) and significance tests for above and below quadrupedal

locomotion in four species of primate.

Species Orientation Limb N FHpk SHpk FHI SHI HI Mpk Lpk Ml LI MLI Vpk
(Yobw)  (%bw) (%bws) (%bws) (%bws) (%bw) (%bw) (%bws) (%bws) (%bws) (%bw)
Daubentonia Above Forelimb 46 -13.39 445+ -3.08+ 028+ -279%* -515+ 170+ -097+ 011+ -086%+ 5348=%
madagascariensis +6.75 3.69 1.66 0.41 1.65 2.25 1.33 0.62 0.11 0.64 9.11
Hindlimb 28 -12.12 1525+ -0.26+ 424+ 398+ -511+ 195+ -142+ 012+ -130+ 7354%
+5.95 6.12 0.38 2.29 2.42 2.08 1.68 0.83 0.13 0.88 8.19
* * * * * ns NS * ns * *
Below Forelimb 26 2334+ -1364 6.63+ -231+ 432+ -729+ 313+ -199+ 032 -167% 66.96%
7.45 +6.42 3.94 1.69 4.80 3.99 2.56 1.35 0.25 1.36 8.33
Hindlimb 22 493+ -1285 055+ -354+ -298+ -559+ 266+ -1.30+x 034+ -097+ 4904z
3.60 +2.83 0.69 2.49 2.55 2.95 1.17 0.74 0.26 0.79 10.14
* ns * * * ns Ns * ns * *
Lemur catta Above Forelimb 28 -11.62 3.73+ -336+ 044+ -292% -207%+ 090+ -054+ 009+ -045+ 4428+
+4.30 1.16 1.09 0.21 1.05 0.90 0.64 0.32 0.10 0.37 5.10
Hindlimb 25 -7.43+ 1128+ -069+ 327+ 258+ -312+ 159+ -0.82+ 0.14+ -069+ 7863=
2.37 2.95 0.29 1.15 1.29 1.04 0.90 0.42 0.16 0.49 9.86
* * * * * * * * ns * *
Below Forelimb 52 2314+ -1479 390+ -18+ 209+ -11.84 514+ -211+ 052+ -159+ 70.12%
7.09 +6.90 1.70 1.07 2.23 +5.35 2.99 1.06 0.47 1.15 9.32
Hindlimb 41 782+ -1524 063+ -298+ -236%+ -750+ 351+ -134+ 029+ -1.05% 4379z
4.66 +7.24 0.68 1.82 1.75 3.48 1.73 0.87 0.24 0.85 10.84
* ns * * * * * * * * *
Propithecus Above Forelimb 16 -1494 091+ -3.05+ 0.02+ -3.03+ -496+ 164+ -089+ 014+ -0.75% 5299%
coquerel +7.89 0.70 1.93 0.09 1.87 2.53 1.12 0.67 0.14 0.72 14.39
Hindlimb 15 -1.96+ 1443+ -0.06+ 346+ 340+ -551+ 281+ -113+ 020+ -093+ 8381z
1.52 6.48 0.10 1.59 1.60 2.87 1.68 0.81 0.18 0.88 15.11
* * * * * ns * ns ns ns *
Below Forelimb 59 2221+ -1356 459+ -188+ 271+ -915+ 329+ -214+ 035+ -1.80%+ 79.90%
5.59 +6.86 1.47 1.13 1.92 3.71 2.54 1.31 0.35 1.47 10.71
Hindlimb 51 580+ -11.63 059+ -333%+ -274+ -655+ 176+ -162+ 021+ -141+ 3498z
2.29 +4.07 0.40 1.96 2.00 2.80 1.18 0.82 0.26 0.94 7.80
* ns * * * * * * * * *
Varecia variegata Above Fordimb 40 -18.04 4.85+ -329+ 029+ -3.00x -469+ 220+ -0.78+ 0.13+ -0.65+ 56.37%
+4.77 2.13 0.89 0.30 0.96 221 1.32 0.61 0.11 0.65 7.34
Hindlimb 31 -7.84+ 1061+ -0.70+ 286+ 216+ -6.74+ 369+ -125+ 024+ -1.00+ 77.04%
3.15 3.27 0.70 1.14 1.59 2.69 1.84 0.66 0.24 0.77 8.83
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* * *

Below Forelimb 38 2554+ -1085 5.12%
7.70 +4.27 1.65
Hindlimb 33 7.44+ -1191 0.79%
4,17 +5.11 0.61
* ns *

*

-1.39 £
0.74
-2.42
1.34

*

*

2.99 +
1.67
-1.73
1.36

*

*

-7.85 %
3.30
-6.76 +
2.80
ns

*

3.99 +
2.61
237+
1.50

*

*

-1.81 %
0.96
-1.75 %
0.89
ns

*

0.44
0.35
0.15+
0.21

*

* *

-1.36+ 8254+

1.08 14.95
-1.60+ 61.64 =
0.98 12.92
ns *

" Significant difference observed §0.05)
"No significant difference observed (P ©B)
FHPk Eirst horizontal peak force
SHPkSecond horizontal peak force

P First horizontal impulse

*H' Second horizontal impulse

MPk Medial peak

Lk | ateral peak

"' Medial impulse

' Lateral impulse

ML Mediolateral impulse

VPk Vertical peak



Table 4. The timing of limb loading events throughout support phasémean * standard deviatior) and significance tests
observed during above and below branch quadrupedal locomotion in four species of primate.

