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12.1 Introduction

Feeding behavior and diet are among the most important factors underlying variation
in primate craniofacial morphology. Thus, primate biologists interested in craniofa-
cial evolution have directed a great deal of effort toward understanding the func-
tion and evolution of the primate masticatory apparatus. Teeth, because they are
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both in direct contact with foods and comprise a significant portion of the primate
fossil record, have been well studied from functional perspectives (e.g., Mills, 1963;
Kay, 1975, 1978; Hershkovitz, 1977; Szalay and Delson, 1979; Gingerich et al.,
1982; Lucas, 1982, 2004; Oxnard, 1987; Plavcan, 1993; Kay and Williams, 1994;
Ungar, 1998; Jernvall and Jung, 2000; Teaford et al., 2000; McCollum and Sharpe,
2001; Swindler, 2002). We therefore have a basic understanding of how primate
tooth shapes relate to the ingestion and mechanical break down of foods. In vivo
investigations, many of which were carried out by Hylander and colleagues (e.g.,
Hylander, 1979a,b, 1984, 1985; Hylander and Johnson, 1994, 1997; Hylander
etal., 1987, 1992, 1998, 2000, 2005; Ross and Hylander, 2000; Vinyard et al., 2005;
Wall et al., 2006), have significantly advanced our knowledge of how primates
recruit their jaw muscles, and how these muscle activity patterns create inter-
nal loads in the masticatory apparatus during mastication and incision. Likewise,
numerous comparative analyses have demonstrated associations between jaw form
and diet within and among primate species (e.g., Bouvier, 1986; Cole, 1992;
Daegling, 1992; Antén, 1996; Taylor, 2002, 2005, 2006a,b; Vinyard et al., 2003).
Functional and adaptive hypotheses must draw on knowledge gained through these
experimental investigations, biomechanical modeling, and comparative approaches
if we are going to better understand the evolution of the masticatory apparatus in
primates.

Recognition that jaw muscles are recruited in specific patterns, and knowledge
of how these activity patterns generate the forces and movements necessary to facil-
itate specific feeding behaviors, is vital to understanding morphological adaptations
of the primate masticatory apparatus. Even though it is well understood that jaw
muscles are responsible for generating jaw forces and movements, we know sur-
prisingly little about the architecture of these muscles in primates. This is because
studies seeking to link primate feeding behavior and morphology have largely
overlooked how jaw-muscle fiber architecture affects masticatory apparatus perfor-
mance. Muscle fiber architecture plays a crucial role in modulating movements and
forces during feeding. Yet despite this role of the jaw muscles in feeding perfor-
mance (e.g., Taylor and Vinyard, 2004; Taylor et al., in press), studies have focused
almost exclusively on bony form, without integrating information from jaw-muscle
architecture. We suggest there are important insights to be gained from examining
fiber architecture, which can be applied to comparative studies of masticatory func-
tion and adaptation in both living and fossil primates.

We begin this chapter with a brief description of muscle architecture and its
importance for understanding muscle function. Subsequently, we illustrate the impor-
tance of integrating jaw-muscle fiber architecture and skull morphology in a study
of feeding behavior using gummivorous callitrichids. Specifically, we compare fiber
architecture of the jaw-closing muscles in tree-gouging common (Callithrix jac-
chus) and pygmy (Cebuella pygmaea) marmosets to that of nongouging cotton-top
tamarins (Saguinus oedipus). Callitrichids provide a natural model for addressing
morphological divergence as a function of feeding behavior both because these
feeding behaviors are well documented from both field and laboratory research and
because these taxa are closely related at the subfamily level (Callitrichinae:Primates),
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thereby limiting the influence of phylogenetic history. We demonstrate that
tree-gouging marmosets exhibit architectural features of the masseter and tempo-
ralis muscles that can be functionally linked to tree-gouging based on the compar-
ison to nongouging callitrichids. Thus, knowledge of jaw-muscle fiber architecture
broadens and refines our understanding of the functional and/or adaptive correlates
of this specialized feeding behavior. We end this chapter by exploring what this
case study suggests for future research integrating jaw-muscle architecture with the
existing data on primate masticatory apparatus form and function.

12.1.1 The Importance of Fiber Architecture for Understanding
Muscle Function

At both macroscopic and microscopic levels, skeletal muscle is a highly organized
tissue. Skeletal muscle is arranged hierarchically from whole muscle, to muscle
fascicles, fibers, and myofibrils, down to the functional unit of contraction, the sar-
comere. The sarcomere is comprised of smaller myofilaments, the thin actin and
thicker myosin proteins that overlap each other and form cross-bridges, thereby
providing the contractile properties of a muscle fiber (Lieber, 2002). The length—
tension relationship describes the amount of isometric tension that a muscle can
generate at varying amounts of overlap between the actin and the myosin filaments
(Gordon et al., 1966). Maximum tetanic tension occurs at the plateau region of the
length—tension curve, when the number of cross-bridges formed between the actin
and the myosin filaments is maximized (Gordon et al., 1966).

