
Epaxial muscle fiber architecture favors enhanced
excursion and power in the leaper Galago senegalensis
Emranul Huq,1 Christine E. Wall2 and Andrea B. Taylor2,3

1Interdepartmental Doctoral Program in Anthropological Sciences, Stony Brook University, Stony Brook, NY, USA
2Department of Evolutionary Anthropology, Duke University, Durham, NC, USA
3Department of Orthopaedic Surgery, Duke University School of Medicine, Durham, NC, USA

Abstract

Galago senegalensis is a habitual arboreal leaper that engages in rapid spinal extension during push-off. Large

muscle excursions and high contraction velocities are important components of leaping, and experimental

studies indicate that during leaping by G. senegalensis, peak power is facilitated by elastic storage of energy.

To date, however, little is known about the functional relationship between epaxial muscle fiber architecture

and locomotion in leaping primates. Here, fiber architecture of select epaxial muscles is compared between

G. senegalensis (n = 4) and the slow arboreal quadruped, Nycticebus coucang (n = 4). The hypothesis is tested

that G. senegalensis exhibits architectural features of the epaxial muscles that facilitate rapid and powerful

spinal extension during the take-off phase of leaping. As predicted, G. senegalensis epaxial muscles have

relatively longer, less pinnate fibers and higher ratios of tendon length-to-fiber length, indicating the capacity

for generating relatively larger muscle excursions, higher whole-muscle contraction velocities, and a greater

capacity for elastic energy storage. Thus, the relatively longer fibers and higher tendon length-to-fiber length

ratios can be functionally linked to leaping performance in G. senegalensis. It is further predicted that

G. senegalensis epaxial muscles have relatively smaller physiological cross-sectional areas (PCSAs) as a

consequence of an architectural trade-off between fiber length (excursion) and PCSA (force). Contrary to this

prediction, there are no species differences in relative PCSAs, but the smaller-bodied G. senegalensis trends

towards relatively larger epaxial muscle mass. These findings suggest that relative increase in muscle mass in

G. senegalensis is largely attributable to longer fibers. The relative increase in erector spinae muscle mass may

facilitate sagittal flexibility during leaping. The similarity between species in relative PCSAs provides empirical

support for previous work linking osteological features of the vertebral column in lorisids with axial stability

and reduced muscular effort associated with slow, deliberate movements during anti-pronograde locomotion.
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Introduction

The spine is the central element of the vertebrate skeleton,

acting as a link between the head and limbs. The spine

comprises bony elements that are both rigid enough to sus-

tain compressive load and flexible enough to assist in loco-

motion. Variation in spinal morphology has been linked to

differences in locomotor behavior in vertebrates, including

primates (Keith, 1902, 1923; Schultz, 1938, 1961; Howell,

1944; Slijper, 1946; Washburn & Buettner-Janusch, 1952;

Smith & Savage, 1956; Erikson, 1960, 1963; Ankel, 1965,

1972; Benton, 1967, 1974; Jenkins, 1970, 1974; Donisch,

1973; Clauser, 1975; Cartmill & Milton, 1977; English, 1980;

Jungers, 1984; Hurov, 1987; Sanders, 1990, 1991; Pridmore,

1992; Shapiro, 1993, 1995, 2007; Ward, 1993; Johnson &

Shapiro, 1998; Sargis, 2001; Shapiro et al. 2005; Schilling &

Hackert, 2006; Granatosky et al. 2014a,b).

For example, primates with a more sagittally mobile

spinal column (more dorsomobile vs. dorsostable) tend to

have an elongated lumbar region, either because of a rela-

tive increase in the cranio-caudal length of the lumbar ver-

tebral bodies, an increase in the number of lumbar

vertebrae, or both (Erikson, 1963; Jungers, 1984; Shapiro,

1993, 2007; Ward, 1993; Sanders & Bodenbender, 1994;

Johnson & Shapiro, 1998; Shapiro & Simons, 2002; Shapiro

et al. 2005). It has been argued that enhanced flexibility in

the lumbar vertebral column increases the range of sagittal

Correspondence

Andrea B. Taylor, DPT Program, Department of Orthopaedic Surgery,

Duke University School of Medicine, Durham, NC 27708, USA.

T: (919) 668-3016; E: andrea.taylor@duke.edu

Accepted for publication 10 June 2015

Article published online 16 July 2015

© 2015 Anatomical Society

J. Anat. (2015) 227, pp524--540 doi: 10.1111/joa.12351

Journal of Anatomy



plane vertebral movement (i.e. flexion–extension), which in

turn results in an increase in stride and leap length (Howell,

1944; Slijper, 1946; Smith & Savage, 1956; English, 1980; Hurov,

1987; Shapiro, 1993, 1995, 2007; Sargis, 2001; Granatosky et al.

2014a). Enhanced lumbar flexibility, therefore, is advanta-

geous for animals engaging in bounding, galloping and leap-

ing behaviors. By contrast, features functionally linked with

enhancing stability of the vertebral column have been associ-

ated with locomotor behaviors, such as vertical climbing, sus-

pension and cantilevering/bridging (Jenkins, 1970, 1974;

Cartmill & Milton, 1977; Shapiro, 1993, 1995, 2007; Ward,

1993; Johnson & Shapiro, 1998; Boyer & Bloch, 2008).

Differences in locomotor behavior between lesser

galago (Galago senegalensis) and slow loris (Nycticebus

coucang) are well documented. Galago senegalensis is a

habitual arboreal leaper (Hall-Craggs, 1965a,b; Napier &

Walker, 1967; Jenkins, 1974; Bennet-Clark, 1977; Aerts,

1998; Sargis, 2001; Off & Gebo, 2005; James et al. 2007),

while N. coucang is a slow-moving arboreal quadruped

that also engages in anti-pronograde suspension and can-

tilevering/bridging behaviors (Cartmill & Milton, 1977;

Curtis, 1995; Shapiro & Demes, 1996; Shapiro et al. 2001;

Nekaris & Bearder, 2011). These locomotor differences

have been associated with differences in vertebral mor-

phology between these two species. For example, com-

pared with the slow loris and other lorisid primates,

galagids exhibit features of the lumbar vertebrae that

have been functionally linked to facilitating leaping,

including relatively longer lumbar regions, dorsoventrally

longer and more cranially oriented spinous processes

resulting in longer extensor muscle lever arms, and more

sagittally oriented prezygapophyses (vertebral articular

processes), which promote sagittal plane motion while

restricting motion in the coronal plane (Shapiro, 1993,

2007; Johnson & Shapiro, 1998; Shapiro & Simons, 2002).