T4}

Species Orientation  Limb N FHpk SHpk B/P Mid-stancé  Mpk Lpk Vpk
Daubentonia Above Forelimb 46 0.36 £ 0.17 0.83 £0.13 0.74 £0.12 0.52 +0.09 0.46+0.23 0.68 +0.37 0.57 £0.16
madagascariensis Hindlimb 28 0.14 +0.11 0.53 +0.21 0.19 +0.09 0.38 £0.08 0.50 £ 0.25 0.27 £0.32 0.28+0.05
* * * * ns * *
Below Forelimb 26 0.21 +0.10 0.78 +0.15 0.60 £0.11 0.43 +0.14 0.52 +0.26 0.64+0.34 0.60 +0.11
Hindlimb 22 0.11 +0.11 0.60 £0.13 0.21£0.13 0.28 £0.11 0.38 £0.22 0.43+0.33 0.33£0.11
* * * * ns ns *
Comgarison between forelimbs * * * * ns ns ns
Comparison between hindlimbs ns ns ns * ns ns ns
Lemur catta Above Forelimb 28 0.26 + 0.06 0.84 £ 0.07 0.69 + 0.06 0.45+0.05 0.30+0.28 0.44 £ 0.40 0.57 £0.10
Hindlimb 25 0.15+0.04 0.68 £0.13 0.29 +0.05 0.36 £0.05 0.42+0.31 0.18 £ 0.20 0.31 +£0.09
* * * * ns * *
Below Forelimb 52 0.21 £ 0.07 0.76 £ 0.08 0.56 £ 0.10 0.45+0.09 0.47+0.20 0.53+0.38 0.55+0.11
Hindlimb 41 0.09 £ 0.07 0.65+0.12 0.19 £ 0.08 0.25+0.08 0.39+0.23 0.35+0.35 0.33+0.12
* * * * ns ns *
Comparison between forelimbs ns * * Ns * ns ns
Comparison between hindlimbs ns ns ns Ns ns ns ns
Propithecus Above Forelimb 16 0.20 £ 0.20 0.63+0.32 0.78 £0.19 0.56+0.09 0.43+0.19 0.54 £0.40 0.45+0.10
coquereli Hindlimb 15 0.05 £ 0.07 0.56 £0.18 0.07 £0.08 0.44 £0.12 0.36 £0.21 0.21 £0.27 0.42 £0.07
* * * * ns ns ns
Below Forelimb 59 0.25 £0.07 0.77 £0.05 0.58 £ 0.09 0.43+£0.13 0.48 £0.20 0.41 £0.39 0.53+£0.12
Hindlimb 51 0.09 £ 0.05 0.68 £0.12 0.25+0.12 0.19£0.10 0.30 £0.17 0.36 £ 0.37 0.28 £ 0.09
* ns * * ns ns *
Comparison between forelimbs * ns ns Ns ns ns ns
Comparison between hindlimbs ns ns ns Ns ns ns ns
Varecia variegata ~ Above Forelimb 40 0.31 +0.08 0.75+0.08 0.66 +0.08 0.47+0.06 0.27+0.22 0.31+0.32 0.52 +0.07
Hindlimb 31 0.14 £0.05 0.66 £ 0.10 0.26 £ 0.08 0.39 £ 0.05 0.21 £0.22 0.23+£0.21 0.28 £ 0.06
* * * * ns ns *
Below Forelimb 38 0.19 £0.08 0.74 £0.08 0.58 £ 0.08 0.40 + Q06 0.45+£0.20 0.38 £0.35 0.54 £0.10
Hindlimb 33 0.13£0.07 0.56 £0.16 0.31+£0.11 0.48 £ 0.06 0.33+£0.15 0.17+£0.30 0.34 £0.11
* * * * * ns *
Comparison between forelimbs * ns ns Ns * ns ns
Comparison between hindlimbs ns ns ns Ns ns ns ns

" Significant difference observed €0.05)
"*No significant difference observed (P > 0.05)
FHPk First horizontal peak force
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SHPkSecond horizontal peak force
B Braking to propulsive transition during above branch quadrupedal locomotion prufiatsive to braking transition during below branch

‘ guadrupedal locomotion

AMid-stance collected from kinematic analysis and therefore the number of strides analyzed matches what was collected atithenkitysia
MPk Medial peak

