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ABSTRACT
Dietary ecology and its relationship with both muscle architecture and bite

force potential has been studied in many mammalian (and non-mammalian)
taxa. However, despite the diversity of dietary niches that characterizes the
superfamily Musteloidea, the masticatory muscle fiber architecture of its
members has yet to be investigated anatomically. In this study, we present
myological data from the jaw adductors in combination with biomechanical
data derived from craniomandibular measurements for 17 species representing
all four families (Ailuridae, Mephitidae, Mustelidae, and Procyonidae) of
Musteloid. These data are combined to calculate bite force potential at each
of three bite points along the dental row. Across our sample as a whole, mas-
ticatory muscle mass scaled with isometry or slight positive allometry
against both body mass and skull size (measured via a cranial geometric
mean). Total jaw adductor physiological cross-sectional area scaled with
positive allometry against both body mass and skull size, while weighted
fiber length scaled with negative allometry. From a dietary perspective,
fiber length is strongly correlated with dietary size such that taxa that
exploit larger foods demonstrated myological adaptations toward gape max-
imization. However, no consistent relationship between bite force potential
and dietary mechanical resistance was observed. These trends confirm pre-
vious findings observed within the carnivoran family Felidae (as well as
within primates), suggesting that the mechanisms by which masticatory
anatomy adapts to dietary ecology may be more universally consistent than
previously recognized. Anat Rec, 302:2287–2299, 2019. © 2019 American
Association for Anatomy

Key words: Carnivora; scaling; PCSA; fiber length; mechanical
advantage

Musteloidea is a taxonomic superfamily within the
order Carnivora that consists of the families Ailuridae
(the red panda), Mephitidae (skunks), Mustelidae (bad-
gers, martens, minks, otters, weasels, and wolverines),
and Procyonidae (coatis, kinkajous, raccoons, and ring-
tails; Wilson and Mittermeier, 2009). These taxa exhibit
many morphological similarities (Goswami, 2006) but

encompass a wide range of dietary niches: ranging from
specialized durophagy and hypercarnivory to generalized
omnivory (Larivière and Walton, 1998; Zabala and
Zuberogoitia, 2003; Alves-Costa et al., 2004; Gatti et al.,
2006; Dalerum et al., 2009; Ferreira et al., 2013). Specifi-
cally, musteloid diets include fish and marine inverte-
brates [e.g., Lontra canadensis; Larivière and Walton,
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1998), small mammals, insects, fruits, eggs, and even
bamboo (Ailurus fulgens; Roberts and Gittleman, 1984)].
Within single families and genera, dietary diversification
may be high: while the American hog-nosed skunk (Con-
epatus leuconotus) is predominantly insectivorous, the
Andean hog-nosed skunk (Conepatus chinga) is a dedi-
cated hypercarnivore, exploiting both small vertebrates
and invertebrates (Donadio et al., 2004; Montalvo et al.,
2008; Dragoo and Sheffield, 2009).

The diets of Musteloidea vary not only in their composition,
but also in their relative size and mechanical resistance.
Obdurate plant material, such as bamboo, exhibits high
degrees of toughness—being capable of absorbing high
magnitudes of stress prior to fracture (Hill and Lucas,
1996; Berthaume, 2016). Such foods are difficult to shear,
and typically require significant mastication prior to
swallowing (Berthaume, 2016). By contrast, the external
shells of mollusks are extremely mechanically hard (though
much more brittle than wood or bamboo), being capable of
resisting high magnitudes of stress (Constantino et al.,
2011). Once fractured, however, mollusks expose a soft inte-
rior that requires little to no mastication. Some musteloids
are capable of cracking large bones (e.g., the wolverine,
Gulo gulo; Pasitschniak-Arts and Larivière, 1995)—a
durophagous diet that is both tough and hard. Finally,
many foods exploited by musteloids pose less mechanical
resistance: fruits and berries, fish, and small mammals are
neither exceptionally hard nor tough, and thus can be
exploited without significantly taxing the masticatory
apparatus. Species which habitually consume tough foods
(e.g., bamboo for Ailurus fulgens), hard foods (e.g., mollusks
and sea urchins for Enhydra lutris), or foods that are both
hard and tough (e.g., bones forGulo gulo) are therefore likely
to display morphological adaptations within the masticatory
apparatus, which distinguish them from non-mechanically
resistant feeders (Estes, 1980; Roberts and Gittleman, 1984).

Similarly, the size of exploited food and prey items (rela-
tive to the species own size) may vary drastically. Several
species (mink, martens, and weasels) exploit snowshoe
hares, particularly during the winter months, despite this
prey often outweighing them (a typical hare may weigh
1.5 kg, a comparable mass to adult male American minks
and martens). Similarly, least weasels (which weight just
100 g) regularly consume pika (which can be more than
double their weight), and have even been reported to
exploit animals as large as capercaillie, hazel hens, and
hares (Heptner and Sludskii, 2002)—prey species that can
be more than an order of magnitude larger than them-
selves. The exploitation of such relatively large prey might
similarly impose significant demands upon the masticatory
apparatus requiring exceptional gape.

