Chapter 20

Evolution, Constraint, and Optimality
in Primate Feeding Systems
Callum F. Ross and Jose Iriarte-Diaz

Evolutionary biomechanical studies of primate feeding systems have benefited from
deployment of techniques for measurement of food material properties, digital collections of morphological and experimental data, comparative analyses of the effects
of phylogeny, size, and shape, and computational modeling of bone function. Techniques for quantification of three-dimensional jaw and hyoid kinematics across large
numbers of cycles have shifted the focus of primate feeding biomechanics from
mechanistic studies of small numbers of gape cycles to studies of variation within
and between individuals and species. These large-scale studies reveal that the majority of variation in jaw kinematics, in relative timing of jaw muscle activity, and
in bone strain patterns is found across gape cycle types and behaviors, not across
chews on different foods. This suggests that performance of different kinds of feeding
behaviors might be an important determinant of skull design: specifically, external
measures of skull morphology might more strongly reflect variation in the ability of
the feeding system to generate bite force and transmit it to the bite point, rather than
in its ability to resist internal forces (stresses). Variation in feeding system design is
structured by three fundamental constraints imposing trade-offs between bite force
and gape: the sarcomere structure of skeletal muscle imposes a trade-off between
muscle fiber length and muscle force; the primate mandible functions as a third-class
lever, so that in combination with the length–tension properties of skeletal muscle,
jaw depression and elevation are associated with trade-offs between bite force and
gape; and to avoid putting the temporomandibular joint in tension the jaw elevator
muscle resultant must pass through the triangle of support defined by the two jaw
joints and the bite point. Several decades of in vivo bone strain, morphometric, and
modeling studies also suggest that primate crania are impacted by trade-offs with
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non-feeding functions, including protecting and positioning sense organs. For example, primate gape distances are driven by jaw length and canine overlap, and brow
ridge morphology is likely adapted for visual signaling or to protect the brain and
eyes during agonistic interactions with conspecifics, revealing the impact of social
interactions on feeding system morphology. Scaling analyses reveal that primate
feeding systems are heavily damped, reflecting the importance of displacement and
force control in primate feeding systems, rather than speed and energetic efficiency.
Primates do recruit their jaw muscles according to the triplet motor pattern, but this
is by no means the only pattern observed and we still have much to learn about
the determinants of variation in muscle motor patterns in the primate feeding system. Large proportions of variance in muscle mechanical advantage, muscle firing
patterns, mandibular corpus bone strain magnitudes, and mandibular morphology
are nested at high taxonomic levels. We hypothesize that this reflects ancient selection for divergent feeding behaviors at the base of major primate clades: what those
behaviors might have been is an important avenue for future research.

20.1 Introduction
Evolutionary biomechanical studies of primate feeding are poised to take advantage
of a well-grounded primate phylogeny, rich fossil record, and vibrant, skilled communities of primate ecologists, and experimental biologists. The last two decades have
witnessed development and deployment of techniques for measurement of material
properties of primate foods in the wild and the laboratory (Williams et al. 2005;
Darvell et al. 1996; Coiner-Collier et al. 2016), creation of digital collections of
morphological and experimental data (Wall et al. 2011; Copes et al. 2016), analyses
of morphological form that precisely separate the effects of size and shape (Cooke
and Terhune 2015), comparative analyses that explicitly take phylogeny into account
(Vinyard et al. 2011), computational modeling of bone function (Smith et al. 2012,
2015a, b; Strait et al. 2007, 2009a, b; Panagiotopoulou et al. 2017), three-dimensional
(3D) quantification of primate jaw and hyoid kinematics during feeding (Orsbon et al.
2018; Nakamura et al. 2017; Iriarte-Diaz et al. 2011, 2012, 2017; Iriarte-Diaz and
Ross 2010), techniques for measurement of muscle architecture dynamics (Orsbon
et al. 2018; Camp et al. 2016); quantification of metabolic costs of primate feeding
(Wall et al. 2013), and recording of spiking activity and local field potentials from
populations of neurons in orofacial sensorimotor cortex (Arce et al. 2011a, b, 2013).
One important innovation in primate evolutionary biomechanics is a recent shift in
emphasis from mechanistic studies based on limited numbers of gape cycles to studies of variation within and between individuals and species. This shift has facilitated
large-scale studies that have yielded important insights into patterns of evolution of
primate feeding systems (Vinyard et al. 2008; Williams et al. 2011). However, there is
still much to learn about primate feeding mechanisms, how feeding system morphology and function contribute to feeding performance, and even, from the perspective
of feeding system design, what the important performance variables are. One mea-
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sure of feeding performance is particle reduction effectiveness, whether overall or
on a per-chew basis. Other measures might include feeding time, feeding efficiency
(energy expended/energy acquired), avoidance of dental wear and breakage, and
maintenance of safe bone strain magnitudes.
This review emphasizes experimental and modeling approaches to these questions that were not included in previous papers (Ross 2016; Ross and Iriarte-Diaz
2014; Vinyard et al. 2007). It discusses issues regarding the terminology used in
studies of primate feeding raised by application of high-resolution motion capture
(Reed and Ross 2010; Iriarte-Diaz et al. 2011, 2012) and biplanar videoradiography (Orsbon et al. 2018) techniques to the quantification of primate jaw, hyoid, and
tongue kinematics. We then present three fundamental biomechanical constraints on
the ability of the primate feeding system to generate bite force at different gapes and
bite points, reviewing recent data on the dynamics of the mandibular rotational axis.
Results of recent scaling analyses are summarized to address questions regarding
the determinants of chewing frequency and short-term food intake rate in primates.
The determinants of variation in primate jaw kinematics are discussed, followed by
a critical evaluation of the Triplet motor pattern hypothesis explaining primate jaw
muscle activity. Particular attention is paid to important future research directions in
the study of primate feeding system biomechanics.

