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Abstract

The maximum capability of a muscle can be estimated from simple measurements of muscle architecture such
as muscle belly mass, fascicle length and physiological cross-sectional area. While the hindlimb anatomy of the
non-human apes has been studied in some detail, a comparative study of the forelimb architecture across a
number of species has never been undertaken. Here we present data from chimpanzees, bonobos, gorillas and
an orangutan to ascertain if, and where, there are functional differences relating to their different locomotor
repertoires and habitat usage. We employed a combination of analyses including allometric scaling and ancovas
to explore the data, as the sample size was relatively small and heterogeneous (specimens of different sizes,
ages and sex). Overall, subject to possible unidentified, confounding factors such as age effects, it appears that
the non-human great apes in this sample (the largest assembled to date) do not vary greatly across different
muscle architecture parameters, even though they perform different locomotor behaviours at different fre-
qguencies. Therefore, it currently appears that the time spent performing a particular behaviour does not neces-
sarily impose a dominating selective influence on the soft-tissue portion of the musculoskeletal system; rather,
the overall consistency of muscle architectural properties both between and within the Asian and African apes
strengthens the case for the hypothesis of a possible ancient shared evolutionary origin for orthogrady under
compressive and/or suspensory loading in the great apes.
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taken, with the result that the hominids cluster in consensus
with the molecular evidence (Diogo & Wood, 2011). How-

Introduction

It is generally agreed that the living apes form a biological
lineage defined by characters of the locomotor system
(trunk and limbs) rather than the cranial and dental
features which define many other mammalian groups (see
review in Crompton et al. 2008). Due to interest in the
evolution of hominin bipedalism, morphological studies of
the apes have frequently focused on hindlimb anatomy
(e.g. Thorpe et al. 1999; Carlson, 2006; Payne et al. 2006;
Channon et al. 2009). Recently, a thorough phylogenetic
analysis of gross muscle morphology (presence/absence,
origin/insertion) in the primate upper limb has been under-
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ever, forelimb muscle architecture (muscle mass, fascicle
length and physiological cross-sectional area) has been stud-
ied to a lesser extent and in fewer species (e.g. chimpanzee:
Thorpe et al. 1999; Carlson, 2006; orangutan and chimpan-
zee: Oishi et al. 2008, 2009; gibbon: Michilsens et al. 2009).
Non-human apes are considered to be united predomi-
nantly by shared features in the thorax and upper limb,
such as short lumbar spines, craniocaudal increase in area of
lumbar centra, broad ilia, broad, shallow trunks, dorsally
placed scapulae, and shoulder joints otherwise adapted for
highly abducted arm postures (e.g. Larson, 1998; Ward,
2007). While past comparative studies of ape forelimb anat-
omy have been carried out under a paradigm that held that
apes were united by their use of brachiation (e.g. Ashton &
Oxnard, 1962a,b), fossil evidence (e.g. Pierolapithecus;
Moya-Sola et al. 2004) now suggests that forelimb-suspensory
locomotion arose independently in several ape lineages.
An increasing number of field studies have also revealed
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that it is generalised orthograde clambering, where the
trunk is upright and both fore- and hindlimbs are used in
varying degrees to support body mass in suspensory or
compressive loading regimes (e.g. Hunt, 1991a, 1996;
Fleagle, 1999), which is the locomotor behaviour that
characterises the non-human great apes (e.g. Hunt, 1992;
Doran, 1993a,b; Fleagle, 1999; Thorpe & Crompton, 2006;
reviewed in Crompton et al. 2008). A comparison of the
functional morphology of the forelimbs could therefore
add greatly to our understanding of locomotor diversity
in the hominoids and the evolution of such diversity. As
muscle architecture might be expected to respond rela-
tively strongly to changes in locomotor behaviour, the
overall aim of this study was to compare the forelimb
muscle architecture of the non-human great apes, with
the goal of expanding our understanding of the relation-
ship between form and function in these species and fur-
thering our knowledge of the extent and evolution of
locomotor diversity in the hominoids.

The measurement of basic soft-tissue parameters, includ-
ing muscle belly mass and muscle fascicle length, enables
functional parameters to be estimated. Muscle fascicle
length reflects the number of sarcomeres in series, and the
longer the muscle fascicle length, the greater the maximum
shortening velocity of the muscle fascicles (see Wickiewicz
et al. 1984; Thorpe et al. 1999). Physiological cross-sectional
area (PCSA), on the other hand, reflects the number of
sarcomeres in parallel, and provides an indication of the
maximum force which a muscle can produce (Sacks & Roy,
1982; Zajac, 1992).Together, muscle fascicle length and
PCSA provide a way to determine the maximum capability
of a muscle (e.g. Thorpe et al. 1999; Payne et al. 2006;
Carlson, 2006). By relating these measurements of muscle
architecture (anatomical form) to the locomotor behaviours
performed by the animal (function and performance), we
can determine whether and where differences exist in the
properties of the muscle architecture of non-human great
apes.

Even though the locomotor repertoires of the non-
human great apes overlap, the proportions of the different
locomotor modes/behaviours, and their kinematics, do dif-
fer between species and we might expect this to be
reflected in their morphology. One of the major behaviour-
al differences is the percentage of time spent in the arbo-
real milieu. The Asian great ape, the orangutan, is
predominantly arboreal, spending nearly 100% of its time
in the forest canopy (although Bornean flanged male
orangutans will travel on the ground; see Galdikas, 1988),
as reflected by much longer forelimbs relative to body size
compared with the African apes (chimpanzees, bonobos
and gorillas). African apes primarily use terrestrial quadru-
pedalism/knuckle-walking when travelling (89.9% of loco-
motor behaviour in chimpanzees, 35.3% in bonobos, 64.4%
in lowland gorillas, but up to 96% in Virunga mountain
gorillas: see Hunt, 2004), and enter the canopy predomi-

nantly to feed and sleep (in the case of chimpanzees; Hunt,
1992). We might therefore expect that the greater use of
arboreal locomotor behaviour in orangutans would be
reflected in their morphology, e.g. digital flexor muscles of
greater mass with longer muscle fascicles (providing the
ability to produce force over a greater range of motion)
might be beneficial when gripping variously angled sup-
ports in suspension (Alexander et al. 1981).

However, African ape morphology might be expected to
exhibit stronger adaptations to terrestrial quadrupedalism.
Chimpanzees and other primates support the majority of
their body mass on their hindlimbs during quadrupedalism
(Reynolds, 1985; Kimura, 1992; Demes et al. 1994; Li et al.
2004; Raichlen et al. 2009) and this might be expected to
facilitate non-supportive use of the forelimbs in an arboreal
habitat. Nevertheless, due to the greater use of terrestrial
behaviour in the African apes than in orangutans, we might
expect that their forelimbs would be less specialised for
arboreal behaviours. African apes do use suspensory behav-
iours, but most frequently as static postural activity during
feeding, where the forelimb stresses must be lower than
those for suspensory locomotion: we should, therefore,
anticipate differences in their muscle use from that in
orangutans, where suspensory locomotion is much more
common.

As all non-human apes use vertical climbing to a greater
or lesser extent to access food in the canopy, one would
expect all to show adaptations for large force production in
the elbow flexors for pulling-up (e.g. Isler, 2005). However,
vertical climbing is performed in a kinematically distinct
manner in the African apes compared with orangutans
(Isler & Thorpe, 2003; Isler, 2005). We therefore expect
that such distinctions will be reflected in the forelimb
muscle architecture (e.g. the elbow flexors) of the different
species.