Functional Myology of the Masticatory System

From an anatomical perspective, both the size and
architectural configuration of the muscles of mastication
are critical determinants of the functional capacity of the
masticatory system. Muscle fibers are composed of func-
tional units known as sarcomeres, which shorten to
induce muscle contractions (Loeb and Ghez, 2000). As
sarcomeres are serially arranged within muscle fibers,
the length of its constituent fibers reflects the total excur-
sion potential of a muscle. Within the masticatory system,
this excursion potential functionally determines gape:
the maximum jaw-opening potential that a species can

attain. Consequently, species that exploit larger prey
sizes might be expected to display an increase in fiber
length (FL) (e.g., gape potential) within the masticatory
musculature. Indeed, an interspecific analysis of Felidae
by Hartstone-Rose et al. (2012) demonstrated that the
jaw adductors of felid species, which consume relatively
larger prey, possess relatively longer muscle fibers.

A second critical factor relating to masticatory perfor-
mance is bite force. As sarcomeric contraction produces a
muscle’s intrinsic force, the total force generated during this
contraction is proportional to the number of fibers arranged
through the cross-sectional area of a muscle: a variable
known as physiological cross-sectional area (PCSA; Close,
1972; O’Connor et al., 2005). An increase in PCSA therefore
increases bite force potential; as such, species that consume
mechanically challenging foods have repeatedly been shown
to possess an increase in PCSA relative to taxa whose diets
impose fewer mechanical challenges (Perry et al., 2011;
Hartstone-Rose et al., 2012). This increase is typically facili-
tated by an increase in muscle volume, enhancing the num-
ber of fibers within a muscle’s cross-section (Herrel et al.,
2008; Taylor and Vinyard, 2009).

Masticatory Biomechanics

In addition to determining muscle architectural vari-
ables, we estimate the moment arms of each jaw adductor
muscle to calculate their mechanical advantage at different
bite points—a measure of the efficiency of force transfer
from the muscle to a specific bite point. Mechanical advan-
tage is measured as the ratio of a muscle’s lever arm (the
perpendicular distance from its line of action to the man-
dibular condyle; Fig. 1) and its load arm (the distance mea-
sured from the condyle to the given bite point; Fig. 2), with
higher ratios reflecting a relatively elongated lever arm
and describing a system in which a higher percentage of
intrinsic muscle force can be transmitted to the dentition
during biting (Greaves, 1980). By combining each muscle’s
PCSA with its mechanical advantage, we can better infer
bite force and thus more closely examine the relationship
between masticatory anatomy and dietary consistency.

Previous Analyses of Bite Force within the
Musteloidea

Several earlier studies have sought to describe mastica-
tory anatomy and performance within select extant (and
extinct) species of Musteloid. Though much of this work has
focused upon Mustelids [e.g., Martes americana, Lontra can-
adensis, and Enhydra lutris (Riley, 1985); Enhydra lutris
(Law et al., 2016)], several other extant taxa have been ana-
lyzed from the perspective of masticatory performance,
including Procyon lotor (Christiansen and Adolfssen, 2005;
Christiansen and Wroe, 2007; Davis, 2014; Law et al., 2018),
P. cancrivorus, Ailurus fulgens, Gulo gulo, Taxidea taxus,
Nasua nasua, and others (Christiansen and Adolfssen,
2005; Christiansen and Wroe, 2007; Law et al., 2018). The
feeding performance of several giant fossil mustelids
(including Megalictis, Eomellivora, Ekorus, Plesiogulo, and
Enhydritherium) has similarly been considered (Valenciano
et al., 2016). However, these studies have typically relied
upon combining dry-skull methods of estimating muscle
volume with biomechanical proxies; consequently, data on
muscle architectural variation within Musteloidea remain
underreported. Moreover, while most previous studies have
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examined narrower taxonomic groups, an analysis character-
izing variation in masticatory anatomy across the superfam-
ily will allow biomechanical assessment in this carnivoran
group with remarkable dietary breadth.

Aims and Predictions

This study aims to examine the masticatory apparatus of
a taxonomically diverse sample of Musteloidea in relation to
two dietary factors: food item size andmechanical resistance.
Following previous work on the relationship between masti-
catory anatomy and diet in both carnivores (Hartstone-Rose
et al., 2012) and other mammalian taxa (Santana et al.,
2010; Perry et al., 2011; Hartstone-Rose et al., 2018), we pre-
dict that the architecture and mechanical efficiency of the
jaw adductor muscles within Musteloidea will be heavily
influenced by their dietary category.

Hypothesis 1: PCSA and Bite Force will scale with
positive allometry relative to body size, such that
larger species will be able to produce relatively
larger masticatory forces. In other carnivoran lineages
(Felidae and Canidae), PCSA and bite force were

observed to scale with positive allometry relative
to body size across a broad interspecific sample
(Hartstone-Rose et al., 2012). We therefore predict that
the same scaling relationship will be observed within
musteloids.

Hypothesis 2: FLs will be longer in musteloids that
consume relatively larger foods. Longer fibers enable
greater muscle excursion and, in the jaw, increase maxi-
mum gape potential. We therefore predict that species
that consume foods of a large size [relative to their own
body mass (BM)] will show an increase in FL across the
adductor musculature to facilitate the exploitation of rela-
tively larger prey; a pattern previously observed within
Felidae (Hartstone-Rose et al., 2012).

Hypothesis 3: PCSA and Bite Force will be higher in
musteloids that eat more mechanically resistant
food items. An increase in bite force capacity enables the
consumption of more mechanically resistant food items
(e.g., bamboo and the hard shells of mollusks). We therefore
predict that species whose diets incorporate mechanically

Fig. 1. Calculation of lever arm lengths within the masticatory apparatus of the wolverine (Gulo gulo). Shaded areas indicate muscle attachment
sites (medial pterygoid attachments on deeper bony aspects not shown). Dashed colored lines indicate lines of action. Solid colored lines represent
lever arm lengths for each muscle, used to calculate the mechanical advantage of each jaw adductor.
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challenging foods will display an increase in bite force
potential relative to taxa whose diets consist of non-
obdurate foods such as fruits and flesh.