20.2 Primate Feeding Behavior: Definitions
In wild and laboratory primates, feeding processes occur in bouts, comprising one or
more feeding sequences (Fig. 20.1). Each feeding sequence consists of a series of jaw
and tongue movement cycles during which a number of processes are performed:
ingestion, in which food passes through the oral fissure into the oral vestibule or
oral cavity; food transport (stage 1 transport, from the ingestion point to the molars
for mastication; food fracture; bolus manipulation; and stage 2 transport from the
oral cavity into the oropharynx). Multiple processes can co-occur in individual gape
cycles: for example, stage 2 transport can occur during mastication cycles, accumulating food in the valleculae, or it can occur during the oral phase of swallow
cycles (Hiiemäe and Crompton 1985).
To understand these processes, experimental studies collect data on several physiological variables that can be categorized according to their [fundamental dimensionalities].
• Kinematic variables [space and time] include translation and rotation of
the mandible with varying rotational components of: depression and elevation—pitch—about a horizontal axis; yaw about a vertical axis, producing transverse movements of the lower teeth during occlusion; axial rotation or roll about
an anteroposterior axis (possible only with unfused mandibular symphyses), associated with asymmetrical movements of the condyles, and/or rotation of the hemimandibles. Of equal importance are hyoid and tongue movements and movements
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Fig. 20.1 Definitions of feeding sequence, gape cycle, and gape cycle phases. The upper graph
plots (black line) the open–close displacements (gape) of the lower jaw during a complete feeding
sequence from ingestion to final swallow. The second derivative of the displacement, the gray
line, is used to define the four vertical kinematic (VK) phases: FC begins at maximum gape and
ends at the start of SC (slow-close); SC starts when the teeth contact the food and mandibular
closing movements slow; SC ends and SO begins when the mandible stops moving upward and
begins moving downward (minimum gape); SO ends when the mandible starts depressing quickly
(SO–FO) (slow-open–fast-open) transition, in theory when tongue has captured the food item ready
for transport); and FO ends when the mandible changes from depression to elevation (maximum
gape). Modified from Reed and Ross (2010)

of lips and cheeks that manipulate and position the food bolus. Relative movements of the teeth during occlusion are important for the processes involved in
food fracture.
• Kinetic variables [force and time] include: muscle forces, transmitted by the
mandible to the teeth, where they result in bite forces; joint reaction forces associated with the class three lever arrangement of the jaw and jaw elevator muscles;
and internal and external forces acting on the food bolus through the tongue, palate,
and oropharynx.
• Stress [force, area], strain [dimensionless local shape change], and deformation
[shape and size change] regimes (sensu Ross et al. 2011) caused by external forces
acting on the mandible and cranium.
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• Neural and muscular activity [changes in electrical potential] recorded from the
periphery or central nervous system, reflecting neural control of feeding behavior.