Myofibrils are arranged in parallel, influencing the physiological cross-sectional
area, while sarcomeres are arranged longitudinally in series (i.e., end-to-end),
thereby modulating the distance through which a muscle fiber can move and, by
extension, its contraction velocity. All other factors being equal, the thicker the
muscle fiber, the greater its force-producing capability, while the longer the fiber,
the greater the distance and speed through which a fiber can shorten (or lengthen).
Thus, both fiber diameter and length influence how a muscle fiber functions.

If all fibers were arranged parallel to the force-generating axis of the muscle,
then estimating the force-producing capability of a muscle would be a simple task
of measuring a muscle’s volume. This is because the maximum potential force a
muscle can generate in a given direction is equal to the sum of the contractile forces
produced by all of the individual fibers oriented in that direction. In reality, however,
the directional arrangement of individual muscle fibers varies within a muscle. This
variation can be extrapolated to differences in orientation both across species for a
given muscle and across muscles within a given species.

Some muscles comprise parallel or nearly parallel fibers, such as the vastus medi-
alis muscle in humans and guenons (Anapol and Barry, 1996; Lieber, 2002). Most
muscle fibers, however, are angled relative to the force-generating axis of the mus-
cle. Unipinnate muscles comprise fibers oriented at a single angle relative to the axis
of force generation, while multipinnate muscles comprise fibers oriented at several
angles. Pinnation angle for these muscles generally ranges from 0° to 30°; the force
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a muscle can generate drops precipitously beyond 60°; Gans, 1982. In rodents and
other mammals, the jaw-closing muscles, and the masseter in particular, tend to be
among the most complex and highly pinnate-fibered muscles (Herring, 1992; van
Eijdenetal., 1997). For example, angle of pinnation in pig masseter ranges from O to
25° (Herring et al., 1979). We note, however, that even in so-called parallel-fibered
muscles, fibers rarely extend the entire length of the muscle (Lieber, 2002).

Because the directional arrangement of muscle fibers varies, muscle weight or
volume is insufficient to inform us of a muscle’s capacity to produce force or to
move through a given range. We need additional information on fiber length (/y),
fiber pinnation angle, and physiological cross-sectional area (PCSA). Because the
total shortening distance of a muscle fiber is equal to the sum of the shortening
distances of the individual sarcomeres (Lieber, 2002), muscle fiber length (If) is
proportional to a muscle’s maximum potential range of motion (excursion) and con-
traction velocity. Physiological cross-sectional area is proportional to the maximum
force that a muscle can generate, and is computed as:

muscle mass (gm) x cos6/Ilf(cm) x 1.0564 gm/cm3,

(Gans and Bock, 1965; Powell et al., 1984.) Here, 6 represents the angle of pin-
nation, or the orientation of the fiber relative to the force-generating axis of the
muscle. It has been both theoretically argued (e.g., Gans and Bock, 1965; Gans
and de Vree, 1987) and empirically demonstrated for jaw muscles (e.g., Taylor and
Vinyard, 2004; Perry and Wall, 2008; Shahnoor et al., 2008) that there is a trade-off
between PCSA and fiber length. Thus, a muscle can be best suited to either force
production or excursion, but not both.

Finally, muscle fibers will be shortened when a muscle is contracting concen-
trically. This shortening will increase angles of pinnation relative to their resting
position. Stretching a muscle will produce the opposite effect. This means that the
posture in which a muscle is measured will affect fiber length and, by extension, all
variables involving fiber length. Ideally, fiber length and angle of pinnation should
be measured with a muscle at its resting length (Lieber, 2002). In practice, how-
ever, this is not always possible. Comparative analyses of fiber architecture should
minimally measure muscles from different individuals in similar functional posi-
tions if not at resting length (e.g., incisor tip-to-tip occlusion for the jaw muscles)
(Taylor and Vinyard, 2004).

12.1.2 Feeding Behavior in Tree-Gouging and Nongouging
Callitrichids: A Natural Model of Behavioral Divergence

Callitrichid monkeys have been described as representing an adaptive radiation of
gum feeders (Sussman and Kinzey, 1984). Gums provide an important food source
and some callitrichids, such as pygmy marmosets (Cebuella pygmaea), can spend
up to 70% of their feeding time consuming tree exudates during certain times of
the year (Garber, 1992 and references therein). While all callitrichids feed on gums,
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they vary in terms of how they gain access to these gums. Some callitrichids, such
as the cotton-top tamarin (Saguinus oedipus), are opportunistic gum feeders, capi-
talizing on tree exudates that have been exuded through damage by insects or other
means. By contrast, common (Callithrix jacchus) and pygmy (C. pygmaea) mar-
mosets actively elicit exudate flow by mechanically injuring trees with their anterior
dentition. We define this type of biting behavior as tree gouging. During tree goug-
ing, marmosets anchor their upper jaw in the tree substrate while using their lower
jaw to scrape holes in the tree bark to stimulate exudate flow (Coimbra-Filho and
Mittermeier, 1977). They later return to eat these exudates.