By contrast, lorisids are characterized by relatively cranio-

caudally shorter and dorsoventrally higher lumbar vertebral

bodies, relatively larger articular surface areas and more

transversely oriented prezygapophyses, and dorsoventrally

relatively shorter and more caudally oriented spinous pro-

cesses (Shapiro, 2007). In addition, lorisids tend to demon-

strate a relatively reduced lumbar region compared with

galagids (Schultz & Straus, 1945; Cartmill & Milton, 1977;

Granatosky et al. 2014a). Collectively, these characteristics

have been argued to reduce intervertebral space, thereby

passively restricting the range of vertebral column flexion

and extension, and allow the erector spinae muscles to

more effectively stabilize the trunk by resisting vertebral

flexion (by aligning bony levers closer to the axis of exten-

sion; Jenkins, 1970; Cartmill & Milton, 1977; G�al, 1993a,b;

Shapiro, 1993, 1995; Shapiro & Jungers, 1994; Curtis, 1995;

Sargis, 2001; Shapiro et al. 2001; Boyer & Bloch, 2008; Gran-

atosky et al. 2014a). The relatively greater transverse orien-

tation of lorisid prezygapophyses is argued to be

advantageous for lateral spinal movements such as bridging

and climbing, for which lorisids are well known (Shapiro,

2007). An additional advantage of regulating vertebral

movements by osseo-ligamentous structures such as articu-

lar surfaces is the reduction in muscular effort required to

control spinal mobility, thereby reducing the overall costs

of locomotion (Shapiro & Jungers, 1994). Indeed, lorisids

share many of these osteological characteristics with ate-

lines and hominoids – primates that are also characterized

by enhanced thoraco-lumbar stability (Rose, 1975; Ward,

1993; Shapiro, 1995, 2007; Johnson & Shapiro, 1998; Shapiro

et al. 2001, 2005; Shapiro & Simons, 2002).

The epaxial muscles are responsible for generating the

spinal movements and forces associated with locomotion

and trunk posture. Lorisids (N. coucang) reportedly use lat-

eral flexion of the spine to increase hindlimb stride length.

In N. coucang, lateral flexion becomes more prominent at

higher velocities, resembling a pattern seen in amphibians

(Shapiro et al. 2001). Epaxial muscles also play an important

role during leaping by facilitating sagittal plane flexion and

extension of the spine (Hall-Craggs, 1965a,b; Jenkins, 1974;

Bennet-Clark, 1977; Fleagle, 1977; Aerts, 1998; Sargis, 2001;

Walker, 2005; James et al. 2007). Sagittal plane flexion fol-

lowed by extension allows for an increase in leap length by

extending the spine from its flexure at the beginning of

the push-off phase (Sargis, 2001). The combined move-

ments of flexion and extension may also store (during flex-

ion) and then release (during extension) strain energy in

the tendons and aponeuroses. In the only kinetic study to

date of leaping performance in G. senegalensis, Aerts

(1998) used in vivo kinetic data and inverse dynamics to cal-

culate power during push-off. His results indicate that elas-

tic energy is stored in the vastus muscle–tendon unit during

the crouching phase of leaping and is rapidly released to

amplify power during knee extension at the tail end of

push-off. Aerts (1998) also estimates comparatively modest

power output by the back.

Studies of primate epaxial muscles have focused primarily

on gross anatomical descriptions (Mivart, 1865; Howell &

Straus, 1933; Donisch, 1973; Kumakura & Inokuchi, 1992;

Curtis, 1995; Kumakura et al. 1996), muscle weights (Flea-

gle, 1977; Grand, 1977), metabolic profiles (Bagnall et al.

1983; Ford et al. 1986; Kojima & Okada, 1996; Neufuss

et al. 2014) and muscle activity patterns (Shapiro & Jungers,

1988, 1994). Muscle weights, in particular, have been used

by some investigators to draw inferences about muscle

function and locomotor behavior (Haxton, 1947; Fleagle,

1977). However, muscle weights tend to be inconsistently

applied among workers (Stern, 1971), and the relationship

between muscle mass and a muscle’s maximum excursion or

force-generating capacity is not straightforward (Gans,

1982; Powell et al. 1984; Lieber, 2010). Despite the potential

importance of epaxial muscle fiber architecture for facilitat-

ing movements and forces associated with locomotion, to

date there have been no studies of epaxial muscle fiber

architecture in any primate.
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In this study, we evaluated epaxial muscle fiber architec-

ture in G. senegalensis (lesser galago), whose habitual

mode of locomotion is vertical clinging-and-leaping (Napier

& Walker, 1967; Gebo, 1987; Off & Gebo, 2005). We com-

pared Galago senegalensis with N. coucang (slow loris), a

cautious arboreal quadruped that engages in bridging, can-

tilevering and anti-pronograde suspension (Walker, 1969;

Dykyj, 1980; Demes et al. 1990; Oxnard et al. 1990; Sellers,

1996; Fleagle, 1999; Shapiro et al. 2001; Nekaris & Bearder,

2011). We examined fiber architecture of the iliocostalis,

longissimus and multifidus muscles was examined because

experimental studies in quadrupedal primates and non-pri-

mate mammals have demonstrated that these muscles play

an important role in spinal extension (Carlson et al. 1979;

English, 1980; Shapiro & Jungers, 1988, 1994; Ritter et al.

2001; Schilling, 2009; Schilling & Carrier, 2009, 2010).

Muscle fiber architecture and function

Fiber architecture refers to the internal arrangement of

muscle fibers in relation to the muscle’s force-generating

axis (Gans & Bock, 1965; Gans, 1982). Different architectural

configurations can have profound effects on the contractile

ability and function of a whole muscle (Gans & Bock, 1965;

Gans, 1982; Anapol & Jungers, 1986; Gans & de Vree, 1987;

Anapol & Herring, 1989; Taylor & Vinyard, 2009). For exam-

ple, muscle fibers may be arranged either in parallel with,

or at an angle to (i.e. pinnate), the force-generating axis of

the muscle (Gans & Bock, 1965; Gans, 1982). For a given

muscle volume, parallel-fibered muscles will have longer

fibers and therefore tend to facilitate large whole-muscle

excursions and contraction velocities (Gans, 1982). All sar-

comeres in a fiber are of similar length and are believed to

contract more or less over the same distance simultane-

ously. Thus, the more sarcomeres in series, the greater the

distance over which a whole muscle can shorten or

lengthen. Fiber length is therefore proportional to maxi-

mum muscle excursion (Gans, 1982; Lieber, 2010). The veloc-

ity of whole-muscle contraction is a function of excursion

over time. As a result, contraction velocity is also propor-

tional to fiber length (Bodine et al. 1982).