Lok | ateral peak

Vek vertical peak



All primates peci es di splayed significantly dil
between the forelimb and hindlimb during both above and below branch quadrupedal
locomotion. For all primate species, forelimb Vpk forces were significgnfly O 0. 00 1)
lower than hindlimb Vpk forces during above branch quadrupedal locomotion. The
opposite limb loading pattern was observed during below branch quadrupedal locomotion
in which forelimb Vpk f or reaestlnhadineoVgki gni f i c
forces (Figures®). All vertical force traces (both forelimb and hindlimb) were
represented by a single peak. In the forelimb, this peak occurred approximately at 54% of
support phase, and in the hindlimb this peak occurred approximately atf 32§port
phase. In all species, excéhtcoquereli the timing of Vpk varied significantly between
forelimb and hindlimb. No significant differences were observed between the timing of

these peaks between above and below branch quadrupedal locomotion.
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Figure 6: Representative force traces fotemur cattaduring above branch
guadrupedal locomotion. All data are presented as a percentage of body weight
(%bw). Data presented for the forelimb (A) and hindlimb (B).
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Figure 7: Representative force traces foPropithecus coquerelduring below branch
guadrupedal locomotion. All data are presented as a percentage of body weight
(%bw). Data presented for the forelimb (A) and hindlimb (B).
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Figure 8: Mean and standard deviation values of peak vertical forces in the
forelimbs and hindlimbs in four species of primatesAll data presented as a
percentage of body weight (%bw) Statistical comparisons are presented as
brackets. The presence of an asterisk (*) represents significance at P < 0.0%he
presence of an Anso represents t Hashed no si g
data bars indicate forces collected from the forelimbs, while solid data bars indicate
forces collected fran the hindlimbs.
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During above branch quadrupedal locomotion, a consistent limb loading pattern
was observed, in which as the limb (forelimb or hindlinrduched down, it first applied
a braking force to the substrate followed by a propulsive faioe to lift-off. This
pattern wa the norm for quadrupedal locomotion as it acts to decelerate and accelerate
the COM during a stride (Demes et al., 1994; Kimura et al., 1979). In contrast, during
below branch quadrupedal locomotion as thél{fimrelimb or himlimb) touched down,
it first applieda propulsive force to the substrate followed by a braking force prior-to lift
off. This pattern was consistent for all spedieigures 9 and 10In all species and for
both orientations, the first oarring horizonthpeak occurreavithin the first 40% of
support phase. This first occurring horizontal peak always occurred later in the forelimb
compared to the hindlimb. In all species and for both orientations, the second occurring
horizontal peak occurred within thatter 50% of support phase. This second occurring
horizontal peak always occurred later in the forelimb compared to the hindlimb. In all
species and for both orientations, the B/P transition always occurred during the latter 50%
of support phase in the felimb, and within the first 35% of support phase in the

hindlimb.
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Figure 9: Mean and standard deviation values of the first occurring horizontal peak
force in the forelimbs and hindlimbs in four species of primates. All data preented
as a percentage of body weight (%obw)Statistical comparisons are presented as
brackets. The presence of an asterisk (*) represents significance at P < 0.0be
presence of an Anso represents t Hashed no si g
data bars indicate forces collected from the forelimbs, while solid data bars indicate
forces collected from the hindlimbs.
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Figure 10: Mean and standard deviation values of the second occurring
horizontal peak force in the forelimbsand hindlimbs in four species of primates. All
data presented as a percentage of body weight (Yobw8tatistical comparisons are
presented as bracketsThe presence of an asterisk (*) represents significance at P <
005The presence of hatmo sigmficant diffezepce was ebserved. t
Hashed data bars indicate forces collected from the forelimbs, while solid data bars
indicate forces collected from the hindlimbs.

133



During above branch quadrupedal walking, all species displayed a negative net Hl
in the forelimbs and positive net HI in the hindlimbs, meaning that the forelimbs were net
braking whereas the hindlimbs were net propulsive, a patb@sistent with previous
studiegKimura et al., 1979; Demes et al., 1994; Franz et al., 2005; Granatosky et al.,
2016) This pattern was reversed during below branch quadrupedal locomotion, in which
the sample animals displayed a positive net HI in the forelimibsi@gative net Hl in the

hindlimbs Eigure 1.
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Figure 11: Mean and standard deviation values of the net horizontal impulse
in the forelimbs and hindlimbs in four species of primates. All data presented as a
percentage of body wight (%bw). Statistical comparisons are presented as
brackets. The presence of an asterisk (*) represents significance at P < 0.0be
presence of an Anso represents t Hashed no si g
data bars indicate forces collectedrom the forelimbs, while solid data bars indicate
forces collected from the hindlimbs.
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An analysis of the fst occuring horizontal impulse (Figure 12nd the seaul
occurring horizontal impulse (Figure 18eparately for each limb showed that during
above branch quadrupedal walking, the first occurringzomtal impulse wa associated
with a braking force, and is significantly greater in the forelimb when compared to the
hindlimb. The opposite pattern wabserved during below branch quadrupedal
locomdion. The secath occurring horizontal impulse wassociated with a propulsive
impulse during above branch quadrupedal locomotion, and the hindlimb exerts a
significantly greater propulsive impulse than the foreliffite opposite pattern was

observed durig below branch quadrupedal locomotion.

