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Functional relationship between myology and ecology
in carnivores: do forelimb muscles reflect adaptations to
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Prehension involves the ability to reach, grasp and transport an object. It is a fitness-relevant behaviour with an
important role in food acquisition and locomotion. Grasping an item requires the coordinated action of several
muscles and, consequently, the muscular anatomy can be expected to be a good indicator of grasping ability. Here, we
quantitatively analyse the myology of the forelimb in Carnivora in relation to their grasping ability, arboreality and
locomotor specializations. Carnivorans are a monophyletic group and a good model due to the fact that they vary in
ecology and prehensile capabilities. We find that non-prehensile taxa differ in their muscle properties from poorly
prehensile taxa and from intermediately to strongly prehensile taxa when taking into account variation in body size
and phylogeny. Species with strong prehensile capabilities are characterized by a high force-producing capacity in
the forelimb rotators. A strong grasp is not only advantageous for prehension, but also for climbing. Species with
poor prehensile capabilities but an intermediate to high degree of arboreality display well-developed flexor muscles
contributing to a strong grasp. Although anatomical adaptations for prehensility and arboreality are similar, the
present study revealed differences in the muscle specializations of the forelimb in Carnivora.

ADDITIONAL KEYWORDS: arboreality — Carnivora — ecology — musculature — prehensility — quantitative
anatomy.

INTRODUCTION ability to manually grasp food (ranging from no to
well-developed prehensility) (e.g. Ewer, 1977; Holmes,
1980; Van Valkenburgh, 1987; Iwaniuket al., 1999;
Meachen-Samuels & Van Valkenburgh, 2009; Wilson
& Mittermeier, 2009; Goswami & Friscia, 2010; Fabre
et al., 2013; Sustaita et al., 2013; Martin-Serra et al.,
2014; Fabre et al., 2015; Kilbourne, 2017). Manual
grasping ability plays an important role in the context
of food acquisition and consequently diet, but is also
relatedtoarboreallocomotionbecauseaclimbinganimal
has to make secure contact with the discontinuous
substrate. Yet, the relationship between arboreality
and prehension is not obligatory, as exemplified by
the coati (Nasua nasua) which is an agile climber but

The primary function of the appendicular apparatus is
locomotion, but mammals use their forelimbs in several
different and highly demanding tasks associated with
feeding and social behaviour (Gambaryan, 1974; Hall,
2007; Peckre et al., 2016). In contrast to ungulates
or primates that appear relatively homogeneous in
their functional adaptations of the limbs (e.g. Smith
& Savage, 1955; Myatt et al., 2012), carnivores
in particular display a huge variety of functional
specializations in their forelimbs in terms of locomotor
mode (ranging from cursorial to scansorial taxa) and
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has poorly developed prehensility (Gompper & Decker,
1998; McClearn, 1992). Carnivores use their limbs to
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remain attached to the substrate they climb upon,
but apply different attachment mechanisms. This
includes gripping claws that interlock with surface
irregularities or prehensile hands/feet that grasp the
substrate (McNeill, 1983; Biewener, 2003; Hildebrand
& Goslow, 2004). Morphofunctional attributes that
promote grasping strength, however, may conflict
with those that promote digital speed (e.g. Sustaita,
2008). This may indicate a possible trade-off between
maximizing prehensility and arboreal locomotor speed,
and highlights the importance of understanding the
functional relationship between forelimb anatomy,
ecology and behaviour. Equivalent performance trade-
offs have been reported for other arboreal vertebrates,
such as chameleons (Losos et al., 1993), with faster
species generally being poorer clingers (but see also
Herrel et al., 2013).

Previous studies have demonstrated a link between
forelimb muscle anatomy and locomotor mode in
carnivores (Williams et al., 2008; Hudson et al., 2011;
Julik et al., 2012; Junior et al., 2015; Bohmer et al.,
2018; Taverne et al., 2018). Put simply, limb retractor
and flexor muscles have a higher force-producing
capacity in arboreal taxa compared to terrestrial
taxa, reflecting the differences in climbing ability. The
possible differences in forelimb muscles in relation to
prehensility have, however, received less attention in
non-primate mammals. Although a growing number
of studies that have evaluated forelimb behaviour in
rodents, scandentians and marsupials during grasping
(e.g. Hyland & Reynolds, 1993; Ivanco et al., 1996;
McKenna & Whishaw, 1999; Sargis, 2001; Whishaw
et al., 2017), only a few studies have quantified
prehensile capabilities in carnivores (McClearn, 1992;
Iwaniuk & Whishaw, 1999). To date, it is unknown if
and how forelimb muscle anatomy differs in relation
to prehensility in carnivores.

