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Abstract 

 

Bone biomechanical studies indicate that leg bone structure can be related to different locomotor 

patterns. The osteological correlates of extant primates’ locomotion patterns and substrate use are 

important to consider when estimating corresponding behaviors of extinct primates. Here, we test 

if these same patterns are seen in the differences in leg muscular architecture. Muscle mass, 

fascicle lengths (FL), physiological cross-sectional area (PCSA), reduced PCSA (RPCSA) and 

tendon-to-muscle belly ratio were studied in 33 primate species (6 strepsirrhines, 14 platyrrhines 

and 13 catarrhines). Muscles were grouped into toe and ankle flexors and extensors and studied 

for phylogenetic and functional signals. All variables strongly correlate with body mass: strength 

variables (mass, PCSA and RPCSA) scale with positive allometry, whereas the speed/stretch 

measure (FL) trend toward negative allometry. Thus, larger primates are relatively stronger than 

smaller species, but they have relatively shorter leg muscle fibers than smaller primates. The 

strongest functional signal emerged when comparing belly-muscle tendon unit (MTU) length 

ratio in leaping and non-leaping primates. Leapers show significantly larger plantarflexor belly-

MTU ratio. Surprisingly, no significant results reflect a correlation between muscle architecture 

and substrate and locomotor groups. However, several trends suggest that a larger sample and 

more fine-grained defined categories could produce significant results. These results show the 

complex relation between leg bone biomechanics and muscle architecture and demand for further 

studies on this topic. 

 
 
 
 

 

Key words: Arboreal, Terrestrial, Phylogeny, PCSA, Tendon 
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INTRODUCTION 

 

Primates are adapted in many ways for moving primarily on arboreal substrates (Cartmill, 

1992). However, the degree of arboreality differs throughout the Order; some, like baboons, 

spend the majority of their foraging time on the ground, while others rarely leave the tree canopy 

(Fleagle, 2013). The locomotor modes by which primates traverse their environments vary 

between and within species. Though primates’ primary locomotor pattern is quadrupedalism, 

locomotor specializations are present within the order depending on the taxon, diet, body size, 

and general ecology of a species (Fleagle, 2013). Functional morphologists have already 

generated a large body of work devoted to understanding the relationship between morphology, 

substrate use, and locomotion in primates (Ward and Sussman, 1979; Glassman, 1983; Schaffler 

et al., 1985; Fleagle and Meldrum, 1988; Ruff, 1988; Burr et al., 1989; Meldrum, 1991; Demes 

and Jungers, 1993; Rose, 1993; Gebo and Sargis, 1994; Nakatsukasa, 1996; Runestad, 1997; 

Strasser et al., 1998; Kimura, 2002; Ruff, 2002; Marchi, 2005; Wright, 2007; DeSilva, 2009; 

Kikuchi and Hamada, 2009; Marchi et al., 2016; Orr, 2016; Leischner et al., this volume). The 

majority of these studies focus on the bony morphology of the hands and feet – the parts of the 

body in direct contact with the substrate during locomotion – and the humerus and femur – the 

skeletal components that bear the greatest load in locomotion. 

 
Recent studies have also been conducted that focus on the structural properties of primate leg 

bones and their correlation with activity patterns of human and nonhuman primates, especially in 

relation to arboreal vs. terrestrial adaptations (Marchi and Borgognini-Tarli, 2004; Marchi 2007, 

2015a,b; Marchi and Shaw, 2011). In these studies, we have found that the structure of the leg bones 

(tibia and fibula), in particular their cortical bone geometry and distal articular structure, are 

correlated with the different loading patterns the leg is subjected to when moving on arboreal and 

terrestrial substrates (Schmitt, 2003a; Carlson et al., 2005). While results obtained by the study of the 

structural properties of leg bones are of functional relevance, we should not underestimate the 

 
importance of foot actuators that originate on the leg bones. In fact, locomotor capabilities 

of 3 



Page 4 of 39 
 
 
 

 

primates are determined by different factors including the morphology of the skeleton and 

the properties of muscles. 

 

The general properties of whole muscles are determined by the arrangement of their 

muscle fibers (Brinckmann, 2002). Their functional characteristics are, in part, determined by the 

proportion of fibers that are oriented parallel to each other. Muscles with a large number of 

sarcomeres, which are basic functional units within muscles, within fibers that run parallel to each 

other have the capacity to generate high force. Conversely, muscles with longer fibers, and 

therefore a greater number of sequential sarcomeres in each fiber, can generate force over a wider 

range of motion. Additionally, these muscles can contract more quickly than those with shorter 

fibers as the shortening rate of a muscle is a function of fascicle length. Fibers can also insert onto 

a central tendon (or multiple tendons), which allows for more fibers in a muscle than would be 

present in one without a central tendon—muscles with this fiber orientation are ‘pennate.’ 

However, pennate muscles have shorter fibers than a muscle with no pennation of the same 

muscle volume. This results in a trade-off between muscles of the same volume that need to 

contract quickly and provide flexibility (with fewer longer fascicles) and those that need to be 

stronger (with a greater number of shorter fascicles). 

 
To estimate the force production capabilities of a pennate muscle, its cross section (which 

can be used as a general estimate of muscle power) must be altered to account for the change in 

muscle fiber orientation. Instead of using the anatomical cross section of pennate muscles, the 

physiological cross-sectional area (PCSA) is measured as the cross-sectional area perpendicular 

to the axis of orientation of the fibers (Maughan et al., 1983; Brinckmann, 2002). A variation of 

this, the reduced physiological cross-sectional area (RPCSA), is a calculation of force production 

that removes the amount of force perpendicular to the directional pull of a muscle that results 

from the angle of fibers that attach to the central tendon in a pennate muscle (Anapol and Barry, 

1996; Perry et al., 2011). 
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Previous studies that evaluated the masticatory muscle architecture of felids and lemurs 

(Perry and Hartstone-Rose, 2010; Hartstone-Rose and Perry, 2011; Hartstone-Rose et al., 2012, 

2015) found that architecture changes according to different dietary requirements. The regular 

ingestion of large food items coincided with the presence of relatively longer masticatory muscle 

fibers, yet the force production of muscles scaled with isometry or positive allometry with body 

mass. This suggests that fascicle length (FL) can signal particular dietary behaviors across body 

sizes, whereas PCSA and muscle mass (MM) follow more regular patterns within clades. Because 

of this pattern in the masticatory muscles, we have been led to suspect that muscle fiber 

architecture plays an important role in other anatomical regions and may indicate, for instance, 

different locomotor behaviors – particularly whether or not groups of muscles are adapted for 

stretch/speed or strength. Correlations may also be present between muscle fiber structure and 

substrate use (e.g., terrestrial vs. arboreal) or phylogeny (between the three suborders). A study 

performed on forearm muscles (Leischner et al., this issue) provides support to these hypotheses. 

We must however keep in mind that in some locomotor behaviors, such as leaping, high 

mechanical power is required (Aerts, 1998). Power is defined as the rate over which work is done 

and is therefore equal to the product of force and velocity (where velocity is displacement over 

time). Therefore, muscle architecture optimized for leaping should require both high force (i.e. 

PCSA) and displacement (i.e. FL). 

 
The muscular architecture and geometry of leg muscles have been well described for humans 

(Friederich and Brand, 1990; Fukunaga et al., 1992; Narici et al., 1992) and nonhuman apes (Vereecke 

et al., 2005; Payne et al., 2006). However, remarkably little information exists concerning the 

mechanical capabilities of leg muscles in other primates. In a study on foot and ankle myology in 

primates, Langdon (1990) combined the observations from original dissections and from the literature 

to investigate the variation in cruropedal musculature of strepsirrhines and haplorrhines (14 families) 

and compared their discrete variations in attachments. In his analysis, the 

 
author found high variability across the order, and did not find significant correlation 
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locomotor behavior and muscle form. In another work, Rauwerdink (1993) measured fiber 

dimension and tendon length of leg muscles in ten different primate species to determine whether 

or not primate locomotor specialization is reflected in muscle architecture. The author divided the 

species in four locomotor categories: leapers, quadrupeds walking or running on the ground, 

climbing quadrupeds and brachiators. The author found some differences among the species 

concerning fiber and tendon length, but they were not conclusive enough to differentiate between 

locomotor categories. Moreover, he did not find any correlation between muscle mass and 

locomotor specialization. 

 
In another paper Payne et al. (2006) analyzed muscle mass, fascicle length and ratios of 

muscle belly-muscle total unit (MTU) length ratio for all major hind limb muscles in hominoids 

including humans. They found similarity between gibbons and humans in hind limb muscle 

anatomy, in particular FL were short. They also found that in gibbons tendons comprised a 

greater proportion of the MTU for leg muscles, especially for the triceps surae muscles. On the 

other hand, non-human great apes were characterized by long FL with short tendons. Spring-like 

leg MTU are exemplified by the cursorial ungulates. Cursorial terrestrial animals move on a 

stable substrate, while the same does not hold for arboreal primates. The substrate where 

primates move is constituted by branches which have a high magnitude of compliance resulting 

in net loss of energy to locomotor support (Alexander, 1991). Payne et al. (2006) suggested that 

their results may be due to the particular arboreal locomotion of gibbons between rigid supports 

(e.g., tree trunks), which may allow internal energy stored in tendons to be used. 

 
Though the aforementioned works are informative, a detailed description of the primate 

leg muscle architecture, and in particular its correlation with different locomotor habits and 

substrate use, is still warranted. 