This divergence in feeding behavior makes tree-gouging and nongouging cal-
litrichids an exceptional natural model for evaluating the relationship between
muscle fiber architecture, muscle function, and feeding behavior. This is because
gouging marmosets differ from nongouging tamarins based on the presence or
absence of this gouging behavior, rather than forming part of a continuum of feed-
ing behaviors. Furthermore, apart from this distinction in gum-feeding behavior,
tree-gouging marmosets (C. jacchus and C. pygmaea) and nongouging tamarins
(S. oedipus) are closely related genera that have similar diets consisting of insects,
fruits, and gums. Thus, gouging is likely to be a feeding behavior that uniquely
differentiates marmosets from tamarins.

12.1.3 Are Tree Gougers Maximizing Jaw-Muscle Force
or Muscle Stretch?

Numerous investigators (e.g., Szalay and Seligsohn, 1977; Szalay and Delson, 1979;
Dumont, 1997; Spencer, 1999) have hypothesized that tree gouging requires the
generation of large jaw forces. To the contrary, preliminary in vivo work (Vinyard
et al., 2001, in press; Mork et al., 2004) suggests that common marmosets gener-
ate jaw forces during simulated tree gouging that are significantly less than their
maximum biting ability. The in vivo work also reveals that maximum jaw gapes
during gouging are significantly larger than those during chewing. Importantly,
both laboratory and field studies indicate that common marmosets use jaw gapes
during gouging which approach their maximum structural capacity for jaw opening
(Vinyard et al., 2001, 2004; in press).' Increased gapes have been hypothesized
to increase mandibular excursion and/or facilitate optimal incisor alignment for
penetrating the tree substrate during a gouge (Vinyard et al., 2003). Collectively,
these studies strongly suggest that the ability to generate wide jaw gapes is impor-
tant for tree-gouging primates, and that any musculoskeletal features facilitating the
production of wide gapes would be advantageous.

Comparative studies have shown that tree-gouging primates exhibit
morphological features of the bony masticatory apparatus that distinguish them from
closely related nongouging taxa. For example, the tree-gouging Callithrix jacchus

! Maximum jaw-opening ability was measured on anesthetized animals by passively opening the
jaws to their widest gape.
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and Cebuella pygmaea have incisiform canines and long, chisel-like incisors with
very thick labial and thin lingual enamel compared to nongouging callitrichids
(Coimbra-Filho and Mittermeier, 1977; Rosenberger, 1978). This morphology has
been referred to as the ‘“short-tusked” condition (e.g., Hill, 1957; Napier and
Napier, 1967; Coimbra-Filho and Mittermeier, 1977), and has been linked to the
use of the canines and incisors as a functional unit for gouging trees.

Tree-gouging primates, including common marmosets, are characterized by skull
shapes that are theoretically advantageous for achieving wide jaw gapes when com-
pared to closely related, nongouging taxa. These features include relatively low
condyles positioned closer to the height of the tooth row, anteroposteriorly elongated
condyles (correlated with greater condylar curvature) and temporal articular sur-
faces, and higher superficial masseter origin—insertion ratios (Vinyard et al., 2003).
Masseter muscle position, as reflected by a masseter origin—insertion ratio that
deviates from 1.0 and a low condylar height, has been geometrically linked to the
capacity to generate large gapes via reduction in masseter stretching (Herring and
Herring, 1974). Carnivores, for example, which require wide jaw gapes for feeding,
display, and/or fighting, show high superficial masseter origin—insertion ratios and
relatively low condyles compared to other mammals where gape requirements are
less important (Herring and Herring, 1974). A relatively low condyle, as exhibited
by C. jacchus, is one way of reducing masseter stretch for a given gape. Indi-
viduals with lower condyles have an increased included angle from the masseter
origin — condyle — masseter insertion (all other things being equal) (Fig. 12.1).
An origin—insertion ratio that deviates from 1.0, and/or an increase in the afore-
mentioned included angle, is theoretically predicted to reduce superficial masseter
stretching and hence potentially increase maximum gape. The available evidence
from the bony parts of the masticatory apparatus, therefore, strongly suggests that
tree-gouging marmosets should be optimizing muscle excursion over muscle force
production.