Prehension using the forelimb (i.e. the reach, grasp
and transport of a food item) involves motion of the
shoulder, elbow, wrist and finger joints and, thus,
requires the coordinated activation of numerous
muscles (Georgopoulos, 1986; Hyland & Reynolds,
1993; Flatt, 2000). Here, we focus on the intrinsic
forelimb muscles because we expect them to give
a more detailed functional signal in the context of
prehensility in carnivores. Neurophysiology analyses
and electromyography studies have shown that the
activity of the proximal intrinsic forelimb muscles
is important during reaching (Hyland & Reynolds,
1993; Tokuda et al., 2016; Geed & van Kan, 2017). In
particular, the protractor and extensor muscles are
activated to protract the limb, to extend the wrist and
to open the hand. Once the food item is reached, activity
of the distal intrinsic forelimb muscles contributes
to grasping (Jeannerod et al., 1995; Tokuda et al.,
2016; Geed & van Kan, 2017). The flexor muscles are

activated to close the hand and to provide a firm grasp.
Activity of both the proximal and the distal intrinsic
forelimb muscles enables transport of the food item
(Amundsen Huffmaster et al., 2017). In particular, the
adductor and rotator muscles are active in bringing
the hand towards the body and mouth, respectively.

The aim of the present study was to identify possible
functional correlates of muscle properties in the
forelimb of carnivores associated with their prehensile
capabilities. This is of particular interest because it
will allow us to investigate how these muscle features
are manifested in bone morphology and, ultimately, to
improve our inferences of prehensility in extinct species
known only from fossils. Muscle architecture (i.e. the
cross-sectional area of a muscle) is an established
proxy for its force-producing capacity (Close,
1972). Consequently, based on the aforementioned
observations on limb movement patterns and muscle
activation patterns, we predict that intrinsic forelimb
muscles promoting efficient forelimb prehension in
carnivores should display a relatively larger cross-
sectional area in taxa with well-developed prehensility.
Furthermore, we explore possible functional
adaptations of the forelimb muscles in relation to other
ecological aspects such as arboreality.

MATERIAL AND METHODS
STUDY SPECIMENS AND PHYLOGENY

The forelimbs of 18 carnivore taxa were dissected
for the present study (one individual per species,
except for Cuon alpinus for which two individuals
were dissected) (Fig. 1). Cadavers were obtained
through the Faculty of Veterinary Medicine of Ludwig-
Maximilians-Universitdt in Munich, the INRAP
Centre de Recherches Archéologiques de 1’Oise in
Compiegne, the taxidermy facility and the collection
of Comparative Anatomy of the Muséum National
d’Histoire Naturelle in Paris, the Parc des Félins in
Lumigny and the animal park of La Haute Touche in
Obterre. Specimens did not display any pathologies.
Taxa and number of individuals were chosen to
provide a sample that includes a large range in body
mass, a wide phylogenetic scope, and a broad spectrum
of lifestyles within the limits of the availability of
specimens for dissection (generally one, except for
C. alpinus). The phylogeny used in this study is based
on the molecular tree presented by Nyakatura &
Bininda-Emonds (2012). The tree has been pruned to
include only the taxa analysed in the present study.

ECOLOGICAL DATA

Based on information collected from the literature,
each taxon in the present study was assigned to a
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Figure 1. Overview of the sampled taxa. The phylogeny is based on the molecular tree presented by Nyakatura & Bininda-
Emonds (2012). The tree has been pruned to include only the taxa analysed in the present study. Refer to Table 1 for further

details.

group based on variation in prehensility, arboreality
and locomotor specializations (Table 1). Because most
of the specimens were not entirely preserved (e.g. the
internal organs had been removed during autopsy)
and, thus, we were not able to directly obtain body
mass data, published mean body masses were taken
from the literature as well (Table 1).

Iwaniuk et al. (1999) argued that it is necessary to
grade behaviours along a continuum or in an ordered
series of categories, because either one of these is more
likely to be representative of behavioural variation
than are unordered categories. Thus, both prehensility
and arboreality were coded as multistate, ordered
characters. Prehensility was described in terms of the
amount and frequency of occurrence of prehension
following Napier (1961), Fabre et al. (2013) and
Tarquini et al. (2017): 0 = non-developed (species with
no grasping ability), 1 = poorly developed (species with
little or no manipulation of food with their forelimb
alone; they frequently use their paws in combination
with the ground for manipulation and grasp is mainly
used for climbing), 2 = intermediate (species that are
able to grasp objects only by using both forelimbs
at once and with fine control of digit movements),

3 = well-developed (species that grasp objects using
only one hand). The degree of arboreality of a species
was divided into the following four categories:
0 = never climbs, 1 = climbs occasionally, 2 = climbs
frequently (semi-arboreal), and 3 = nests and/or feeds
primarily in trees, climbs well and is often capable
of controlled head-first descent (arboreal) (Iwaniuk
et al., 1999).

In addition to the degree of arboreality, the species
were also assigned to the following locomotor
specializations in order to account for possible non-
arboreal adaptations: cursorial, fossorial, generalized,
natatorial and scansorial. This differentiates, for
example, two non-arboreal carnivores: the highly
cursorial cheetah from the generalist hyena.