Materials and methods

The material obtained for this study comprised cadavers of one
chimpanzee (Pan troglodytes: Ptsm), two bonobos (Pan paniscus:
Ppam, Pp), five gorillas (Gorilla gorilla gorilla: Gsm, Gam, Gp, Gj;
Gorilla gorilla graueri: Gm), and three orangutans (Pongo abelii:
Oaf, Ojf, Ojm) (see Table 1 for subject information). Additional
data for three chimpanzees (chimps 93, 94 and 95) from Thorpe
(1997) were also incorporated. Cadavers were obtained from
The Zoological Society, London (Ptsm, chimp 95), The North of
England Zoological Society (chimp 93, chimp 94, Gj), Twycross
Zoo (Gsm, Gam), Apenheul Zoo (Ppam), The Royal Zoological
Society of Antwerp (Pp, Gm), the Anthropological Institute and
Museum, Zurich (Ojf, Ojm, Gp) and Paignton Zoo (Oaf).
Although the use of captive animals is not ideal, it is the only
ethically acceptable option when studying (critically) endan-
gered non-human apes. However, in an attempt to reduce the
possible confounding effects of captivity, we ensured that all
individuals had been active and healthy immediately prior to
death and had suffered no illnesses that would result in muscle
wastage. We make extensive use of data collected from

© 2011 The Authors
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Table 1 Subject information.

Forelimb muscle architecture in non-human great apes, J. P. Myatt et al.

Subject Species Sex Body mass (kg) Age at death (years) Cause of death
Ptsm Pan troglodytes M 50.2 1 Group violence
Chimp 93 M 27.6 Sub-adult PE

Chimp 94 M 41.7 Adult Euthanized
Chimp 95 M 37.0 6 Peritonitis
Ppam Pan paniscus M 41.92 22 Euthanized

Pp M 64.0 29 Cardiovascular
Gsm Gorilla gorilla gorilla M 152.0 18 BH

Gam M 175.0 30 Cardiovascular
Gp M 130.0 35 Cardiovascular
Gj M 120.0 30 Cardiovascular
Gm Gorilla gorilla graueri M 120.0 33 Cardiovascular
Oaf Pongo abelii F 54.0 45 Euthanized

Ojf F 12.5 5 Viral

Ojm M 18.7 6 Cardiovascular

M, male; F, female.

PE, death due to a pulmonary embolism; BH, death due to a brain haemorrhage.

previous studies, as individual datasets are necessarily very small
because of the problems of obtaining ape cadavers: combining
datasets enables more robust statistics to be performed. All
specimens had been eviscerated during autopsy and were fresh-
frozen in the anatomical position until needed. Only one limb
from each of the specimens was available for the collection of
muscle architecture data.

Anatomical measurements

Muscle fascia were removed, muscles separated and identified,
and their points of bony origin and insertion recorded before
muscles were removed systematically with complete tendons of
origin and insertion attached. Muscle-tendon unit lengths were
measured, including separate measurements for external tendon
lengths at the origin and insertion, and for muscle belly length.
External tendon length was measured as the distance from
either the most proximal (tendon of origin) or distal (tendon of
insertion) muscle fibres to the point of tendon attachment to
the bone. Any external tendon was then removed and muscle
belly mass (including internal tendons if present) recorded.
Finally, the muscle belly was cut, either along the line of the
internal tendon (for pennate muscles) or along the belly (for
parallel-fibred muscles) to reveal the full length of the muscle
fibres. Three measurements of muscle fascicle length were made
at different locations throughout the belly: muscle fascicle
length assesses the length of the bundle of muscle fibres that
are visible to the naked eye. All lengths were measured to the
nearest millimetre using a metal rule. Muscle mass was mea-
sured to the nearest 0.1 g.

To provide an estimate of maximum muscle force production,
PCSA was calculated using the equation:

PSCA = cosm/pl @

where m is muscle belly mass in grams, p is the density of fresh
muscle (1.06 g cm~3, Mendez & Keys, 1960), / is muscle fascicle
length in cm, and 0 is the angle of the fascicles to the tendon,

© 2011 The Authors

i.e. the pennation angle. In apes, 0 is generally < 30° in both
fore- and hindlimb muscles (see Thorpe et al. 1999), thus cos0 is
approximately one and can be omitted from the equation (also
discussed in Calow & Alexander, 1973).

To enable comparisons, muscles were grouped according to
their primary functions, based on the classical convention of
joint movement as used in previous studies of ape muscle anat-
omy (Swindler & Wood, 1973; Michilsens et al. 2009; see Table 2
for groupings). The use of EMG data to ascertain the role of
muscles during different locomotor modes would provide more
specific details of their function; however, sufficient data are
not available at present during naturalistic behaviours (although
see Tuttle & Basmajian, 1974, 1978, Tuttle et al. 1972; Stern &
Larson, 2001 for examples), to be able to classify groupings
based on EMG. However, grouping data into functional muscle
groups in this way is adequate when studying locomotor adap-
tation and enables the data to be interpreted at a sufficiently
broad level. If significant differences are identified between
species in a large muscle group, the functional group can then
be divided into individual muscles to ascertain the specific
muscle(s) responsible.

Obtaining measurements for muscles at the shoulder was
problematic as often these muscles could not be separated into
their separate functional units. For example, the deltoid muscle
(see Ashton & Oxnard, 1962a,b for a description of the primate
deltoid) consists of three components arising from three differ-
ent points on the shoulder girdle that insert together onto the
shaft of the humerus. Each part performs a different action, but
it was not possible to separate the functional units anatomi-
cally, and as a result the deltoid was removed and measured as
one muscle. Such muscles were therefore placed into multiple
functional groups, even though only a proportion of the muscle
was likely involved in each separate function. Estimating the
proportion of each muscle that contributed to a specific func-
tion was not a viable option: without detailed EMG analysis of
the different regions of a muscle we cannot ascertain accurately
what proportion contributes to what function, and indeed such
relationships may be more complex than expected (e.g. Michiels
& Bodem, 1992). Intrinsic hand muscles were not included in the
analysis and dissection of the shoulder girdle was not complete
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Table 2 Functional muscle groups.

Muscle group Muscles

Shoulder rotators*
Shoulder adductors
Shoulder abductors
Shoulder flexors
Shoulder extensors
Elbow flexors
Elbow extensors
Supinators
Pronators

Wrist flexors

Wrist extensors
Digital flexors

Coracobrachialis, teres major
Deltoid, supraspinatus

Supinator

longus
Digital extensors
minimi, extensor indicis

Latissimus dorsi, infraspinatus, teres major, teres minor, subscapularis, deltoid

Deltoid, biceps brachii, coracobrachialis

Triceps brachii, teres major, latissimus dorsi, deltoid
Biceps brachii, brachialis, brachioradialis

Triceps brachii, dorsoepitrochlearis, anconeus

Pronator teres, pronator quadratus

Flexor carpi ulnaris, flexor carpi radialis, flexor digitorum superficialis, flexor digitorum profundus
Extensor carpi ulnaris, extensor carpi radialis brevis, extensor carpi radialis longus

Flexor pollicis longus, flexor digitorum superficialis, flexor digitorum profundus, abductor pollicis

Extensor pollicis brevis, extensor digitorum communis, extensor pollicis longus, extensor digiti

*For description of shoulder muscle group actions see Michilsens et al. (2009).

in all species due to damage during evisceration or autopsy
(particularly of the pectoral muscles). Pectoralis major was miss-
ing from all individuals because of the autopsy requirements.
Therefore, total values for the shoulder flexors, shoulder adduc-
tors and shoulder rotators were underestimated, as pectoralis
major contributes to each of these groups. Otherwise, in cases
where we were not able to sample all muscles in a muscle
group for a particular individual, those individuals were
excluded from the analysis of that particular muscle group.