136



10 1

below

First occuring horizontal impulse (%obws)

above [

5
* * * * I
| | | I
AP O A\ O
& N 0 N
{\Q’\N < & \\e\ ,'\Q’oo
& N 0 &
N ¢ &F
6‘000 A% QJON\ o
o A o
N\ X !
& §
oV
N
o
Q
Species

Figure 12. Mean and standard deviation values of the first horizontal

impulse in the forelimbs and hindlimbs in four species of primates. All data

presented as a percentage of body weiglpw). Statistical comparisons are
presented as bracketsThe presence of an asterisk (*) represents significance Rt<
0055The presence of an fAnsd represents that
Hashed data bars indicate forces collected from #hforelimbs, while solid data bars

indicate forces collected from the hindlimbs.
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Figure 13: Mean and standard deviation values of the second horizontal impulse in
the forelimbs and hindlimbs in four species of primates. All datgpresented as a
percentage of body weight (%bw) Statistical comparisons are presented as
brackets. The presence of an asterisk (*) represents significance Rt 0.05.The
presence of an Anso represents tHaemhedno sig
data bars indicate forces collected from the forelimbs, while solid data bars indicate
forces collected from the hindlimbs.
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Across all species and both orientatioredimlateraforces were highly variable,
and weredominated by medially directed forcd$is means that the animal is applying a
medial force to the substradering support phas@hese forces wengenerallylow in
comparison taertical and horizontal forceb general, Mpk, Lpk, M, LI, MLI were
greater during below branch quadrupedal lostom compared to above branch
guadrupedal locomotiolthough some significant differences were identified in the
timing associated witlthe Lpk and Mpkbetween above and below branch quadrupedal

locomotion, the patterns weirgconsistenficross speciggigures 1418).
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Figure 14: Mean and standard deviation values of the medial peak in the forelimbs
and hindlimbs in four species of primates. All data presented as a percentage of
body weight (%bw). Statistical comparisons are pesented as bracketsT'he presence
of an asterisk (*) represents significance ##<0.055The presence of an
represents that no significant difference was observe#lashed data bars indicate
forces collected from the forelimbs, while solid data barswdicate forces collected
from the hindlimbs.
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Figure 15: Mean and standard deviation values of the lateral peak in the forelimbs
and hindlimbs in four species of primates. All data presented as a percentage of
body weight (%bw). Statistical comparisons are presented as bracket3he presence
of an asterisk (*) represents significance ##<0.05The presence of

represents that no significant difference was observetiashed data bars indicate

forces collected from the forembs, while solid data bars indicate forces collected
from the hindlimbs.
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Figure 16. Mean and standard deviation values of the medial impulse in the
forelimbs and hindlimbs in four species of primates. All data presented as a
percentage of body weight (%bw) Statistical comparisons are presented as
brackets. The presence of an asterisk (*) represents significance at P < 0.0be
presence of an Anso represents t Hashed no si g
data bars indicateforces collected from the forelimbs, while solid data bars indicate
forces collected from the hindlimbs.
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Figure 17: Mean and standard deviation values of the lateral impulse in the
forelimbs and hindlimbs in four species of primaes. All data presented as a
percentage of body weight (%bw) Statistical comparisons are presented as
brackets. The presence of an asterisk (*) represents significance Rt<0.05 The
presence of an Anso represent srvetd. Hasled no si g
data bars indicate forces collected from the forelimbs, while solid data bars indicate
forces collected from the hindlimbs.
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Figure 18: Mean and standard deviation values of the mediolateral impulse in the
forelimbs and hindlimbs in four species of primates. All data presented as a
percentage of body weight (%bw) Statistical comparisons are presented as

brackets. The presence of an asterisk (*) represents significance Ri< 0.05.The
presence of an athmsigoificantediffereace vas bserveddashed
data bars indicate forces collected from the forelimbs, while solid data bars indicate

forces collected from the hindlimbs.
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As discussed in section 1.5.2, and confirmed in this study, patterns of HI changed
significantly during above and below branch quadrupedal locomotion. During above
branch quadrupedal locomotion the forelimb served a net braking role, while the
hindlimb was net propulsive. The functional roles of the limbs were opposite during
below brawch quadrupedal locomotion (Figuré. 9o understand the mechanism
underlying this switch, this study tested the assumpliahlevels of protraction and
retraction determine whether a limb serves a braking or propulsive role; as is the case
during bipedaivalking (Kimura et al., 1977; Inman et al., 19&)d outlined by
Reynolds {985b) With respect to the hypothesis that the B/P occurs aistaiace,
significant differences (P < 0.001) were observed betieese two events in all species,
both limbs, and both orientations. In all species and for both orientations, the B/P
transition always occurred after rmsthince in the forelimb, and before rsithnce in the
hindlimb (Table 4) With regard to the hypothissthat the proportion of protraction to
retraction within a step determines whether the limb is braking or propulsive, no
significant association was observed between these two variables in any of the species,

limbs, or orientationgFigures 19 and 20
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Figure 19: The relationship between protraction to retraction ratio and net
horizontal impulse during above branch quadrupedal locomotion in four primate
speciesProtraction to retraction ratio was calculated as the proportion @ the stride
a limb was spent in protraction divided by the proportion of the stride spent in
retraction. Smaller numbers represent greater retraction while larger numbers
represent greater protraction. All data for net horizontal impulse presented as a

percentage of body weight (%bw)
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Figure 20: The relationship between protraction to retraction ratio and net
horizontal impulse during below branch quadrupedal locomotion in four primate
speciesProtraction to retraction ratio was calculated as the proportion of the stride
a limb was spent in protraction divided by the proportion of the stride spent in
retraction. Smaller numbers represent greater retraction while larger numbers
represent greater protraction. All data for net horizontal impulse presented as a
percentage of body weight (%bw)