MATERIALS AND METHODS
Sample

Our sample consisted of 17 species from the superfamily
Musteloidea (Table 1). These individuals represent both
wild animals (non-threatened North American species that
are readily available as byproducts of the hunting/
trapping/taxidermy industry) and captive specimens
donated for research postmortem from various sources
including the Atlanta Zoo and the Smithsonian Institu-
tion. To ensure a comprehensive sample, individuals from
all four families of the superfamily Musteloidea—Ailuridae,
Mephitidae, Mustelidae, and Procyonidae—were included
within this study. In addition to taxonomic diversity, we
similarly attempted to maximize variation in our sample
across body size (including both the largest and smallest ter-
restrial taxa in the superfamily) and diet (with highly fru-
givorous, insectivorous, durophagous, and generalist taxa
included for analysis).

Dietary Categorization

Species were categorized based on variation among
their dietary size (DS) and their dietary mechanical prop-
erties (DMPs), using published accounts of subsistence
strategies for each species (Long, 1973; Lotze and Anderson,
1979; King, 1983; Roberts and Gittleman, 1984; Clark et al.,
1987; Poglayen-Neuwall and Toweill, 1988; Sheffield and
King, 1994; Pasitschniak-Arts and Larivière, 1995; Smith
et al., 1995; Gompper and Decker, 1998; Larivière and
Walton, 1998; Kays, 1999; Larivière, 1999, 2003; Zabala and
Zuberogoitia, 2003; Zhou et al., 2011; Ribas et al., 2012;
Ferreira et al., 2013; Noonan et al., 2017). DS was categorized
using the same method described by Hartstone-Rose et al.
(2012): Species in Category 1 consume food that is mostly
smaller than one order of magnitude below its own BM; spe-
cies in Category 2 consume mostly food that is between one
order of magnitude smaller than themselves and their own
BM; species in Category 3 regularly consume prey that are
larger than their own BM; and species in Category 4 derive
the majority of their diet from foods that are larger than their
BM (Table 1). To determine the mechanical resistance of each
species’ diet, each taxon was also categorized as either having
a diet that is mechanically challenging/obdurate (“O”) or

Fig. 2. Calculation of load arm lengths within the masticatory apparatus of the wolverine (Gulo gulo). Top image: working-side load arm lengths
measured as the distance from various bite points to the fulcrum of the jaw (mandibular condyle). Bottom image: balancing-side load arm lengths
measured as the distance from the mandibular condyle to the infradentale, plus the distance from the infradentale to each respective bite point.
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non-mechanically challenging (“S”) based on published
accounts of each species’ diet (Table 1).

Estimation of Bite Force

For each specimen, architectural and morphometric data
were collected from the jaw adductor musculature, compris-
ing seven individual portions of three muscle groups: the
superficial, deep, and zygomatic portions of the masseter
and temporalis, and the medial pterygoid. In instances
where high degrees of interdigitation between fibers
prevented subdivision of muscle portions during excision
(e.g., integration between the superficial and deep masse-
ter), muscle groups were removed as a single block.

After removing each muscle portion (or muscle block)
from its bony attachments, morphometric measurements
of muscle dimensions and mass were recorded. Muscles
were then subjected to a chemical digestion protocol
(Herrel et al., 2008; Hartstone-Rose et al., 2012) in which
each muscle was chemically digested in a 10% sulfuric acid
solution at 70�C, or a 20% nitric acid solution at room tem-
perature. As both techniques result in the same product,
these techniques were used interchangeably based on
chemical availability at the dissection location. Digestion
times varied depending on the acid used, the amount of
intrinsic connective tissue within the muscle, and the mus-
cle’s size. Once the connective tissue had been dissolved,
muscle fascicles were gently separated and either mea-
sured using digital calipers or photographed alongside a
scale bar and measured digitally using the software pack-
age imageJ (Version 1.51). A representative sample com-
prised of a minimum of 40 fibers was measured from each
muscle portion. FL was used in conjunction with muscle
mass (MM) to calculate the PCSA of each muscle portion
using the modified formula from Schumacher (1961):

q=m=lp,

where q is PCSA (cm2), m is MM (g), l is average FL (cm),
and p is the specific density of muscle (1.0564 g/cm3; Murphy
and Beardsley, 1974). Although some colleagues “reduce”
PCSA by the angles of pennation with the muscles
(=RPCSA), there are several reasons that this is inadvisable
in the masticatory apparatus (see Hartstone-Rose et al., 2018
for a complete discussion of masticatory PCSA vs. RPCSA).
Total MM and total PCSA across the adductor complex were
also calculated by summing all adductor muscle portions
from each specimen. Additionally, a weighted average of
FL across the adductor musculature was calculated using the
formula fromHartstone-Rose et al. (2012, 2018):

FLX =
FLMSmMSð Þ+ FLTMPmTMPð Þ+ FLPTmPTð Þð Þ

mMS +mTMP +mPTð Þ

where FLX is the average FL for the jaw adductors, FLMS,
FLTMP, and FLPT are the average FLs and mMS, mTMP,
and mPT are the MMs for each respective muscle group
(masseter, temporalis, and medial pterygoid respectively).