20.2.1 The Kinematics of the Gape Cycle
As the name suggests, gape cycles are defined by cyclic elevation and depression
of the mandible. Gape cycles involving food fracture between the teeth have been
categorized into puncture crushing cycles, in which the mandible moves more vertically, and the teeth do not contact each other, and mastication cycles, in which more
transversely oriented jaw and tooth movements occur with the teeth in occlusion
(Hiiemäe and Kay 1973). The gape cycle can be delineated by minimum gape or
maximum gape, depending on the focus of the study. Studies of hyolingual kinematics benefit from using gape cycles defined using minimum gape because both hyoid
and mandible change movement direction at or around minimum gape (Oron and
Crompton 1985); studies of food breakdown are best performed using gape cycles
defined using maximum gape so that the food breakdown events (slow-close and
early slow-open) are not split between adjacent cycles (Reed and Ross 2010).
Division of the gape cycle into phases is useful because, although jaw movements
are usually continuous, the concept of gape cycle phases has historical momentum
and empirical utility. We adopt the subdivision of the gape cycle into four phases
as defined by Bramble, Wake, Hiiemäe, and Crompton (Bramble and Wake 1985;
Hiiemäe and Crompton 1985), a subdivision that might be best called the vertical
kinematic (VK) phases because they are defined and named with reference to jaw
vertical position and its temporal derivatives (velocity, acceleration) (Fig. 20.1): fastclose begins at maximum gape and ends at the time of the most rapid decrease in
jaw elevation velocity (largest negative peak in the second derivative of displacement
between maximum and minimum gape); slow-close begins at the end of fast-close
and ends at minimum gape; slow-open begins at minimum gape and ends at the time
when jaw depression velocity increases most rapidly (the largest negative peak in
the second derivative of displacement between the times of minimum and maximum
gape); fast-open ends at maximum gape.
Vertical kinematics are useful for gape cycle phase definitions because they are
associated with the largest rotation components during feeding (opening and closing
of the mouth, depression and elevation of the jaw), and hence can be identified with
the greatest accuracy and replicability, facilitating the automated data processing
and analysis necessary for collection of large sample sizes. Moreover, the events
defining the four VK gape cycle phases are associated with changes in sensory
afferent input that are likely to be important in sensorimotor control (Lund 1991).
Of course, primate jaw movements are not limited to vertical displacements and
pitch rotations and this is especially true during the time when the food is broken
down between the teeth. All primates for which there are data resemble Didelphis,
Tupaia, Tenrec, and many other mammals in moving their working-side mandibles
and teeth upward, medially, and anteriorly during slow-close and early slow-open:
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Otolemur, Saimiri, Ateles (Hiiemäe and Kay 1972, 1973; Kay and Hiiemae 1974b),
Cebus/Sapajus (Iriarte-Diaz et al. 2017; Reed and Ross 2010), Homo (Ahlgren 1976;
Buschang et al. 2000), Papio (Wall et al. 2002; Iriarte-Diaz et al. 2017), and Macaca
(Hiiemäe 1978; Hylander et al. 1987; Iriarte-Diaz et al. 2017; Luschei and Goodwin
1974) (Fig. 20.1). This period of the gape cycle—roughly slow-close through early
slow-open, but see below—is when food breakdown between the teeth occurs, and
hence has been termed the power stroke (Hiiemäe 1967).