 
Locomotion of primates shows a considerable amount of variation among species (Fleagle, 

2013). Since the early attempts, to classify primate locomotion into categories has been a difficult 

 
task (Prost, 1965): it is therefore important to provide a classification of the primates 
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concerning their locomotion. Those who use biomechanical approaches to understand primate 

locomotion and posture have long recognized that a complete understanding of primate 

musculoskeletal system should rely on quantitative primate positional behavior data (Hunt et al., 

1996). Here we have assigned locomotor and substrate use categories to each species studied on 

the basis of data available in literature (see Material and Methods section). 

 
The aim of this study is to quantify the overall leg muscle architecture and muscle belly-

MTU length ratio in a wide array of extant strepsirrhines, platyrrhines and catarrhines and 

discuss the findings in relation to their phylogeny, locomotor habits and substrate use to test the 

following hypotheses: 

 
1. prevalently arboreal primates will have relatively high PCSA and RPCSA compared to 

terrestrial primates. This is expected because of their reliance on highly propulsive movements 

through their arboreal habitat (Fleagle, 2013). In particular, because of the importance of 

grasping with both hands and feet in an arboreal substrate, prevalently arboreal primates (i.e., 

arboreal quadrupeds, climbers and suspensory primates) are expected to rely more on foot-

grasping than terrestrial primates (Rauwerdink, 1993; Hunt et al., 1996; Lemelin, 1999). 

Therefore, we predict that prevalently arboreal primates will have high digital flexor muscle 

PCSA and RPCSA compared to prevalently terrestrial primates; 

 
2. leapers will have relatively high plantarflexor PCSA and RPCSA, and because of the 

elasticity and speed that take-off requires, they will have longer FL compared to non-

leaping primates. This is expected because leaping is associated with exceptionally high 

mechanical power (Demes et al., 1999; Aerts, 1998) and because primates that move by 

leaping are characterized by the predominance of muscles for hind limb joint extensions 

(Demes et al., 1998). 

 
3. quadrupedal leaper primates will have larger muscle belly-MTU ratio in plantarflexor 

muscles than primates less involved in leaping behaviors. This is expected on the basis of 

 
previous studies: Payne et al. (2006) suggested that in hylobatids, which locomote primarily 
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by swinging through the trees, a larger muscle belly-MTU ratio in leg muscles could 

allow for energy storage in long tendons that would be used during their movements 

between points in the tree canopy. Moreover, a study conducted on Galago (Aerts, 1998) 

has proved that energy is stored in the internal connective tissue sheets and attachment 

structures of the vastus medialis and that such energy is released in the last phase of the 

extension of the muscle to amplify the mechanical power of the jump. 

 
MATERIALS AND METHODS 

 

The sample 
 

The sample includes 35 adult specimens representing 33 species, six of which are 

 

strepsirrhines, 13 are platyrrhines, and 14 are catarrhines (Table 1). They were all obtained from 

captive facilities located throughout the United States and Spain, and were dissected at either the 

University of South Carolina or the Universidad de Valladolid. None of the specimens in this study 

were chemically fixed; all were frozen when fresh and dissected after thawing. All of the muscles of 

the leg (popliteus excluded) were excised via gross dissection in one hind limb for each specimen. The 

muscles of interest were all placed into one of two categories based on their function, similarly to 

Leischner et al. (this issue): plantar flexors and dorsiflexors. Plantar flexors move the dorsum of the 

foot away from the anterior surface of the leg and the toes towards the sole of the foot, and include the 

following muscles: gastrocnemius (both medial and lateral bellies), soleus, plantaris, flexor hallucis 

longus, flexor digitorum longus, tibialis posterior, fibularis longus, and fibularis brevis. Dorsiflexors 

do the opposite by bringing the dorsum of the foot and toes closer to the anterior surface of the leg, 

and include the rest of the muscles in the leg: tibialis anterior, extensor hallucis longus, extensor 

digitorum longus, and tibiofibularis. We then divided some muscles into more specific functional 

groups (digital flexor, digital extensors, evertors, invertors). The only muscles not present in every 

specimen were tibiofibularis and fibularis tertius, both of which are ankle flexors. The latter was 

present only in Macaca sylvanus, and the former was found in Sapajus 

 
apella, Saimiri sciureus, Colobus guereza, Cercopithecus hamlyni, and Miopithecus talapoin. 
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variations had no problematic effect on the analyses as individual muscles were not included in 

the present analyses, which were instead performed in broad groups. 

 
Muscle analysis 

 

All the muscles of the leg of each specimen were isolated and removed systematically by 

sharp dissection. For those muscles crossing the tibiotalar joint, the tendons were uniformly cut at 

the level of the flexor and extensor retinacula rather than excised from their insertion point within the 

foot. The length of each muscle with its associated tendon (if present) was recorded to the nearest 

0.01 mm using digital calipers. The external tendon was cut from the muscle at the point where 

muscle fibers stopped inserting on the tendon (Stern, 1971). The muscle belly length, width, and 

thickness were then recorded with respect to their anatomical placement within the leg to the nearest 

0.01 mm using digital calipers and then weighed to the 0.001g using a digital scale. Belly thickness 

was a measurement taken perpendicular to the direction of contraction of each muscle. 

 
Methods used for chemical dissection were identical to Leischner et al. (this issue) and 

Hartstone-Rose et al. (this issue), and are a modification of Rayne and Crawford’s (1972) methods. 

Each muscle was covered in enough of a 10% sulfuric acid solution to allow for changes in shape 

while cooking, and then placed inside of a chemical laboratory oven set to 60°C. Cooking time 

depended on the size of each muscle and varied between 30 minutes for the smallest specimen 

(Cebuella pygmaea) and 6 hours for the largest (Gorilla gorilla). Muscle fibers were ready to be 

measured when the sulfuric acid had sufficiently dissolved enough of the connective tissue holding 

fascicles together to allow for their careful isolation with forceps. Ideally, ~40 fascicles that could 

serve as a representative sample for the whole muscle would be separated and measured to the nearest 

0.01mm with digital calipers. In relatively larger or smaller muscles, more or fewer fascicles were 

measured, respectively. The mean of all fascicles lengths for each muscle was calculated. 

 
To calculate the PCSA (in the equation below q) of each muscle, the muscle mass (in the 

equation below m) and mean FL (in the equation below l) were used along with the constant 
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representing the specific density of a muscle (p; 1.0564 g/cm
3
; Murphy and Beardsley, 1974) in 

an equation modified from Schumacher (1961): 
 

q=m/lp 
 

The units for the equation are as follows: PCSA (cm
2
), MM (g), and FL (mm). 

 

To then determine whether pennation affected the cross-sectional area of each muscle, 

the pennation angle (θ) and RPCSA were calculated using equations from Anapol and Berry 

(1996). Muscle thickness (a) and mean FL (l) were first used to calculate the pennation angle: 

 
sinθ = a/l 

 

This value was then used for the final RPCSA (qr) calculation: 
 

qr = m(cosθ)/lp 

 

After FL and PCSA were recorded, calculations were done according to each muscle 

functional group (plantar flexors, dorsiflexors, digital flexors, digital extensors, invertors and 

evertors). The PCSA, RPCSA, and MM of each group were calculated by adding together the 

values for all muscles in each functional group for individual specimens. A weighted average FL 

was then calculated for each group by dividing the sum of the product of the MM and average FL 

for each muscle in a functional group by the sum of the MM of every muscle in the same group. 

 
Ratios of muscle belly-MTU length (see Fig. 1 for measurements) were calculated by 

dividing muscle belly length by the length of the total MTU. This way, the closer the ratio is to 1, 

the larger is the contribution of the muscle belly to the whole MTU. As explained above, the 

tendons of muscles that crossed the tibiotalar joint were cut at the level of the flexor and extensor 

retinacula rather than excised from their insertion point within the foot. Therefore, the ratio we 

obtain is an overestimation of the real muscle belly-MTU ratio. 

 
Before analyses, the square root of all area variables (PCSA, RPCSA) and the cube root of 

all volumetric variables (MM) were taken to ensure that the slopes for logged data in our 

regressions would be 1. 

 
Locomotor and substrate categories 
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The locomotion, posture, and substrate primarily preferred by each species were taken 

from the literature (Table 1; Supplementary online material). Although degrees of variability in 

locomotion exist between and within species, each species was assigned one of three broad 

locomotor categories that they fall into the majority of the time (Table 1): 

 
1. “quadrupedal” primates move primarily on horizontal surfaces (arboreal and/or 

terrestrial) with a consistent gait using both their hands and feet (Gebo 1987); 

 
2. “quadrupedal-leaper” primates use their lower limbs to propel themselves over 

gaps between two points (Gebo 1987). Vertical clingers and leapers (i.e. Galago 

senegalensis) and leaping anthropoids (like callitrichines and Miopithecus 

talapoin) were included in this category as finer subdivision within this category 

may have precluded any significant results; 

 
3. “suspensory” primates use up to four limbs to move between points while hanging 

underneath a substrate (Gebo 1987). Primates with prehensile tails (Ateles fusciceps, in 

this sample) use them in addition to their limbs to locomote. Though Gorilla gorilla (the 

specie included in this study, Table 1) is predominantly a terrestrial species, it is more 

arboreal than G. beringei and females and juveniles normally feed and rest on trees 

(Remis, 1995; Doran, 1997). We therefore included this species in the suspensory 

 
category, to avoid further subdivisions which may have precluded any significant results. 