Bite force was then calculated at three different points
along the tooth row: the upper canine tip, the major cusp
of the third premolar, and the upper carnassial notch or
its homologous equivalent in taxa that have essentially
lost a true notch—the intersection of the crista of paracone
and metastyle (Fig. 2). Intrinsic muscle force was calcu-
lated using each muscle’s PCSA, translated into force
using a previously published force constant of 25 N/cm2

(as used in previous studies of masticatory performance,
e.g., Herrel et al., 2008; Davis et al., 2010). In order to cal-
culate leverage estimates, we took lateral photographs of

TABLE 1. Musteloid taxa analyzed within this study

Family Species Common name Abbrev. Sex BM (g) DS DMP Diet

Ailuridae Ailurus fulgens Red Panda A.f. F 4,900 1 Ob Herbivore
Mephitidae Mephitis mephitis Striped skunk M.m. U 3,075 1 S Omnivore
Mephitidae Spilogale putorius Spotted skunk S.p. M 560 2 S Omnivore
Mustelidae Taxidea taxus Badger T.t. U 12,020 1 S Omnivore
Mustelidae Eira barbara Tayra E.b. M 4,850 2 S Omnivore
Mustelidae Aonyx cinerea Oriental small-clawed otter A.c. M 3,100 2 O Carnivore
Mustelidae Lontra canadensis River Otter L.c. U 9,500 2 O Carnivore
Mustelidae Pteronura brasiliensis Giant River Otter P.b. U 30,000 2 O Carnivore
Mustelidae Mustela erminea Stoat M.e. M 131a 3 S Carnivore
Mustelidae Neovison vison Mink N.v. U 1,149 3 S Carnivore
Mustelidae Martes americana Marten M.a. U 860 3 S Carnivore
Mustelidae Mustela nivalis Least Weasel M.n. F 46 4 S Carnivore
Mustelidae Gulo gulo Wolverine G.g. M 18,144a 4 O Omnivore
Procyonidae Bassariscus astutus Ring Tail Cat B.a. M 985a 2 S Carnivore
Procyonidae Potos flavus Kinkajou P.f. U 3,000 2 S Omnivore
Procyonidae Nasua nasua Coati N.n. F 4,100 2 S Omnivore
Procyonidae Procyon lotor Raccoon P.l. F 5,940 2 S Omnivore

Abbreviations: BM, body mass; DS, dietary size; DMP, dietary mechanical properties; for sex of specimen studied, M, male; F,
female; and U, unknown. Dietary size ranges from 1 to 4, with species in Category 1 consuming food that is mostly smaller
than one order of magnitude below its own body mass, species in Category 2 consuming mostly food that is between one order
or magnitude smaller than themselves and their own body mass, species in Category 3 regularly consuming prey that are
larger than their own body mass, and species in Category 4 deriving the majority of their diet from foods that are larger than
their body mass. DMP is categorized by obdurate food items (O) and soft food items (S).
a Indicates last living body weight used in place of literature-derived mass.
b Unlike the generally hard diets of the other durophages, the obdurate diet of Ailurus fulgens, bamboo, is fibrous and there-
fore tough—requiring repeated force for consumption rather than fewer high amplitude cracking forces necessitated by hard
foods like shell and bone. Therefore, although they are included with other durophages in DMP (as “O”), their masticatory
muscle requirements are slightly different than the other taxa in this category.

MUSTELOID BITE FORCE AND ADAPTATION 2291
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each cranium and mandible and, using ImageJ, defined
the origin and insertion areas of each muscle following
dissection photographs and previous descriptions of the
masticatory apparatus in Carnivora (e.g., Scapino, 1968;
Hartstone-Rose et al., 2012). These areas were used to cal-
culate each muscle’s lever and load arms (see Figs. 1 and 2)
following Hartstone-Rose et al. (2012). Lever arms were
defined as the perpendicular distance from each muscle’s
line of action (a vector from the centroid of its origin to the
centroid of its insertion) to the fulcrum of the mandibular
joint (i.e., the mandibular condyle). Load arms were defined
as the distances from the condyle to each individual bite
point. In order to account for both the working-side and the
balancing-side of the jaw during occlusion, we assume bilat-
eral symmetry of the specimen, such that the load arm of
the balancing-side was calculated using the distance from
the condyle to the infradentale, plus an additional distance
from the infradentale to the balancing-side bite point
(Hartstone-Rose et al., 2012).

The lever arm of each muscle (in conjunction with the
load arms associated with each bite point) was used to
approximate working-side bite force as follows:

WBFCA = c
qMSLMSð Þ+ qTMPLTMPð Þ+ qPTLPTð Þ

LCA

� �

WBFPM = c
qMSLMSð Þ+ qTMPLTMPð Þ+ qPTLPTð Þ

LPM

� �

WBFCN = c
qMSLMSð Þ+ qTMPLTMPð Þ+ qPTLPTð Þ

LCN

� �
,

where WBFCA, WBFPM, and WBFCM represent working-
side bite force at the canine, premolar, and carnassial,
respectively; c represents the force constant of
25 N/cm2 (as above); qMS, qTMP, and qPT represent the
PCSA values of the masseter, medial pterygoid, and tem-
poralis; LMS, LTMP, and LPT represent lever arm lengths
of the masseter, temporalis, and medial pterygoid, respec-
tively; and LCA, LPM, and LCN represent the load arm
lengths of the moment arms from each bite point.