20.2.2 What Is the Power Stroke?
The term power stroke refers to the time during the gape cycle when work is done
on the food by the teeth but, as the early definitions of the term reveal, the power
stroke sensu stricto is very difficult to quantify and study in vivo. The term was
first defined as one of the gape cycle subdivisions by Hiiemäe and colleagues in
descriptions of feeding by rats (Hiiemäe 1967), opossums (Crompton and Hiiemae
1970; Hiiemäe and Crompton 1971), and primates (Hiiemäe and Kay 1972, 1973;
Kay and Hiiemae 1974a, b) using not only measurable kinematic events, such as time
of maximum gape, but also events (in bold below) that are so difficult/impossible
to measure that their timing had to (and mostly still has to) be inferred indirectly.
The preparatory stroke (later called the closing stroke, Hiiemäe 1976, 1978) was
defined as beginning at maximum gape and ending with tooth–food–tooth contact
(in puncture crushing cycles), or tooth–tooth contact (in chewing cycles). The power
stroke was divided into two phases: Phase I beginning with tooth–food–tooth or
tooth–tooth contact between laterally placed lower molars and continuing with
their upward and anteromedial movement into centric occlusion (i.e., the protocone
is in the talonid basin); and Phase II beginning at centric occlusion and “continuing
until the downward and anteromedial movement of the lower molars carries them
out of occlusal contact on the active side” (Kay and Hiiemäe 1974a, b: 228). By
definition, the recovery stroke (later called the opening stroke (Hiiemäe 1976, 1978))
begins when occlusal or tooth–food–tooth contact is lost and ends at maximum
gape (Hiiemäe and Kay 1973).
It was necessary to define Phase I and II of the power stroke using these inferential
variables because the cineradiographic images used to study feeding were (and are)
obscured by the overlapping densities of enamel during occlusion (Crompton and
Hiiemäe 1970; Hiiemäe and Crompton 1971), and because the spatial precision of jaw
movement measurements was too low to make precise statements about relative tooth
movements during occlusion. In practice, Phase I and II kinematics were estimated
from 2D data by combining cineradiographic measures of jaw movement (upward,
medial, and anterior during Phase I; down, medial, and anterior during Phase II) with
occlusal analysis of dental morphology. Occlusal analysis develops the assumption,
axiomatic in orthodontics and prosthodontics (Rilo et al. 2009; Wang and Mehta
2013; Woda et al. 1979; Mills 1966), that “[o]nce the teeth have come into occlusion,
their form determines the path of movement of the lower molars across the uppers,
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and therefore, to a considerable extent, although not entirely, the movement of the
mandible on the active side” (Crompton and Hiiemäe 1970).
The first detailed studies of primate jaw kinematics by Hiiemäe and Kay used
this combination of occlusal analysis and lateral, frontal, and dorsal plane cineradiography (at 60 frames per second [fps]) to quantify feeding kinematics in one
individual each of Tupaia, Galago, Ateles, and Saimiri. To address the difficulty of
identifying occlusal events from cineradiographic data, Hiiemäe and Kay introduced
the concept of “clear freeway” to identify the start and end of the power stroke. The
clear freeway is the space, visible in lateral cineradiographic or videoradiographic
images, between the cusps of the upper and lower teeth that disappears as the teeth
approach each other during jaw elevation and appears as the teeth move apart during jaw depression. Because of the complex morphology of the teeth, which varies
interspecifically and ontogenetically, upper and lower tooth cusps can overlap in this
view prior to and after tooth–tooth contact, making it an imprecise criterion for
delimiting the time of tooth–tooth contact within and between both individuals
and species. Hiiemäe and Kay used the appearance of freeway to identify the start
of a power stroke, but equivocated about its utility for identifying its end (Kay and
Hiiemäe 1974a, b: 502–3; Hiiemäe and Kay 1973: 44). Shaded areas in their gape—
time plots are sometimes used to indicate the times when clear freeway is not visible
(Hiiemäe and Kay 1973; Fig. 20.5), and at others “the range of gapes, defined as
‘wide freeway space’, ‘narrow freeway space’ and into occlusion (i.e., equivalent
to 5, 2.5, and 0 degrees of gape)” (Kay and Hiiemäe 1974a, b; Fig. 20.4). Similar
shaded areas appear in reviews by Hiiemäe (1978) and Vinyard et al. (2006).
The difficulty of applying the concept of the power stroke to studies of primate
feeding has made us leery of the term power stroke sensu stricto. While it has utility
as an informal term to describe the time during chewing and puncture crushing cycles
when food is broken down, its actual application to in vivo studies of primate feeding
is fraught with problems. Recognizing the value of defining a phase before and after
which the molars cannot be in contact and during which any molar occlusal contact
must occur, we instead advocate the use of an intercuspal phase.