To obtain overall values for muscle groups, muscle belly
masses and PCSA values within a group were simply added
together. However, muscle fascicle length was calculated as a
weighted harmonic mean to take into account the different
sizes of the muscles in a group, using the equation:

L= "my/ > (m/l) (2)

where L is the group fascicle length for a group where the jth
member has a mass m; and a fascicle length of /; (Alexander
et al. 1981).

Data analysis

For species comparisons we have previously recommended both
normalising the data using scaling exponents calculated from
regression analysis of the data (to determine whether the rela-
tionship is geometric or allometric) and using ancova with body
mass as a covariate to explore whether interspecific differences
are present (Myatt et al. 2011a). This approach was also used
here. Ordinary least squares (OLS) regression analysis of log-
transformed data was performed by plotting each muscle archi-
tecture variable (i.e. muscle belly mass, fascicle length and PCSA)
against body mass (kg) using minTAB® version 15 (USA). We
intended thereby to establish the form of relationships based
on our collected measurements of muscle architecture, rather
than assume geometric similarity, as has frequently been done
in previous studies (e.g. Thorpe et al. 1999; Payne et al. 2006).
From the regression analysis, the relationships between body
mass and muscle belly mass, fascicle length and PCSA were

explored and scaling exponents established for the functional
muscle groups, where a significant linear relationship was found
to exist. Scaling exponents were determined based on the equa-
tion Y = aMP, where Y is the muscle architecture variable, M is
body mass in kg, a and b are constants, and b is the scaling expo-
nent (see Alexander et al. 1981; Schmidt-Nielson, 1984; Pollock &
Shadwick, 1994). Exponents [together with standard errors (SE)
and confidence intervals (Cl)] for the individual muscle groups
were calculated, as were exponents for the proximal and distal
forelimb muscles and for the limb as a whole. Mean scaling expo-
nents were established from the individual group values to
enable comparison with previous studies. Raw data were norma-
lised using the individual muscle group scaling exponents for
muscle belly mass, fascicle length and PCSA, except in instances
where there was no significant relationship with body mass.

ANCOVAS

ancovas were employed using minitag 15 (GLM function; type I
hypotheses) using log-transformed data, with body mass as a co-
variate, to compare muscle belly mass, fascicle length and PCSA
between the different species. To achieve a model of best fit, the
main effects ‘species’ and ‘body mass’ and the interaction
‘species*body mass’ were first included. The interaction between
the variable of interest and the covariate was included to test for
homogeneity (Engqvist, 2005). If the interaction term is signifi-
cant, then the slopes are heterogeneous and it is inappropriate
to continue with the ancova (Engquist, 2005). If the interaction
term is non-significant (as was the case in all models in the pres-
ent study), backward elimination can be used to remove each
non-significant term (significance taken at the P =0.05 level),
one at a time, until the best fitting model remains (see Grafen &
Hails, 2002). In instances where species was found to have a
significant effect, Tukey’s post-hoc tests were performed to estab-
lish which species were significantly different (P = 0.05). Multiple
individuals of each species are needed to adopt this approach.
Models for the shoulder extensors, shoulder abductors and
shoulder rotators could therefore not be established, as the data
available were reduced to one individual per species in these

© 2011 The Authors
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groups because of missing data. Missing data also resulted in
Ptsm, Gp and Gj being excluded from the supinator model, chimp
93 being excluded from the shoulder flexor model, and Gp and
Gj being excluded from the shoulder adductor model.

Results

Descriptive anatomy

Raw data from all subjects are presented in Supporting
Information Appendix S1. The general gross anatomy of
non-human ape arm and shoulder muscles is similar to that
of humans, except for the presence of an additional muscle,
the dorsoepitrochlearis, in the upper arm of the non-human
primates, which is only present as fascia in humans (Ashton
& Oxnard, 1962a,b; Oxnard & Franklin, 2008). The qualita-
tive anatomy of the ape forelimb has been described else-
where (e.g. Sonntag, 1924; Miller, 1952; Ashton & Oxnard,
1962a,b; Kimura & Takai, 1970; Swindler & Wood, 1973;
Gibbs et al. 2002; Michilsens et al. 2009) and thus this sec-
tion is limited to the description of those anomalies which
may be functionally important.

The biceps brachii usually arises from the coracoid process
of the scapula (short head) and the supraglenoid tuberosity
of the scapula (long head) in primates (Sonntag, 1924;
Miller, 1952; Kimura & Takai, 1970; Swindler & Wood, 1973;
Youlatos, 2000). However, in the orangutan specimen Oaf
the long head was monoarticular, arising from the top of
the lateral side of the humerus, just below the bicipital

Forelimb muscle architecture in non-human great apes, J. P. Myatt et al.

groove. The short head originated as normal from the cora-
coid process of the scapula. The origin of biceps brachii in
the gorilla specimens Gsm and Gam also differed in that the
tendon of the long head originated from below the suprag-
lenoid tuberosity on the dorsum of the scapula.

The flexor pollicis longus, a separate muscle in humans, is
frequently absent as a separate muscle in non-human apes,
although there may be an additional tendon from the belly
of flexor digitorum profundus running to the pollex
(Mangini, 1960). A separate belly with a tendon to digit one
was present in some specimens in the present study (Ppam,
Gam and Oaf), with the same origin and insertion as the
flexor pollicis longus in Homo (Mangini, 1960). In the bon-
obo specimen, Ppam, the flexor pollicis longus also had an
additional tendon to digit two and the muscle belly was
more tightly fused to flexor digitorum profundus. Specimens
Ptsm and Gsm also had separate muscle bellies to flexor
digitorum profundus, but rather than giving a tendon to digit
one, gave a tendon to digit two (and so were analogous to
flexor pollicis longus, but only inserting on digit two).

Scaled data

Equation components (together with SEs and Cls) from
regressions of log-transformed data for allometric scaling
are given in Table 3 for muscle belly mass, in Table 4 for fas-
cicle length and in Table 5 for PCSA. Muscle belly masses
and PCSAs for all individual muscle groups were found to

Table 3 Allometric equation constants for forelimb muscle group belly mass (g) = SE using logged data (exponents in bold have Cls overlapping

those predicted by isometry; MP, where b = 1.0).