Here we present an analysis of the superficial masseter and anterior temporalis
muscles in tree-gouging and nongouging callitrichids. Based on a geometric model,
stretching of the masseter and temporalis muscles is thought to potentially limit
maximum jaw opening in most mammals (Herring and Herring, 1974). Empirical
evidence from pig masseter demonstrates that fiber elongation during gape, which
may be as great as 50% of muscle resting length, is greatest at the anterior margin
of the masseter relative to other regions along the muscle (Herring et al., 1979).
Moreover, the longest masseter fibers are observed to lie in the anterior portion of
the muscle in pigs (Herring et al., 1979), as well as the marmosets and tamarins
examined here (Taylor and Vinyard, 2004).2

2 Fiber lengths change depending on the position of the jaws at the time of fixation. We observed
longer fibers in the posterior region of the masseter muscle in common marmosets and cotton-
top tamarins when the jaws were fixed with the incisors in tip-to-tip occlusion (Taylor and
Vinyard, 2004). However, when adjusted for muscle resting length, the anterior fibers were
observed to be the longest (unpublished data).
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Fig. 12.1 Schematic a
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12.2 Materials and Methods

12.2.1 Samples

We analyzed the superficial masseter and anterior temporalis muscles of 15 Callithrix
jacchus, 5 Cebuella pygmaea, and 9 Saguinus oedipus. We determined adult sta-
tus based on the patterns of tooth eruption and occlusion, as well as husbandry
records documenting age in years. Cadavers were provided courtesy of the Wiscon-
sin National Primate Research Center, New England Primate Research Center, and
Southwest National Primate Research Center.
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12.2.2 Data Collection

We removed the superficial fat and fascia overlying the jaw muscles and
photographed the specimens in lateral view. We measured masseter and temporalis
muscle lengths from intact muscles with calipers to the nearest 0.01 mm. We then
dissected the masseter and temporalis muscles free from their bony attachments,
trimmed them of excess tendon and fascia, blotted them dry, and weighed them to
the nearest 0.0001 g. We measured jaw length (to the nearest 0.01 mm) from the
posterior edge of the condyle to prosthion on each specimen.

We measured fasciculus length and angle of pinnation for both muscles, follow-
ing Taylor and Vinyard (2004). Briefly, we bisected the masseter into a superior

Superior

Anterior

Posterior

Inferior
Superior

Anterior Posterior

Inferior

Fig. 12.2 Schematic of a left masseter muscle (a) and temporalis muscle (b) of Callithrix jacchus.
The masseter muscle was bisected from superficial to deep, as depicted by the dotted line (a). The
inferior portion was used for data analysis. The temporalis muscle was bisected into anterior and
posterior portions, as illustrated by the dotted line, and the anterior portion used for data analysis
(b) (Figure 12.2a reprinted with permission from John Wiley & Sons, Inc.)
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and inferior portion along its length, roughly approximating the muscle’s line of
action (Fig. 12.2a). We analyzed the inferior portion in order to avoid the deep mas-
seter, which has a different fiber orientation and muscle action than the superficial
masseter. We bisected the temporalis muscle into anterior and posterior portions
and analyzed the anterior portion (Fig. 12.2b). We oriented each segment so as
to view the fibers in cross section, pinned the segment to a styrofoam block, and
then visualized the proximal and distal attachments to tendon of individual fasciculi
under a magnification light. Because of the exceptionally small size of the Cebuella
muscles, we employed a pair of Zeiss (x2.3) binocular glasses in addition to the
magnification light during data collection.

Depending on the position of the jaws at the time of fixation, muscle fibers may
be either elongated or contracted relative to their resting lengths. To control for the
effects of position at fixation on whole muscle and fiber lengths across individuals
(and by extension, all variables involved), we only included specimens whose jaws
were fixed in a standardized jaw posture. Following Taylor and Vinyard (2004), the
incisors were in tip-to-tip occlusion in all specimens.

Superficial

Posterior

Fig. 12.3 Superior view of the internal architecture of marmoset masseter (a) and temporalis (b).
The masseter is multipinnate in Callithrix jacchus, Cebuella pygmaea, and Saguinus oedipus. The
fibers of the superficial portion of the masseter are bipinnate, and fasciculus measurements were
taken from the myotendinous junction (MTJ) to the tendon of muscle attachment along the region
of the zygomatic arch (TMA). The stars at the anterior and posterior ends of the MTJ mark the
sampling sites for anterior and posterior fibers, respectively. The temporalis is bipinnate in all taxa.
Fasciculus measurements were taken from the MTJ to the tendon of muscle attachment along the
temporal bone. The stars at the superior and inferior ends of the MTJ mark the sampling sites for
superior and inferior fibers, respectively (Figure 12.3a reprinted with permission from John Wiley
& Sons, Inc.)
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We selected anterior and posterior sampling sites for measurements along the
length of the superficial masseter, whereas we chose proximal and distal sampling
sites for the anterior temporalis muscle (Fig. 12.3). At each sampling site, we mea-
sured a maximum of six adjacent fasciculi. For each fasciculus, we measured the
following: (1) fasciculus length, between the proximal and the distal myotendinous
junctions (Ir); (2) the perpendicular distance from the tendon of insertion to the
proximal attachment of the fasciculus (a); (3) the length of tendon from the proxi-
mal bony attachment to the proximal myotendinous junction (z,); and (4) the length
of tendon from the distal bony attachment to the distal myotendinous junction (#3)
(Table 12.1 and Fig. 12.4). We calculated the angle of pinnation () as the arcsin of
ally (Anapol and Barry, 1996) (Table 12.1; Fig. 12.4).