A similar approach was applied to calculate balancing-
side bite force, in which the lever arms of each muscle
were combined with balancing-side load arms (Fig. 2)
using the following formula:

BBFCA = c
qMSLMSð Þ+ qTMPLTMPð Þ+ qPTLPTð Þ

L0
CA

� �

BBFPM = c
qMSLMSð Þ+ qTMPLTMPð Þ+ qPTLPTð Þ

L0
PM

� �

BBFCN = c
qMSLMSð Þ+ qTMPLTMPð Þ+ qPTLPTð Þ

L0
CN

� �
,

where BBFCA, BBFPM, and BBFCN represent working-
side bite force at the canine, premolar, and carnassial,
respectively; c represents the force constant of
25 N/cm2 (as above); qMS, qTMP, and qPT represent the
PCSA values of the masseter, medial pterygoid, and tem-
poralis; LMS, LTMP, and LPT represent lever arm lengths
of the masseter, temporalis, and medial pterygoid, respec-
tively; and L0

CA, L0
PM, and L0

CN represent the balancing-
side load arm lengths for each bite point (Fig. 2). Total
BF is subsequently calculated by the sum of forces pro-
duced by the balancing and working side.

To analyze relative bite force across our sample, two differ-
ent proxies were used to estimate body size: BM and geomet-
ric mean (GM). The BM for each individual measured as the
last living weight of the specimen (or sex-specific adult
masses described in the literature when the individual’s last
living BM was not known), while GM was established
through craniometric measurements of the specimens’ skulls
following Hartstone-Rose et al. (2012). The following
craniometrics measurements were used to calculate GM: cra-
nial length (measured in themidsagittal plane from the inion
to interdentale), cranial height (measured as the highest
point on the frontal bone to the posterior edge of the palate),
jaw length (measured from the posterior edge of the condyle
to the infradentale), jaw height (measured in the coronal
plane from the lower carnassial notch [or homologous point]
to the inferior border of the mandible), jaw width (measured
at a point directly inferior to the carnassial), bizygomatic

TABLE 2. Masticatory muscle masses (g), fiber lengths (mm), and PCSA values (cm2) for each species
within this study

Species name
Temporalis
mass (g)

Temporalis
FL (mm)

Temporalis
PCSA (cm2)

Masseter
mass (g)

Masseter
FL (mm)

Masseter
PCSA
(cm2)

Medial
pterygoid
mass (g)

Medial
pterygoid
FL (mm)

Medial
pterygoid

PCSA (cm2)

Ailurus fulgens 36.34 19.58 17.57 10.42 15.47 6.38 4.51 13.62 3.13
Mephitis mephitis 9.70 9.53 9.64 2.40 5.83 3.90 0.70 4.86 1.36
Spilogale putorius 3.91 10.41 3.55 0.98 3.83 2.41 0.34 3.055 1.06
Taxidea taxus 27.1 10.4 24.67 7.6 10.09 7.13 1.80 6.43 2.65
Eira barbara 10.42 12.2 8.08 3.65 8.67 3.99 1.65 6.9 2.26
Aonyx cinerea 12.54 12.72 9.33 3.15 12.4 2.40 0.49 6.23 0.74
Lontra canadensis 24.32 18.74 12.28 6.95 11.66 5.64 0.89 8.2 1.03
Pteronura brasiliensis 161.53 25.62 59.69 22.6 14.19 15.08 4.5 8.93 4.77
Mustela erminea 0.58 7.74 0.71 0.09 1.54 0.55 0.08 3.52 0.22
Neovison vison 3.15 12.38 2.41 0.69 5.89 1.11 0.12 4.84 0.23
Martes americana 4.78 10.7 4.23 1.52 8.09 1.78 0.3 5.27 0.54
Mustela nivalis 0.27 7.6 0.34 0.05 3.3 0.14 0.07 4.1 0.16
Gulo gulo 128.13 20.12 60.28 30.09 14.25 19.99 5.29 11.42 4.38
Bassariscus astutus 6.49 9.67 6.35 2.12 8.41 2.39 0.52 4.6 1.07
Potos flavus 8.55 11.47 7.06 3.10 8.2 3.58 0.46 4.219 1.03
Nasua nasua 12.398 10.49 11.18 5.82 9.2 5.99 1.26 5.62 2.12
Procyon lotor 19.89 15.67 12.02 8.4 10.1 7.87 1.2 7.71 1.47
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breadth (measured between the lateral surfaces of the zygo-
matic arches at their widest points), orbital height (measured
from the most inferior to most superior point of the orbital
socket), and orbital width (measured from the most lateral to
most medial point of the orbital socket, directly perpendicu-
lar to orbital height). The product of these values was taken
to the eighth root to calculate GM.

Prior to analysis, all data were linearized (i.e., cubic
and square roots were taken of the volumetric and area
variables, respectively) and log-transformed, such that
isometric slopes were transformed to 1 for all variables.
The BF at each bite point was analyzed using reduced
major axis (RMA) regressions against both BM and GM,
and residuals were analyzed using t-tests to determine
statistical significance between functional groups.

RESULTS
Scaling of Adductor Properties

Full architectural data for each specimen are presented
in Table 2. RMA regressions of total adductor MM against
BM (Fig. 3) resulted in an isometric slope of 0.954 (95%
CI = 0.829–1.10). Total PCSA scaled with positive allome-
try against BM (slope of 1.16, 95% CI = 1.00–1.34), as did
bite force at all three measured bite points (Table 3),
supporting Hypothesis 1. Finally, weighted FLs scaled
with negative allometry relative to BM across our entire
sample (slope of 0.64, 95% CI = 0.43–0.95).