Muscle group a (+ SE) Cl (a) b (+ SE) Cl (b) R? P
Overall
Total forelimb 4.74 (= 0.74) 1.74 0.99 (+ 0.18) 0.42 0.90 0.033
Proximal forelimb 4.55 (+ 0.68) 1.45 1.00 (+ 0.17) 0.36 0.90 0.009
Distal forelimb 3.61 (x 0.23) 0.41 0.78 (x 0.06) 0.11 0.94 < 0.001
Proximal muscles*
Shoulder rotators 3.05 (= 0.59) 1.19 1.05 (+ 0.14) 0.28 0.92 0.002
Shoulder adductors 1.32 (= 0.36) 0.65 1.00 (= 0.09) 0.16 0.92 < 0.001
Shoulder abductors 2.71 (= 0.76) 1.48 0.87 (x 0.20) 0.39 0.75 0.007
Shoulder flexors 2.97 (x 0.44) 0.78 0.88 (x 0.11) 0.20 0.85 < 0.001
Shoulder extensors 3.15 (x 0.37) 0.70 1.04 (+ 0.09) 0.17 0.95 < 0.001
Elbow flexors 3.42 (x 0.39) 0.69 0.72 (x 0.10) 0.18 0.81 < 0.001
Elbow extensors 2.12 (x 0.21) 0.37 1.01 (+ 0.05) 0.09 0.97 < 0.001
Distal muscles
Supinators 0.80 (x 0.55) 0.99 0.78 (x 0.14) 0.25 0.72 < 0.001
Pronators 0.79 (x 0.28) 0.50 0.84 (x 0.07) 0.12 0.92 < 0.001
Wrist flexors 1.05 (x+ 0.51) 0.90 0.96 (+ 0.12) 0.21 0.82 < 0.001
Wrist extensors 1.57 (= 0.27) 0.48 0.79 (= 0.07) 0.12 0.92 < 0.001
Digital flexors 3.10 (= 0.25) 0.44 0.71 (x 0.06) 0.11 0.92 < 0.001
Digital extensors 1.05 (+ 0.25) 0.44 0.87 (+ 0.06) 0.1 0.94 < 0.001
Mean exponent 0.89 (= 0.03) 0.05

*Individuals not included in particular muscle groups due to missing data include: shoulder rotators: C93, C94, C95, Gp, Gj, Gm, Oaf,
Ojf; shoulder adductors: Gp, Gm; shoulder abductors: €93, C94, C95, Gsm, Gp, Gj, Gm; shoulder flexors: C93, shoulder extensors: C93.

C94, Gp, Gm, Oaf, Ojf; supinators: Gj, Gp.

© 2011 The Authors

Journal of Anatomy © 2011 Anatomical Society of Great Britain and Ireland

17



18 Forelimb muscle architecture in non-human great apes, J. P. Myatt et al.

Table 4 Allometric equation constants for forelimb muscle group fascicle length (cm) + SE using logged data (exponents in bold have Cls
overlapping those predicted by isometry; M°, where b = 0.33).

Muscle group a (+ SEM) Cl (a) b (+ SEM) Cl (b) R? P
Overall
Total forelimb 0.68 (x 0.77) 1.81 0.27 (x 0.19) 0.45 0.21 0.248
Proximal forelimb 1.22 (£ 0.47) 1.00 0.30 (+ 0.12) 0.26 0.48 0.052
Distal forelimb 1.37 (= 0.29) 0.52 0.12 (x 0.07) 0.13 0.15 0.149
Proximal muscles*
Shoulder rotators 1.41 (+ 0.24) 0.48 0.27 (= 0.06) 0.12 0.81 0.009
Shoulder adductors 0.89 (+ 0.41) 0.74 0.35 (= 0.10) 0.18 0.52 0.008
Shoulder abductors 1.36 (x 0.40) 0.78 0.20 (= 0.10) 0.19 0.31 0.114
Shoulder flexors 1.46 (x 0.32) 0.57 0.22 (+ 0.08) 0.14 0.36 0.017
Shoulder extensors 1.65 (x 0.31) 0.59 0.22 (+ 0.07) 0.13 0.53 0.025
Elbow flexors 1.74 (= 0.31) 0.55 0.22 (+ 0.08) 0.14 0.36 0.014
Elbow extensors 0.91 (x 0.23) 0.41 0.34 (+ 0.05) 0.09 0.74 < 0.001
Distal muscles
Supinators 0.30 (x 0.27) 0.48 0.24 (+ 0.07) 0.14 0.52 0.005
Pronators 1.06 (= 0.36) 0.64 0.12 (= 0.09) 0.16 0.06 0.199
Wrist flexors 1.14 (x 0.40) 0.71 0.17 (= 0.10) 0.18 0.12 0.117
Wrist extensors 0.47 (= 0.77) 1.36 0.27 (= 0.19) 0.34 0.07 0.180
Digital flexors 1.43 (x+ 0.30) 0.53 0.16 (x 0.07) 0.12 0.22 0.050
Digital extensors 1.19 (= 0.32) 0.57 0.20 (= 0.08) 0.14 0.30 0.026
Mean exponent 0.23 (= 0.02) 0.04

*Individuals not included in particular muscle groups due to missing data include: shoulder rotators: C93, C94, C95, Gp, Gj, Gm, Oaf,
Ojf; shoulder adductors: Gp, Gm; shoulder abductors: €93, C94, C95, Gsm, Gp, Gj, Gm; shoulder flexors: C93, shoulder extensors: C93.
C94, Gp, Gm, Oaf, Ojf; supinators: Gj, Gp.

Table 5 Allometric equation constants for forelimb muscle group PCSA (cm?) + SE using logged data (exponents in bold have Cls overlapping
those predicted by isometry; M°, where b = 0.67).

Muscle group a (£ SEM) Cl (a) b (x SEM) Cl (b) R? P
Overall
Total forelimb 3.33 (= 0.57) 1.34 0.74 (+x 0.14) 0.33 0.90 0.034
Proximal forelimb 3.13 (= 0.79) 1.68 0.73 (x 0.20) 0.43 0.76 0.034
Distal forelimb 2.34 (= 0.32) 0.57 0.66 (+ 0.08) 0.14 0.86 < 0.001
Proximal muscles*
Shoulder rotators 1.58 (+ 0.66) 1.33 0.78 (+ 0.16) 0.32 0.83 0.008
Shoulder adductors —-0.13 (+ 0.40) 0.72 0.75 (+ 0.10) 0.18 0.83 < 0.001
Shoulder abductors 1.29 (x 0.75) 1.46 0.67 (x 0.19) 0.37 0.65 0.018
Shoulder flexors 1.47 (x 0.56) 1.00 0.66 (+ 0.16) 0.29 0.66 < 0.001
Shoulder extensors 1.31 (x 0.55) 1.04 0.85 (+ 0.13) 0.25 0.85 0.001
Elbow flexors 1.62 (x 0.47) 0.83 0.50 (+ 0.11) 0.19 0.59 0.001
Elbow extensors 1.11 (x 0.30) 0.53 0.68 (+ 0.07) 0.12 0.87 < 0.001
Distal muscles
Supinators 0.49 (= 0.53) 0.95 0.52 (+ 0.13) 0.23 0.56 0.003
Pronators -0.33 (x 0.41) 0.73 0.72 (+ 0.10) 0.18 0.80 < 0.001
Wrist flexors 0.72 (+ 0.41) 0.73 0.73 (x 0.10) 0.18 0.80 < 0.001
Wrist extensors 0.51 (+ 0.32) 0.57 0.55 (+ 0.08) 0.14 0.79 < 0.001
Digital flexors 1.53 (x 0.39) 0.69 0.56 (+ 0.10) 0.18 0.72 < 0.001
Digital extensors —-0.60 (+ 0.47) 0.83 0.79 (x 0.11) 0.19 0.78 < 0.001
Mean exponent 0.67 (+ 0.03) 0.05