For two muscles of comparable volume, fibers angled rel-

ative to the muscle’s force-generating axis (pinnate fibers)

tend to be shorter than parallel fibers (Gans, 1982). Because

of the angular deviation from the force-generating axis,

pinnation leads to some loss of force along the axis of the

tendon of attachment (Gans, 1982). However, the geometry

of pinnate-fibered muscles allows for more fibers to be

packed adjacent to each other. Maximum isometric muscle

force is governed by the number and diameter of fibers

aligned in parallel to each other. Muscle physiological cross-

sectional area (PCSA) represents the cross-sectional areas of

all of the fibers within a muscle, accounting for pinnation

angle, and is therefore proportional to a muscle’s maximum

force-generating capacity (Gans & Bock, 1965; Gans, 1982;

Powell et al. 1984). Theoretically (Gans & Bock, 1965; Gans,

1982) and empirically (Taylor et al. 2009), there is an archi-

tectural trade-off between maximizing muscle excursion vs.

muscle force, when muscle mass is held constant.

Tendons and elastic energy storage

Elastic tissues such as tendons and aponeuroses are

arranged in series with the contractile element of a muscle.

Tendons serve a variety of functional requirements (Hilde-

brand, 1974). For example, tendons concentrate the forces

of large muscles (or multiple synergistic muscles with differ-

ent actions) into a relatively small area of attachment.

Because tendons are compact compared with large muscle

bellies, tendons permit forces to be transmitted across joints

without sacrificing joint mobility. For example, the long

digital flexor tendons allow the small size of the manual

digits to be maintained with adequate strength by position-

ing their effecting muscles proximally in the forearm. Ten-

dons also permit forces to be transmitted around ‘corners’,

such as when tendons pass through ligamentous pulleys

(retinacula) or bony protrusions (e.g. the sustenaculum tali).

During locomotion, elastic storage and release of energy

in the tendon can contribute importantly to work and power

(Alexander & Bennet-Clark, 1977; Bennet-Clark, 1977; Cav-

agna & Kaneko, 1977; Cavagna et al. 1980; Biewener et al.

1981; Biewener, 1998; Roberts & Azizi, 2010; Richards & Saw-

icki, 2012; Higham & Irschick, 2013), and to preventing dam-

age to the contractile elements (Roberts & Azizi, 2010;

Konow et al. 2011; Roberts & Konow, 2013). Experimental

data indicate that in a manner similar to tendons, aponeu-

roses are capable of storing and releasing elastic energy

(Alexander et al. 1985; Aerts, 1998; Azizi et al. 2009).

It has been suggested that small animals may take advan-

tage of energy storage in tendons to generate large amounts

of instantaneous power, which is critical in determining leap-

ing distance (Bennet-Clark, 1977; Aerts, 1998; James et al.

2007). Energy storage may also provide a substantial reduc-

tion in metabolic work (Cavagna et al. 1964; Alexander &

Vernon, 1975; Alexander & Bennet-Clark, 1977).

Hypotheses to be tested

We address three hypotheses relating the functional conse-

quences of epaxial muscle fiber architecture to spinal move-

ments and forces during locomotor behaviors in

G. senegalensis and N. coucang.

Hypothesis 1: Relatively long fibers result in greater

maximum whole-muscle excursion and contraction

velocity. Relatively long tendons increase elastic

strain storage. Together, these features are

potentially important during leaping because they

increase the range of sagittal plane vertebral move-
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ment. Elastic strain storage may provide power and

reduce metabolic work during the push-off phase

of leaping. Hypothesis 1 thus predicts that the lea-

per, G. senegalensis, will display relatively longer,

less pinnate fibers and higher tendon length-to-

fiber length ratios compared with N. coucang.

Hypothesis 2: Muscles comprised of shorter, more

pinnate fibers tend to have larger PCSAs, given that

PCSA is inversely proportional to fiber length (Gans

& Bock, 1965; Gans, 1982). Thus, Hypothesis 2 pre-

dicts that G. senegalensis will have relatively smal-

ler PCSAs compared with N. coucang. Larger PCSAs

facilitate the generation of larger maximum muscle

forces. There are little behavioral data to predict

that N. coucang generates relatively greater muscle

forces compared with G. senegalensis. Thus, a find-

ing of relatively larger PCSAs in N. coucang would

initially be interpreted as an architectural trade-off

of their relatively shorter, more pinnate fibers com-

pared with G. senegalensis.

Hypothesis 3: If G. senegalensis experiences an

architectural trade-off between maximizing

whole-muscle excursion and contraction velocity

vs. muscle force, this trade-off can only be

achieved by maintaining muscles of comparable

volume to N. coucang. Therefore, Hypothesis 3

predicts that G. senegalensis and N. coucang will

not differ in epaxial muscle weights.

Materials and methods

Samples

We took architectural measurements of the iliocostalis, longissimus

and multifidus muscles and linear measurements of the vertebral

column on captive adult specimens of G. senegalensis (four males)

and N. coucang (one female and three males; Table 1; Appendix).1

Sample sizes were limited by the rarity of these specimens. Adult

status was determined by the eruption of the mandibular third

molar (Fleagle, 1999; Ankel-Simons, 2007). All cadavers were previ-

ously fixed and stored in either alcohol or formalin.

Data collection

The skin and extrinsic back muscles overlying the left epaxial mus-

cles were reflected, and the iliocostalis, longissimus and multifidus

muscles were identified. Thoraco-lumbar spine length was mea-

sured as the maximum distance between the tips of the spinous

processes of T1 and the last lumbar vertebra with a measuring tape

accurate to the nearest 0.1 cm. Prior to carefully removing the mus-

cles from their bony attachments, proximal (TP) and distal (TD) ten-

don lengths were measured in situ from their bony attachments to

their proximal and distal myotendinous junctions, respectively

(Fig. 1). Proximal and distal tendon lengths were measured for a

minimum of 10 fibers. The thoracic and lumbar segments of the left

epaxial muscles then were dissected free from their bony attach-

ments, and trimmed of excess fat, fascia and connective tissues. Tho-

racic and lumbar segments in these species were differentiated

based on their caudal attachments, i.e. a slip of multifidus that was

caudally attached to a thoracic vertebra was considered thoracic

Table 1 Measurements included in the study.