147



3.1.2Kinematics

In total, 255 strides were used for kinematic analy&asle 5summarizes the
number of strides collected per limb for each orientatidrgspecificstatistical
comparisonsand data for touchdown angle, redpport angle, end of support phase
angle, and joint excursion. Overall, kinematic movements of the all measured joints, and
the overall excursion observed at those joints, tended to vary significantly from each
other dumg above and below branch locomotion in the sample primate species, although

there were exceptions
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Table 5: Mean and stanchard deviation values for kinematicgait variables
collected during above and below branch quadrupedal locontion in five species of

primates.
Species Joint Orientation N Touchdown Mid-support End of Joint
angle (°) angle (°) support excursion (°)
phase angle
©
Cebus capucinus Shoulder Above 9 24.49+8.91 -23.80 £ -45.22 7132 +
4.00 5.32 12.35
Below 6 -3.27+5.92 -56.75 + -70.38 + 80.39 £ 4.25
12.33 5.35
* * * ns
Elbow Above 9 133.22 + 114.83 + 137.89 29.88 +5.66
2.95 3.99 7.04
Below 6 128.54 + 104.67 + 132.84 + 4151 +7.78
9.70 10.23 7.43
ns Ns ns *
Wrist Above 9 177.67 20058 + 198.39 £ 43.16 £ 9.67
5.33 5.19 10.92
Below 6 171.97 + 185.59 + 178.33 29.89 +5.61
7.26 5.11 7.03
ns * * *
Hip Above 9 41.65+1.67 25.30+6.56 -8.06+3.83 50.71+2.71
Below 6 54.07+483 31.25+3.46 -12.41 + 67.69 +4.31
3.98
ns Ns ns *
Knee Above 9 136.64 + 109.12 + 116.27 £ 32.92 +6.67
8.40 5.36 5.74
Below 6 107.91 + 90.12+6.17 121.51+ 35.00
8.84 4.23 10.33
* * * ns
Ankle Above 9 228.82 + 263.71 + 252.18 £ 38.31+8.24
6.43 4.59 5.57
Below 6 236.67 254.86 + 240.21 2759 £5.91
5.75 6.57 11.43
* * ns *
Daubentonia Shoulder Above 3 18.75 + -39.23 + -64.42 + 83.26
madagascariensis 0 11.48 4.74 5.83 15.70
Below 3 4.35+10.23 -48.37 -80.04 + 85.57 +
0 10.25 9.42 11.17
* * * ns
Elbow Above 3 137.29 + 101.75 + 126.68 £ 38.60 £ 8.59
0 12.44 5.05 5.77
Below 3 121.86 + 102.06 + 119.76 £ 3225+
0 17.90 13.94 10.37 13.54
* Ns * ns
Wrist Above 3 190.92 + 208.28 + 218.80 + 54.45 +9.90
0 4.40 10.61 10.38
Below 3 175.11 + 19243 + 206.07 £ 36.23 +
0 13.17 1108 11.53 11.30
n/a n/a n/a n/a
Hip Above 3 50.12+4.86 19.83+8.50 -23.48 + 74.35 +6.25
0 7.34
Below 3 60.04 +8.84 27.92 + -28.68 + 90.04 +
0 11.17 7.78 11.10
* * * *

149



Knee

Ankle

Shoulder

Lemurcatta

Elbow

Wrist

Hip

Knee

Ankle

Propithecus Shoulder

coquereli

Elbow

Wrist

Hip

Above

Below

Above

Below

Above

Below
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123.51 +
8.18
90.88 +
11.19
*

239.07 =
8.39
237.42
9.38
ns
22.94 £9.40

1.36 £ 15.99

*

158.46 +
8.29
122.89 +
16.39
*

195.65 +
8.44
172.35 +
11.08
n/a
56.82 +5.32

51.49+7.13

*

121.45+
6.72
83.84 +9.96

*

230.27 =
10.14
261.82 =
7.85

*

18.99 + 6.68

-18.57 £
13.16
*

155.02 £
7.89
95.84 +
15.03
*

173.78 £
6.06
160.79 £
7.11

*

70.82 £ 8.75

48.45 + 6.52
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120.36
8.49
9243
10.68

*

263.24
4.63
24193
5.15

*
-14.06 £
10.56
-48.41 £
15.73

*

14455 +
8.26
112.82
12.81
*

219.96 +
11.05
192.72 +
7.62
n/a
32.89+ 6.27

25.59 +8.55

*

105.29 +
5.54
87.64 +
12.41
*

253.36 =
7.33
263.38 =
6.82
*
-15.72
7.69
-65.91
10.87
*

132.86
12.63
90.35 +
11.10
*

185.73 +
7.00
184.57
6.22
Ns
45.26 +7.04

16.76 £ 8.05

142.39 +
8.63
137.33 =
9.26
*
244,02 +
9.31
238.00 +
7.06
*
-44.93 +
7.83
-77.98
5.54
*
158.15 +
8.38
126.12 +
8.27
*
241.27
9.31
190.63 +
6.57
n/a
-8.39 +5.83