 

Arboreality is the main characteristic of primates as an order. However, many primates spend 

some time on the ground foraging and moving from a foraging site to the next, while other are mainly 

terrestrial, climbing up trees only to escape predators or to sleep (Fleagle, 2013). As it is for 

locomotion and posture, also for substrate use the broad subdivision between arboreal and terrestrial 

primates does not fully take into account the complexity of substrate use patterns. Arboreal primates, 

for example, use different strategies to cope with their environment on the basis of their body size and 

branch diameter (Cant, 1992; Stevens, 2008). As a consequence the degree of terrestriality of different 

primates can change considerably also in species that are phylogenetically 
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strictly related (Gebo, 1987; McGrew, 1998, 2000). We recognize that many species of guenons, 

for example, spend different amount of times on the ground (Gebo and Sargis, 1994). Each 

species used in the present study was categorized as either arboreal or terrestrial based on the 

substrate that they primarily locomote on. Similarly to the locomotor categories, many primates 

maneuver between both arboreal and terrestrial substrates. We categorized as “terrestrial” those 

primates who spend most of their feeding time on the ground, while “arboreal” are those who 

spend most of their feeding time in the trees. For this reason, L. catta was grouped in the 

terrestrial category differently from all other lemurs (Table 1). 

 
Statistical analysis 

 

In order to test the prediction that there are differences in leg muscle architecture across 

primates based on phylogeny, locomotor/posture pattern, and substrate use, Reduced Major Axis 

(RMA) regressions of each functional variable (MM, FL, PCSA, RPCSA organized into their 

functional groups) with body size were analyzed in JMP13 (SAS) and evaluated for allometry. 

RMA regressions were applied across the entire primate sample, and within-group patterns were 

assessed via RMA of subsets of data (suborder-infraorder, locomotor pattern, and substrate use). 

 
Residuals were taken as the distance from data points to the regression line when following a 

path perpendicular to the x-axis and used to evaluate the significance of leg muscle architecture in the 

suborders, locomotor groups, and substrate groups free from the influence of body mass. 

 
Multiple pairwise comparisons were also applied to the muscle belly-MTU length ratios 

among each of the subgroups. All analyses were performed in PAST (Hammer et al., 2001) 

and STATISTICA10 (StatSoft), using a significance criterion of alpha < 0.05. 

 

All of the raw data used in these analyses will be published along with subsequent 

papers that we are currently preparing. In the meantime, if you would like to work on these 

data, we are happy to make them freely available upon request. 

 

 

RESULTS 
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Isometry/Allometry across the sample 
 

All MM correlate strongly with body mass (r
2
 ≥ 0.83) and scale with isometry trending 

toward positive allometry for all muscle groups (Table 2). This suggests that larger primates may 

have relatively larger leg muscles than smaller primates. PCSA scales with body mass with 

 

significant positive allometry for all muscles combined (r
2
 ≥ 0.74) and for each muscle sub-

group (slopes range from 1.26-1.51) except the digital extensors, which however trend towards 

positive allometry (slope ranges from 0.93 to 1.64) (Table 2). This suggests that larger primates 

will also have relatively stronger leg muscles than smaller primates. RPCSA, however, scales 

with significant positive allometry for only the digital flexors and invertors, while all other 

groups scale with isometry trending towards positive allometry (slopes range from 1.11 to 1.18; 

Table 2). Interestingly, correcting for pennation suggests that the strength of the leg muscles of 

larger primates may be relatively stronger than those of smaller primates, but not as much as it 

appears before correcting for pennation. 

 
FL scales with isometry across the sample for several muscle groups: dorsiflexors, digital 

flexors, digital extensors, invertors, and evertors (slopes range from 0.90 to 1.09). However, for 

all leg muscles combined (slope = 0.91, range = 0.77 to 1.07) and for plantar flexors (slope = 

0.90, range = 0.76 to 1.06), FL scales with isometry trending toward negative allometry (Table 

2) suggesting that larger primates may have relatively shorter FL than smaller primates. 

 
The trend of strength proxies (MM, PCSA, RPCSA) towards positive allometry 

indicates that there is a scaling relationship between these variables—larger primates are 

expected to have relatively larger and stronger leg muscles than smaller primates. Leg FL 

trending toward negative allometry suggests that larger primates will have relatively shorter 

FL, and therefore less flexible and quick leg muscles, than smaller primates. 

 
Analyses of the residuals by phylogenetic, substrate, and locomotor groupings 

 

When individuals are grouped by phylogeny, the only significant findings involve leg 

 

evertors and only for FL digital flexors (Table 3). The evertor PCSA and RPCSA of platyrrhines 
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and strepsirrhines are significantly different from one another, with strepsirrhines having higher 

PCSA and RPCSA than platyrrhines. Strepsirrhines display significantly higher evertor and digital 

flexor FL than catarrhines, and significantly higher evertor MM than catarrhines and platyrrhines. 

 
Surprisingly, no significant differences were found among primates grouped by substrate 

use (Table 4). Only dorsiflexor FL of arboreal primates were nearly significantly longer than 

those of terrestrial primates (p = 0.09) and a trend toward relatively longer FL for digital 

extensors and invertors was observed for arboreal primates. No significant differences were 

found either when primates in the sample were grouped by locomotor pattern (Table 5). 

 
Ratios of muscle belly-MTU length are shown in Table 6. Ratios ranged from 1 (no 

discernable tendon, peroneotibialis in quadrupedal and in terrestrial primates, and gastrocnemius 

lateral belly, soleus, flexor hallucis longus, flexor digitorum longus, peroneus brevis and 

peroneus longus in suspensory primates) to 0.59 (tendon represent almost half the length of the 

muscle-tendon unit, plantaris in platyrrhines) (Table 6). 

 
No differences among phylogenetic groups concerning muscle belly-MTU length ratio 

were found (Table 7). The comparison among locomotor groups shows some differences for 

various muscle groups. Suspensory primates have significantly larger plantarflexor belly-MTU 

proportions than both quadrupedal and quadrupedal leaper primates (Table 7). In general, though 

significance is not reached for all comparisons (Table 7), suspensory primates exhibit shorter 

tendons than the other locomotor groups. Moreover, though significance is never reached (Table 

7), quadrupedal-leapers primates show a tendency toward relatively longer tendons than 

quadrupedal primates. When substrate use is taken into consideration, no significant differences 

are found, though terrestrial primates show nearly significantly (p = 0.07, Table 7) higher 

plantarflexor belly-MTU proportions than terrestrial primates, suggesting that arboreal primates 

may have relatively longer plantarflexor tendons than terrestrial primates. 

 

 

DISCUSSION 
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The aim of this work was to provide a description of leg muscle architecture and belly-

muscle total unit length ratios of a vast array of primates from different taxa (strepsirrhines, 

platyrrhines and catarrhines) involved in different locomotor behaviors (quadrupedal, 

quadrupedal leapers and suspensory) and found on different substrates (arboreal and terrestrial). 

We hypothesized that prevalently arboreal primates will have in general relatively high PCSA 

and RPCSA and in particular high digital flexors muscle PCSA and RPCSA compared to 

prevalently terrestrial primates; that primates that are more involved in leaping behavior will 

have relatively higher plantar flexor PCSA and RPCSA and longer FL; and that leaping 

primates will have longer plantarflexors tendons and shorter bellies compared to quadrupedal 

primates. The results of our analyses only partially support these hypotheses. 

 
The regressions of leg muscle architecture properties on body mass show that larger primates have 

relatively larger (MM) and stronger (PCSA and RPSA) muscles than smaller primates. Fiber length, 

on the other hand, scales with isometry for almost every muscle category and trends toward negative 

allometry for the combined muscle category. Thus larger primates have larger and stronger muscles, 

and they do not have longer FL and may have relatively shorter FL for their body size. A similar 

result was obtained in a study on the muscle architecture of the primate forearm (Leischner et al., this 

issue). The results may suggest that larger primates have more need for larger and stronger muscles 

than faster-moving muscles for both the forearm and the leg—particularly in the leg, where more 

numerous shorter fascicles would allow for higher force generation. Previous studies have consistently 

found the same relationship for masticatory muscles (Perry and Hartstone-Rose, 2010; Hartstone-Rose 

et al., 2012, 2015). It was proposed that the isometry of FL may not be a consequence of the fact that 

stretch/speed ability of muscles scales directly with body size, but rather because FL tends to be where 

a stronger functional signal is found – thus, there is more scatter around the line based on function, 

reducing the strength of the correlation which increases the confidence intervals of the slope, reducing 

the likelihood of statistical significance beyond 

 
isometry. In other words, the variation of FL in masticatory muscles between species could 
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caused by differences in diet (e.g. frugivory and folivory) or locomotion pattern and substrate 

use, which would reduce any allometric signal to isometry. 

 
Analyses of the residuals grouped by suborder suggest that strepsirrhines have significantly 

higher evertor PCSA and RPCSA than platyrrhines, and that they also have significantly larger 

 
(MM) and faster (FL) leg evertor muscles than catarrhines. A possible explanation for the first finding 

could lie in the different morphology of the ankle joint in strepsirrhines and platyrrhines — foot 

orientation after landing on a vertical support may differ between the suborders and, in turn, place 

different demands on the leg muscles. Interestingly, the finding that strepsirrhines would have 

relatively larger and faster evertors than catarrhines challenges our results obtained on masticatory 

muscle architecture, i.e. that a muscle would lean towards either greater strength or speed depending 

on the behavior of the animal it belonged to. As there are only six strepsirrhines in our sample, 

however, a larger number would be beneficial for further evaluation—there is a notable lack of 

overlap in the body sizes of primates in each taxonomical category analyzed here (i.e. strepsirrhines, 

platyrrhines and catarrhines), and a larger sample could help to address this issue. 