ANCESTRAL CHARACTER STATE RECONSTRUCTION

An ancestral character state reconstruction of
arboreality and prehensility was performed to explore
whether the evolution of arboreal locomotion preceded
the evolution of grasping ability (following Fabre
et al., 2013). This analysis was executed using the
parsimony reconstruction method in the Mesquite
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Table 2. Continued

Main and additional function

Insertion

Origin

Acronym

Muscle

Number

Wrist flexor, elbow extensor

Medial epicondyle of Pisiform
humerus

FCUH

M. flexor carpi ulnaris, humeral
head

29

Wrist flexor, elbow extensor

Base of MC 2

Medial epicondyle of

humerus

FCR

M. flexor carpi radialis

30

Digit flexor, elbow extensor

Palmar fascia (5

tendons)

Medial epicondyle of

humerus

PL

M. palmaris longus

31

Digit flexor, elbow extensor

Palmar fascia (6

tendons)

Medial epicondyle of

FDP

M. flexor digitorum profundus (4
heads)

32

humerus and medial
side of olecranon

metacarpal.

MC

software package (Maddison & Maddison, 2011). The
method finds the ancestral states that minimize the
number of character change steps given the tree and
observed character distribution (Swofford & Maddison,
1987). Maximum parsimony is intuitively appealing
and highly efficient and, thus, a popular technique
for phylogenetic reconstruction (Joy et al., 2016). No
reconstruction method can be designated a priori as
best because the results of alternative methods are
quite similar to one another (Steel & Penny, 2000;
Royer-Carenzi et al., 2013).

MUSCLE DATA

There are 32 intrinsic muscles involved in movement
of the forelimb (Table 2). Sixteen of these muscles
mainly act on the shoulder and elbow. The remaining
16 muscles are primarily responsible for movement of
the wrist and digits. These muscles generally function
as adductors and abductors, flexors/retractors and
extensors/protractors, as well as rotators. Each
muscle was assigned to a main function (Table 2).
Because some muscles may perform dual functions,
an additional function is indicated as well. The
assignment of muscles to functional groups is based
on their topology and on the manipulation of dissected
specimens. We are aware that muscles are versatile
because they need to contribute to more than one
functional role, but consideration of the muscle’s
main function facilitates interpretation. Anatomical
terminology primarily followed Reighard and Jennings
(1902) and the Nomina Anatomica Veterinaria (World
Association of Veterinary Anatomists, 2012).

The dissection protocol follows that described
by Bohmer et al. (2018). In brief, each muscle was
identified and systematically dissected. The following
architectural features were quantified. First, the
blotted dry muscles were weighed on a digital
precision balance (Mettler) (0.1 mg). Next, the fibre
length (as the mean of 15 randomly selected fibres)
of each excised muscle was recorded. The length
parameter was measured directly on the muscle
using a standard ruler for very large specimens such
as the cheetah or the lion because muscle fibres were
clearly visible with the naked eye. To do so, we cut
the respective muscle parallel to its fibre orientation,
which allowed us to clearly identify individual
fibres. For small specimens such as the fossa or the
ferret, muscle fibres were separated by digesting the
muscles in a 30% aqueous nitric acid solution for
about 24 h, after which they were transferred to a
50% aqueous glycerin solution (Antén, 1999; Herrel
et al., 2008). For each muscle, individual fibres were
teased apart and documented by taking scaled digital
photographs. The length of 15 randomly selected
fibres was measured using the software Imaged
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v.1.48 (Schneider et al., 2012) and mean fibre length
was then calculated.
The recorded parameters (muscle mass and fibre
length) allow us to determine the following variables.
Muscle volume (V) was calculated by dividing muscle
mass (m) by a standard muscle density (p) of 1.06 g/
cm?® (Mendez and Keys, 1960):

V [em?] = m [g]/p [g/cm®] D

Anatomical cross-sectional area (ACSA) is a function
of muscle volume and fibre length (/) (Powell et al.,
1984; Sacks & Roy, 1982). It was calculated using the
following equation:

ACSA [em?] = (V [em?®]/(l¢[cm])) (2)

In contrast to physiological cross-sectional area
(e.g. Kupczik et al., 2015; Nyakatura & Stark, 2015;
Rupert et al., 2015; Rosin & Nyakatura, 2017; Bohmer
et al., 2018), ACSA does not take the pennation angle
of the muscle fibres into account. In increasingly
pennate muscles, the ASCA may be less accurate in
predicting the force-producing capacity per muscle
volume (e.g. Lieber & Friden, 2001). However, muscle
force output is related to the cosine of pennation and,
thus, neglecting small angles may cause only a small
percentage of error in force estimates (Scott & Winter,
1991). Because pennation angles appear to be typically
rather small in carnivoran forelimb muscles (e.g.
Williams et al., 2008; Moore et al., 2013; Béhmer et al.,
2018), we excluded this measure in order to obtain a
larger comparative data set. Furthermore, the surface
pennation angle of a muscle may vary significantly
from its deep pennation angle (Sopher et al., 2017) and
consequently only micro-dissection or micro-computed
tomography analyses may allow accurate study of the
pennation of all fascicles that make up the muscle (e.g.
Kupczik et al., 2015; Nyakatura & Stark, 2015; Rosin
& Nyakatura, 2017; Dickinson et al., 2018).