-6.32
12.43
ns
124.65 +
6.81
117.96 +
18.42
ns
243.57
4.57
239.85 +
10.90
ns
-39.36 £
8.64
-85.34
5.65
*

141.99
10.99
107.00
11.87

*

205.58
6.93
194.35 +
7.17

*

9.08 +7.19

-15.30

34.66 +8.15

55.34
10.96
*

33.22 £8.42

15.90 £ 6.31

*

67.91 +6.08

80.59 +
18.32
*

19.94 +4.38

27.45
15.20
*

49.96 £ 8.73

30.61 +
11.35
n/a
65.40 + 8.07

58.07 +9.71

*

25.19+6.10

40.53 +
16.19
*

28.43 +9.87
27.96 +7.70

Ns
58.37 +9.66

68.96 +
11.86
*

2597 £
11.47
23.24 +
10.26
Ns
37.66 +6.86

37.57 £8.17

Ns
62.18 +8.31

64.32 +



Knee

Ankle

Varecia variegata Shoulder

Elbow

Wrist

Hip

Knee

Ankle

Above

Below

Above

Below

Above

Below

Above

Below

Above

Below

Above

Below

Above

Below

Above

Below

OwWow O wWow OQwow O wWow OQwWow

OwWwow

*

98.58 +5.88 90.18 £9.45

68.82 £5.99 79.10 +8.36

*

244.29 +
10.79
272.60 +
6.59
*

19.56 +
12.25
4.82 +18.29

*

147.04 £
9.62
127.94
18.97
*

177.84 £
12.87
169.45+
12.68
*

43.09+5.28 25.99 +7.88

57.92+6.48 34.78+7.11

*

139.95 +
10.49
109.47 £
13.65
*

229.01 =
10.28
228.74 £
20.26
ns

*

*

268.49 +
12.22
271.54 +
7.61
Ns
-24.04 +
5.45
-53.78 £
14.08
*

128.93
8.15
104.26
12.59

*

200.15
8.20
183.73 £
12.39
*

*

110.97 +
9.35
94.48 +
13.36
*

262.33 =
6.43
24585 +
19.03
*

11.97
*

105.46 +
9.33
115.78 £
15.41
*

260.53 =
12.33
238.39+
11.86
*

-46.72 £
9.11
-67.78 £
10.11
*

153.85
15.78
134.15 %
11.72
*

198.77
17.39
176.85
9.01

*

15.36
ns
22.76 £6.75

51.87
17.77
*

30.21+6.9

41.50 +14.55

*

68.93
16.72
87.00 =
15.62
*

39.07 =
10.56
48.84 +
14.13
*

5191+

15.07

36.88 =

14.04
*

-7.44+6.61 51.81+5.76

-8.22+5.74 67.95+8.04

ns
119.22 +
10.97
124.08 =
8.00
ns
249.50 +
8.35
233.37
17.65
*

*

33.26 +8.98

35.38 +
11.92
ns
36.95 +9.09

30.01 +
10.48
*

" Significant difference observed §0.05)

"No significant difference observed (P > 0.05)
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At the shoulder joint, all specishowedrelatively high degreeof humeral
protraction at touchdowduring above branch quadrupedal locomatibimroughout the
remainder of support phase the humerus was subsequently retracted past the neutral
position. This movement resulted in a relatively high amoujdiof excursion at the
shoulderln comparison, humeral protraction at touchdown was quite loimgibelow
branch quadrupedal locomotion, but the overall level of retraction was significantly
greater by the end of support phéSgure 2). In all specieslevels of joint excursion
tended to be greater during below branch quadrupedal locomotiaigbificant

differences were only observed in three of the sample sH&tirse22).
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Figure 21: Patterns of mean shoulder movement (°) observed during above
and below branch quadrupedal locomotion in five species of primase
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Figure 22: Mean and standard deviation values of shoulder excursion (°)
observed during above and below branch quadrupedal locomotion in five species of
primates.
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Patterns of elbow movement also tended to vary significantly glabiove and
below branch quadrupedal locomotion in the sample primate species. In general, during
above branch quadragal locomotion the elbow begaunpport phase in a relatively
extended (the level of extension was quite variable between primate spesigep,
and subsequently yieldeohtil approximately miesupport After mid-support, he elbow
then begaro reextend until the end support pha€ebus capucinuandV. variegata
both maintaiedgreater levels of elbow flexion throughout support pltasepared to
other speciefFigure 23.