 
Contrary to our expectations (i.e. Hypothesis 1) we did not find any consistent significant 

difference between the leg muscle architecture of prevalently arboreal and prevalently terrestrial 

primates. A closer look at the data, however, presents a pattern that partially agrees with our 

expectations; FL of dorsiflexors are nearly significantly longer in arboreal than in terrestrial primates 

and we observe a pattern of relatively longer FL for digital extensors and invertors of arboreal 

primates, suggesting that arboreal primates require faster dorsiflexion and inversion of the foot and 

extension of the toe than terrestrial primates. Arboreal primates are characterized by more agile 

locomotion when compared to terrestrial primates implying rapid movements through the trees, for 

which having longer FL in the limbs may be advantageous. Furthermore, in our sample almost half of 

the arboreal primates are involved in frequent leaping; therefore, speed and lightness of the leg 

muscles may constitute an advantage for their locomotion. Arboreal primates are also 
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involved in greater range of motion of the hind limb segments and that could also select for 

longer FL in those primates. 

 

One possible explanation for the lack of significance in these results may lie in the breadth of 

the two substrate categories included in this study. As previously pointed out, almost all primates 

have an arboreal component in their substrate use habits, though the percentage is highly variable 

between species and environments where different populations of a species may live (Gebo and 

Sargis, 1994; Gebo, 1987; Cant, 1992; McGrew, 1998, 2000; Stevens, 2008; Fleagle, 2013). For 

example, it is recognized that the degree of arboreality among the species included within the 

guenon group is highly variable. Cercopithecus campbelli is reported as a frequent user of the 

terrestrial environment, though not being habitually committed to life on the ground (Gebo and 

Sargis, 1994; McGrew, 2000). On the other hand, C. petaurista is reported as prevalently arboreal 

(Gautier-Hion, 1988; McGraw, 2000; Jaffe and Isbell, 2011). The purpose of this study was to 

provide a first analysis of leg muscle architecture and investigate its possible association with 

behavioral observations concerning substrate use. Given the exploratory nature of this study, we 

deemed it sufficient to categorize the species included into two broad categories (i.e. arboreal and 

terrestrial). The results seem to indicate that a weak leg muscle architecture signal is present, 

though not at the significant level. 

 
Interestingly, the comparison of muscle architecture among different locomotor groups did not 

produce any significant results. Thus, we found no support for Hypotheses 2. As we have explained 

above, primates are a very eclectic group of mammal when it comes to locomotion. The locomotory 

classification used here is very broad and there is overlap among different species included in 

different categories which may in part be responsible for the lack of significant results of this study. 

Moreover, only two species (Gorilla gorilla and Ateles paniscus) were included in the suspensory 

category (see Table 1) which may play a role in the lack of significance in the results. 

Hypothesis 3 is partially validated by our results. Though plantarflexor muscles do not show 

 

significantly larger belly-MTU length ratio in quadrupedal leapers as hypothesized, results show a 
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clear pattern in that direction. Therefore, tendons comprised the lowest portion of the muscle-tendon 

unit in primates that include a considerable amount of leaping in their habitual locomotor behavior. As 

explained above, only rarely the problem of tendon storage function has been addressed in primates 

(Aerts, 1998). However, it appears that energy is stored in the internal connective tissue sheets and 

attachment structure of the vastus medialis of Galago which is released in the last phase of the 

extension of the muscle to amplify the mechanical power of the jump. We suggest that the same 

mechanism may be present in the plantarflexor muscles of the leg. 

 
Our results also show smaller relative tendon length in the plantarflexors of suspensory 

primates than in the other locomotor groups. In a previous study, Payne et al. (2006) found that 

muscle fibers comprised a greater proportion of the MTU in great apes than in gibbons and 

explained the results as a consequence of their particular arboreal locomotion, i.e. brachiation. 

The suspensory group included in our study is comprised by only two species: G. gorilla and A. 

paniscus. Though the sample is very small, and therefore any consideration must be tentative, the 

two species are very close in every functional comparison. Our results for G. gorilla are in 

agreement with Payne et al.’s (2006) results. Ateles paniscus is an arboreal, suspensory primate 

whose anatomy resembles apes and which is usually broadly classified as semi-brachiator 

(Youlatus and Meldrum, 2011; Fleagle, 2013). Therefore, we may expect some similarities with 

gibbons in their muscle belly-MTU length ratio. However, A. paniscus locomotion differs from 

that of gibbons in many aspects: A. paniscus mainly moves between small branches, leaping 

behavior does not occupy a large percentage of its locomotion repertoire, and it is involved in tail-

assisted brachiation (Jones, 2008; Youlatus and Meldrum, 2011). All the above mentioned 

differences may be responsible for the differences in the muscle belly-MTU proportions found 

here compared to what Payne et al., (2006) found in gibbons. Further studies on the kinetics and 

kinematics of atelids are necessary to clarify the reason for the results found in the present study. 

 
The main limitation of this study is the small sample size of some of the categories included 

 

in the analysis. For example, only four species constitute the terrestrial group in the 
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among substrate use, and only two species constitute the suspensory group in the comparison among 

locomotion repertoires and substrate use (Table 1). Another limitation, as we have noted above, is the 

breadth of the categories included in the study. Primates are characterized by their lack of 

specialization. Therefore, the degree of terrestrial locomotion and especially the locomotor repertoires 

are highly variable among species even at the genus level. Our results show some patterns that move 

into the direction of proving the hypotheses formulated though significance is not reached in as many 

cases as we would have liked. In future studies, it would therefore be highly advantageous to include 

more species for each locomotor and substrate use category analyzed and to provide more fine-

grained definitions of both locomotor repertoires and substrate use of the species included in order to 

test the results obtained by this study. Studies on the mechanical function of tendons in leg muscles in 

leaping primates are also needed in order to test our suggestion that the tendon storage function found 

for the vastus medialis of Galago is also present in the plantarflexor muscles. Finally, the kinetics and 

kinematics of atelids (and other suspensory primates) need to be further investigated to clarify why the 

muscle belly-MTU proportions found in this study for atelids (i.e. semi-brachiators) are different from 

those found in other studies for true brachiators (i.e. gibbons). However, we believe that this 

preliminary study represents the most in-depth analysis of leg muscle fiber architecture of a relatively 

broad sample across the primate order and it is a clear step toward understanding the functional 

significance of this morphology. 

 

 

CONCLUSIONS 

 

In this study we provided muscle architectural information for a sample of primates made up 

by 33 species including strepsirrhines, platyrrhines and catarrhines. To the extent possible based on 

this large and yet constrained sample, we interpreted the results in the context of phylogeny, 

locomotion and substrate use. In agreement with other studies conducted on muscle architecture, our 

results show that larger primates have larger and stronger leg muscles, and a tendency toward 
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shorter fascicles, than those of smaller primates. This suggests that larger primates have more 

need for stronger muscles than faster-moving muscles for the leg. Moreover: 

 

1. strepsirrhines have relatively higher evertor PCSA and RPCSA than platyrrhines, 

and relatively higher MM and FL than catarrhines; 

 
2. dorsiflexor, digital extensor, and invertor FL show a pattern of higher values (though not 

significant) in arboreal primates than in terrestrial primates, but there are no trends or 

statistical evidence suggesting that locomotor category (quadrupedal, quadrupedal leapers 

and suspensory) is reflected in primate leg muscle architecture based on our sample; 

 
3. plantarflexors show larger belly-MTU length ratio in quadrupedal leapers than in the 

other categories and in arboreal than in terrestrial primates, indicating a possible energy 

storage function of longer tendons depending on substrate and locomotion. 

 
While previous structural studies of the leg bones found clear relationships between 

locomotor patterns and bone structure, the results of the present myological study show the 

complex relationship between leg bone biomechanics and muscle architecture—and the need 

for further studies on this topic. 

 

 

ACKNOWLEDGEMENTS 

 

The authors would like to thank Magdalena Muchlinski, Andrea Mikes, Alicia Grant, Holden 

Hemingway, Heidi Vollrath. They also thank the associate editor and two anonymous reviewers 

for the helpful suggestions provided that helped improving the manuscript. This study was 

funded, in part, by the National Science Foundation (IOS-15-57125 and BCS-14-40599). 

 
 
 
 
 
 
 
 
 
 
 

 

20 



Page 21 of 39 
 
 
 

 

REFERENCES 
 

Aerts P. 1998. Vertical jumping in Galago senegalensis: the quest for a hidden power amplifier. 

 

Phil Trans R Soc Lond 353:1607–1620. 

 

Alexander RM. 1991. Elastic mechanisms in primate locomotion. Z Morph Anthropol 78:315–320. 

Anandam MV, Bennett EL, Davenport TRB, Davies NJ, Detwiler KM, Engelhardt A, Eudey AA, 

 

Gadsby EL, Groves CP, Healy A, Karanth KP, Molur S, Nadler T, Richardson MC, Riley 

EP, Roos C, Rylands AB, Sheeran LK, Ting N, Wallis J, Waters SS, Whittaker DJ, Zinner 

D. 2013. Species accounts of Cercopithecidae. In: Mittermeier RA, Rylands AB, Wilson 

DE, editors, The handbook of the mammals of the world. Barcelona: Lynx Edicions. p 

628-753. 

 
Anapol F, Barry K. 1996. Fiber architecture of the extensors of the hindlimb in semiterrestrial 

and arboreal guenons. Am J Phys Anthropol 99:429-447. 

 
Ansorge V, Hammerschmidt K, Todt D. 1992. Communal roosting and formation of sleeping 

 

clusters in Barbary macaques (Macaca sylvanus). Am J Primatol 28:271–280. 

 

Arms A, Voges D, Fischer MS, Preuschoft H. 2002. Arboreal locomotion in small New- 

World monkeys. Z Morph Anthrop 83:243-263. 

 
Brinckmann P, Frobin W, Leivseth G. 2002. Musculoskeletal biomechanics. New York: Thieme. 