STATISTICAL ANALYSES

Analyses were performed using the software R
v.3.5.1 (respective packages are indicated below)
(R Development Core Team, 2017) and PAST v.3.21
(Hammer et al., 2001).

Size corrections

The body mass of the dissected taxa ranged from
around 800 g (e.g. the ring-tailed mongoose Galidia
elegans) to about 200 kg (e.g. the lion Panthera leo)
(Table 1). Because morphological traits typically scale
with overall body size, meaningful comparisons of trait
values among specimens that differ significantly in
size require size correction (e.g. Allen et al., 2010, 2014;

Cuffet al.,2016; Dick & Clemente, 2016). Two methods
were used to account for body mass differences
between the analysed taxa. In the first method, the
muscle variables (ACSA) were logarithmically (log,)
transformed. The log, -transformed muscle data were
then regressed against log, -transformed body mass
for each taxon. The resulting residuals were used for
subsequent statistical analyses. The same procedure
was applied when performing the second method,
but with respect to an overall reference metric. This
reference metric is the average body mass of all taxa.
The second method was performed using the ‘remove
size from distances’ tool with the ‘allometric vs.
standard’ option in the software PAST.

Principal component analysis

The raw data and the data set resulting from the
aforementioned size corrections were subjected to
a principal component analysis (PCA) in order to
reduce the dimensionality. We performed the PCA
on the correlation matrix (e.g. Parsons et al., 2009).
Accordingly, PCA was performed using the ‘prcomp’
function in the R package ‘stats’, and the R package
‘factoextra’ was used to extract and visualize the
results of the multivariate data analysis (Kassambara
& Mundt, 2017). The ‘phylomorphospace’ function in
the R package ‘phytools’ (Revell, 2012) was used to
project the phylogenetic tree into the morphospace
resulting from the PCA (Sidlauskas, 2008). The cos2
values (squared loading matrix of the variables) were
used to determine the contribution of the variables
to the principal component (PC) and given as a
percentage in relation to all PCs (Kassambara, 2017).

We performed a K-means cluster analysis on the
total number of PCs (explaining 100% of the detected
variation) (Horn & Friedman, 2003; Ding & He, 2004)
in order to reveal the grouping of the studied taxa
based on the muscle data. The number of clusters
(K) was specified as four (corresponding to the
number of prehensility and arboreality categories).
The non-hierarchical method defines clusters based
on a centroid (centre point) and assigns each data
point to the cluster with the closest centroid. The
ratio of the sum of squares (SS) between and within
the groups indicates the quality of the classification,
ideally being 100% (or 1). This analysis was performed
using the ‘kmeans’ function in the R package ‘stats’
and was visualized using the ‘clusplot’ function in the
R package ‘cluster’ (Maechler et al., 2018).

Phylogenetic signal

Because closely related species (descended from a
relatively recent common ancestor) share a common
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Figure 2. Ancestral character state reconstruction for arboreality and prehensility in the taxa analysed.

history, the data cannot be considered as independent
(Harvey & Pagel, 1991). The phylogenetic signal was
estimated using a Blomberg’s K (Blomberg et al.,
2003) with the function ‘phylosig’ in the R package
‘phytools’ (Revell, 2012). Blomberg’s K allowed us to
test whether the same muscle properties are present
in related taxa more frequently than expected by
Brownian motion (Blomberg et al., 2003). A value of
K > 1 indicates a strong phylogenetic signal, while a
value of K close to zero indicates a weak phylogenetic
signal. Note, however, that other evolutionary models
(e.g. Ornstein—Uhlenbeck) may provide a better fit of
the data distribution across the phylogeny if adaptive
peaks are present in the data (Butler & King, 2004;
Beaulieu et al., 2012).

(M)ANOVAs and phylogenetic (M) ANOVAs

To test if the muscle parameters differ depending on
the ecological categories (prehensility and arboreality),
we performed a phylogenetic MANOVA on the PCs
that explain about 10% or more of the total variance
using the ‘aov.phylo’ function in the R package ‘geiger’
(Pennell et al., 2014). For each muscle we next tested
whether differences were observed between ecological
groups using phylogenetic ANOVAs coupled to
Bonferroni post-hoc tests in R using ‘geiger’.

RESULTS

ANCESTRAL CHARACTER STATE RECONSTRUCTION

The ancestral state reconstructions of arboreality and
prehensility suggest that the character state of the
common ancestor of the carnivores in our sample was
non-arboreal and poorly prehensile (Fig.2). The analysis
further indicated that a high degree of arboreality

evolved at least twice in the suborder Feliformia
(Paradoxurus hermaphroditus, Cryptoprocta ferox)
and at least once in the suborder Caniformia (Potos
flavus). Strong prehensility appears to have evolved at
least once in both suborders (Feliformia: Cryptoprocta
ferox, Caniformia: Potos flavus). The results also
suggest that the loss of all prehensile capability
appeared twice among Feliformia (Acinonyx jubatus,
Hyaena hyaena) and once in Canidae (Cuon alpinus,
Vulpes vulpes).