The same masticatory variables scaled relative to cranial
GM (Fig. 4) resulted in positive allometry for total adductor
MM (slope of 1.22, 95% CI = 1.06–1.40) and PCSA (slope of
1.48, 95% CI = 1.31–1.67). Lastly, the weighted FLs scaled
with isometry against GM, albeit with wide confidence
intervals (slope of 0.82, 95% CI = 0.53–1.28).

Dietary Size

Regression of FL residuals from RMA regression against
BM against dietary category revealed a correlation between
DS and adductor FLs. While sample sizes were sufficiently
small as to preclude robust statistical comparison, a fit of
ordinary least squares regression line for the entire sample
yielded an r2 value of 0.25 (Fig. 5). Exclusion of the anoma-
lous red panda increased this correlation to 0.56 (Fig. 5).
When scaled against the residuals of FL against cranial GM,
this regression yields r2 values of 0.25 and 0.39 (with the
inclusion and exclusion of the red panda, respectively). Fur-
thermore, a two-tailed t-test between grouped categories of
small (DS = 1 and 2) and large (DS = 3 and 4) food consumers
demonstrated that species consuming relatively small foods
had shorter FLs than species consuming relatively large
foods (P = 0.0154). Collectively, these analyses support our
initial prediction that musteloids that consume larger foods
will demonstrate increased FLs (Hypothesis 2).

Dietary Mechanical Properties

Bite force data for each taxon at bite points along the
dental row are presented in Table 4 and Figures 6 and 7.
Relative to BM, neither bite force (at any bite point) nor
PCSA differed significantly between musteloids that con-
sume “soft” and “obdurate” diets (Table 5; P = 0.54–0.88),
contrary to the prediction of Hypothesis 3. When compar-
ing PCSA and bite force against GM, the same nonsignifi-
cant trend was observed (Table 5; P = 0.24–0.31).

DISCUSSION
Comparisons to Previous Estimations of Bite
Force within the Musteloidea

As noted above, previous work has attempted to esti-
mate bite force potential within several Musteloid taxa
through the use of dry-skull correlates. Such data are
reported for three Mustelid taxa (Meles meles, Taxidea

Fig. 3. Reduced major axis regression of myological variables (muscle
mass, fiber length, and PCSA) against body mass. Both variables are log-
transformed. Dietary sizes represented by symbols: diamonds = size
1, circles = size 2, squares = size 3, triangles = size 4, asterisk = red
panda. Filled symbols indicate obdurate diet and unfilled symbols indicate
non-obdurate diet.
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taxus, and Gulo gulo), three Procyonid taxa (Nasua
nasua, Procyon lotor, and Procyon cancrivorus), and the
sole species of Ailurid (Ailurus fulgens) by Christiansen
and Adolfssen (2005). Of these seven species, five taxa
overlap with our own data set. Overall, our dissection-
derived estimates of bite force potential closely corre-
spond to dry-skull estimates: for example, in Taxidea
taxus, at the carnassial and canine tooth, respectively, we
calculated potential bite forces of 354.45 N and 236.3 N,
data that closely matched predictions of 322.9 N at
217.9 N by Christiansen and Adolfssen (2005). Similarly,
good correspondence exists for Ailurus fulgens and Pro-
cyon lotor. However, both Nasua nasua and Gulo gulo
display significantly greater estimates of bite force within
our own study at both the carnassial and canine
(134.59 N and 88.11 N vs. 87.1 N and 53.2 N for Nasua
nasua, and 1,091.37 N and 640.16 N vs. 408.3 N and
254.3 N for Gulo gulo). It is expected that a major con-
tributor toward these differences would be the starkly
different methodologies employed by these studies; how-
ever, in the case of Gulo gulo, it should also be noted that
our specimen appeared toward the larger end for the
species (last living body weight of 18.1 kg), which may
partially contribute to our greater estimates of bite force.
Furthermore, an earlier report of dry-skull estimated
bite force in the wolverine by Wiersma (2001) estimates
a maximum bite force of 844.88 N at the anterior denti-
tion, a magnitude much more closely aligned to our own
estimate.

Finally, the most comprehensive comparative data
set for bite force within Musteloidea is reported by
Christiansen and Wroe (2007). Again using dry-skull
methods, they report estimated bite forces at both the
canine and carnassial tooth for 13 of the 17 taxa analyzed
within this study. These data generally show good agree-
ment with our own: for example, bite forces of 71.94 N
and 109.53 N versus 73.3 N and 99.9 N at the canine
and carnassial teeth, respectively, of Mephitis mephitis;
however, four taxa (Eira barbara, Gulo gulo, Mustela
erminea, and Mustela nivalis) show relatively large
divergences, which may again be attributed to methodo-
logical differences and variation in specimen size and/or
sex. Nonetheless, the generally strong agreement that
exists between these three previous studies and our own
suggests that dry-skull and dissection-derived methods
for estimating bite forces within musteloids appear com-
parable, though not directly interchangeable. Given that
the fascicular approach to bite force estimation incorpo-
rates substantially more functional variables (including
both the motor and leverage components of the system),
we think that these estimates are closer to the behav-
ioral reality though they clearly take a more intensive,
time-consuming, and destructive approach to their
calculation.