Burr DB, Ruff CB, Johnson C. 1989. Structural adaptations of the femur and humerus to arboreal 

 
and terrestrial environments in three species of macaque. Am J Phys Anthropol 79:357-367. 

Cant JGH, 1992. Positional behavior and body size of arboreal primates: A theoretical framework 

 
for field studies and an illustration of its application. Am J Phys Anthropol 88:273-283. 

Carlson KJ, Demes B, Franz TM. 2005. Mediolateral forces associated with quadrupedal gait of 

 
lemurids. J Zool Lond 266:261–273. 

 

Cartmill M. 1992. New views on primate origins. Evol Anthropol 1:105-111. 

 

Dagosto M, Yamashita N. 1998. Effect of habitat structure on positional behavior and support use 

 

in three species of lemur. Primates 39:459-472. 
 

21 



Page 22 of 39 
 
 
 

 

Demes B, Fleagle JG, Jungers WL. 1999. Takeoff and landing forces of leaping 

strepsirhine primates. J Hum Evol 37:279-292. 

 

Demes B, Fleagle JG, Lemelin, P. 1998. Myological correlates of prosimian leaping. J Hum 

Evol 34:385-399. 

 

Demes B, Jungers WL. 1993. Long bone cross-sectional dimensions, locomotor adaptations 

and body size in prosimian primates. J Hum Evol 25:57-74. 

 

DeSilva JM. 2009. Functional morphology of the ankle and the likelihood of climbing in 

early hominins. Proc Natl Acad Sci 106:6567-6572. 

 

Digby LJ, Barreto CE. 1996. Activity and ranging patterns in common marmosets 

(Callithrix jacchus). In: Norconk MA, Rosenberger AL, Garber PA, editors. 

Adaptive radiation of neotropical primates. New York: Plenum Press. p 173–185. 

 
Dodson DL, Stafford D, Forsythe C, Selzer CP, Ward JP. 1992. Lateralilty in quadrupedal and 

bipedal prosimians: reach and whole-body turn in the Mouse Lemur (Microcebus 

murinus) and the Galago (Galago moholi). Am J Primatol 26:191-202. 

 

Doran DM. 1997. Ontogeny of locomotion in mountain gorillas and chimpanzees. J Hum 

Evol 32:323-344. 

 

Fleagle JG. 2013. Primate adaptation & evolution. 3
rd

 edition. New York: Academic Press. 

 

Fleagle JG, McGraw WS. 2002. Skeletal and dental morphology of African papionins: 

unmasking a cryptic clade. J Hum Evol 42:267-292. 

 

Fleagle JG, Meldrum DJ, Locomotor behavior and skeletal morphology of two sympatric 

Pitheciine monkeys, Pithecia pithecia and Chiropotes satanas. Am J Primatol 16:227-249. 

 

Fleagle JG, Mittermeier RA. 1980. Locomotor behavior, body size, and comparative ecology 

of seven Surinam monkeys. Am J Phys Anthropol 52:301-314. 

 

Fleagle JG, Mittermeier RA, Skopec AL. 1981. Differential habitat use by Cebus apella and 

Saimiri sciureus in central Surinam. Primates 22:361-367. 

 
Ford SM. 1988. Postcranial adaptations of the earliest platyrrhine. J Hum Evol 17:155–192. 

 
22 



Page 23 of 39 
 
 
 

 

Friederich JA, Brand RA. 1990. Muscle fascicle architecture in the human lower limb. J 

Biomech 23:91–95. 

 

Fukunaga T, Roy RR, Shellock FG, Hodgson JA, Day MK, Lee PL, Kwong-Fu H, Edgerton VR. 

1992. Physiological cross-sectional area of human leg muscles based on magnetic 

resonance imaging. J Orthop Res 10:926–934. 

 

Garber PA. 1980. Locomotor behavior and feeding ecology of the Panamanian tamarin 

(Saguinus oedipus geoffroyi, Callitrichidae, Primates). Int J Primatol 1:185-201. 

 

Garber PA. 1992. Vertical clinging, small body size, and the evolution of feeding adaptations in 

the Callitrichinae. Am J Phys Anthropol 88:469-482. 

 

Gautier-Hion A. 1988. Polyspecific associations among forest guenons: ecological, behavioral 

and evolutionary aspects. In: Gautier-Hion A, Bourlière P, Gautier J-P, Kingdon J, 

editors, A primate radiation: evolutionary biology of the African guenons. Cambridge: 

Cambridge University Press. p 452-476. 

 
Gebo DL. 1987. Locomotor diversity in prosimian primates. Am J primatol 13:271-281. Gebo 

DL, Sargis EJ. 1994. Terrestrial adaptations in the postcranial skeleton of guenons. Am J 

 
Phys Anthropol 93:341-371. 

 

Glassman DM. 1983. Functional implications of skeletal diversity in two South American tamarins. 

 

Am J Physic Anthropol 61:291-298. 

 

Hammer O, Harper DAT, Ryan PD. 2001. PAST: Paleontological Statistics Software 

Package for education and data analysis. Palaeont Electr 4:1-92. 

 
Hammerschmidt K, Ansorge V, Fischer J, Todt D., 1994. Dusk calling in Barbary macaques 

(Macaca sylvanus): Demand for social shelter. Am J Primatol 32:277–289. 

 

Hartstone-Rose A, Parkinson JA, Criste T, Perry JMG. 2015. Comparing apples and oranges: 

the influence of food mechanical properties on ingestive bite sizes in lemurs. Am J 

Phys Anthropol 157:513-518. 

 

23 



Page 24 of 39 
 
 
 

 

Hartstone-Rose A, Perry JM. 2011. Intraspecific variation in maximum ingested food size and body 

mass in Varecia rubra and Propithecus coquereli. Anatomy research international 2011:1-8. 

 

Hartstone-Rose A, Perry JM, Morrow CJ. 2012. Bite force estimation and the fiber architecture 

of felid masticatory muscles. Anat Rec 295:1336-1351. 

 

Hunt KD, Cant JGH, Gebo DL, Rose MD, Walker SE, Youlatos D. 1996. Standardized 

descriptions of primate locomotor and postural modes. Primates 37:363-387. 

 
Jaffe KE, Isbell LA. 2011. The guenons: polyspecific associations in socioecological perspective. 

 

In: Campbell C, Fuentes A, MacKinnon K, Bearder S, Stumpf R, editors. Primates in 
 

perspective, 2
nd

 ed. New York: Oxford University Press. p 277-299. 

 

Janson CH, Boinski S. 1992. Morphological and behavioral adaptations for foraging 

in generalist primates: The case of the cebines. Am J Phys Anthropol 88:483-498. 

 

Jones AL. 2008. The evolution of brachiation in atelid primates, ancestral character states 

and history. Am J Phys Anthropol 137:123–144. 

 

Jones C, Sabater PI J. 1968. Comparative ecology of Cercocebus albigena (gray) and 

Cercocebus torquatus (kerr) in Riu Muni, West Africa. Folia primatol 9:99-113. 

 

Kikuchi Y, Hamada Y. 2009. Geometric characters of the radius and tibia in Macaca 

mulatta and Macaca fascicularis. Primates 50:169-183. 

 

Kimura T. 2002. Primate limb bones and locomotor types in arboreal or terrestrial environments. 

Z Morphol Anthropol 83:201-219. 

 

Kinzey WG, Rosenberger AL, Ramirez M. 1975. Vertical clinging and leaping in a 

neotropical anthropoid. Nature 255:327–328. 

 
Langdon JH. 1990. Variations in cruropedal musculature. Int J Primatol 11:575–606. Leischner 

CL, Crouch M, Allen KL, Marchi D, Pastor F, Hartstone-Rose A. 2017. Scaling of 

 
primate forearm muscle architecture as it relates to locomotion, posture, 

and phylogeny. Anat Rec, this issue. 

 

Lemelin P. 1999. Morphological correlates of substrate use in didelphid marsupials: 

implications 24 



Page 25 of 39 
 
 
 

 

for primate origins. J Zool 247:165-175. 

 

Marchi D. 2005. Cross-sectional geometry of the hand and foot bones of Hominoidea and 

its relationships with locomotor behavior. J Hum Evol 49:743-761. 

 

Marchi D. 2007. Relative strength of the tibia and fibula and locomotor behavior in 

hominoids. J Hum Evol 53:647-655. 

 

Marchi D. 2015a. Using the morphology of the hominoid distal fibula to interpret arboreality 

in Australopithecus afarensis. J Hum Evol 85, 136–148. 

 

Marchi D. 2015b. Variation in tibia and fibula diaphyseal strength and its relationship with 

arboreal and terrestrial locomotion: extending the investigation to non-hominoid primates. 

J Anthropol Sci 93:1-4. 

 
Marchi D, Borgognini-Tarli SM. 2004. Cross-sectional geometry of the limb bones of the 

Hominoidea by biplanar radiography and moulding techniques. J Anthropol Sci 82:89-102. 

 

Marchi D, Ruff CB, Capobianco A, Rafferty KL, Habib MB, Patel BA. 2016. The locomotion 

of Babakotia radofilai inferred from epiphyseal and diaphyseal morphology of the 

humerus and femur. J Morphol 277:1199-1218. 

 
Marchi D, Shaw CN. 2011. Variation in fibular robusticity reflects variation in mobility patterns. 

 

J Hum Evol 61:609-616. 

 

Maughan R, Watson J, Weir J. 1983. Strength and cross-sectional area of human skeletal muscle. 
 

J Physiol 338:37-49. 

 

McGraw WS. 1998. Comparative locomotion and habitat use of six monkeys in the Taï 

Forest, Ivory Coast. Am J Phys Anthropol 105:493–510. 