During below branch quadrupedatbmotion the elbow demonstrataa overall
similar pattern of movement compared to what is observed during above branch
guadrupedal locomotion with the exception that the elbowiresmia a relatively more
flexed position throughout support phaBer C. capucinusV. variegataandL. catta,
elbow excursion wasignificantly greater during below branch quadrupedal locomotion
compared to above branch quadrupedal locomotion. In ab/id@ubentonia
madagascariensiandPropithecus coquereboth demonstratkegreater joint excursion
during above branch quadrupedal locomotion, althdbgtdifference waenly

significant forD. madagascariensig-igure 24.
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Figure 23: Patterns of mean elbow movement (°) observed during above and
below branch quadrupedal locomotion in five species of primate
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Figure 24: Mean and standard deviation values of elbow excursion (°)
observed during above ad below branch quadrupedal locomotion in five species of
primates.
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Movements of the wrist were highly variable within strides and between
orientationgTable 5) but the overall patterns of movement were largely similar within
grasptypes. During above bnah quadrupedal locomotion, two distinct grasp types were
observedLemur cattaeandD. madagascariensigsed flexion/extension grasps, while
otherspecies used supinatbdok grasps. During flexion/extension grasps the wrist is in
a slightly extended posiin at touchdown. Throughout the remainder ofghpport
phasehe wristwashyperextenaduntil just prior to liftoff, which & that point the wrist
actedto pushoff the supportard therefore approachexdslightly more neutral position
(Figure 25. During supinated hook grasps, movements of the wrist are largely confined
to ulnar and radial deviation. For animals thse this grasp type, the wrist walsarly
deviatedattouchdown, and thresubsequently radially deviatdtroughout the remainder
of support phase. Just prior to Hiiff, the wrist ulnarly deviatednce again and enters a
slightly more neutral position.

During below branch quadrupedal locomotion all species used supinated hook
grasps. The ovall pattern of wrist movement was largelgngar to whatwasobserved
during supinatethiook graspsluring above branch quadrupedal locomotion, with
exception of relatively greater levels of ulnar deviation early in support phase and lower
levels of radial deviation late in support ph&Sigure 2§. For all species, with the
exception ofP. coquereli levels of wrist excursion were greater during above branch

guadrupedal locomotion compared to below branch quadrupedal locor{fogare 27.
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Figure 25: Patterns of mean wist movement (°) observed in two species of
primate that use flexion/extension grasps during above branch quadrupedal
locomotion.
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Figure 26: Patterns of mean wrist movement (°) observed in five species of
primate that use supindaed hook graspsduring above and below branch
guadrupedal locomotion
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Figure 27: Mean and standard deviation values of wrist excursion (°)
observed during above and below branch quadrupedal locomotion in five species of
primates.
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The overall movement of the hip was largely similar during above and below
branch quadrupedal locomotion. At touchdown, the femur was placed in a protracted
position and then was subsequently retracted throughout the remainder of support phase.
Femoral agle did not enter into a truly retracted position until relatively late in support
phasePropithecus coquerehowedhe greatest levels of femoral protraction at
touchdown, and femoral position rarely entered a truly retracted in most strides. This is
likely due to the highly specialized hindlimb anatomy observed in this species.

A comparison of femoral protraction and retraction angles between above and
below branb quadrupedal locomotion revealedatively inconsistent patterns at
touchdown, but foall species (with the exception bof cattg femora retraction was
greater during below branch quadrupedal locomdftogure 2§. This greater level of
femoral retraction nedhe end of support phase tendedesult (with the exception &f
catta) in greater limb excursioat the hip joint when animals movidiow branches

(Figure 29.
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Figure 28: Patterns of mean hip movement (°) observed during above and
below branch quadrupedal locomotion in five species of primate
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Figure 29: Mean and standard deviation values ohip excursion (°) observed
during above and below branch quadrupedal locomotion in five species of primate
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Kinematic patterns of knee movement were highly variable between above and
below branch quadrupedal locomotion in all species. During above branch quadrupedal
locomotion the knee tends to be relatively extended at touchdown (it seguerel),
and then flexed until approximately rédipport. After migsupport, the knee is+e
extended throughout the remainder of support phase. A similar pattern of movement is
observed during below branch quadrupedal locomotion, but as with the elbow, the knee
maintains a greater level of flexion compared to above branch quadrupedal locomotion
(Figure 30. Overall joint excursion at the knee is greater for all species during below
branch quadrupedal locomotion, although significant differences in joint excursion are
not observed between above and below branch quadrupedal locomdZioceipucing

andV. variegata(Figure 3).
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Figure 30: Patterns of mean knee movement (°) observed during above and below
branch quadrupedal locomotion in five species of primate
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Figure 31: Mean and standard devation values of knee excursion (°)
observed during above and below branch quadrupedal locomotion in five species of
primates.
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With respect to the ankle, during both above and below branch quadrupedal
locomotion all species used hook grasp. Tassoutlind in sectior2.2.2,resulted in
primarily cranially directed and caudally directed ankievementsDuring above branch
guadrupedal locomotion all species demonstrated a cranially oriented ankle position at
touchdown. The ankle was then further craniafigmted until close to the end thfe
support phase, and at this point the ankle deviated to more neutral position. During below
branch quadrupedal locomotion, ankle movemshtsvedno characterigt pattern
between all specieand instead two generaltperns were observed. @. capucinusV.
variegatg andD. madagascariensisthe movement of the ankle was largely similar to
what was observed during above branch quadrupedal locomotion, with the exception that
the ankle did not achieve the same levadrahial deviation. Ir.. cattaandP. coquereli
the ankle was placed in a highly cranially oriented position at touchdown, and throughout
the remainder of support phase the ankle was deviated into a more neutral position. All
species walking below branchdemonstrated a similar craniocaudal ankle angle near the
end of support phag€igure 32. Patterns of ankle excursion were highly variable during
above and below branch quadrupedal locomotio&. loapucinugV. variegata andD.
madagascariensiankleexcursion was relatively greater during below branch
guadrupedal locomotion. In contrast, ankle excursion was relatively greater during above
branch quadrupedal locomotionfn coquereli No differences in ankle excursion were

observed irL. catta(Figure 33.
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Figure 33: Mean and standard deviation values oinkle excursion (°) observed
during above and below branch quadrupedal locomotion in five species of primate
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3.1.3Spatiotemporal gait variables