12.2.3 Data Analysis

We used one-tailed Mann-Whitney U-tests to address the hypothesis that tree-
gouging Callithrix jacchus and Cebuella pygmaea exhibit architectural properties of
the masseter and temporalis muscles that are functionally linked to the production

Table 12.1 Muscle fiber architecture variables and predicted differences between tree-gouging
marmosets (Callithrix jacchus and Cebuella pygmaea) and a nongouging tamarin (Saguinus
oedipus)

Variable

Fiber length for the
superficial
masseter and
anterior temporalis
muscles (If)

Pinnation angle (6) =
arcsin a/lg

Maximum excursion
of the anterior and
distal tendons of
attachment (h) for
the masseter and
temporalis
muscles,
respectively.

Physiological
cross-sectional
area (PCSA)

[/ + 1))

Definition

Calculated as the average fiber
length of the six anterior and six
posterior fasciculi for the
superficial masseter, and the six
proximal and six distal fasciculi
for the anterior temporalis
muscles.

Angle of fibers relative to the axis of

force generation.

It (cos @ — /cos 6 +n? — 1), where

0 represents the pinnation angle,
and nis the coefficient of
contraction: (fiber length after

contraction/resting fiber length) =

0.767 (Anapol and Gray (2003)
after Gans and Bock (1965) and
Muhl (1982)).

(muscle mass (g) x cos 8)/(lf (cm) x
1.0564 g/cm?), where 0 represents

the pinnation angle, and 1.0564
the specific density of muscle

(Mendez and Keys, 1960; Powell

et al., 1984).
Ratio of total tendon length (/) to

fasciculus + tendon length (/s + /)

(Anapol and Barry, 1996).

Prediction

I should be relatively greater in
C. jacchus and C. pygmaea
compared to S. oedipus.

6 should be greater in S. oedipus
compared to C. jacchus and C.
pygmaea.

h should be greater in C. jacchus
and C. pygmaea compared to
S. oedipus.

PCSA should be relatively
greater in S. oedipus compared
to C. jacchus and C. pygmaea.

[£i/(lf + 1,)] should be greater in S.
oedipus compared to C.
Jjacchus and C. pygmaea.
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Fig. 12.4 Schematic of a
bipinnate muscle depicting —_ —a
the measurements taken in T

this study (from Taylor and

Vinyard, 2004). These Tp
measurements include: (1)

fasciculus length (/;); (2) the l
perpendicular distance from -

the proximal myotendinous

junction to the tendon of \
anterior or distal muscle

attachment (a); (3) length of

tendon attaching to the most -
proximal end of the 1
fasciculus (#,); (4) length of
tendon attaching to the
anterior or distal-most end of
the fasciculus (¢4); (5) angle
of pinnation (0)

b

of wide jaw gapes (Table 12.1). We evaluated differences in masseter and tempo-
ralis fiber lengths and associated architectural variables by holding other functional
aspects of jaw gape constant. Specifically, we created shape ratios by dividing fiber
length and the square root of PCSA against jaw length. The maximum excursion of
the anterior masseter and distal temporalis tendons of attachment (/) were standard-
ized relative to whole muscle length (Taylor and Vinyard, 2004).

12.3 Results

Tree-gouging common (C. jacchus) and pygmy (C. pygmaea) marmosets exhibit
architectural features of the masseter and temporalis muscles that are functionally
linked to facilitating muscle stretch and muscle excursion when compared to cotton-
top tamarins (S. oedipus) (Table 12.2). For example, C. jacchus has both absolutely
(Fig. 12.5) and relatively (Fig. 12.6) longer fibers for both muscles compared to
S. oedipus. While C. pygmaea has relatively longer masseter fibers than S. oedipus,
the difference in temporalis fiber length between these two taxa only approaches
significance following Bonferroni adjustment (Fig. 12.6). Both marmosets have
significantly greater maximum excursions of the anterior and distal tendon attach-
ments of the masseter and temporalis muscles, respectively, compared to cotton-top
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Table 12.2 Comparison of masseter and temporalis fiber architecture between tree-gouging mar-
mosets (Callithrix jacchus and Cebuella pygmaea) and a non-gouging tamarin (Saguinus oedipus)