*Individuals not included in particular muscle groups due to missing data include: shoulder rotators: C93, C94, C95, Gp, Gj, Gm, Oaf,
Ojf; shoulder adductors: Gp, Gm; shoulder abductors: C93, C94, C95, Gsm, Gp, Gj, Gm; shoulder flexors: C93, shoulder extensors: C93.
C94, Gp, Gm, Oaf, Ojf; supinators: Gj, Gp.
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have significant linear relationships with body mass (M).
However, fascicle length did not have a significant relation-
ship with body mass for the shoulder abductors, pronators,
wrist flexors or wrist extensors, although fascicle length for
the other muscle groups did have a significant linear rela-
tionship with body mass. Scaling exponents with confidence
intervals overlapping the exponents that would be pre-
dicted by isometry (belly mass: M'?; fascicle length: M°33;
PCSA: M°®7; see Alexander et al. 1981) were identified in
some instances and are highlighted in bold. The amount of
overlap with those exponents predicted by isometry is nota-
ble because of the number of studies using these exponents
to scale their data (e.g. Payne et al. 2006; Channon et al.
2009). The overall mean scaling exponent for muscle mass
was M°8, individual muscle groups ranging from M°”" to
M™% compared to the isometric prediction of M'°. Overall,
eight of the 13 individual muscle group exponents had Cls
overlapping the exponent predicted by isometry, although
some muscle groups, e.g. the elbow flexors, scaled below
that predicted by isometry (labelled negatively isometric).
The mean scaling exponent for fascicle length was M®%
(range: M°'2-M°3%), compared with the isometric predic-
tion of M®33, Although all 13 individual muscle group expo-
nent Cls overlapped the exponent predicted by isometry,
two functional groups (pronators and digital flexors) were
negatively isometric. Furthermore, three of the overlapping
exponents did not actually scale significantly to body mass
in a linear relationship and thus should not be used to scale
the data. The PCSA mean scaling exponent was M®%’
(range: M°>°-M°®) and all Cls overlapped the value pre-
dicted by isometry.

Muscle group data for fascicle length and PCSA, scaled
using individual muscle-group allometric exponents, are
presented in Figs 1 and 2, respectively (muscle belly mass is
not presented as it is not the focus of this study). In all spe-
cies, (scaled) muscle fascicles were longest in the majority of
proximal muscle groups (i.e. the shoulder flexors, shoulder
extensors and elbow flexors). Within the distal muscle
groups, the digital flexors and extensors had the longest
scaled fascicle lengths. Overall, PCSA was generally greater
in the proximal than the distal muscle groups, particularly
in the shoulder flexors and elbow flexors, with the excep-
tion of the digital flexors, which had by far the largest
PCSAs of the distal muscle groups.

The most notable observation is the high level of intraspe-
cific variation, which makes it difficult to ascertain whether
interspecific differences actually exist. Intraspecific variation
was particularly prevalent in the gorillas, even though,
except for specimen Gsm, they were all male and were of a
similar age (see Figs 1 and 2; Table 1). When considering
age-related differences in captive animals, one should take
into account that captive animals often mature more rapidly
and thus sub-adults (that is, independent individuals, often
sexually active although, in the case of females, not having
borne offspring yet) are often more similar to adult individ-
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uals than may be expected in wild individuals. Therefore,
differences in the gorilla, chimpanzee and bonobo samples
are unlikely to be related to age-sex differences, as all were
male and either sub-adult or adult (except for the juvenile
chimpanzee, chimp 95). For example, although the sub-
adult chimpanzee Ptsm was found to have a larger digital
flexor PCSA than the other chimpanzees, the remaining
chimpanzees contained both adults and a juvenile, thus
reducing the likelihood that this difference was due to
ontogenetic variation during growth. However, there might
be an effect of age in the orangutan specimens: the juvenile
orangutans (Ojf, Ojm) had slightly shorter fascicle lengths in
the elbow flexors and much larger PCSAs than did the adult
orangutan (Oaf). In the wrist extensors, the adult orangutan
had much longer fascicle lengths than the juvenile orangu-
tans, although there was no apparent difference in PCSA.
These particular differences observed in the orangutan sam-
ple, therefore, may be attributed to ontogeny; not only to
ontogenetic changes in the musculoskeletal properties but
also to changes in locomotor behaviour (e.g. Thorpe &
Crompton, 2005, 2006; Thorpe et al. 2009).

ANCOVAS

Table 6 shows the results obtained from the ancova models
for muscle belly mass, fascicle length and PCSA comparisons
between the different species. For all belly mass and PCSA
models, only body mass was found to have a significant
effect on the variation observed, species being non-signifi-
cant. For fascicle length, two muscle groups were found to
differ significantly between species: the pronators and wrist
extensors. For the pronators, the main effect ‘species’
resulted in a significant model but ‘body mass’ did not
(although it remained in the model as a covariate). Tukey’s
post-hoc test revealed that the pronator muscle of bonobos
had significantly shorter muscle fascicles than that in both
chimpanzees and gorillas, but it did not differ significantly
from that in orangutans (Fig. 3a). For the wrist extensors,
body mass alone was significant, but this significance was
only achieved, together with a better fitting model, when
species was also included, although the species effect itself
was non-significant (P = 0.086). As species was necessary to
produce the best fitting model for the wrist extensors, Tu-
key’s post-hoc test was performed. Although no species
were found to be significantly different, Fig. 3b suggests
that gorillas tend to have the shortest fascicle lengths in the
wrist extensors, whereas chimpanzees (and orangutans)
tend to have the longest.

Discussion

Data collection and method of analysis

Previously, there has been an extensive study of forelimb
anatomy in gibbons (Michilsens et al. 2009) and data are
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Fig. 1 Raw fascicle length (cm) data scaled using individual group allometric exponents in instances where there was a significant relationship to
body mass. In instances where this was not the case, raw fascicle length data are presented, although a direct comparison between the two forms
of data cannot be made. (a) Shoulder rotators (M°?7), (b) shoulder adductors (raw data), (c) shoulder abductors (M°2°), (d) shoulder flexors
(M®22), () shoulder extensors (M°22), () elbow flexors (M®?2), (g) elbow extensors (M°3%), (h) supinators (M%2), (i) pronators (raw data), (j) wrist
flexors (raw data), (k) wrist extensors (raw data), (I) digital flexors (M°'6), (m) digital extensors (M®2°). Chimpanzees are shaded in medium grey,
bonobos in light grey, gorillas in dark grey and orangutans in white.