Scaling of Architectural Properties within the
Musteloidea

Jaw adductor MM scaled isometrically against BM and
with slight positive allometry against GM. These results
mirror trends seen in the jaw adductors of Felids
(Hartstone-Rose et al., 2012) and within Canids (Penrose
et al., 2016). Weighted FLs scaled with negative allometry
against both size variables, which is also consistent with
the results of felid jaw adductor FL. Finally, PCSA scaled
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with significant positive allometry against both BM and
GM, with strongly comparable slopes to those reported
within Felidae (Hartstone-Rose et al., 2012). However, this
slope differs to previous reports of scaling across a more tax-
onomically diverse Carnivoran sample (which included
canids, felids, herpestids, ursids, viverids, and musteloids).
Across this wider range, smaller species were reported to
possess relatively elevated bite forces, such that PCSA

scaled with negative allometry relative to body size
(Christiansen andWroe, 2007).

Food Item Size and Masticatory Anatomy within
the Musteloidea

The dietary range of Musteloidea is notably diverse,
spanning dedicated frugivory, folivory, insectivory, and
durophagy. Despite this diversity, a clear trend between
food item size and FLs (a key architectural determinant
of gape potential) is apparent, supporting Hypothesis
2. Species which consume relatively larger foods (e.g., DS
Categories 3 and 4) demonstrate significantly longer mus-
cle fiber (P = 0.0154) across the masticatory musculature
than those consuming smaller food items. These data sug-
gest that increased FLs across the adductor musculature
may be a key adaptation toward permitting the exploita-
tion of larger prey. Previous research has also demon-
strated this same trend within Felids (Hartstone-Rose
et al., 2012); the observation of this same trend within the
Musteloidea therefore suggests that the functional rela-
tionship between FLs and prey size may be more universal
than previously recognized. Further, as similar trends are
also known within non-carnivorous taxa (e.g., Callitrichid
primates, wherein gouging gummivorous species who fre-
quently utilize wide gapes demonstrate longer fiber than
non-gouging taxa; Taylor et al. (2009)), the link between
FLs and gape requirements appears to be consistently
strong across the mammalian adductor musculature. This
trend is best exemplified in the least weasel (Mustela
nivalis), the world’s smallest carnivore, which often con-
sumes prey more than one order of magnitude greater in
BM than itself (Sheffield and King, 1994; Heptner and
Sludskii, 2002). As a result, the least weasel displayed the
second strongest positive residuals for FL when scaled
against BM data (second only to the formidably wolverine),
demonstrating the anatomical adaptations which facilitate
the least weasels’ impressive capacity to exploit prey much
larger than itself.

Fig. 4. Reduced major axis regression of myological variables (muscle
mass, fiber length, and PCSA) against cranial geometric mean. Both
variables are log-transformed. Dietary sizes represented by symbols:
diamonds = size 1, circles = size 2, squares = size 3, triangles = size
4, asterisk = red panda. Filled symbols indicate obdurate diet and unfilled
symbols indicate non-obdurate diet.

Fig. 5. Residuals of RMA regression of fiber length against body mass,
organized by dietary size. Filled symbols indicate obdurate diet and unfilled
symbols indicate non-obdurate diet. See Table 1 for abbreviations.
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Despite this seemingly robust relationship between
food item size and FL, the longest adductor fibers (rela-
tive to BM) within our masticatory sample were
observed within the red panda (Ailurus fulgens)—a bam-
boo specialist consuming among the smallest foods
(DS Category 1) within our sample. While the functional
justification for the anomalous nature of FLs within this
taxon is unclear, one possible explanation for this oddity
may be the red panda is overbuilt within the craniofacial
region relative to other Musteloidea, such that all masti-
catory variables appear large relative to BM. This is
supported both by the similarly positive scaling of MM
and PCSA within this taxon relative to BM (Fig. 3), and
the observation that, when variables are regressed
against cranial GM as opposed to BM, the red panda
aligns more closely to our whole-sample regression
lines (Fig. 4).

Bite Force and Diet within the Musteloidea

By contrast, the relationship between bite force and diet
across the Musteloidea appears less well established. As
might be expected, our tough food specialist (the red panda)
displayed significant positive residuals in terms of PCSA,
implying a relatively high bite force for its BM (Fig. 6). This
observation supports the earlier findings of Christiansen and
Wroe (2007), who note that both the red panda and the giant
panda (Ailuropodamelanoleuca) display significantly elevated
bite forces relative to their body size. This trend is interpreted
to reflect a specialization among dedicated herbivorous car-
nivorans toward the tough nature of their diet. However,
across our entire sample (both when adjusted for BM or cra-
nial GM), total adductor PCSA was not significantly greater
within taxa, which consume mechanically challenging foods
than those with non-obdurate diets, contrary to Hypothesis
3. Indeed, while the two most strongly durophagous taxa (the
wolverine and giant river otter) displayed the greatest abso-
lute PCSA values, both plot on or near the whole-sample
regression line when adjusted for body and/or cranial size.

It is possible that, unlike FL (which appears to closely
track food item size), the bite force of a species may be subject
to more diverse ecological pressures than food item
toughness/hardness alone. While many Musteloid taxa are
carnivorous, few are apex predators. Many mustelids, in par-
ticular, are preyed upon by both terrestrial (e.g., foxes) and
aerial (e.g., raptors) predators (Long, 1973; Lotze and Ander-
son, 1979; King, 1983). Consequently, the ability to generate
high bite forces might be frequently necessitated during pre-
dation defense. This requirement for high bite force might
additionally explain previous interpretations of the mastica-
tory apparatus of musteloids by Law et al. (2018), who note
that musteloids exhibit evolutionary shifts toward a larger
head size, an important adaptation toward accommodating
larger andmore powerful masticatorymusculature.