C. jacchus vs. Direction of  C. pygmaea  Direction of

S. oedipus difference vs. S. oedipus difference
Masseter muscle
Fiber length (mm) 0.0035 Cj > So 0.0200 So > Cp
Fiber length (mm)/jaw length (mm) 0.0005 Cj > So 0.0285 Cp > So
h/masseter muscle length (mm) 0.0015 Cj > So 0.0040 Cp > So
PCSA (cm?)/jaw length (mm) 0.0005 So > Cj 0.0015 So > Cp
Total tendon length per muscle 0.0055 So > Cj 0.0040 So > Cp
fasciculus
Pinnation angle 0.3500 So=Cj 0.0015 So > Cp
Temporalis muscle
Fiber length (mm) 0.0000 Cj > So 0.1430 So=Cp
Fiber length (mm)/jaw length (mm) 0.0000 Cj > So 0.0480 Cp > So
h/temporalis muscle length (mm)  0.0000 Cj > So 0.0045 Cp > So
PCSA (cm2)/jaw length (mm) 0.0000 So > Cj 0.0015 So > Cp
Total tendon length per muscle 0.0015 So > Cj 0.0100 So > Cp
fasciculus
Pinnation angle 0.2105 So=Cj 0.0140 So > Cp

All boldface p-values significant based on one-tailed Mann-Whitney U-tests and significant at
p < 0.05.

tamarins (h/muscle length) (Table 12.2). By contrast, cotton-top tamarins exhibit
significantly greater PCSAs and higher proportions of muscle tendon to fiber
(Figs. 12.7 and 12.8). Pinnation angles are significantly smaller in C. pygmaea
compared to S. oedipus, but C. jacchus and S. oedipus do not differ in pinnation
angles (Table 12.2).

| 1 1
C. jacchus C. pygmaea S. oedipus

(wuw) % sjosnw sielodws |

Masseter muscle | (mm)
w s (%) ] (9] | [o:] w (=]
T

Fig. 12.5 Box plots comparing masseter and temporalis muscle fiber lengths (/f). Masseter muscle
fiber length depicted on the left (dark hatched box), temporalis fiber length on the right (light
hatched box). Callithrix jacchus has significantly longer masseter and temporalis fibers. Cebuella
pygmaea has fiber lengths that approach those of Saguinus oedipus, at roughly 25% of S. oedipus’
body weight. Sample sizes for the masseter and temporalis muscles include C. jacchus (12, 15), C.
pygmaea (5, 5) and S. oedipus (8, 9), respectively
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Fig. 12.6 Box plots comparing relative masseter and temporalis muscle fiber lengths (/t/jaw
length). Masseter muscle fiber length depicted on the left (dark hatched box), temporalis fiber
length on the right (light hatched box). Callithrix jacchus and Cebuella pygmaea have relatively
longer masseter and temporalis muscles compared to Saguinus oedipus, though the difference in
relative temporalis fiber length only approaches significance between C. pygmaea and S. oedipus
(p = 0.048) after Bonferroni adjustment. These data indicate that tree-gouging marmosets have
jaw-closing muscles that facilitate increased muscle stretch during jaw opening, and thus the pro-
duction of relatively wide jaw gapes. Sample sizes as in Fig. 12.2
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Fig. 12.7 Box plots comparing relative masseter and temporalis PCSAs (PCSA/jaw length). Mas-
seter muscle PCSA depicted on the left (dark hatched box), temporalis PCSA on the right (light
hatched box). Saguinus oedipus has significantly greater relative PCSAs for the masseter and
temporalis muscles compared to Callithrix jacchus and Cebuella pygmaea. These data suggest
that S. oedipus has the potential to generate relatively greater muscle and bite force compared to
tree-gouging marmosets. Sample sizes as in Fig. 12.2
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Fig. 12.8 Box plots comparing the ratio of total tendon length to fasciculus + tendon length
[Zi/(Ilr + 1)]. Masseter muscle depicted on the left (dark hatched box), temporalis on the right
(light hatched box). Saguinus oedipus has a significantly greater ratio of tendon to fiber for both
the masseter and the temporalis muscles compared to Callithrix jacchus and Cebuella pygmaea.
Lower ratios suggest the potential for greater neural control over jaw movement and jaw posture
in marmosets. Sample sizes as in Fig. 12.2

12.4 Discussion

12.4.1 The Functional Significance of Jaw-Muscle Fiber
Architecture in Tree-Gouging Marmosets

Results presented here demonstrate that tree-gouging marmosets have masseter and
temporalis muscles that are well suited to facilitate muscle stretch. These features
include relatively longer fibers and relatively greater maximum excursion capabili-
ties. Elsewhere (e.g., Taylor and Vinyard, 2004; unpublished data), we have shown
that common marmosets exhibit relatively longer fibers in both the anterior and
the posterior portions of the masseter, and have higher ratios of muscle mass to
effective maximal tetanic tension (M/P) for both the masseter and the temporalis.
A higher ratio of M/P, (where the specific tension of muscle has been empirically
determined to be 2.3 kg/cm3; Spector et al., 1980; Sacks and Roy, 1982; Powell
etal., 1984), reflects the dedication of a muscle to excursion and contraction velocity
over its capacity to generate force (Sacks and Roy, 1982; Wottiez et al., 1986; Weijs
et al., 1987; Anapol and Barry, 1996).