 

McGraw, W. S., 2000. Positional behavior of Cercopithecus petaurista. Int J Primatol 21:157–

182. McGraw WC, Bshary R. 2002. Association of terrestrial mangabeys (Cercocebus atys) with 

 

arboreal monkeys: experimental evidence for the effects of reduced ground 

predator pressure on habitat use. Int J Primatol 23:311-325. 

 

Meldrum JD. 1991. Kinematics of the cercopithecine foot on arboreal and terrestrial substrates 

with 25 



Page 26 of 39 
 
 
 

 

implications for the interpretation of hominid adaptations. Am J Phys Anthropol 

84:273-289. 

 

Meldrum JD. 1998. Tail-assisted hind limb suspension as a transitional behavior in the evolution 

of the Platyrrhine prehensile tail. In: Strasser E, Fleagle J, Rosenberger A, McHenry H, 

editors. Primate locomotion: recent advances. New York: Plenum Press. p 145-156. 

 
Mittermeier RA, Fleagle JG. 1976. The locomotor and postural repertoires of Ateles geoffroyi 

and Colobus guereza, and a reevaluation of the locomotor category semibrachiation. Am 

J Phys Anthropol 45:235-255. 

 

Morbeck ME. 1977. Positional behavior, selective use of habitat substrate and associated 

non-positional behavior in free-rangingColobus guereza (Rüppel, 1835). Primates 18:35-58. 

 

Murphy R, Beardsley A. 1974. Mechanical properties of the cat soleus muscle in situ. Am J 

Physiol 227:1008-1013. 

 

Nakatsukasa, M. 1996. Locomotor differentiation and different skeletal morphologies 

in mangabeys (Lophocebus and Cercocebus). Folia Primatol 66:15-24. 

 

Napier JR, Walker AC. 1967. Vertical clinging and leaping: a newly recognized category of 

primate locomotion. Folia Primatol 6:204-219. 

 

Narici MV, Landoni L, Minetti AE. 1992. Assessment of human knee extensor muscle stress 

from in vivo physiological cross-sectional area and strength measurements. Eur J Appl 

Physiol 65:438–444. 

 

Orr CM. 2016. Locomotor hand postures, carpal kinematics during wrist extension, and 

associated morphology in anthropoid primates. Anat Rec 300:382-401. 

 
Oxnard CE, Crompton RH, Lieberman SS. 1990. Animal lifestyles and anatomies: The case of the 

 

prosimian primates. Seattle: University of Washington Press. 

 

Payne RC, Crompton RH, Isler K, Savage R, Vereecke EE, Günther MM, Thorpe SKS, D’Août 

K. 2006. Morphological analysis of the hindlimb in apes and humans. I. Muscle 

architecture. J Anat 208:709-724. 

26 



Page 27 of 39 
 
 
 

 

Perry JM, Hartstone-Rose A. 2010. Maximum ingested food size in captive strepsirrhine primates: 

 

scaling and the effects of diet. Am J Phys Anthropol 142:625-635. 

 

Perry JMG, Hartstone-Rose A, Wall CE. 2011. The jaw adductors of strepsirrhines in relation 

to body size, diet, and ingested food size. Anat Rec 294:712-728. 

 

Polk JD, Williams SA, Peterson JV, Roseman CC, Godfrey LR. 2010. Subchondral bone 

apparent density and locomotor behavior in extant primates and subfossil lemurs 

Hadropithecus and Pachylemur. Int J Primatol 31:275-299. 

 

Prost JH. 1965. A definitional system for the classification of primate locomotion. Am 

Anthropol 67: 1198-1214. 

 
Rauwerdink GP. 1993. Muscle fibre and tendon lengths in primate extremities. In: Preuschoft H, 

 

Chivers DJ, editors. Hands of primates. New York: Springer-Verlag. p 207-223. 

 

Rayne J, and Crawford GNC. 1972. The relationship between fibre length, muscle excursion 

and jaw movement in the rat. Archives of Oral Biology 17:859-872. 

 

Remis M. 1995. Effects of body size and social context on the arboreal activities of lowland 

gorillas in the Central African Republic. Am J Phys Anthropol 97:413-433. 

 

Rogers ME, Abernathy KA, Fontaine B, Wickings EJ, White LJ, Tutin CEG. 1996. Ten days in 

the life of a mandrill horde in the Lope Reserve, Gabon. Am J Primatol 40:297-313. 

 

Rose MD. 1979. Positional behavior of natural populations: Some quantitative results of a field 

study of Colobus guereza and Cercopithecus aethiops. In: Morbeck ME, Preuschoft H, 

Gomberg N, editors. Environment, behavior, and morphology. New York: Gustav 

Fischer. p 75-94. 

 
Rose MD. 1993. Functional anatomy of the elbow and forearm in primates. In: Gebo DL, editor. 

 

Postcranial Adaptation in Nonhuman Primates. DeKalb: Northern Illinois University Press. 

 

p 70-95. 

 

Ruff CB. 1988. Hindlimb articular surface allometry in Hominoidea and Macaca, with comparisons 

 

to diaphyseal scaling. J Hum Evol 17:687-714. 
 

27 



Page 28 of 39 
 
 
 

 

Ruff CB. 2002. Long bone articular and diaphyseal structure in Old World monkeys and apes. I: 

 

locomotor effects. Am J Phys Anthropol 119:305-342. 

 

Runestad JA. 1997. Postcranial adaptations for climbing in Lorisidae (Primates). J Zool 

Lond 242:261-290. 

 

Schaffler MB, Burr DB, Jungers WL, Ruff CB. 1985. Structural and mechanical indicators of 

limb specialization in primates. Folia Primatol 45:61-75. 

 
Schmitt D. 2003a. Mediolateral reaction forces and forelimb anatomy in quadrupedal primates: 

 

implications for interpreting locomotor behaviour in fossil primates. J Hum Evol 44:47-58. 

 

Schmitt D. 2003b. Evolutionary implications of the unusual walking mechanics of the 

common marmoset (C. jacchus). Am J Phys Anthropol 122:28-37. 

 

Shapiro LJ. 2007. Morphological and functional differentiation in the lumbar spine of lorisids 

and galagids. Am J Phys Anthropol 69:86-102. 

 

Snowdon C, Soini P. 1988. The tamarins, genus Saguinus. In: Mittermeier R, Rylands AB, 

Coimbra-Fihlo A, Fonseca GAB, editors. Ecology and behavior of neotropical 

primates, Vol. 2. Washington: World Wildlife Fund Press. p 223-298. 

 

Stern JT. 1971. Functional myology of the hip and thigh of cebid monkeys and its implications 

for the evolution of erect posture. New York: S. Karger Basel. 

 

Stevens NJ. 2008. The effect of branch diameter on primate gait sequence pattern. Am J 

Primatol 70:356-362. 

 

Stevenson MF, Rylands AB. 1988. The marmosets, genus Callithrix. In: Mittermeier 

RA, Coimbra-Filho AF, da Fonseca GAB, editors. Ecology and behavior of 

neotropical primates. Washington: World Wildlife Fund Press. p 131–222. 

 
Strasser E, Fleagle J, Rosenmerger A, McHenry H. 1998. Primate locomotion. Recent advances. 

 

New York: Plenum press. 

 

Taylor A. 1994. Effects of ontogeny and sexual dimorphism on scapula morphology in the 
 

mountain gorilla (Gorilla gorilla beringei). Am J Phys Anthropol 98:431–446. 
 

28 



Page 29 of 39 
 
 
 

 

Thorington RW Jr. 1967. Feeding and activity of Cebus and Saimiri in a Colombian forest. In: 

 

Starck D, Schneider R, Kuhn HJ, editors. Stuttgart: Gustav Fisher. p 180-184. 

 

Veracini C. 2009. Habitat use and ranging behavior of the silvery marmoset (Mico argentata) at 

Caxiuanã National Forest (eastern Brazilian Amazonia). In: Ford SM, Davis LC, Porter 

LM, editors. The smallest anthropoids: the marmoset/callimico radiation. New York: 

Springer. p 221-240. 

 

Vereecke EE, D’Aout K, Payne R, Aerts P. 2005. Functional analysis of the foot and 

ankle myology of gibbons and bonobos. J Anat 206:453–476. 

 

Ward SC, Sussman RW. 1979. Correlates between locomotor anatomy and behavior in 

two sympatric species of Lemur. Am J Phys Anthropol 50:575-590. 

 
Wright KA. 2007. The relationship between locomotor behavior and limb morphology in brown 

(Cebus apella) and weeper (Cebus olivaceus) capuchins. Am J Primatol 69:736-756. 