PRINCIPAL COMPONENT ANALYSIS

The PCA on the raw data (Table 3) displayed a strong
separation of the analysed taxa based on differences
in body mass. The PCA on the scaled data revealed
the same pattern for both size-normalized datasets.
Moreover, regression analysis of the PCs against log, -
transformed mean body mass showed no significant
correlation. In the following, we solely refer to the
results obtained from the first scaling method as both
provided similar results.

In total, the PCA revealed 19 PCs. The k-means
cluster analysis (SS ratio = 48.9%) assigned the studied
animals to four clusters that correspond to about 74%
(14 out of 19 taxa) of the a priori defined prehensility
categories (Table 4). The first cluster includes all non-
prehensile taxa except the cheetah (Acinonyx jubatus).
In the second cluster, all poorly prehensile taxa are
grouped together except the ring-tailed mongoose
(Galidia elegans), the ferret (Mustela putorius furo) and
the mink (Neovison vison). The third cluster is a mixed
group encompassing the intermediately prehensile
small Indian mongoose (Herpestes auropunctatus)
as well as the non-prehensile cheetah and the poorly
prehensile ring-tailed mongoose. The fourth cluster
includes the strongly prehensile taxa including the
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12 C.BOHMER ETAL.

Table 4. The k-means clustering results on all 19
principal components (explaining 100% of the detected
variation)

Species k-means cluster

Cuon alpinus 1

Cuon alpinus 2

Vulpes vulpes

Hyaena hyaena
Panthera leo

Martes foina

Martes martes

Meles meles

Mustela putorius

Nasua nasua
Paradoxurus hermaphroditus
Galidia elegans
Acinonyx jubatus
Herpestes auropunctatus
Cryptoprocta ferox
Mustela putorius furo
Neovison vison

Potos flavus

Procyon lotor

AR R R W W WNNDNDNDNDNDN =

fossa (Cryptoprocta ferox) and the kinkajou (Potos
flavus), but also the intermediately prehensile raccoon
(Procyon lotor), and the poorly prehensile ferret and
mink. In summary, the five taxa that differ from the
a priori prehensility categories are: the cheetah, the
ring-tailed mongoose, the raccoon, the ferret and
the mink.

PHYLOMORPHOSPACE

The first three PC axes explain 63.5% of the total
detected variation in the sample (PC1 = 39.0%,
PC2 = 15.4%, PC3 = 9.1%). All Blomberg’s K values
were <1, indicating that related species resemble each
other less than expected under the Brownian motion
model of trait evolution. Whereas PC1 (K = 0.24,
P =0.65) and PC3 (K = 0.47, P = 0.06) showed no
phylogenetic signal, this was significant for the second
PC (K =0.77, P < 0.005).

The five muscles contributing most along PC1 are
the M. spinodeltoideus (DS), M. extensor digitorum
communis (EDC), M. triceps brachii caput mediale
(TBM), M. flexor digitorum profundus (FDP) and
M. flexor carpi radialis (FCR) (Fig. 3A; Table 5). In
total, they account for about 27% of the variation
along the first PC axis. All five muscles have negative
loadings on PC1 (Table 5) indicating that the taxa
on the negative side of the first PC axis have larger
ASCAs in these muscles.

The five muscles contributing most along PC2 are
the M. supinator (SUP), M. brachioradialis (BCR),
M. pronator teres (PT), M. brachialis (BCH) and
M. triceps brachii caput accessorium (TBA) (Fig. 3C;
Table 5). In total, they account for almost 50% of the
variation along the second PC axis. All five muscles
have negative loadings on PC2 (Table 5). The taxa on
the negative side of PC2 have larger ASCAs in these
muscles.

The overall pattern in terms of prehensility appears
unclear at first glance. However, when considering the
extremes in our sample, i.e. non-prehensile vs. strongly
prehensile animals, taxa are largely separated by PC1
and PC2 (Fig. 3B). All non-prehensile animals in our
sample, such as the cheetah (Acinonyx jubatus), the
hyena (Hyaena hyaena), the dhole (Cuon alpinus) and
the fox (V. vulpes), are associated with PC1 scores close
to zero and positive PC2 scores. Taxa with the strongest
prehensility, namely the fossa (Cryptoprocta ferox)
and the kinkajou (Potos flavus), are characterized
by positive PC1 and negative PC2 scores. Poorly and
intermediately prehensile animals are scattered
between these extremes with the intermediately
prehensile taxa, the small Indian mongoose (Herpestes
auropunctatus) and the raccoon (Procyon lotor) being
associated with positive PC1 scores.