Marmosets also have lower ratios of tendon length to muscle fiber + tendon
length [[i/(If + I;)] for both the masseter and the temporalis muscles (Table 12.1;
Fig. 12.8). This ratio contrasts the energy cost required for generating tension
(Anapol and Gray, 2003) versus the relative amount of neural control in the muscle—
tendon unit. Lower [;/(l; + [;) ratios indicate less noncontractile tendon relative to
contractile fiber, suggesting higher energy cost because more of the muscle force is
actively generated through hydrolysis of adenosine triphosphate (ATP) rather than
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by passive tension stored in the tendon (Lieber, 2002). However, because muscle
fibers have increased neural control relative to tendon (Biewener and Roberts, 2000;
Anapol and Gray, 2003), a greater proportion of contractile tissue indicates increased
neural control of the masseter and temporalis muscles throughout their ranges of
motion. We hypothesize that tree gouging is a highly modulated behavior that would
benefit from greater, more deliberate neural control of muscle stretch as a means of
minimizing the risk of injury to the masticatory apparatus.

For marmosets, the greater capacity for muscle excursion comes at the expense
of a decrease in relative force production. Previous investigators have theoretically
argued (Gans and Bock, 1965; Gans and de Vree, 1987) and empirically demon-
strated (Anapol and Barry, 1996; Anapol and Gray, 2003; Taylor and Vinyard, 2004)
that it is difficult for an individual muscle to simultaneously maximize excursion
and force production. Our results demonstrate that there is an architectural trade-off
in callitrichid jaw muscles between longer fibers, which facilitate muscle excur-
sion, and shorter, sometimes more pinnate fibers, which improve force production
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Fig. 12.9 Bivariate plot demonstrating the architectural trade-off between muscle force (PCSA)
and muscle excursion (fiber length) for masseter (a) and temporalis (b) muscles. In general, mar-
moset masseter and temporalis, with their relatively low PCSAs and long fibers, are suited more
for muscle excursion (i.e., production of wide gapes), while in Saguinus oedipus the larger PCSAs
and shorter fibers make these muscles better suited for generating larger muscle forces with smaller
excursions
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(Fig. 12.9). Thus, Saguinus oedipus, with relatively higher PCSAs for the masseter
and temporalis muscles, has the capacity to generate relatively greater maximal
muscle force compared to marmosets. Furthermore, the higher ratios of tendon
to fiber indicate that force production in S. oedipus is energetically more efficient
compared to force production in marmosets. That said, we have no dietary or perfor-
mance data to indicate that S. oedipus generates relatively greater maximum muscle
or bite forces compared to marmosets. In lieu of such data, we conservatively inter-
pret our finding of relatively greater PCSAs in S. oedipus as reflecting this structural
trade-off between muscle excursion (fiber length) and muscle force (PCSA).

The combination of altered jaw-muscle fiber architecture shown here and mus-
cle orientation (e.g., Vinyard et al., 2003) provide compelling evidence that tree-
gouging common and pygmy marmosets are maximizing muscle stretch abilities.
During the generation of wide jaw gapes, which involves active lengthening of the
jaw-closing muscles, it is likely that marmosets are stretching their jaw-closing mus-
cle well beyond their resting length. Bite forces in primates diminish as jaw-muscle
fibers are stretched beyond their resting length (Dechow and Carlson, 1982, 1986,
1990), and decreases in bite force as gape increases are exacerbated by relatively
inefficient jaw leverage for producing bite force at the anterior teeth. Alterations in
both the bony and the soft tissue structures of the masticatory apparatus strongly
suggest that tree-gouging marmosets are under pressure to reduce the amount of
muscle stretch at a given gape in order to generate adequate bite forces at wide jaw
gapes.

Collectively, relatively longer fibers of the masseter and temporalis muscles cor-
respond with field and laboratory studies demonstrating that common marmosets
gouge trees with relatively wide jaw gapes. The relatively lower muscle PCSAs sup-
port previous morphological and laboratory studies, which found no evidence that
tree gouging requires generating relatively large bite forces (Vinyard et al., 2001,
2003, 2004, n.d.). The presence of relatively longer fibers, their capacity to enhance
muscle stretch during jaw opening, and the performance data indicating that tree
gouging involves the generation of wide jaw gapes, all suggest that longer masseter
and temporalis fibers function to facilitate the production of wide jaw gapes during
tree gouging in their natural environment (sensu Bock and von Wahlert, 1965).

12.4.2 Functional Partitioning of the Masseter
and Temporalis Muscles

Most mammals have a basic masticatory muscle plan that includes four paired, rec-
ognizably distinct muscles: the masseter, temporalis, medial and lateral pterygoid
muscles (e.g., Turnbull, 1970). Within this common organizational structure, the
complexity of muscle architecture, the position of the muscles on the bony mastica-
tory apparatus, and the proportional contribution to total muscle mass vary widely
across taxa. Nevertheless, the primitive pattern for mammals, and one to which all
three of these callitrichids conform, is characterized by a temporalis muscle that is
relatively larger than the masseter and pterygoid muscles (Turnbull, 1970). Thus,
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while the force-generating capacity (PCSA) of the masseter and temporalis mus-
cles are relatively lower in marmosets compared to tamarins, all three species have
larger temporalis muscle weights (Eng et al., 2005) and maximum force-generating
capacities relative to their masseters (Fig. 12.7).