20.2.3 Intercuspal Phase
The kinematics and kinetics of occlusion are fundamental for understanding the processes of food breakdown during chewing. Hiiemäe and Kay employed Simpson’s
(1933) terminology to hypothesize links between orientation of individual wear facets
and specific actions by the teeth on the food: food shearing, when force is applied
to the food in a plane parallel to the plane of contact between the teeth; crushing,
when force is applied normal to the contact surface; and grinding, when movement
of the occlusal surfaces across each other is accompanied by large components of
force both orthogonal and parallel to the surfaces (Simpson 1933; Hiiemäe and
Kay 1972, 1973; Kay and Hiiemae 1974a, b). These terms—shearing, crushing, and
grinding—continue to be used in discussions of occlusal function in primates and
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other mammals. For example, microwear data from Australopithecus africanus,
Paranthropus robustus, Pan troglodytes, Piliocolobus badius, Cebus apella, C.
nigrivittatus, C. capucinus, and Hapalemur griseus (Daegling and Grine 1999) are
said to reveal that “crushing and grinding” facets have a greater proportion of pits,
whereas “shearing” facets have a greater number of striations (Gordon 1982, 1984;
Grine 1986; Krueger et al. 2008; Teaford 1985, 1986; Teaford and Walker 1984).
Importantly, these differences are not absolute: striations are found on “crushing”
facets and pits are found on “shearing” facets, albeit in smaller numbers, suggesting that either microwear features are not simple readouts of jaw movements, or
there is a wider range of jaw movement during occlusion than commonly assumed.
Clearly, ascribing shearing, crushing, and grinding functions to specific tooth facets
requires data on the direction of relative tooth movement during occlusion, along
with methods for measuring, inferring or modeling the orientation of the bite force.
In in vivo studies, the time during the gape cycle when these occlusal interactions
occur is the intercuspal phase. Hiiemäe et al. (1995: 232–233) defined an intercuspal period (IP) as the time between “End close (EC): the first most closed position
for the lower jaw in each cycle” and “[f]irst open (IO): the frame marking the start
of consistent downward (opening) jaw movement.” However, noting that “[l]owamplitude opening and closing may occur within IP” (Hiiemäe et al. 1995), and that
“[t]he time at which the teeth actually reached and left centric occlusion is difficult
to determine from lateral projection cinefluorographs,” they arbitrarily designated
“marker positions within 0.5 mm of maximum closure/centric occlusion” as within
intercuspal range and the intercuspal period (p. 231) (bold font added to indicate
inferred variables). Eschewing arbitrary definitions of the start and end of intercuspal phase, Orsbon et al. (2018) defined the intercuspal phase as the time when the
planes through the cusp tips of the upper and lower molars intersect, making the definition independent of the VK phases. Hence, the intercuspal phase is not interposed
between slow-close and slow-open, but overlaps the end of (slow) close and start of
(slow-open), which are separated by minimum gape.
Application of this definition focuses inference of occlusal kinematics to the
spatial resolution (microns) needed to test hypotheses about relative movements of
tooth cusps. The recent development of occlusal fingerprinting analysis (OFA), which
uses high-resolution imaging to visualize and quantify the interactions between the
geometries of the occlusal surfaces of upper and lower teeth (Kullmer et al. 2009),
promises significant advances in occlusal analysis. OFA methods have been shown
to accurately predict the position of wear facets produced by jaw movements in an
ex vivo experimental environment (Kullmer et al. 2012), and have been applied to
the fossil record (von Koenigswald et al. 2013; Schultz and Martin 2014). As yet,
however, the accuracy and precision with which OFA can predict jaw movements
have not been tested in vivo.
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20.2.4 The Functional Significance of Phase II of the Power
Stroke
Phase II of the power stroke is the period after minimum gape and prior to the loss
of tooth–tooth or tooth–food–tooth contact when the jaw is moving down, medially,
and slightly anteriorly. The functional significance of Phase II has been debated.
Crompton and Hiiemäe (1970) noted that upward components of bite force cannot
be applied between the teeth when the teeth and jaws are moving downward during
Phase II of the power stroke, although they hypothesized that it might be possible, but
inefficient, through complex recruitment of jaw elevator and depressor muscles. Kay
and Hiiemäe (1973) later suggested that a grinding effect could “result from simple
‘drag’ between two surfaces held rather than forced together” (p. 54), presumably
through some combination of friction and wet adhesion. Hiiemäe and Crompton
(1985) later suggested that, although EMG activity in macaques ceases prior to
centric occlusion, it takes 50–75 ms for the force to decline so there may be residual
muscle force being generated after centric occlusion [see also (Byrd and Garthwaite
1981; Luschei and Goodwin 1974)]. Wall et al. (2002) later used the relative timing of
EMG and jaw kinematics to suggest that bite forces are also very low after minimum
gape in Papio.
Some indication of the timing of bite force generation can be obtained from bone
strain data from the mandibular corpus. Hylander (1986) showed that the timing
and magnitude of mandibular corpus (especially compressive) bone strain is highly
correlated with vertical components of bite force during isometric transducer biting.
However, he pointed out that this relationship between corpus bone strain and bite
force could not simply be extrapolated to mastication, during which the mandible is
subject to multiple and changing loading and deformation regimes (Hylander 1986).
Hylander et al. (1987) presented simultaneous data on corpus bone strain and jaw
kinematics (lateral projection cineradiography at 90 fps) to argue that, in Macaca,
because peak principal compressive strain in the mandibular corpus precedes minimum jaw gape by an average of 15–50 ms, bite force must drop to very low
levels before jaw opening, and by inference, before Phase II of the power stroke
(Hylander et al. 1987). Importantly, however, Hylander et al.’s (1987) data included
some gape cycles with strain profiles indicative of residual mandibular loading after
the first appearance of maximum intercuspation of the teeth, along with strain orientation data suggestive of the increased importance of lateral transverse bending
of the corpus after peak corpus strain. Together with EMG data suggesting that the
balancing-side deep masseter might be generating transversely oriented components
of bite force after minimum gape, Hylander et al.’s strain and kinematic data suggest
that in some cycles there may be laterally directed components of bite reaction force
acting on the teeth during Phase II.
Our own data for capuchins are presented in Fig. 20.2 and Table 20.1, along with
data for one macaque, the results from which closely resemble those presented by
Hylander et al. (1987). Figure 20.2a shows the average profile of maximum principal
strain in the lateral aspect of the mandibular corpus during chewing of two or three
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different foods aligned relative to minimum gape. As reported by Hylander et al., the
average timing of maximum principal strain precedes minimum gape by 13–41 ms,
depending on the foods. However, it is noteworthy that, as noted by Hylander et al. for
macaques, there is still significant bone strain in the lateral aspects of the corpus after
minimum gape, suggesting that even as the jaw moves down and medial, bite force
may still be generated. Hylander et al. (1987) also identified some chews in which
peak strains occur after minimum gape: our data on this in capuchins are shown in
Fig. 20.2b. Instead of averaging strain profiles across all chews, Fig. 20.2b presents
the proportion of cycles that show peak strain in the corpus at different times relative
to minimum gape. Not only does the average strain profile reveal the persistence of
principal strain after minimum gape (Fig. 20.2a), but there are a significant number
of cycles that show peak strain after minimum gape (Fig. 20.2b).
Together with the microwear data summarized above, our data and those of
Hylander et al. (1987) suggest that bite force may well be generated after minimum gape, at the end of the intercuspal phase. Experimental data combining highresolution jaw kinematics, EMG, OFA, with mandibular bone strain or, better, more
direct measures of occlusal bite force, are needed to better address the question of
the functional significance of Phase II of the power stroke.