In terms of arboreality, the extremes in our sample
(i.e. non-arboreal vs. highly arboreal animals) tend to
lie on the opposite sides of the graph. Except for the lion
(Panthera leo) and the badger (Meles meles), the non-
arboreal animals in our sample are associated with
positive PC2 scores (Fig. 3B, D). Taxa with the highest
arboreality, namely the palm civet (Paradoxurus
hermaphroditus), the fossa (Cryptoprocta ferox), and
the coati (Nasua nasua), are characterized by negative
PC2 scores. Poorly and intermediately arboreal
animals are scattered between these extremes.

Our quantitative analyses revealed no significant
signal of arboreality (Wilks’ lambda = 0.22;
F =1.67; P = 0.13; Pphyl = 0.12) nor of prehensile
capability (Wilks’ lambda = 0.23; F = 1.61; P = 0.15;
Pphyl = 0.28) on muscle anatomy when using the
first four principal components and irrespective of
whether phylogeny was taken into account. This
suggests not global trends exist. Univariate analyses
of variance taking phylogeny into account suggested,
however, differences in muscle ACSA between species
differing in prehensility. Specifically, differences
were detected in the M. supraspinatus (F = 5.80;
P = 0.009; Pphyl = 0.01), the M. infraspinatus
(F=5.60;P=0.01; Pphyl =0.02), the M. subscapularis
(F=5.60;P=0.01; Pphyl =0.02), the M. triceps brachii
caput laterale (F' = 5.60; P = 0.01; Pphyl = 0.02), the
M. brachioradialis (F=11.10; P<0.001; Pphyl <0.001)
and the M. pronator teres (F = 4.40; P = 0.02;
Pphyl = 0.04). However, after Bonferroni correction
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Figure 3. Results of the principal components (PC) analysis of the muscle data. (A,C) Contribution of the variables. (B,D)
Scatterplot and projected phylogeny illustrating the distribution of the sampled taxa in morphospace.

for multiple testing only the M. brachioradialis
showed differences in ACSA. Post-hoc tests showed
that differences in the brachioradialis ACSA were
significant between species that have no grasping
ability and those that show either poorly developed
(¢ = 5.56; P = 0.006) or well-developed grasping
abilities (¢ = 3.97; P = 0.036). When testing for effects
of arboreality, differences in muscle ACSA were
significant for the M. acromiodeltoideus (F = 3.77;
P = 0.04; Pphyl = 0.03), the M. supinator (F = 3.78;
P = 0.03; Pphyl = 0.02) and the M. pronator teres
(F =3.99; P = 0.03; Pphyl = 0.02). Although none of
these differences was significant after Bonferroni

correction for multiple testing, post-hoc tests
suggested that the differences were mainly between
primarily arboreal vs. non-arboreal species (P = 0.04).

DISCUSSION

Although basal Carnivoraformes have been
reconstructed as being ambiguous, the most
conservative assessment of currently available
information supports the hypothesis of primitive
arboreal locomotion in carnivoraforms (Spaulding &
Flynn, 2009; Goswami & Friscia, 2010). Our results
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Table 5. Contribution of the variables (%) to the first three principal components (PC1 to PC3) and loadings of the
variables. The five variables that contribute most for each PC are indicated in bold and with asterisks (¥)

Variable PC1 PC2 PC3
Contribution Loading Contribution Loading Contribution Loading

SSP 4.38 -0.21 4.68 0.22 0.32 0.06
TMdJ 3.39 -0.18 1.47 -0.12 13.92% -0.37%
DS 5.78% -0.24* 0.01 -0.01 1.12 -0.11
DA 3.89 -0.20 3.73 -0.19 4.04 -0.20
ISP 4.00 -0.20 4.06 0.20 6.87 -0.26
TMN 0.31 -0.06 0.26 -0.05 1.55 -0.12
AH 3.09 -0.18 1.43 0.12 4.43 0.21
SUB 3.39 -0.18 5.45 0.23 0.82 -0.09
EPI 0.08 -0.03 1.83 -0.14 6.91 0.26
TBLA 1.50 -0.12 1.27 0.11 7.10% 0.27*
TBLO 3.31 -0.18 2.69 0.16 0.49 0.07
TBM 5.35% -0.23* 0.37 0.06 7.41% 0.27*
ANC 2.62 -0.16 2.27 -0.15 0.01 0.01
TBA 0.24 -0.05 8.27% -0.29% 10.89% 0.33*
BB 3.41 -0.18 2.74 -0.17 1.09 -0.10
BCH 2.55 -0.16 9.07* -0.30* 0.41 -0.06
BCR 1.12 -0.11 9.81* -0.31% 1.28 0.11
SUP 141 -0.12 12.70% -0.36* 0.00 0.00
PT 2.04 -0.14 9.66* -0.31% 0.55 0.07
PQ 3.96 -0.20 1.23 0.11 0.87 -0.09
ECRL 2.25 -0.15 0.23 0.05 5.02 -0.22
ECRB 3.63 -0.19 0.30 0.05 0.66 -0.08
ECU 4.12 -0.20 0.18 0.04 2.56 0.16
EDC 5.47* -0.23* 4.47 0.21 0.00 -0.01
EDL 4.67 -0.22 1.94 0.14 2.73 0.17
EI 0.94 -0.10 1.95 0.14 0.01 -0.01
EP 3.82 -0.20 2.30 -0.15 0.01 0.01
FCUU 2.98 -0.17 0.16 -0.04 9.28%* 0.30*
FCUH 4.10 -0.20 0.16 -0.04 1.33 0.12
FCR 5.05% -0.22% 0.30 -0.05 2.80 -0.17
PL 1.85 -0.14 4.64 0.22 3.69 0.19
FDP 5.32% -0.23* 0.39 -0.06 1.84 -0.14