In total, 541 strides were used for spatiotemporal gait analyside 6
summarizes the number of steps collectedlinb for each orientatiomlemonstrates
intraspecific statistical comparisqrend data for diagonalitgfrideduration, stride
length, and forelimb and hindlimb duty factor and relative swing proportion. All data
displayed a nomormal distribution ath unequal variances, therefore querametric
statistics were used for all comparisons.
was observed betwesiride duration and stride length. No significant relationship
betweemormalizel speednd the othespatiotemporal gait variables collected were

observed.
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LT

Table 6: Mean and standard deviation values for spatiotemporal gait variables collected during above and below

branch quadrupedal locomotion in five species of primates

Speces Orientation N Velocity Diagonality Relative Relative Forelimb Hindlimb Stride Stride
(m/s) forelimb hindlimb duty factor  duty factor  distance (m)  duration
swing swing (sec)
Cebus capucinus  Above 9 0.80£0.15 0.65+0.04 0.47+0.07 045+0.05 0.54+0.07 055+005 0.65+x0.05 0.97+0.07
Below 6 0.59+£0.07 0.54+0.07 0.43+0.07 043+0.05 057+£0.07 057+005 0.57+0.05 0.83%+0.13
* * ns ns Ns ns * *
Daubentonia Above 60 0.66+0.20 0.65+0.11 051+0.07 044+08 049+0.07 056+0.03 058+0.10 0.92+0.21
madagascariensis Below 49 0.47+0.15 056+0.07 045+0.11 0.40+0.08 056+0.14 060+0.08 0.53+0.10 1.29+0.43
* * * ns * * * *
Lemur catta Above 90 0.56+0.13 0.64+0.08 0.42+0.07 0.36+0.04 059+009 0.64+0.04 0.53+0.07 0.97+0.15
Below 76 0.54+£0.18 049+0.08 0.36+0.10 0.32+0.05 0.65+0.11 0.68+0.05 0.39+0.11 0.75%0.12
ns * * * * * * *
Propithecus Above 56 0.67£0.18 0.64+0.08 052+0.06 0.37+0.04 049+009 0.63+004 051+0.09 0.80%0.13
coquerel Below 84 0.51+0.08 0.41+0.12 0.44%0.12 0.36+0.06 056+0.14 0.64+006 0.52+0.09 1.05%0.23
* * * ns * ns * *
Varecia variegata Above 60 0.75+0.13 0.65+0.03 0.47+0.06 043+0.05 058+0.08 059+0.05 0.64+0.06 0.87+0.11
Below 52 0.60+0.08 0.53+0.05 0.42+0.02 041+0.05 059+0.09 057+005 0.57+£0.07 0.97+0.10
* * * ns Ns ns * *

" Significant difference observed €0.05)
"*No significant difference observed (F0:05)



With regard to stride duration and distance, significant differences were observed
between above and below branch quadrupedal locomotion in all species. Stride duration
demonstrated a negative association wilmalizel speed, and although signifita
differences were observed for all species no appreciable patterns were detected as a
whole. ForC. capucinusndL. cattastride duration was significantly shorter during
below branch quadrupedal locomotion. In contrast, stride duration increased during
below branch quadrupedal locomotiorFincoquereli V. variegata andD.
madagascariensi@-igure 34. Stride distance was positively correlated witimalizel
speed, and for most species (with the exceptidh abquereli stride distance was
significantly shorter during below branch quadrupedal locomotion when compared to

above branch quadrupedal locomot{gigure 35.
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Figure 34: The relationship between logtransformed normalized speed and stride
duration (sec) during above and below branch quadrupedal locomotion in five
species of primate.
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Figure 35: The relationship between logtransformed normalized speed and stride
distance (sec) during above and below branch quadrupedal locomotion in five
species of primates.

175



Patterns of relative forelimb and hindlimb support and swing phase largely
showed the same pattern across all species, although some exceptions were present. In
general, during below branch quadrupedal locomotion relative forelimbiagiéhitb
support phase increased while relative swing phase decreased (ButsgaereliandV.
variegatg. This finding indicates that for most specithre is a tendency to increase the
periodthe limbs are in contact with the support when adopteigvb branclguadrupedal

locomotion(Figure36-39).
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Figure 36: Forelimb duty factor (mean and standard deviation) during above and
below branch quadrupedal locomotion in five species of primate
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Figure 37: Hindlimb duty factor (mean and standard deviation) during above and
below branch quadrupedal locomotion in five species of primate
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Figure 38: Relative forelimb swing phase (mean and standard deviation) during
above and bebw branch quadrupedal locomotion in five species of primate
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