© 2011 The Authors

Journal of Anatomy © 2011 Anatomical Society of Great Britain and Ireland



Shoulder rotators

Forelimb muscle architecture in non-human great apes, J. P. Myatt et al. 21

Shoulder adductors

Shoulder abductors

10 10
a b c
8 < 8 8
3 26 3
g 6 I g6
o 9 o
8 4 = 4 24
3
3 3 3
2 2 2 ﬂ H
0 0 minl 1 1 In ﬂ [1 0 AL AL
£ £ o £ £ E EQYIQLELEETSE & E E E & E % & E
g &8 - & 8 © g388E*88 ©0°0 £ & § ¢ © &5
Subject Subject Subject
Shoulder flexors Shoulder extensors Elbow flexors
10 10 10
d e f
8 8 8
5 3 3
g 6 8 6 8 6
3 3 3,
3, 3 3
g g 4 g
w w (2]
2 2 2
0 0 13 0 £ £ £ 1S 0
£38:9558963855 £33 g8 %88° 0 £83859558°83%865
Subject Subject Subject
Elbow extensors Supinators Pronators
10 10 104 .
g h i
8 8 < 8
< <
[} 2] [}
8 6 8 6 8 6
3 3 3
% 4 s 4 g 4
] I} 1]
2 2 H 2
0 0 HHI—.—. I ﬂ 0
£8885€558°83855 2888595568556 £83859558°8356
Subject Subject Subject
Wrist flexors Wrist extensors Digital flexors
. 10 10
10 j K 1
8 8 8
< b <
[} 9]
O
g o 2 © 2o
el kel
[} (2] 2]
2 2 2
0 0 0
5888555808855 £8385€558°958855 £8885955898855
Subject Subject Subject

Digital extensors

Scaled PCSA
o N = o o] E;
E 3

Emvmgagga@g}at‘;_g
g83BETFE° 0095
Subject

Fig. 2 Raw PCSA (cm?) data scaled using individual group allometric exponents. (a) Shoulder rotators (M°7®) (b) shoulder adductors (M®7®), (c)
shoulder abductors (M°7), (d) shoulder flexors (M°-€%), (e) shoulder extensors (M°2%), (f) elbow flexors (M®°°), (g) elbow extensors (M®8), (h)
supinators (M°2), (i) pronators (M®72), (j) wrist flexors (M®73), (k) wrist extensors (M®°®), (I) digital flexors (M°->°), (m) digital extensors (M°7°).
Chimpanzees are shaded in medium grey, bonobos in light grey, gorillas in dark grey and orangutans in white.

© 2011 The Authors
Journal of Anatomy © 2011 Anatomical Society of Great Britain and Ireland



22 Forelimb muscle architecture in non-human great apes, J. P. Myatt et al.

Table 6 Results from ancova models for forelimb functional muscle groups.

Muscle belly mass Muscle fascicle length Muscle PCSA

Fdegrees of Fdegrees of Fdegrees of

Muscle group Model*  freedom R? P Model  freedom R? P Model  freedom R? P
Proximal muscles
Shoulder rotators —x% - - - - - - - - - - -
Shoulder adductors 3 123.25,4; 0.92 < 0.001 3 11.75;,11 0.52 0.008 3 55.801,11 0.83 < 0.001
Shoulder abductors - - - - - - - - - - - -
Shoulder flexors 3 69.22,1, 0.85 < 0.001 3 7.851,12 0.36 0.017 3 23.94,,, 0.66 <0.001
Shoulder extensors - - - - - - - - - - - -
Elbow flexors 3 57.12,43 0.81 < 0.001 3 8261413 0.36 0.014 3 19.69,43 0.59 0.001
Elbow extensors 3 376.271,14 0.97 < 0.001 3 38.264,53 0.74 < 0.001 3 85.584,14 0.87 < 0.001
Distal muscles
Supinators 3 32.44,,, 0.72 <0.001 3 12.93,47 0.52 0.005 3 15.251,14 0.56 0.003
Pronators 3 154.53;43 0.92 < 0.001 2 S:7.633413 0.65 0.008 3 51.67,,43 0.80 < 0.001
B: 4.04,.3 0.65 0.075
Wrist flexors 3 59.264,53 0.82 < 0.001 3 2.84,43 0.12 0.117 3 53.074,;3 0.80 < 0.001
Wrist extensors 3 147.86,,43 0.92 < 0.001 2 S:3.02343 0.38 0.086 3 50.13,43 0.79 < 0.001
B: 6.26,,13 0.38 0.034
Digital flexors 3 140.20,43 0.91 < 0.001 3 4.74,,3 0.22 0.050 3 34.87,,43 0.72 < 0.001
Digital extensors 3 199.82,,3 0.94 < 0.001 3 6.50,,13 0.30 0.026 3 48.38,13 0.78 < 0.001

*Model 1 refers to a model where the interaction term was significant, model 2 where species was significant and model 3 where
only body mass was the significant term in the model. In instances where model 2 was significant (i.e. species) the results for body
mass (the covariate) are also presented as they were included in the model.

**Results were not available for the shoulder rotators, shoulder abductors or shoulder extensors due to a reduction to one or less per

species in some cases.
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Fig. 3 Results from Tukey’s post-hoc tests displaying mean values and 95% confidence intervals for the different species for (a) pronator fascicle
length and (b) wrist extensor fascicle length. Values presented are back-transformed from logged data. Dashed boxes represent the significantly
different sub-sets as highlighted from Tukey’s post-hoc tests; if there are no dashed boxes, Tukey’s post-hoc tests did not reveal a significant

difference between a specific pair.

available for a number of chimpanzees and orangutans
(Thorpe et al. 1999; Carlson, 2006; Oishi et al. 2008, 2009).
However, to our knowledge, gorilla and bonobo forelimb
muscle architecture data have not been published and an
overall comparison of the forelimb musculature of the apes
has not been undertaken. Our study therefore provides the
first comprehensive overview of the variation in forelimb
muscle architecture across the non-human great apes.

A discussion of the different methods available for com-
paring muscle architecture parameters (see Myatt et al.
2011a) has indicated that allometric scaling using exponents
from the collected data is more appropriate than the use of
geometric scaling (as has been employed previously, e.g.
Thorpe et al. 1999; Payne et al. 2006; Qishi et al. 2009).This
is because the scaling exponent established may vary from
that predicted by isometry for some muscle groups and
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furthermore, in some instances, the physiological variable,
e.g. fascicle length in particular, may not actually have a sig-
nificant linear relationship with body mass, as has been
found in the hindlimb muscles of great apes (Myatt et al.
2011a). Some studies have also questioned any use of ratios
for data comparison (e.g. Packard & Boardman, 1999).
Ancovas (a form of general linear model) were therefore
additionally employed to establish significant interspecific
differences, although the method ideally requires a large
sample size to increase the power of the test (Grafen & Hails,
2002). Although the sample size in this study was much
larger than has been possible in studies of great ape anatomy
to date, our sample is still relatively small and further consti-
tutes a range of age—sex classes, thus limiting the interpreta-
tions that can be made. Thus to explore our dataset, analyses
were undertaken using both allometric scaling and ancovas.

In some instances, the allometric exponents obtained
from the data in the present study were found to have Cls
overlapping those predicted by isometry yet, once again,
fascicle length did not always scale to body mass, thus
rendering it un-scalable. Although there was an overlap
with isometry in a number of instances, we still highlight
the need for studies to check the scaling exponents of their
data prior to analysis, as even a small variation in exponent
can affect the magnitude of the differences observed
(Myatt et al. 2011a). Furthermore, in some cases there was
no significant linear relationship between the variable and
body mass, further highlighting the problems that can be
faced when data are scaled geometrically without reference
to the actual relationships observed.