 
Wright PC. 1989. The nocturnal primate niche in the New World. J Hum Evol 18:635–658. Youlatos 

D. 1999. Positional behavior of Cebuella pygmaea in Yasuni. Primates 40:543-550. Youlatos D., 

Meldrum J. 2011. Locomotor diversification in New World monkeys: running, climbing, or clawing 

along evolutionary branches. Anat Rec 294:1991-2012. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

29 



Page 30 of 39 
 
 
 

 

Figure legends 

 

Fig. 1 – In figure a drawing of tibialis anterior of a Cebus apella is shown. The proximal insertion 

of the muscle is on the right. The figure shows how total muscle unit length and muscle belly 

length were taken. 
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Table 1 - Body mass, locomotor category and substrate of the species included in this study 

 

Species Family
a 

Body Size (g)
b 

Locomotor Category
c 

Substrate
c 

     

Eulemur fulvus albifrons Lemuridae 1810
* 

Quadrupedal Arboreal 

Eulemur macaco Lemuridae 1730 Quadrupedal Arboreal 

Lemur catta Lemuridae 2210 Quadrupedal Terrestrial 

Microcebus murinus Cheirogaleidae 72 Quadrupedal Arboreal 

Galago senegalensis Galagidae 213
* 

Quad-Leaper Arboreal 

Otolemur crassicaudatus Galagidae 1150 Quadrupedal Arboreal 

Aotus nancymaae Aotinae 874 Quadrupedal Arboreal 

Aotus azarae Ceboidea 1190 Quadrupedal Arboreal 

Callithrix jacchus Cebidae 320 Quad-Leaper Arboreal 

Callithrix geoffroyi Cebidae 359 Quad-Leaper Arboreal 

Mico argentata Cebidae 300 Quad-Leaper Arboreal 

Cebuella pygmea Cebidae 116 Quad-Leaper Arboreal 

Saguinus labiatus Cebidae 539 Quad-Leaper Arboreal 

Saguinus oedipus Cebidae 404 Quad-Leaper Arboreal 

Saguinus imperator Cebidae 682 Quad-Leaper Arboreal 

Saguinus midas Cebidae 515 Quad-Leaper Arboreal 

Saimiri sciureus Cebidae 723
* 

Quadrupedal Arboreal 

Sapajus apella Cebidae 3085
* 

Quadrupedal Arboreal 

Ateles fusciceps Atelidae 8890 Suspensory Arboreal 

Macaca sylvanus Cercopithecidae 8900 Quadrupedal Arboreal 

Cercocebus atys Cercopithecidae 12100 Quadrupedal Arboreal 

Cercocebus torquatus Cercopithecidae 6230 Quadrupedal Arboreal 

Cercopithecus hamlyni Cercopithecidae 3360 Quadrupedal Arboreal 

Cercopithecus cephus Cercopithecidae 4290 Quadrupedal Arboreal 

Cercopithecus mona Cercopithecidae 5100
d 

Quadrupedal Arboreal 

Cercopithecus neglectus Cercopithecidae 10635 Quadrupedal Arboreal 

Cercopithecus petaurista Cercopithecidae 2900 Quadrupedal Arboreal 

Cercopithecus campbelli Cercopithecidae 1505 Quadrupedal Arboreal 
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Chlorocebus aethiops Cercopithecidae 3620
* 

Quadrupedal Terrestrial 

Miopithecus talapoin Cercopithecidae 1380 Quadrupedal Arboreal 

Mandrillus sphinx Cercopithecidae 6900 Quadrupedal Terrestrial 

Colobus guereza Cercopithecidae 6730 Quadrupedal Arboreal 

Gorilla gorilla Hominidae 120950 Suspensory Terrestrial 

     
a
 Fleagle, 2013.     

 
b Fleagle, 2013 except as noted. Average mass for sex if sex was known. Average for species if sex was 

unknown (annotated ”
*
”).

 

 
c Data compiled from: Napier and Walker, 1967; Thorington, 1967; Jones and Sabater, 1968; Kinzey et al., 1975; 

Mittermeier and Fleagle, 1976; Morbeck, 1977; Rose, 1979; Ward and Sussman, 1979; Fleagle and Mittermeier, 1980; 

Garber, 1980; Fleagle et al., 1981; Gebo, 1987; Ford, 1988; Gautier-Hion, 1988; Snowdown and Soini, 1988; 

Stevenson and Rylands, 1988; Wright, 1989; Oxnard et al., 1990; Ansorge et al., 1992; Dodson et al., 1992; Garber 

1992; Janson and Boinski, 1992; Gebo and Sargis, 1994; Hammerschmidt et al., 1994; Taylor, 1994; Remis, 1995; 

Digby and Barreto, 1996; Nakatsukasa, 1996; Rogers et al., 1996; Doran, 1997; Meldrum, 1998; Dagosto and 

Yamashita, 1998; McGraw, 1998; Youlatos, 1999; McGrew, 2000; Arms et al., 2002; Fleagle and McGraw, 2002; 

McGraw and Bshary, 2002; Schmitt, 2003b; Shapiro, 2007; Wright, 2007; Veracini, 2009; Polk et al., 2010; Jaffe and 

Isbell, 2011; Youlatus and Meldrum, 2011; Fleagle, 2013.
 

d Anandam et al., 2013.
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Table 2: Descriptive statistics for analyses of muscle architecture variables.  
 
 

     Lower β Upper β 

 Y-variable Slope (β) ^b Y-intercept r
2 

CL CL 

  Log Fiber Length (mm)   
       

 Total 0.91 0.26 0.85 0.77 1.07 

 Plantar Flexors 0.90 0.23 0.85 0.76 1.06 

 Dorsiflexors 0.96 0.33 0.77 0.78 1.19 

 Digital Flexors 0.90 0.22 0.77 0.73 1.11 

 Digital Extensors 1.02 0.21 0.74 0.81 1.29 

 Evertors 0.90 0.20 0.71 0.70 1.16 

 Invertors 1.09 0.12 0.55 0.76 1.57 

  Log Muscle Mass (g) ^1/3   
       

 Total 1.05 -0.67 0.92 0.94 1.17 

 Plantar Flexors 1.06 -0.72 0.92 0.95 1.19 

 Dorsiflexors 1.02 -0.86 0.92 0.91 1.14 

 Digital Flexors 1.11 -0.99 0.92 0.98 1.25 

 Digital Extensors 1.03 -1.00 0.85 0.87 1.23 

 Evertors 1.05 -0.99 0.83 0.88 1.26 

 Invertors 1.11 -1.00 0.92 0.99 1.26 

   Log PCSA
a
 ^1/2   

 Total 1.38 -0.95 0.74 1.10 1.74 

 Plantar Flexors 1.43 -1.05 0.72 1.12 1.83 

 Dorsiflexors 1.26 -1.22 0.77 1.26 1.03 

 Digital Flexors 1.51 -1.47 0.74 1.20 1.90 

 Digital Extensors 1.24 -1.34 0.67 0.93 1.64 

 Evertors 1.48 -1.53 0.61 1.07 2.05 

 Invertors 1.50 -1.50 0.77 1.21 1.85 

   Log RPCSA
b
 ^1/2   

 Total 1.12 -0.66 0.88 0.97 1.30 

 Plantar Flexors 1.14 -0.72 0.88 0.98 1.31 

 Dorsiflexors 1.11 -1.05 0.85 0.94 1.31 

 Digital Flexors 1.20 -1.12 0.86 1.03 1.41 

 Digital Extensors 1.15 -1.25 0.72 0.90 1.46 

 Evertors 1.18 -1.18 0.74 0.94 1.49 

 Invertors 1.24 -1.20 0.86 1.06 1.44 

* p ≤ 0.15;** p ≤ 0.05 
 

a PCSA = Physiological Cross-Sectional Area. See text for explanation.
 

 
b RPCSA = Reduced Physiological Cross-Sectional Area. See text for explanation.
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Table 3: Comparison of muscle groups among taxa.  
 

 

 Catarrhine
a 

Platyrrhine Strepsirrhine p-value
b 

 Log Fiber Length (mm)   

Total -0.01 0.00 0.03 0.14 

Plantar Flexors -0.02 0.01 0.03 0.11 

Dorsiflexors -0.02 0.00 0.04 0.14 

Digital Flexors -0.02S
c 

0.01 0.05C 0.03* 

Digital Extensors -0.02 0.01 0.04 0.17 

Evertors -0.03S 0.01 0.06C 0.03* 

Invertors -0.04 0.01 0.08 0.06 

 Log Muscle Mass (g) ^1/3  

Total 0.00 -0.01 0.02 0.37 

Plantar Flexors 0.00 -0.01 0.02 0.28 

Dorsiflexors 0.00 -0.01 0.00 0.77 

Digital Flexors -0.01 -0.01 0.02 0.40 

Digital Extensors 0.00 0.00 -0.02 0.70 

Evertors 0.00S -0.02S 0.07C,P 0.00* 

Invertors 0.00 -0.01 0.02 0.31 

  Log PCSA
d
^1/2   

Total 0.00 -0.02 0.05 0.38 

Plantar Flexors 0.00 -0.02 0.06 0.30 

Dorsiflexors 0.00 -0.01 0.01 0.95 

Digital Flexors -0.01 -0.02 0.06 0.32 

Digital Extensors -0.01 0.00 0.02 0.90 

Evertors -0.01 -0.04S 0.14P 0.02* 

Invertors 0.00 -0.02 0.05 0.37 

 Log RPCSA
e
^1/2   

Total 0.00 -0.01 0.01 0.60 

Plantar Flexors 0.00 -0.01 0.02 0.47 

Dorsiflexors 0.00 0.00 -0.01 0.89 

Digital Flexors -0.01 0.00 0.02 0.61 

Digital Extensors 0.00 0.01 -0.03 0.62 

Evertors 0.00 -0.03S 0.09P 0.01* 

Invertors 0.00 -0.01 0.01 0.81   
a Values in table are residuals of the regression of the muscle architecture variables against body mass taken as 

the distance from data points to the regression line when following a path perpendicular to the x-axis.
 

 
b One-way ANOVA results. * p < 0.05.

 

 
c Results of post hoc Tukey test for all groups. Capital letters indicate p < 0.05 significant level (C = Catarrhines, P 

= Platyrrhines, S = Strepsirhines); lower case letters indicate a 0.05 < p < 0.10 significant level (c = Catarrhines, p 

= Platyrrhines, s = Strepsirhines).
 

 
d PCSA = Physiological Cross-Sectional Area. See text for explanation.

 

 
e RPCSA = Reduced Physiological Cross-Sectional Area. See text for explanation.
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Table 4 – Comparison of muscle groups among substrate use.  
 