(a) 300

Cebus 1

)
Bone strain (

200

Relative frequency

Cebus 3

Macaca 1

100
0
-200

(b)

Cebus 2
Nuts
Dry fruits
Grapes

0

Time (ms)

0.4 Grapes
0.2
0
0.4 Dry fruits
0.2
0
0.4 Nuts

200

-200

0

Time (ms)

200

-200

0

Time (ms)

200

-200

0

200

Time (ms)

n = 199

n = 113

n = 562

n = 265

n = 323

n = 307

n = 148

n = 121

n = 1486

n = 209

n = 566

0.2
0
-200

0

Time (ms)

200

-200

0

Time (ms)

200

-200

0

Time (ms)

200

-200

0

Time (ms)

200

Fig. 20.2 Timing of maximum principal strain in the lateral aspect of the mandibular corpus relative
to minimum gape for three Cebus and one Macaca. Data collected by the authors. Vertical dashed
lines at 0 ms represent the time of minimum gape. a Plots of the mean ± SE of maximum principal
strain during gape cycles of chewing of grapes, dry fruits, and nuts. b Histograms of the timing of
peak bone strain with respect to the timing of minimum gape for each of the types of foods. The
portions of the distributions to the left of the vertical dashed line represent cycles when peak bone
strains occurred before minimum gape; those to the right represent cycles when peak bone strain
occurred after minimum gape. If minimum gape is taken to be centric occlusion, corpus strains after
minimum gape must occur during opening
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Table 20.1 Timing of peak
strain with respect to
minimum gape in
milliseconds (ms). Data are
presented as mean ±SD.
Sample sizes are in
parenthesis