suggest that the ancestral modern carnivore was
probably non-arboreal and had poor prehensility
based on the species included in our study.
However, it is important to note that our ancestral
reconstruction is based on a limited sample and
includes only representative members of the crown-
clade Carnivora. This is in accordance with a previous
study that indicated that the common ancestor
of the ailurid, procyonid and mustelid clades was
terrestrial or semi-arboreal and had poorly developed
prehensile capabilities (Fabre et al., 2013). The loss
of any prehensile capability occurred convergently
in Feliformia (Acinonyx jubatus, Hyaena hyaena)
and Caniformia (Canidae) (Fig. 2). Forelimb bone
morphology and in particular elbow joint morphology

supports this observation (Ewer, 1977; Iwaniuk et al.,
1999; Andersson & Werdelin, 2003). Some carnivores
retained supinatory ability allowing them to
manipulate food items, whereas other carnivores lost
the ability to supinate and became strictly cursorial
(Ewer, 1977; Andersson & Werdelin, 2003).

FORELIMB MUSCULATURE AND PREHENSILITY

Considering the extremes in our sample, comparison of
theforce-producing capacity ofthe intrinsic musculature
overall reflects the ecology of the carnivores in our
sample. Non-prehensile taxa (e.g. the dhole, Cuon
alpinus, or the hyaena, Hyaena hyaena) differ in their
muscle properties from poorly prehensile taxa (e.g. the
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stone marten, Martes foina) and from intermediately
to strongly prehensile taxa (e.g. the kinkajou, Potos
flavus). The non-prehensile taxa in our sample include
canids and hyaenids as well as the cheetah (Acinonyx
Jjubatus) that chase their prey over relatively long
distances and that do not use their forelimbs to grab
and manipulate prey. The cheetah’s morphological
features are unique among felids, including an
increased cursorial ability that was acquired at the
expense of the manipulative capabilities of the forelimb
(Russell & Bryant, 2001).This is supported by the
observation that these specimens lack or have poorly
developed muscles that help to rotate the forelimb (e.g.
M. epitrochlearis, M. brachioradialis, M. supinator,
M. pronator teres). It is also in accordance with the
morphology of the bones and the joints that point to
a restriction of movements of the radius and ulna to
a sagittal plane (e.g. Gonyea, 1978; Spoor & Badoux,
1986; Martin-Serra et al., 2016). The two distantly
related taxa with the strongest prehensility in our
sample, the euplerid fossa (Cryptoprocta ferox) and
the procyonid kinkajou (Potos flavus), are significantly
different from the non-prehensile taxa and share
similar force-producing capacities of the forelimb
muscles. In particular, the rotator muscles are well
developed, thus enhancing pronation and supination
of the forelimb, as has been shown in other prehensile
carnivores such as the lynx and the ocelot (Julik et al.,
2012; Viranta et al., 2016). More specifically, it is the
M. brachioradialis that differs between taxa that
differ in grasping ability. This muscle is an important
rotator, as demonstrated by the brachioradialis reflex,
which causes pronation or supination and slight elbow
flexion (Teasdall & Magladery, 1974). In accordance
with our study, a greater functional importance for the
M. brachioradialis has been reported for mustelids,
procyonids and felids when compared to canids (Junior
et al.,2015). The soft tissue adaptations go hand in hand
with a specialized limb bone morphology allowing for a
wide range of rotation in the forelimb (e.g. Andersson,
2004; Ercoli et al., 2012).

PREHENSILITY AND ARBOREALITY

Generally, a single evolutionary origin is proposed for
prehension, possibly derived from either digging (e.g.
Bracha et al., 1990), climbing on thin branches (e.g.
Anton et al., 2006) or capturing prey (e.g. Iwaniuk
& Whishaw, 2000). Although the functional signal
in the muscles indicating strong prehensility is not
clearly distinguishable from that indicating high
arboreality, the present results suggest a trend in
differences in muscular adaptations for prehensile
capabilities and arboreal locomotion. Among the
excellent climbers in our sample, differences in the
degree of prehensility are reflected in the forelimb