The allometric scaling exponents obtained in the present
study were similar to those found for primate hindlimb mus-
cles (see Alexander et al. 1981; Pollock & Shadwick, 1994;
Myatt et al. 2011a), which is what one might expect for qua-
drupedal animals which use both their fore- and hindlimbs
equally. However, as discussed previously, when quadrupe-
dal, chimpanzees at least tend to rely on their hindlimbs for
propulsion and steering, while the forelimb tends to act just
as a prop (Li et al. 2004; Raichlen et al. 2009). In general, the
non-human apes are considered adapted for forelimb-pro-
pelled behaviours, e.g. climbing and suspensory locomotion.
Thus, one might expect the forelimbs to scale with greater
exponents than the hindlimbs, as was found with relative
forelimb length in ‘climbing’ primates (see Jungers, 1984).
Therefore, the similarity in allometric scaling exponents
between the fore- and hindlimbs may reflect the range of
behaviours performed by the non-human apes which
involve use of both the fore- and hindlimbs during locomo-
tion (e.g. Cant, 1987; Hunt, 1992; Doran, 1993a,b; Remis,
1995; Fleagle, 1999; Thorpe & Crompton, 2005, 2006).

Descriptive anatomy

One of the most significant variations in this study was the
presence of a mono-articular long head in the biceps brachii
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muscle of orangutan Oaf, rather than the bi-articular
arrangement that is normally observed in non-human apes
(e.g. Swindler & Wood, 1973) and was observed in the two
juvenile orangutans in the present study (Ojf and Ojm). No
such observation was described by Sonntag (1924) or Oishi
et al. (2008, 2009) for orangutans, although Oishi et al. pre-
sented only a small amount of descriptive data. A similar,
but opposite, situation has been observed in gibbons,
where it was the short head which was mono-articular,
originating from the lesser tubercle of the humerus instead
of the coracoid process, with the long head originating
from the supraglenoid as normal (Michilsens et al. 2009).
This apparent reduction in shoulder flexion capacity in
gibbons has been suggested to be compensated for by the
larger site of origin of the biceps brachii, extending more
proximally on the humerus, and its relatively large PCSA,
thus increasing force production during elbow flexion. Such
a capacity would be more beneficial during suspensory
behaviours in gibbons, when they pull themselves up from
hanging beneath a branch with an extended shoulder by
flexing the elbow (Jungers & Stern, 1980; Aiello & Dean,
2002; Michilsens et al. 2009). The situation present in the
single orangutan in the current study could, however,
simply be a random anomaly. Such anatomical variation in
muscles is frequently observed in humans and indeed, the
biceps brachii muscle is commonly one of the most variable
muscles in humans, including the presence of additional
heads and variations in origin and insertion (e.g. Hyman &
Warren, 2001; Emeka & Emmanuel, 2009).

The presence of a separate flexor pollicis longus muscle
with a tendon to digit one has not been commonly
reported in the non-human apes, except in gibbons (see
Aziz & Dunlap, 1986), but in the present study it was
observed in the bonobo, one gorilla and one orangutan
(specimens Ppam, Gam and Oaf). A separate belly was also
observed in a chimpanzee and another gorilla specimen
(specimens Ptsm and Gsm), although the tendon of inser-
tion was to digit two, not one. A separate flexor pollicis
longus muscle enables the production of greater forces
when a large object, such as a rock or cylinder, is held in a
power grasp and used for hammering or pounding, behav-
iours observed when stone tools are employed (Boesch &
Boesch, 1993; Hamrick et al. 1998). Such grips may be
employed by apes when using stone tools, e.g. chimpanzees
using hammer-stones to crack nuts (e.g. Boesch & Boesch,
1981, 1993), but may also be important during arboreal
behaviours, for example, the breaking and bending of
branches during nest building in orangutans (J. P. Myatt,
personal observation). It is unlikely, however, that flexor
pollicis longus plays a major role when moving through the
canopy, grasping branches, as a separate muscle belly and
tendon is not a common feature of arboreal dwelling apes.
Rather, the occurrence of a separate muscle belly in a
minority of individuals reflects individual variation on which
selective pressures could act to increase or decrease the
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presence of a feature if it provided an advantage or dis-
advantage. Interestingly, of the 14 individuals in this study,
four of the five showing marked functional anomalies dem-
onstrated more than one. This may indicate that particular
individuals are more prone to variation, although the
sample size present here is too small to propose a trend.

Intraspecific variation

In general, there was a large amount of intraspecific varia-
tion, which is likely to be due to differences in age—sex class,
the nature of the captive environments in which the ani-
mals had been housed, and individual or random variation.
If different environments encourage more activity in some
individuals and less in others, this may explain the high level
of variation seen, as in humans increased amount of inactiv-
ity results in a decrease in muscle volume and PCSA (e.g.
Kawakami et al. 2000). Although all the animals in this
study were captive, modern enclosures better reflect the
environments found in the natural habitats of these species
and higher levels of activity are encouraged by species-
specific enrichment programmes, for example, by placing
food in harder-to-reach places (reviewed in Britt, 1996).
However, activity levels may vary between individuals. This
may explain the degree of variation observed in the gorillas
even though they were all of the same age-sex class (except
for the sub-adult male Gsm). Gorilla Gsm was from the same
enclosure as Gam: the age difference may therefore have
been responsible for different levels of activity between the
two individuals, although one would not expect large dif-
ferences resulting from growth variation due to the early
maturation of captive animals. Age-sex differences were
also evident in the orangutan sample, in particular for the
increased force-producing potential (larger scaled PCSA) in
the juvenile orangutan'’s elbow flexors compared with that
of the adult orangutan, relative to body mass. This may
reflect the more explorative/playful nature of juvenile
orangutans and their increased use of arboreal climbing
behaviours in both captive and wild environments (Thorpe
& Crompton, 2005, 2006; Thorpe et al. 2009). Although the
high level of individual variation was not attributable
predominantly to age-sex variation in this study, greater
sample sizes may in the future allow species comparisons to
be made within age-sex classes to control for this poten-
tially confounding factor.

Interspecific variation

In all non-human ape species, the proximal muscles had the
greatest PCSAs, in particular the shoulder muscle groups,
except the shoulder adductors (although the latter will have
been influenced by the absence of pectoralis major from
the current dataset). The latissimus dorsi, an extremely large
back muscle, is likely responsible for the large mass and
PCSA of the shoulder muscles. Latissimus dorsi is active dur-

ing the support phase of vertical climbing and brachiation
(Fleagle et al. 1981; Bogduk et al. 1998). Vertical climbing is
an important component of the locomotion of all non-
human apes, accounting for between 6.5 and 50.4% of
their locomotor behaviour (Hunt, 1992, 2004; Doran,
1993a,b; Remis, 1995; Thorpe & Crompton, 2005, 2006).
However, as pectoralis major was missing from the shoulder
rotators, adductors and flexors, the PCSA of these groups is
likely to have been much larger than any other group, and
the remaining shoulder muscles may have been more equal.
Fascicle lengths were also generally longer in the proximal
muscles, particularly the shoulder flexors, shoulder exten-
sors and elbow flexors, which suggests the need for forces
to be exerted over a wide range of motion in these groups,
particularly at the shoulder, which would be particularly
beneficial during arboreal suspensory and climbing behav-
iours (Isler, 2005).