Measurement Abbreviation Definition

Thoraco-lumbar spine length (mm) TLS The maximum distance between the tips of the spinous processes of T1

and the last lumbar vertebra

Proximal tendon length (mm) TP Measured as the maximum distance between the proximal tendon

attachment to bone and the proximal tendon attachment to the

myotendinous junction (Fig. 1)

Distal tendon length (mm) TD Measured as the maximum distance between the distal tendon

attachment to bone and the distal tendon attachment to the

myotendinous junction (Fig. 1)

Total tendon length TL Σ (TP + TD)

Tendon-to-fiber length ratio – TL/(NLf + TL)

Muscle belly length (mm) Lb Measured as the maximum length along the long axis of each

muscle segment

Muscle weight (g) MWt Wet weights of each thoracic and lumbar segment of iliocostalis,

longissimus and multifidus

Normalized fiber length (mm) NLf Average linear distance between the proximal and distal myotendinous

junctions of a fasciculus, normalized by standard sarcomere length

Surface pinnation angle (°) h Measured as the surface angle of a fiber relative to the muscle’s line

of action, divided by NLf (Fig. 2)

Physiological cross-sectional area (cm2) PCSA Muscle mass 9 cos (pinnation angle)/NLf 9 1.0564 (gm/cm3)

Potential maximum whole-muscle excursion h NLf [cos h – √(cos2 h + n2 – 1)]

1

Age-at-death was available for only one male N. coucang speci-

men (22 years old).
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multifidus while a caudal attachment to a lumbar vertebra was con-

sidered lumbar multifidus. Whole-muscle belly length (Lb) was mea-

sured as the maximum length along the long axis of each muscle

segment with digital calipers accurate to the nearest 0.01 mm (Ana-

pol et al. 2004). Muscles then were blotted dry, and individual

weights of each muscle segment (MWt) were measured to the near-

est 0.0001 g (Table 1).

To estimate fiber length (Lf), each muscle segment was immersed

in 30% nitric acid solution for chemical digestion (Loeb & Gans, 1986).

When muscles were properly digested such that small fiber bundles

(i.e. fasciculi) could be teased apart without breakage, they were

placed under a dissecting microscope (either an Olympus-5000 or a

Nikon SM-1500) for manual dissection. Fibers were mounted on slides

and a minimum of 10 fibers was measured for each muscle segment

using digital calipers accurate to the nearest 0.01 mm. Only straight

fibers with rounded/squared ends were measured. Following fiber

length measurements, slides were cover-slipped and air-dried.

Surface pinnation angle (h0) was measured directly with a protrac-

tor as the angle the muscle fibers made relative to the muscle’s line

of action (Fig. 2). Unlike more complex muscles (e.g. masseter), the

epaxial muscles do not have superficial and deep compartments.

Because they are thin, surface pinnation provides a reasonable esti-

mate for comparative purposes between species (Powell et al. 1984;

Organ et al. 2009; Lieber, 2010; Mathewson et al. 2014). Depending

on muscle size and fiber orientation, pinnation angle measurements

were taken at one or more sites (e.g. cranial, middle and caudal) of

the same muscle segment and the mean was used for data analysis.

Specimens used in this study were fixed with their trunks in a

variety of postures such that some epaxial muscles were either

shortened or stretched relative to their presumed resting lengths.

To adjust for this postural variation in fiber length, raw fiber length

(Lf) was normalized to a standardized sarcomere length (Anapol &

Barry, 1996; Felder et al. 2005). Sarcomere length (Ls) measurements

were obtained from the mounted fibers using laser diffraction (to

the nearest 0.01 lm; Lieber et al. 1984; Felder et al. 2005; Taylor &

Vinyard, 2009). Values for Lf normalized for Ls were calculated

using the following equation:

NLf (mm) ¼ Lf ð2:41 lm/LsÞ;

where NLf is normalized fiber length, Lf is raw fiber length, Ls is

measured sarcomere length in vitro, and 2.41 lm is the empirically

determined optimal sarcomere length in Macaca mulatta limb mus-

cles (Walker & Schrodt, 1974).

Normalized fiber length was used to standardize surface

pinnation angle (h) using the following equation (Anapol & Barry,

1996):

h ¼ arcsine [Lf sin ðh0Þ=NLf�;

where h = normalized pinnation angle, and h0 = measured mean

surface pinnation angle.

Physiological cross-sectional area was computed using the follow-

ing equation (Haxton, 1944; Schumacher, 1961; Lieber, 2010):

PCSA ðcm2Þ ¼ [muscle mass ðgÞ � cos h�=½NLf ðcmÞ � 1:0564g=cm3�;

where 1.0564 g cm�3 is the specific density of the mammalian skele-

tal muscle (Murphy & Beardsley, 1974).

We estimated potential maximum whole-muscle excursion (h)

(Benninghoff & Rollh€auser, 1952; Anapol & Barry, 1996) using the

following equation: h (mm) = NLf [cos h – √(cos2 h + n2 – 1)], where

n (coefficient of contraction) is estimated to be 0.769 (Gans & Bock,

1965; Muhl, 1982). This variable provides an estimate of whole-mus-

cle maximum velocity (which is proportional to excursion/time).

Total tendon length (TL) for each muscle was computed as the

sum of TP and TD and used to compute the ratio of TL/(TL + NLf). A

higher ratio indicates a greater capacity for elastic storage involving

tendons (Anapol & Barry, 1996).

All measurements were collected from muscle segments between

the T1 and last lumbar vertebra, thereby excluding any tail muscula-

ture in the analysis. All architectural measurements were taken sep-

arately on the thoracic and lumbar segments of each muscle. The

data from both segments then were averaged for each muscle and

the average used for data analysis.

Data analysis

We used two-tailed Mann–Whitney U-tests to evaluate significant

differences between G. senegalensis and N. coucang in thoraco-

lumbar spine (TLS) length and absolute architectural measurements.