Individual
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Time of peak strain with respect to minimum
gape (in ms)
Grapes

Dry fruits

Nuts

Cebus 1

−26.0 ± 45.4
(199)

−37.1 ± 59.2
(323)

−26.7 ± 38.9
(1486)

Cebus 2

−19.8 ± 38.9
(113)

−31.3 ± 33.6
(307)

−40.1 ± 34.2
(209)

Cebus 3

−23.7 ± 41.6
(562)

−41.1 ± 52.1
(148)

−24.4 ± 49.4
(566)

Macaca 1

−13.1 ± 52.3
(265)

−31.0 ± 41.8
(121)

20.3 The Fundamental Constraints
There are three fundamental constraints on the ability of primate feeding systems to
generate and transmit forces to the bite point, constraints which impose pervasive
trade-offs between bite force and gape (Hylander 2013, 2017; Spencer 1995): the
sarcomere structure of skeletal muscle imposes a trade-off between muscle fiber
length and muscle force, represented by the length–tension curve for sarcomeres and
muscle fibers (Gordon et al. 1966) (Fig. 20.3); the primate mandible functions as a
third-class lever—the jaw elevator muscle resultant lies between the axis of rotation
and the bite point in lateral view—so that, in combination with the length–tension
properties of skeletal muscle, jaw depression and elevation are associated with tradeoffs between bite force and gape (Hylander 2013, 2017) (Fig. 20.4); the jaw elevator
muscle resultant must pass through the triangle of support defined by the two jaw
joints and the bite point to avoid putting the TMJ (temporomandibular joint) in
tension (Greaves 1978; Spencer 1998, 1999).

20.3.1 The Sarcomere Structure of Skeletal Muscle
The amount of force that a sarcomere produces varies as a function of its length,
as described by the length–tension, or length–force curve described for frog muscle
by Gordon et al. (1966) (Fig. 20.2). In parallel fibered muscles, consisting of many
sarcomeres in series, the length–tension curve of the sarcomere describes the length–tension curve of the whole muscle fairly accurately. The same relationship holds in
pennate muscles, like the jaw elevator muscles of primates, except that the ascending
and descending limbs of the length–tension curve are steeper; i.e., the muscle is much
stiffer (McMahon 1984; Ross et al. 2009b). Hence, in pennate muscles, increases
and decreases in length are accompanied by faster increases and decreases in the
active force generating capacity of the muscle, and increases in length result in rapid
increases in the passive tension developed by the sarcomeres.
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Skeletal muscle force-length curve
with diagrams of changes in thick-thin filament overlap at diﬀerent lengths
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Fig. 20.3 Diagram illustrating relationships between length-related changes in overlap of thick
and thin filaments in the sarcomeres of skeletal muscles and the associated length-related changes
in force generation potential (redrawn from Porro et al. (2011), based on Herzog (2007)). Force
is expressed as a % of maximum. l/l o = sarcomere length as a proportion of optimal. There is an
optimal length for muscle force generation capability: stretching or shortening jaw muscles away
from this optimal part of the length–force curve decreases their force generation potential. Because
of these length–force properties of the sarcomeres, jaw gape affects the amount of force that the
jaw muscles can produce (see Fig. 20.4)

20.3.2 The Mandible Is a Third-Class Lever
The way in which the length–tension relationship of skeletal muscle impacts primate
feeding performance is impacted by the location of the jaw elevator muscle force
resultant between the jaw joints and axis of rotation posteriorly and the bite point
anteriorly. The functional consequence of this for the primate feeding system is that,
because the muscles are near the peak of their length–tension curve at only a few
degrees or millimeters of gape (Anapol and Herring 1989), increases in gape decrease
the amount of force that the muscles can generate. Hence, there is a force–gape tradeoff in primate jaw elevator muscles (Hylander 2013, 2017): primates attempting to
generate bite forces at large gapes—eating large food objects—cannot generate as
much bite force as they can at smaller gapes. One way to alleviate the length–tension
trade-off inherent in skeletal muscle is to increase the mechanical advantage of the
muscle, the ratio of its lever arm to the load arm of the bite point. However, when
mechanical advantage is improved through rostral displacement of the jaw elevator
muscles, the maximum possible gape distance is decreased (Fig. 20.4). Thus, selec-
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Fig. 20.4 Diagram illustrating the consequences of the fundamental properties of primate feeding
systems that constrain feeding performance: the jaw elevator muscles and mandible form a thirdclass lever, and vertebrate skeletal muscle manifests a length–tension curve. From Hylander (2017)
(with permission)