If we consider the temporalis and masseter as part of a larger functional group
involved in feeding, we can ask whether there are differences in the relative
contributions of these two muscles to the overall force- and excursion-producing
capabilities of the jaw-muscle group. If the PCSA of each muscle is expressed as a
percentage of the combined PCSA for both muscles, it is apparent that there is less
intermuscular diversity between the masseter and the temporalis muscles in mar-
mosets compared to tamarins. That is, the force-generating capacities (PCSAs) of
the two jaw-closing muscles are more similar within the marmosets than cotton-top
tamarins (Fig. 12.10). Thus, while all taxa exhibit significant intermuscular diversity
(p < 0.05), the disparity in % PCSA for the masseter and temporalis muscles is
most pronounced in S. oedipus, suggesting a greater capacity for functional par-
titioning of these jaw-closing muscles in nongouging tamarins. We speculate that
such partitioning may be more constrained in marmosets owing to their unique gape
requirements for tree gouging. These observations on intersegmental differences
in fiber architecture should be regarded as preliminary however, both because the
masseter and temporalis muscles represent only two of the four muscles of masti-
cation and because the masticatory muscles are architecturally complex and contain
regionally differentiated, task-specific portions (e.g., Herring et al., 1979; Weijs and
Dantuma, 1981; van Eijden et al., 1993; van Eijden and Turkawski, 2001), not all of
which have been evaluated.
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Fig. 12.10 The PCSA of the masseter depicted on the left (dark-hatched box) and temporalis on
the right (light-hatched box), expressed as a percentage of the combined PCSA for both muscles.
The disparity between the masseter and the temporalis muscles is greatest in Saguinus oedipus,
suggesting a greater division of labor between these two jaw-closing muscles in terms of their
dedication to generating force
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12.4.3 Integrating Fiber Architecture with Bony Morphology
in Studies of Feeding Behavior

Previous craniometric studies of the external morphology and internal geometry
of tree-gouging marmosets suggest a masticatory apparatus that is well suited to
facilitating the production of wide jaw gapes, but not necessarily the generation
or dissipation of large jaw forces (Vinyard et al., 2003; Vinyard and Ryan, 2006).
Based on the performance data collected during tree gouging in both laboratory
and field settings, we argue that differences in skull form between tree-gouging and
nongouging callitrichids are functionally linked to their divergent feeding behaviors.
However, skull form alone is generally insufficient for determining skull function
(Daegling, 1993; Daegling and Hylander, 2000; Vinyard and Ryan, 2006). More-
over, it is often impractical to obtain performance data on living primates in labora-
tory or natural environments, and impossible to obtain such data on extinct taxa.

We have shown a correspondence between variation in jaw-muscle fiber archi-
tecture and skull form in tree-gouging and nongouging callitrichids. Compared to
nongouging tamarins, tree-gouging marmosets have relatively longer masseter and
temporalis fibers that facilitate the production of wide jaw gapes. Common mar-
mosets also have relatively longer mandibles, anteroposterior elongated glenoids
and condyles, and lower condyles relative to the height of the mandibular toothrow,
all of which assist in opening the jaw widely. Conversely, tree-gouging marmosets
have relatively smaller PCSAs compared to tamarins, indicating less maximal force
production capability. Likewise, common marmosets have no skull morphologies
that can be functionally linked to generating or dissipating large jaw forces. To our
knowledge, this is the first such study to demonstrate a relationship between jaw-
muscle fiber architecture, skull form, and feeding behavior in a primate. Evaluation
of fiber architecture, along with other anatomical and physiological parameters of
muscle, provide an important means of corroborating functional hypotheses linking
feeding behavior and diet to skull form.

Apart from providing data on muscle structure that is essential for building
more robust interpretations of function and performance, an architectural analysis
of muscle groups yields important information on how muscles may be function-
ally partitioned in various behavioral repertoires, information that cannot be readily
gleaned from skeletal morphology (e.g., Anapol and Jungers, 1986, 1987; Anapol
and Barry, 1996; Anapol and Gray, 2003). Knowledge of muscle structure aids our
interpretation of jaw-muscle recruitment patterns, while muscle recruitment patterns
inform our understanding of muscle fiber architecture and physiology. In this way,
fiber architecture and jaw-muscle electromyography (EMG) are mutually informa-
tive. To date, we do not know whether jaw-muscle EMG and fiber architecture are
correlated across primates. An improved understanding of this relationship will help
us determine the extent to which muscle form reflects its function during various
feeding and biting behaviors.
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