To examine relative differences between species in architectural

variables, we created dimensionless shape ratios. To assess relative

differences in muscle weights, we divided MWt by body mass. To

Fig. 1 Schematic of tendon length

measurements. Muscle fiber lengths (Lf) are

represented by the solid black lines. The

dashed lines represent proximal tendon

lengths (TP), measured as the length of

tendon from its proximal bony attachment to

the proximal end of Lf (proximal

myotendinous junction). The dotted lines

represent distal tendon lengths (TD),

measured as the length of tendon from its

distal bony attachment to the distal end of Lf

(distal myotendinous junction).
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evaluate relative differences in fiber length and whole-muscle

excursion, we divided NLf by TLS and h by normalized muscle belly

length (NLb), reconstructed from whole-muscle length (Lb) at exci-

sion (Muhl, 1982; Anapol & Gray, 2003): NLb � Lb + [1.2987 (NLf –

Lf)]. We generated an estimate of weighted species mean body

mass (Table 2) using previously published body mass data (Smith &

Jungers, 1997), and divided PCSA0.5 by body mass0.33 and by TLS

length. We used one-tailed Mann–Whitney U-tests to address the

hypothesis that G. senegalensis exhibits significantly relatively

longer, less pinnate fibers, relatively higher maximumwhole-muscle

excursion/contraction velocity (h), and relatively greater tendon

length-to-fiber length ratios compared with those of N. coucang.

Similarly, the one-tailed Mann–Whitney U-test was used to address

the hypothesis that G. senegalensis has epaxial muscles with signifi-

cantly relatively smaller muscle PCSAs compared with N. coucang.

We used two-tailed Mann–Whitney U-tests to address the hypothe-

sis that G. senegalensis and N. coucang do not differ in relative

muscle weights. We set an a priori a = 0.05 and employed the

sequential Bonferroni adjustment to minimize the potential for

Type I error (Rice, 1989; Sokal & Rohlf, 1995). Small sample sizes for

each species limited the statistical power and thus the findings are

regarded as preliminary. However, the rarity of these strepsirrhines

and the limited data on epaxial muscle morphology make these

fiber architecture data important for contributing to understanding

of muscle mechanics during locomotion. Thus, in addition to report-

ing statistical results, we also describe trends in the data. All statisti-

cal analyses were performed using MS-EXCEL 2010 (Microsoft) and SPSS

v.16 (IBM-SPSS) software.

Results

Gross morphology of the muscles

In both lesser galago and slow loris, iliocostalis attaches cau-

dally to the iliac crest and thoracolumbar aponeurosis, and

cranially to ribs by tendons (Figs 3 and 4). In lesser galago,

longissimus attaches to the thoracolumbar aponeurosis, ribs

and transverse processes of thoracic vertebrae, and to the

transverse and accessory processes of lumbar vertebrae

(Fig. 3). The more caudally located fibers of longissimus

then converge on a tendon over the sacrum; this tendon

proceeds to the tail (Fig. 3). In the slow loris, longissimus

attaches caudally to lumbar transverse processes and to the

thoracolumbar aponeurosis, and cranially to ribs and tho-

racic transverse processes. The more cranial thoracic portion

of longissimus (at T1–T3/4 vertebral levels) does not have

any costal attachment in the slow loris (Fig. 4). In lesser

galago, the thoracolumbar regions of multifidus attach cau-

dally to a vertebral transverse process by a muscular slip

spanning two–four segments, and attach by a short tendon

to the spinous process of a more cranially located vertebra

Fig. 2 Schematic depicting measurement of surface pinnation angle

on a bipinnate muscle. Pinnation angle is measured as the angle

formed between the muscle fiber and the muscle’s line of action

(modified from Organ et al. 2009).

Table 2 Body mass data, vertebral number, means (� SD) and tests

of absolute differences in thoraco-lumbar spine length and muscle

architectural variables.*,†
,‡

Measurement

Galago

senegalensis

Nycticebus

coucang Two-tailed

P-valueMean (� SD) Mean (� SD)

Body mass (g)

Males (n) 315 (8)

227 (80)

679 (56)

1100 (4)

–

Females (n) 250 (9)

199 (67)

626 (44)

1020 (2)

–

Weighted mean body mass (g)

Males 235 707 –

Females 205 643 –

Vertebral number (range)

Thoracic 11–12 13–15 –

Lumbar 8–9 9 –

TLS length

(mm)

100.53 (9.78) 157.7 (5.97) 0.021

Iliocostalis

MWt (g) 0.774 (0.422) 0.899 (0.692) 1.000

NLb (mm) 79.37 (8.89) 106.30 (6.72) 0.021

NLf (mm) 31.60 (5.75) 18.31 (3.05) 0.021

h 7.32 (1.34) 4.27 (0.71) 0.021

TL (mm) 62.55 (5.71) 14.81 (1.57) 0.029

PCSA (cm2) 0.246 (0.15) 0.505 (0.48) 0.375

Longissimus

MWt (g) 0.980 (0.352) 2.147 (1.459) 0.343

NLb (mm) 102.16 (9.40) 145.38 (5.15) 0.021

NLf (mm) 35.85 (3.49) 18.04 (3.27) 0.021

h 8.33 (0.83) 4.22 (0.76) 0.021

TL (mm) 74.83 (4.32) 14.59 (2.02) 0.029

PCSA (cm2) 0.262 (0.11) 1.26 (1.08) 0.029

Multifidus

MWt (g) 0.118 (0.048) 0.298 (0.225) 0.343

NLb (mm) 38.05 (2.14) 60.83 (4.40) 0.021

NLf (mm) 20.99 (1.43) 9.71 (2.35) 0.021

h 4.86 (0.34) 2.26 (0.55) 0.021

TL (mm) 22.65 (1.44) 8.08 (1.99) 0.029

PCSA (cm2) 0.053 (0.02) 0.302 (0.23) 0.149

TLS length, thoraco-lumbar spine length; MWt, muscle weight;

NLb, normalized muscle belly length; NLf, normalized fiber

length; h, maximum whole-muscle potential excursion; TL, ten-

don length; PCSA, physiological cross-sectional area.

*Body mass data are from Smith & Jungers (1997: 539–540). The

published data and sample sizes were used to compute a

weighted mean body mass for the all-male sample of G. sene-

galensis (n = 4) and for the mixed-sex sample of N. coucang

(n = 1 female, n = 3 males).
†Lumbar vertebrae were defined by zygapophyseal orientation.
‡Results based on two-tailed Mann–Whitney U-tests. The

sequential Bonferroni adjustment was applied separately for

each muscle (a = 0.05/6) and no differences were significant fol-

lowing the sequential Bonferroni correction.
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(Fig. 5). The cranial and caudal attachments of thoracolum-

bar multifidus are similar for the slow loris, with the excep-

tion that slips of their multifidus span four–five vertebral

segments (Figs 5 and 6).