musculature (primarily along PC1): the poorly
prehensile palm civet (Paradoxurus hermaphroditus)
and coati (Nasua nasua) vs. the strongly prehensile
kinkajou (Potos flavus) and fossa (Cryptoprocta ferox).
Thus, a strong prehensile capability in the forelimb
is not a prerequisite for climbing in carnivores. There
are alternative strategies to make secure contact with
the arboreal substrate (Iwaniuk et al., 2000). The palm
civet (Paradoxurus hermaphroditus) has strongly
grasping hindfeet that it uses for arboreal locomotion
(Gittleman, 1985). The agile and fast-moving coati
(Nasua nasua) may represent a possible trade-
off between maximizing prehensility and arboreal
locomotor speed (e.g. Kleiman et al., 2004). Overall,
this supports the observation based on the forelimb
bone morphology of musteloids that the evolution
of an arboreal lifestyle preceded the development of
enhanced grasping ability (Fabre et al., 2013).

Among the taxa with intermediate to strong
prehensility, differences in the degree of arboreality
are also reflected in the forelimb musculature
(primarily along PC2): the non-arboreal small
Indian mongoose (Herpestes auropunctatus) vs. the
intermediately arboreal raccoon (Procyon lotor) and
the highly arboreal kinkajou (Potos flavus) and fossa
(Cryptoprocta ferox). This suggests that prehensility
may have evolved independently from arboreality in
some taxa. Interestingly, the prehensile capabilities in
the small Indian mongoose (Herpestes auropunctatus)
and the raccoon (Procyon lotor) are strongly associated
with a high degree of dexterity (McClearn, 1985, 1992;
Iwaniuk & Whishaw, 1999; Estes, 2012). Raccoons find
most of their food on the ground and have exquisite fine
control of forepaw digits, but do not have the converging
grasp of kinkajous (McClearn, 1992). In this context, an
important distinction has to be considered: precision vs.
power grasping (reviewed by Sustaita et al., 2013). The
precision grasp is characterized by high dexterity and
sensibility, whereas the power grasp is attributed to high
stability and security. Because larger muscle ACSAs are
expected to be linked to the power grasp rather than the
precision grasp, it is not surprising that the dexterous
taxa in our sample differ from the strongly prehensile
ones. The power grasp appears to be advantageous for
arboreal locomotion, whereas the precision grasp can
evolve independently from a climbing lifestyle. To fully
assess the role that the muscles of the forelimb may
play in determining prehensility in carnivores, it would
be interesting to evaluate the musculature responsible
for fine control of the digits.

CONCLUSION

The major factors responsible for adaptive
modifications in the forelimb morphology of mammals
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involve food and feeding as well as locomotion.
A strong grasp is advantageous for both predation
and arboreal locomotion and, thus, prehensility and
arboreality are tightly linked to each other (reviewed
by Sustaita et al., 2013). The general movements
needed to grasp a food item or to grasp a tree trunk
or branch are relatively similar. In frogs and primates,
for example, the evolution of grasping is thought to be
an exaptation of the specialization of the forelimbs for
arboreal locomotion (Napier, 1967; Gray et al., 1997,
Manzano et al., 2008). Within carnivores, this may
also be the case for the red panda (Ailurus fulgens)
(Anton et al., 2006; Salesa et al., 2006; Endo et al.,
2007) and has been reported for mustelids in general
(Fabre et al., 2013). In contrast, climbing adaptations
in the musculoskeletal system of the forearm and
hand in the giant panda (Ailuropoda melanoleuca) are
interpreted to be an exaptation of the specialization of
the forelimbs for the manipulation of bamboo (Davis,
1964; Anton et al., 2006; Salesa et al., 2006).

Acknowledging certain limitations, the present
results suggest that strong prehensile capabilities
are primarily associated with well-developed rotator
muscles favouring the transport phase of prehension,
whereas a high degree of arboreality is primarily
linked to well-developed flexor muscles contributing to
a strong grasp (Fig. 3A). Because the muscle properties
characterizing prehensile taxa do not correspond to
those characterizing arboreal taxa, the present study
suggests a dual origin of prehensility in carnivores.
On the one hand, the ability to grasp appears to be
derived from arboreal thin-branch climbing (e.g.
Grillner & Wallen, 1985) as perhaps for the kinkajou
(Potos flavus). On the other hand, prehensility may
be derived from the need to manipulate food items
(e.g. Iwaniuk & Whishaw, 2000) as perhaps for the
raccoon (Procyon lotor). Thus, the differences in
forelimb muscle specialization in carnivores may be
explained by evolutionary pressures favouring either
prehensility or arboreality. According to the ‘Dual
Visuomotor Channel Theory’, the reach phase and the
grasp phase during prehension are of independent
origin (Karl & Whishaw, 2013). The two phases depend
on two neural pathways that extend from visual cortex
to motor cortex via the parietal lobe (Karl & Whishaw,
2013). It would be interesting to investigate the neural
pathway that mediates the transport phase as well. If
it is independent of the grasp phase, this would support
the observed differences in muscle specialization in
terms of prehensility and arboreality.
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