 Arboreal
a 

Terrestrial p-value
b 

 Log Fiber Length (mm)   

Total 0.00 -0.03 0.27  

Plantar Flexors 0.00 -0.02 0.48  

Dorsiflexors 0.01 -0.05 0.09°  

Digital Flexors 0.00 -0.03 0.29  

Digital Extensors 0.01 -0.05 0.15  

Evertors 0.00 -0.03 0.34  

Invertors 0.01 -0.08 0.12  

 Log Muscle Mass (g) ^1/3   

Total 0.00 0.00 0.91  

Plantar Flexors 0.00 0.00 0.83  

Dorsiflexors 0.00 0.00 0.94  

Digital Flexors 0.00 -0.01 0.69  

Digital Extensors 0.00 -0.02 0.56  

Evertors 0.00 -0.01 0.84  

Invertors 0.00 -0.01 0.65  

 Log PCSA
c
^1/2   

Total 0.00 -0.05 0.30  

Plantar Flexors 0.00 -0.06 0.30  

Dorsiflexors 0.00 -0.04 0.29  

Digital Flexors 0.00 -0.07 0.20  

Digital Extensors 0.01 -0.07 0.14  

Evertors 0.01 -0.07 0.27  

Invertors 0.00 -0.05 0.30  

 Log RPCSA
d
^1/2   

Total 0.00 -0.03 0.30  

Plantar Flexors 0.00 -0.03 0.28  

Dorsiflexors 0.00 -0.03 0.37  

Digital Flexors 0.00 -0.04 0.14  

Digital Extensors 0.01 -0.06 0.18  

Evertors 0.00 -0.04 0.34  

Invertors 0.00 -0.03 0.33    
a
 Values in table are residuals of the regression of the muscle architecture variables against body mass taken as 

the distance from data points to the regression line when following a path perpendicular to the x-axis.
 

 
b Results of t-test for the two groups. ° 0.05 < p < 0.10.

 

 
c PCSA = Physiological Cross-Sectional Area. See text for explanation.

 

 
d RPCSA = Reduced Physiological Cross-Sectional Area. See text for explanation.
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Table 5 – Comparison of muscle groups among locomotor modes.  
 

 Quadrupedal
a
   Quad-leaper Suspensory p-value

b 

  Log Fiber Length (mm)   

Total -0.00 0.00 -0.00 0.99 

Plantar Flexors -0.00 0.00 0.01 0.80 

Dorsiflexors -0.00 0.01 -0.02 0.79 

Digital Flexors -0.01 0.01 0.03 0.50 

Digital Extensors -0.00 0.01 -0.03 0.69 

Evertors -0.00 0.00 -0.00 0.95 

Invertors -0.01 0.02 -0.03 0.65 

  Log Muscle Mass (g) ^1/3   

Total 0.00 -0.01 -0.02 0.51 

Plantar Flexors 0.00 -0.01 -0.01 0.53 

Dorsiflexors 0.00 0.00 -0.03 0.28 

Digital Flexors 0.00 0.01 -0.03 0.38 

Digital Extensors 0.00 0.01 -0.05 0.21 

Evertors 0.01 -0.02 -0.00 0.57 

Invertors 0.00 -0.01 -0.01 0.66 

  Log PCSA
c
^1/2   

Total 0.01 -0.02 -0.05 0.51 

Plantar Flexors 0.01 -0.02 -0.05 0.48 

Dorsiflexors 0.00 0.01 -0.04 0.58 

Digital Flexors 0.01 -0.00 -0.08 0.32 

Digital Extensors 0.01 0.02 -0.09 0.20 

Evertors 0.02 -0.03 -0.06 0.49 

Invertors 0.01 -0.02 -0.04 0.58 

  Log RPCSA
d
^1/2   

Total 0.00 -0.00 -0.02 0.80 

Plantar Flexors 0.00 -0.01 -0.02 0.78 

Dorsiflexors -0.00 0.01 -0.03 0.52 

Digital Flexors -0.00 0.01 -0.05 0.27 

Digital Extensors -0.00 0.02 -0.07 0.17 

Evertors 0.01 -0.01 -0.03 0.65 

Invertors -0.00 0.00 -0.01 0.95   
a
 Values in table are residuals of the regression of the muscle architecture variables against body mass taken as 

the distance from data points to the regression line when following a path perpendicular to the x-axis.
 

 
b One-way Anova results. * p < 0.05.

 

 
c PCSA = Physiological Cross-Sectional Area. See text for explanation.

 

 
d RPCSA = Reduced Physiological Cross-Sectional Area. See text for explanation.
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Table 6 – Ratio of muscle belly length to total muscle tendon unit length  
 

  Suborder   Locomotion   Substrate
f 

 
 Strepsirrhine

a 
Platyrrhine Catarrhine Quadrupedal Quad-Leaper Suspensory Arboreal Terrestrial p-value 

GasM
b 

0,61
c 

0.68 0.67 0.63
e
S 0.66S 

0.91
Q-L,Q 0.65 0.75 0.07 

GasL 0,69 0.73 0.70 0.69S 0.72S 
1.00

Q-L,Q 0.70 0.78 0.22 
Plant 0.75 0.59 0.65 0.67 0.62 - 0.64 0.73 0.31 

Sol 0.83
d
C 0.86C 0.98P,S 0.95q-l 0.85q 1.00 0.91 0.95 0.52 

FHL 0.85 0.74 0.85 0.82 0.77 0.96 0.79 0.92 0.19 
FDL 0.83 0.81 0.88 0.87 0.78 1.00 0.84 0.87 0.77 

PB 0.86C 0.91 0.98S 0.95 0.88 1.00 0.92 0.95 0.63 

PL 0.63 0.73 0.78 0.76S 0.68S 
1.00

Q-L,Q 0.73 0.83 0.11 
TA 0.94 0.94 0.85 0.88 0.92 0.97 0.90 0.88 0.65 
EDL 0.93 0.93 0.95 0.94 0.93 0.99 0.93 0.98 0.41 

EHL 0.92 0.82 0.87 0.88 0.80 0.96 0.88 0.76 0.22 

TP 0.79 0.70 0.71 0.73 0.66 0.94 0.71 0.74 0.81 
PT - 0.97 1.00 1.00 0.97 - 0.99 1.00 0.74  
a Values in table are calculated as muscle belly length / total muscle tendon unit length.

 

b GasM: gastrocnemius medial belly; GasL: gastrocnemius lateral belly; Plant: plantaris; Sol: soleus; FHL: flexor hallucis longus; FDL: flexor digitorum longus; PB: peroneus
  

brevis; PL: peroneus longus; TA: tibialis anterior; EDL: extensor digitorum longus; EHL: extensor hallucis longus; TP: tibialis posterior; PT: peroneotibialis. 
c
 Ratios were calculated by dividing muscle belly length by total-muscle tendon unit. For those muscles crossing the tibiotalar joint, the tendons were uniformly cut at the level of  

the flexor and extensor retinacula. 
d
 Results of post hoc Tukey test for all suborder groups. Capital letters indicate p < 0.05 significant level (S = Strepsirrhine, P = Platyrrhine, C = Catarrhine); lower case letters  

indicate a 0.05 < p < 0.10 significant level (s = Strepsirrhine, p = Platyrrhine, c = Catarrhine).  

e
 Results of post hoc Tukey test for all locomotion groups. Capital letters indicate p < 0.05 significant level (Q = Quadrupedal, Q-L = Quadrupedal-Leaper, S = Suspensory); lower 

case letters indicate a 0.05 < p < 0.10 significant level (q = Quadrupedal, q-l = Quadrupedal-Leaper, s = Suspensory). For m. plantaris and m. peroneotibialis a t-test was 

used. 
f
 Results of t-test for substrate groups. 
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Table 7 – Ratio of muscle belly length to total muscle tendon unit length by functional groups  
 
  Taxon   Substrate   Locomotion  

 Strepsirrhine
a 

Platyrrhine Catarrhine Arboreal Terrestrial p-value
c 

Quadrupedal Quad-Leaper Suspensory 

Plantarflexors 0.76
b 

0.76 0.80 0.77 0.84 0.07° 0.78
d
S,q-l 

0.74
S,q-l 

0.97
Q-L, Q 

Dorsiflexors 0.92 0.91 0.90 0.91 0.88 0.50 0.91 0.88 0.97 
Digital flexors 0.84 0.78 0.86 0.82 0.90 0.30 0.84 0.77 0.98 
Digital 

0.92 0.89 0.91 0.91 0.87 0.50 0.92 0.85 0.97 
extensors           
a Values in table are calculated as muscle belly length / total muscle tendon unit length.

 

 
b Results of post hoc Tukey test for all suborder groups. Capital letters indicate p < 0.05 significant level (S = Strepsirrhine, P = Platyrrhine, C = Catarrhine); lower case 

letters indicate a 0.05 < p < 0.10 significant level (s = Strepsirrhine, p = Platyrrhine, c = Catarrhine).
 

 
c Results of t-test for substrate groups. ° 0.05 < p < 0.10.

 

 
d Results of post hoc Tukey test for all locomotion groups. Capital letters indicate p < 0.05 significant level (Q = Quadrupedal, Q-L = Quadrupedal-Leaper, S = 

Suspensory); lower case letters indicate a 0.05 < p < 0.10 significant level (q = Quadrupedal, q-l = Quadrupedal-Leaper, s = Suspensory).
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Fig. 1 – In figure a drawing of tibialis anterior of a Cebus apella is shown. The proximal insertion of the 
muscle is on the right. The figure shows how total muscle unit length and muscle belly length were 

taken. 
 

46x17mm (600 x 600 DPI) 