Absolute comparisons

Depending on body mass estimates, N. coucang males are

between two and five times larger than male G. senegalen-

sis; female N. coucang are between three and five times lar-

ger than female G. senegalensis (Table 2). The weighted

species mean body mass estimate similarly shows male

N. coucang are three times larger compared with G. sene-

galensis males. Some absolute bony and muscle architec-

tural variables track these differences in body mass

(Table 2). For example, the larger-bodied N. coucang has

significantly longer TLS and, on average, longer NLb, larger

MWt and larger PCSAs, though these fiber architecture dif-

ferences are not significant (P > 0.05) following Bonferroni

adjustment. The greater number of vertebral bodies (most

consistently observed for the thoracic region) likely

accounts, in part, for the significantly greater TLS length in

N. coucang. Notably, the smaller-bodied G. senegalensis

has, on average, absolutely longer NLf, greater muscle

excursions (h) and longer TL, though these differences are

not significant following Bonferroni adjustment.

Hypotheses and predictions

Hypothesis 1: We predicted that compared with

N. coucang, the leaper G. senegalensis would have

architectural features of the epaxial muscles that

facilitate the generation of relatively greater

muscle excursion, higher contraction velocity, and

have the capacity for greater elastic storage. As

predicted, G. senegalensis display epaxial muscles

with significantly relatively longer fibers, relatively

greater potential whole-muscle excursion (h/NLb),

and relatively higher ratios of TL/(TL + NLf) com-

pared with N. coucang (Table 3; Figs 7, 8 and 9).

Galago senegalensis has epaxial muscles that are

less pinnate compared with those of N. coucang

Fig. 3 Photograph of G. senegalensis iliocostalis and longissimus mus-

cles in situ. The fibers of longissimus are seen to be converging on a

tendon. This tendon continues caudally to the tail.

Fig. 4 Nycticebus coucang iliocostalis and longissimus in situ.

Fig. 5 Photograph of G. senegalensis multifidus in situ (black arrow;

tip of probe is separating longissimus from multifidus).

Fig. 6 Slips of multifidus of N. coucang in situ (three black arrows).
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(Table 3; Fig. 10). These differences are significant

for iliocostalis, and trend towards significance for

longissimus and multifidus.

Hypothesis 2: We predicted that compared with

N. coucang, G. senegalensis would display epaxial

muscles with relatively smaller PCSAs. However,

while G. senegalensis longissimus and multifidus

PCSAs are, on average, relatively smaller, neither

of these differences is significant (Table 3;

Fig. 11).2

Hypothesis 3: We predicted that G. senegalensis

and N. coucang would not differ in relative epax-

ial muscle weights. This prediction was borne out

by the current data. Galago senegalensis has, on

average, larger muscle weights relative to body

mass compared with N. coucang, but none of

these differences is significant (Table 3).

Discussion

Comparative assessment of epaxial fiber architecture

in lesser galago and slow loris

Results from Hypothesis 1 indicate that G. senegalensis has

relatively longer fibers, relatively higher maximum whole-

muscle excursions, and relatively higher tendon length-to-

fiber length ratios compared with N. coucang. Thus, rela-

tively longer fibers and higher ratios of tendon length-to-

fiber length should be included in the complex of vertebral

column features in G. senegalensis that differentiate

G. senegalensis from N. coucang. Galago senegalensis also

has iliocostalis (and likely longissimus) fibers that are signifi-

cantly less pinnate compared with N. coucang. However,

contrary to our prediction for Hypothesis 2, G. senegalensis

and N. coucang have similar relative epaxial muscle PCSAs.

Thus, G. senegalensis does not display an architectural

trade-off between relative NLf and relative PCSA. As pre-

dicted by Hypothesis 3, G. senegalensis and N. coucang do

not differ in relative muscle weights. Given that the smaller-

bodied G. senegalensis has, on average, relatively smaller

muscle PCSAs but relatively larger muscle weights, it

appears that G. senegalensis has added muscle mass by

lengthening its muscle fibers (Table 3), while N. coucang

has increased muscle pinnation (Table 2). By increasing rela-

tive muscle fiber length without significantly decreasing rel-

ative PCSA, G. senegalensis is effectively capable of

generating relatively greater maximum epaxial muscle

excursions, higher contraction velocities, and storing and

releasing elastic strain energy, without compromising rela-

tive maximum force production.

There is little published work on epaxial muscle fiber

architecture in strepsirrhine primates specifically, or in pri-

mates more generally, limiting our ability to evaluate and

compare these findings for G. senegalensis with other verti-

cal clingers and leapers. Early comparative work on the

bony vertebral column in ricochetal and generalized quad-

rupedal rodents (Hatt, 1932) led to the suggestion that mor-

phological differences in vertebral transverse and spinous

processes were reflective of larger epaxial muscles in both

ricochetal rodents and primate leapers (e.g. Saimiri; John-

son & Shapiro, 1998). Fleagle (1977) did observe that the

leaper Presbytis melalophos exhibits significantly larger

lumbar (but not thoracic) trunk dry muscle mass relative to

fresh body mass compared with the quadrupedal P. ob-

scura.

While no significant differences between species in epax-

ial muscle weights relative to body mass (Table 3) or TLS

length (P > 0.05) were observed, it is notable that the smal-

ler-bodied galago has, on average, relatively larger muscle

weights compared with the loris. When we generated a

combined estimate of muscle weight, we further confirmed

that G. senegalensis has, on average, larger epaxial muscle

mass relative to body mass (G. senegalensis x= 0.0080 vs.

N. coucang x = 0.0050), but significantly larger epaxial mus-

cle mass relative to TLS length (G. senegalensis x = 0.1223

vs. N. coucang x = 0.0903; Mann–Whitney U-test statistic =

16.00; P = 0.0209; Chi-square approximation = 5.333). It has

been theoretically argued (Johnson & Shapiro, 1998) that

an increased erector spinae muscle mass should serve to

facilitate sagittal flexibility required by leaping. The current

findings can thus be interpreted as providing some prelimi-

nary evidence in support of this hypothesis.