For all species measured here, the digital flexors had both
the longest fascicles and the greatest PCSAs among the dis-
tal muscles. The importance of this muscle group in non-
human great apes was to be expected as it enables greater
grip strength. Grip strength is important when moving in
an arboreal environment and it also enables fine manipula-
tion of objects, necessary for tool use and dexterity when
feeding, e.g. ant-dipping in chimpanzees (McGrew et al.
2005), leaf-rolling in gorillas (Sawyer & Robbins, 2009) and
seed and insect extraction in orangutans (Fox et al. 2004).
Qishi et al. (2009) observed that their orangutan specimens
had longer fascicles and smaller PCSAs in their digital flex-
ors compared with chimpanzees. In the present study, only
chimpanzee Ptsm appeared to follow this pattern (from the
scaled data), whereas all other chimpanzees were more sim-
ilar to the orangutans and no differences were highlighted
in the ancova model. Oishi et al. (2009) speculated that their
apparent difference was likely due to the increased need
for mobility in the wrist joint during arboreal behaviours in
orangutans, and a greater emphasis on power in the chim-
panzees during quadrupedal locomotion. Although this
seems a reasonable conclusion, the absence of such inter-
specific differences in our study highlights the importance
of interindividual/intraspecific variation. Further, it under-
lines the need to continue increasing the dataset of ape
muscle architecture to give a better appraisal of this varia-
tion, as the small sample sizes in both the present study and
Qishi et al.’s (2009) have yielded different conclusions.

The high intraspecific variation in this study made it diffi-
cult to assess from the scaled data if, and where, interspe-
cific differences were present, thus rendering the results
inconclusive in many respects. Using Ancovas we were able
to discern a statistically significant interspecific difference in
the pronator muscles and, although species was included in
the significant model for wrist extensor fascicle length, no
significant species differences were highlighted. The signifi-
cantly longer muscle fascicles in the gorilla and chimpanzee
pronator muscles, compared with those of bonobos, imply

© 2011 The Authors

Journal of Anatomy © 2011 Anatomical Society of Great Britain and Ireland



that they can produce force over a greater range of motion
during pronation of the forearm. The need for this
increased range of motion in gorillas and chimpanzees may
be related to the greater use of terrestrial quadrupedalism
in gorillas and chimpanzees, but a greater level of arboreal
quadrupedalism in bonobos (Hunt, 1991b). Palmigrade
arboreal quadrupedalism (i.e. placing the palm on the sup-
port with the hands turned out) requires greater force pro-
duction to maintain stability of the dorsi-flexed wrist and a
more flexed elbow — particularly in the unstable arboreal
habitat - compared with the terrestrial knuckle-walking
employed more frequently by gorillas (Tuttle et al. 1972).
Therefore, an increased frequency of arboreal quadrupedal-
ism may lead to an increased need for shorter fascicles, and
thus increased force production, in pronators (although no
significant difference in the PCSA was observed in this small
sample). This result also grouped together the two most
arboreal non-human apes, bonobos and orangutans. This
possible separation (although non-significant in the case of
orangutans, chimpanzees and gorillas) between the arbo-
real and more terrestrial species implies that an increased
ability to apply force during pronation is important when
moving through the forest canopy, grasping branches in
orientations distinct from those during knuckle-walking.
This result is perhaps surprising, as one may expect arboreal
species to also require an ability to produce forces over a
greater range of motion in comparison with more terres-
trial species, for example, during suspensory/clambering
behaviours where rotation about the wrist enables a
change in body orientation. However, the range of motion
of a muscle with short fascicles can be increased by the pres-
ence of a smaller moment arm, and thus further investiga-
tion is required to see whether this is indeed the case in this
muscle group. Although only one muscle group, for one
muscle architecture parameter, was highlighted as being
significantly different between species, the power of tests
such as an ancova is reduced when the sample sizes are
small. The results obtained from the present study, there-
fore, are preliminary and we urge future studies to combine
data from previous studies to increase the sample size and
thus enable more robust conclusions to be obtained.
Neither the greater behavioural arboreality, and puta-
tively more frequent suspensory activity, of orangutans,
nor the differences in kinematics of vertical climbing
between African apes and orangutans, were reflected in
the forelimb muscle architecture of the apes in the present
study, using either form of analysis. The small sample size
and the large individual variation may be masking differ-
ences that may come to light once a larger sample is avail-
able: but it is also possible that the lack of a significant
variation will remain. Any interpretations must as yet be
made with caution. However, within the African apes the
degree of arboreality may have contributed to differences
between the (more arboreal) bonobos and the (more
terrestrial) gorillas and chimpanzees. Further, the very
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presence in the African ape dataset of more arboreal spe-
cies (bonobos, lowland gorillas) would act to reduce any
African-ape vs. Asian-ape distinction. Overall, we cautiously
suggest that the non-human apes may indeed have a
rather generalised forelimb morphology, in terms of mus-
cle architecture, adapted to the entire locomotor reper-
toire. This is also suggested by the postural and locomotor
behaviours directly observed in the wild which are charac-
terised by generally torso-orthograde behaviour (whether
compressive or suspensory; Thorpe & Crompton, 2006;
Crompton et al. 2008) in all the non-human apes, rather
than specialisations to particular, selectively important
behaviours, e.g. brachiation. This implies that, in the non-
human great apes, muscles are adapted to perform all the
behaviours required, whether they form a large proportion
of an animal’s locomotor repertoire or not (Alexander
et al. 1981), and there is a greater advantage for great apes
in having a generalised morphology than one specialised
to a specific behaviour, e.g. leaping in galagos. Skeletal
morphology also shows a range of similarities within the
apes that are thought to represent shared, derived features
(synapomorphies) of the hominoids linked to truncal
orthogrady (e.g. a dorsally placed scapula: Larson, 1998),
but, equally, features of the appendicular skeleton of all
living great apes adaptive to suspension may have been
acquired independently in different lineages (see Moya-
Sola et al. 2004).

Nevertheless, assessment of other muscle architecture
parameters than those examined herein, such as moment
arms, may yet reveal clearer interspecific differences reflect-
ing functional adaptations. Muscles that in this study were
found to have a small PCSA (and thus have been inferred as
producing smaller forces), may in fact be able to produce
greater torque due to their utilisation of a larger moment
arm (see Lieber & Friden, 2001). Furthermore, as studies
increase in sample size, the variation between individual
muscles within a functional muscle group can also be statis-
tically assessed to increase our understanding of the differ-
ences present (see Eng et al. 2008). In addition to these
variations in macro-architecture, adaptations to more
frequently used behaviours may well be reflected in muscle
micro-architecture (i.e. different fibre type proportions/
distributions), and it may be this which fine-tunes muscles
to the output required by a given species, or different
populations of the same species (see Myatt et al. 2011b). It
is thus a detailed knowledge of both macro- and micro-
architecture of muscles that is required to appreciate
the more subtle links between form, function and
performances in the non-human apes.

Conclusion

This study contributes to the description of forelimb anat-
omy and muscle architecture in non-human apes and, in
particular, provides the first data on gorilla and bonobo
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forelimb muscle architecture. Overall, we found that the
non-human apes in this (limited) sample do not vary greatly
in the forelimb across different muscle architecture vari-
ables at the macro-level, possibly reflecting that the Homi-
noidea as a whole are characterised by adaptations in these
properties for orthograde behaviours (Thorpe & Crompton,
2006), as indeed is their thoracic skeletal anatomy reflecting
a similar ecological history over much of the Miocene
(Crompton et al. 2008), although further evidence is
needed to substantiate this. This study does, however, high-
light the difficulty of comparing different species across a
small sample size. With limited sample sizes, substantial
intraspecific variation may swamp the signal of even real
interspecific distinctions and caution must be taken when
drawing conclusions, as methods used to scale or analyse
the data may exert untoward influence on results. It is
imperative and indeed urgent that more studies are carried
out, preferably with fresh cadavers and utilising the same
or at least directly comparable methods to increase sample
size and thus provide more robust conclusions.
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