Finally, while no statistically significant differences in over-
all mechanical advantage were observed between Musteloid
taxa consuming soft and hard/tough diets of Musteloidea, it is
also interesting to note that mechanical advantage for the
temporalis and masseter was consistently greater in the Mus-
teloids within the obdurate food items category, while the
mechanical advantage of medial pterygoid was higher in the

TABLE 4. Combined biomechanical and myological estimates of total bite force (Newton) across Musteloidea,
measured at three bite points along the dental row

Family Species name
Bite force at

carnassial notch (N) Bite force at P3 (N)
Bite force

at canine (N)

Ailuridae Ailurus fulgens 274.02 228.75 182.81
Mephitidae Mephitis mephitis 109.53 84.75 71.94
Mephitidae Spilogale putorius 50.75 35.16 28.76
Mustelidae Taxidea taxus 354.45 294.41 236.30
Mustelidae Eira barbara 132.70 106.33 83.45
Mustelidae Aonyx cinerea 103.83 93.17 84.00
Mustelidae Lontra canadensis 153.14 117.66 90.31
Mustelidae Pteronura brasiliensis 852.68 672.20 532.12
Mustelidae Mustela erminea 13.83 10.28 7.96
Mustelidae Neovison vison 35.16 25.88 19.94
Mustelidae Martes americana 63.38 49.01 34.88
Mustelidae Mustela nivalis 6.49 5.05 3.71
Mustelidae Gulo gulo 1,091.37 851.13 640.16
Procyonidae Bassariscus astutus 77.09 65.21 46.67
Procyonidae Potos flavus 120.41 103.98 82.31
Procyonidae Nasua nasua 134.59 122.83 88.11
Procyonidae Procyon lotor 149.23 135.64 102.98

Fig. 6. Residuals of RMA regression of adductor PCSA against body
mass, organized by dietary mechanical resistance. Dietary sizes represented
by symbols: diamonds = size 1, circles = size 2, squares = size 3, triangles =
size 4, asterisk = red panda. See Table 1 for abbreviations.
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Musteloids within the soft food items category. These data
may suggest distinct functional roles within the adductor com-
plex of Musteloids during the processing of different food
items, an observation which future studies may wish to
explore through the use of electromyography (as explored in
primates; e.g., Hylander et al., 2005;Wall et al., 2006).

Phylogenetic Variation in Bite Force within
Musteloidea

In the family Ailuridae, the extant red panda, as
expected, demonstrated positive residuals for bite force at
all bite points. As discussed above, the high bite force
capabilities of the red panda likely represent a necessary
adaptation for shearing its tough, bamboo-dominated diet
(Christiansen and Wroe, 2007). The family Mephitidae
closely followed our whole-group regression line, with the
spotted skunk showing slight positive residuals for bite
force and the striped skunk slight negative residuals.
Within the Procyonidae, all taxa displayed negative residuals
with the exception of the ringtail (Bassariscus astutus), which

fell slightly above our regression line. Finally, the Mustelidae,
the most taxonomically diverse family within the group,
showed extreme variability, including the taxon with the
strongest positive residuals (the wolverine, Gulo gulo) and
the two taxa with the strongest negative residuals (the
marten, Neovison vison and the river otter, Lontra can-
adensis). While two of these taxa follow predictable dietary
trends (the wolverine possesses a mechanically challenging
diet, while the marten exploits predominantly non-
challenging foods), the combination of low relative bite
force and obdurate DMPs in the river otter defied our
expectations. Moreover, the other two otters analyzed
within this study (the giant river otter and Asian small-
clawed otter) plot only slightly above and slightly below
our whole-sample regression line. It would therefore
appear that, across the otters analyzed within our sample,
there is no strong signal for high relative bite force, such
that the masticatory apparatus of these taxa might more
closely reflect the major component of piscivory within
their diet than the minor component of obdurate mollusk
and crustacean exploitation. This finding supports an ear-
lier hypothesis proposed by Christiansen and Wroe (2007),
who observed that, among mustelids, piscivorous taxa had
relatively decreased bite forces than terrestrial carnivores;
a finding which they interpreted to reflect the increased
mechanical resistance of mammalian and reptilian prey
relative to fish.

Summary/Conclusions

The superfamily Musteloidea encompasses a broad spec-
trum of dietary niches, and exhibits significant variation in
both BM and cranial size. However, the relationship between
masticatory anatomy and dietary category appears to vary
considerably. While FLs appear to strongly reflect food item
size (a trend previously observed within Felids), no direc-
tional relationship can be observed between bite force poten-
tial and food mechanical resistance. This may reflect the fact
that the retention of a high bite force capacity may serve
other ecological functions, such as predation defense.

Fig. 7. Reduced major axis regressions of bite force (BF) at three bite points (canine, P3, and carnassial) against body mass and geometric mean
within Musteloidea. All variables are log-transformed. Light gray = BF at the carnassial; Black = BF at the P3; Dark gray = BF at the canine.

TABLE 5. T-test significance values resulting from
regressions of PCSA and bite force residuals at each of
three bite points (canine, P3, and carnassial) against

body mass and cranial geometric mean between
musteloids with soft and obdurate diets

Size proxy
Masticatory Force

Variable P-values

Body mass PCSA 0.88
BF at canine 0.54
BF at P3 0.59
BF at carnassial 0.57

Cranial geometric mean PCSA 0.31
BF at canine 0.24
BF at P3 0.27
BF at carnassial 0.26

All variables were log-transformed prior to regression.
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Collectively, the strong similarity between these data and
findings previously reported within the Felidae suggest that
the mechanisms by which masticatory anatomy can be seen
to reflect dietary ecology may be more universally consistent
across carnivores than previously recognized.
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