We note that the standard deviations for N. coucang

muscle weights (and PCSAs) are high, both relative to mean

values and in comparison to those of G. senegalensis

(Table 3). In particular, one specimen of N. coucang has

markedly larger muscle masses in comparison to the other

three individuals in the sample (Appendix). Because muscle

mass increases to the 0.33 power of linear dimensions,

within-species variability in muscle mass contributes dispro-

portionately to variation in estimates of muscle PCSA. Nota-

ble within-species variation in muscle mass has been

observed in previous studies (Taylor & Vinyard, 2013;

Terhune et al. 2015), and may be attributed to a variety of

factors, including differences in sample preservation, indi-

vidual differences in size and age, and muscle plasticity. This

within-species variation, coupled with the current small

sample sizes and limited statistical power, emphasize the

need for continued evaluation of epaxial muscle fiber archi-

tecture in habitual leapers. Additionally, more work is

needed to better understand the influence of factors such

as age and health status on studies of locomotor mechanics

in both living and fossil taxa.

2

Results are similar when muscle weights0.333 and PCSAs0.5 are

divided by TLS length.
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While there are relatively little empirical data to inform

predictions regarding epaxial muscle fiber architecture in

the slow loris and performance during antipronograde

suspension, bridging or cantilevering, lorisids do have mor-

phological features of the vertebral column that suggest a

reduction in the muscular effort required to control spinal

mobility (Shapiro, 2007). For example, compared with

galagids, the relatively reduced spinous processes and

attendant shorter lever arms for the epaxial muscles have

been functionally linked to the frequent use by lorisids of

Fig. 7 Bar graph of relative epaxial muscle

fiber length (mean � SD). In all cases,

G. senegalensis has significantly relatively

longer muscle fibers compared with

N. coucang.

Table 3 Means, standard deviations (SD) and tests of relative differences in muscle architectural variables between Galago senegalensis and Nyc-

ticebus coucang.*,†

Measurement Prediction

Galago

senegalensis

Nycticebus

coucang Differs as

predicted? P-valueMean (� SD) Mean (� SD)

Iliocostalis

NLf/TLS length G.s. > N.c. 0.318 (0.076) 0.116 (0.021) Yes 0.0105

h/NLb G.s. > N.c. 0.093 (0.023) 0.041 (0.008) Yes 0.0105

TL/(TL + NLf) G.s. > N.c. 0.666 (0.023) 0.449 (0.016) Yes 0.0105

Pinnation angle (h) G.s. < N.c. 3.66 (1.10) 7.01 (0.8) Yes 0.0105

PCSA0.5/body mass0.33 G.s. < N.c. 0.078 (0.03) 0.077 (0.04) No 0.5000

MWt/body mass G.s. = N.c. 0.0033 (0.002) 0.0013 (0.001) Yes 0.1489

Longissimus

NLf/TLS length G.s. > N.c. 0.358 (0.031) 0.115 (0.025) Yes 0.0105

h/NLb G.s. > N.c. 0.082 (0.006) 0.029 (0.006) Yes 0.0105

TL/(TL + NLf) G.s. > N.c. 0.676 (0.015) 0.449 (0.017) Yes 0.0105

Pinnation angle (h) G.s. < N.c. 5.33 (1.00) 7.89 (2.25) No 0.0416

PCSA0.5/body mass0.33 G.s. < N.c. 0.083 (0.017) 0.122 (0.06) No 0.1241

MWt/body mass G.s. = N.c. 0.0042 (0.002) 0.0032 (0.002) Yes 0.5637

Multifidus

NLf/TLS length G.s. > N.c. 0.211 (0.033) 0.062 (0.016) Yes 0.0105

h/NLb G.s. > N.c. 0.128 (0.005) 0.037 (0.009) Yes 0.0105

TL/(TL + NLf) G.s. > N.c. 0.519 (0.023) 0.453 (0.01) Yes 0.0105

Pinnation angle (h) G.s. < N.c. 3.78 (1.20) 4.96 (0.75) No 0.0745

PCSA0.5/body mass0.33 G.s. < N.c. 0.037 (0.009) 0.058 (0.030) No 0.1241

MWt/body mass G.s. = N.c. 0.0005 (0.001) 0.0004 (0.001) Yes 0.7728

body mass, sex-specific weighted mean body mass; h, maximum whole-muscle potential excursion; MWt, muscle weight; NLb, normal-

ized muscle belly length; NLf, normalized fiber length; PCSA, physiological cross-sectional area; TL, tendon length; TLS length, tho-

raco-lumbar spine length.

*Results based on one-tailed Mann–Whitney U-tests with the exception of MWt/body mass, which is based on a two-tailed Mann–

Whitney U-test. Bold P-values indicate a significant difference (a = 0.05) following the sequential Bonferroni correction. The sequen-

tial Bonferroni correction was applied for each hypothesis.
†Results for PCSA0.5/TLS length were the same as for PCSA0.5/body mass0.33 and are thus not reported.
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anti-pronograde suspension, during which the trunk is in a

flexed position and active back extension does not appear

to be involved (Walker, 1974; Jouffroy, 1989; Jouffroy & Pet-

ter, 1990). Lorisids also have a relatively reduced lumbar

region (Schultz & Straus, 1945; Cartmill & Milton, 1977;

Shapiro, 2007; Granatosky et al. 2014a), relatively wider ver-

tebral laminae and more transversely oriented prezy-

gapophyses (Shapiro, 2007), all of which have been argued

to play an important role in governing vertebral column

movements and promoting lumbar stability. Based on gross

anatomical description, slow loris also displays a markedly

smaller spinalis muscle, and has longissimus and semispinalis

Fig. 8 Bar graph of relative potential whole-

muscle excursion (h/NLb) (mean � SD). As

predicted, G. senegalensis has significantly

greater h/Lb (P = 0.0105) compared with

N. coucang.

Fig. 9 Bar graph of tendon length-to-fiber

length ratios (mean � SD). As predicted,

G. senegalensis has significantly higher ratios

compared with N. coucang, indicating

enhanced capacity for elastic energy storage.

Fig. 10 Bar graph of resting surface

pinnation (mean � SD). Nycticebus coucang

epaxial muscles have, on average, larger

pinnation angles, significantly so for

iliocostalis (P = 0.0105) and trending towards

significant for longissimus (P = 0.0416).
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muscles in the thoracic region and at the thoraco-lumbar

junction that are much better differentiated from each

other compared with the leaper Saimiri (Curtis, 1995). These

gross morphological differences have been functionally

linked to the importance of unilateral contraction of longis-

simus to facilitate lateral flexion of the spine (vs. contrac-

tion of semispinalis for rotation) during bridging and

cantilevering. We can speculate that the more pinnate-

fibered epaxial muscles in the slow loris are linked to their

elongated thoracic region and may function to promote lat-

eral flexion (vs. sagittal plane flexion/extension). Thus, com-

pared with lesser galago, our current findings of relatively

smaller muscle masses and comparable PCSAs in slow loris

support previous work, suggesting adequate axial stability

is achieved through osseous (and perhaps ligamentous)

structures, and that powerful back extension is not required

for slow, cautious movements observed in antipronograde

species (Granatosky et al. 2014a).

Functional implications of a relatively longer muscle–

tendon complex in G. senegalensis

By increasing whole-muscle excursion and contraction

velocity, we speculate that the relatively longer fibers in

G. senegalensis are functionally linked to the rapid spinal

extension and acceleration that is an important component

of leaping (Bennet-Clark, 1977). Previous research (Shapiro

& Simons, 2002, Shapiro, 2007) has shown that G. sene-

galensis has relatively craniocaudally longer lumbar verte-

bral bodies, sagittally oriented lumbar zygapophyses that

resist rotation, and improved leverage for spinal extension

compared with slow loris. These features have been func-

tionally linked to facilitating spinal extension and to

enhanced propulsive effort during leaping (Erikson, 1963).

We suggest that relative increases in epaxial fiber length

can be added to the suite of vertebral column features in

G. senegalensis that may be functionally linked to their

biological role of leaping (Bock & Von Wahlert, 1965).

Galago senegalensis does not exhibit the predicted archi-

tectural trade-off between relative NLf and relative PCSA as

they have increased relative NLf primarily by decreasing pin-

nation but without reducing their epaxial muscle mass. By

increasing relative NLf without markedly decreasing relative

PCSA, lesser galago is capable of increasing relative muscle

excursion and contraction velocity without necessarily com-

promising epaxial muscle force. A similar lack of an architec-

tural trade-off in fiber architecture has been observed in

the tail musculature in prehensile-tailed monkeys (Organ

et al. 2009), as well as the jaw-closing muscles of Cebus

apella (Taylor & Vinyard, 2009) and male Macaca fascicularis

(Terhune et al. 2015). Collectively, these results suggest that

the benefits of adding (or maintaining) muscle mass out-

weigh the metabolic costs. As muscle performance is influ-

enced by additional mechanical and physiological factors

(e.g. fiber type), future work should be aimed at integrat-

ing fiber architecture with other components of the loco-

motor system.

The higher tendon length-to-fiber length ratios in G. sene-

galensis suggest that the galago back has enhanced capacity

to store and release elastic strain energy. There are several

potential benefits to increased elastic energy savings during

leaping. First, elastic energy storage may provide a necessary

component of the power required during the propulsive

phase of the leap by releasing energy rapidly through elastic

recoil at push-off (Alexander & Bennet-Clark, 1977; Biewener

et al. 1981; Alexander, 1988). Second, elastic storage may

decrease metabolic work by reducing muscle work during

take-off (Alexander & Bennet-Clark, 1977). This is because

only the contractile elements (i.e. the actin and myosin fila-

ments) consume metabolic energy by hydrolyzing ATP dur-

ing activation. Thus, a greater tendon length-to-fiber length

ratio reduces the expense of contraction without compro-

Fig. 11 Bar graph of relative epaxial muscle

physiological cross-sectional areas (PCSAs;

mean � SD). Contrary to predictions,

G. senegalensis does not have relatively

smaller PCSAs compared with N. coucang.

Note, however, the high standard deviations

for N. coucang, particularly for longissimus

PCSA.
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mising tension (Hill, 1938; Wilkie, 1968; Paul, 1983; Anapol

et al. 2004). A third potential benefit of elastic energy

storage might occur during the landing phase of the leap if

the tendons act as mechanical buffers by rapidly absorbing

energy and releasing it more slowly, thereby limiting power

input to lengthening muscle fibers and protecting fibers

from the damaging effects of eccentric contractions (Roberts

& Azizi, 2010; Konow & Roberts, 2015).

High peak power requirements for jumping by

G. senegalensis have been theoretically supported (Ben-

net-Clark, 1977) and empirically demonstrated (G€unther,

1985; Aerts, 1998). In vivo experimental data indicate

that the push-off stance of the lesser galago is a crouch,

where the spine is in flexion (Hall-Craggs, 1965a; Aerts,

1998). While Aerts’s (1998) analysis suggested the major-

ity of power derives from the vasti muscle–tendon com-

plex, the current results are consistent with his finding

of power output in the back during push-off and sug-

gest that elastic storage in the epaxial muscles of

G. senegalensis may reduce muscle work and/or provide

power to improve leaping performance. Future work

should be aimed at experimentally testing precisely when

and how elastic storage energy in the epaxial muscles is

released during leaping in G. senegalensis and other pri-

mates.

Limitations of the study

The most obvious limitations of this work are small sam-

ple sizes and the restriction of the comparison to only

two species (Garland & Adolph, 1994). Given the rarity

of these strepsirrhines and the lack of data on epaxial

fiber architecture in any primate, we view the data and

results as important both for preliminary testing of cur-

rent functional hypotheses as well as for raising future

hypotheses and predictions that can be tested on addi-

tional primate species. The absence of data on body

mass and absolute age of individual specimens is also a

potential limitation. Age-related loss of skeletal muscle

mass, or sarcopenia, and a corresponding decrease in

muscle force has been observed in mammals, including

humans (Lowe et al. 2001; Faulkner et al. 2007, 2008).

While the current specimens were dentally adult, some

of the observed variation in muscle mass and PCSA may

be attributable to differential age at death and oppor-

tunistic sampling. Importantly, age-related muscle loss is

unlikely to account for the observed differences in fiber

length and tendon length-to-fiber length ratios

(Burkholder, 2001).

Conclusion

We investigated the functional relationship between

epaxial muscle fiber architecture and locomotion in the

leaping primate G. senegalensis. Compared with N. cou-

cang, a slow arboreal quadruped, G. senegalensis epaxial

muscles display relatively longer, less pinnate fibers and

higher ratios of tendon length-to-fiber length. These

architectural features indicate that G. senegalensis epax-

ial muscles have the capacity to generate relatively lar-

ger muscle excursions and greater contraction velocities,

and have greater elastic storage capacity. We hypothe-

size that these architectural features facilitate spinal

extension and enhanced propulsive effort during leap-

ing. Additional comparative data on epaxial musculature

are needed to better understand the functional roles of

these muscles during various locomotor and positional

behaviors.
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