tion for improved mechanical advantage has to trade off with large gape requirements
imposed by feeding behaviors, such as gouging, and social behaviors such as threat
displays.

20.3.3 The Jaw Elevator Muscle Resultant Must Lie Within
the “Triangle of Support”
In a third-class lever model of the primate jaw, all other things being equal, the
mechanical advantage of the jaw muscles is increased by moving the bite point
closer to, and the muscle resultant further from, the jaw joints. This should encourage
selection to move the distal end of the tooth row back toward the jaw joints and the
jaw elevator muscles rostrally. However, there is evidence that primate jaw elevator
muscles are recruited so that the TMJs are not subjected to tensile (distractive) forces
(Greaves 1978). In order to achieve this, the resultant of the jaw elevator muscle forces
must lie within a “triangle of support”, with vertices at the two TMJs and the bite point,
in order to keep both jaw joints in compression. In order to maintain the jaw elevator
muscle resultant within the “triangle of support”, the balancing-side muscle force
amplitudes must be reduced during biting at the most distal (posterior) extremes of
the tooth row. Reduction in balancing-side muscle activity moves the muscle resultant
toward the working side and into the “triangle of support” but reduces the maximum
bite force that can be generated at non-midline—most—bite points. Morphological
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and experimental evidence corroborates this hypothesis in primates (Spencer 1998,
1999), suggesting that the need to keep the TMJs in compression constrains bite
force magnitudes in primates during biting and chewing (Ledogar et al. 2016; Smith
et al. 2015b).

20.4 The Force–Gape Trade-off, the Axis of Jaw Rotation,
and Muscle Architecture During Feeding
The precise impact of the first two fundamental constraints—the length–force relationship of skeletal muscle and the third-class lever arrangement of primate jaw elevator muscles—on the force–gape trade-off in primate feeding performance is dependent on two important factors: the location of the axis of rotation of the mandible
(Carlson 1977; Hylander 1978; Smith 1985) and the static and dynamic muscle
architecture of the jaw elevators (Taylor et al. 2018).

20.4.1 The Axis of Rotation
During chewing in primates the axis of rotation of the mandible (AoR) lies inferior to
the temporomandibular joint (TMJ) so that jaw depression and elevation are accompanied by anterior and posterior translation of the mandibular condyles (Bennett
1908; Gallo et al. 1997, 2000; Iriarte-Diaz et al. 2017; Wall 1999). Moreover, during
chewing the AoR is neither static nor orthogonal to the sagittal planes, reflecting the
changing magnitudes of lateral jaw movement during the chewing cycle (Fig. 20.5).
It has been argued that locating the axis of rotation of the mandible below rather than
at the TMJ ameliorates the detrimental effects of jaw depression on the force generating capacity of the masseter, in part because this decreases the amount of muscle
strain in the masseter and in part because it improves muscle moment arms during
chewing (Carlson 1977; Hylander 2006; Weijs et al. 1989). To test this idea, Carlson
(1977) calculated the relationships between “functional gape angle” and masseter
length and moment arm both in a theoretical location through the TMJ as well as with
the AoR in its actual location—inferior and posterior to the TMJ. He showed that,
compared with an axis located at the TMJ, the actual location of the AoR does ameliorate the decreases in masseter moment arm during jaw opening. It also reduces the
amount of masseter muscle sarcomere stretch associated with jaw depression, which,
if masseter muscle sarcomeres are at their optimal length at centric occlusion, would
ameliorate the reductions in masseter muscle force associated with jaw opening. In
other words, the positioning of the AoR means that jaw opening is associated with
smaller decreases in the torque-generating capacity of the masseter, with the benefits
due to reduced sarcomere stretch being greater than those due to reduced decreases
in moment arms.
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Fig. 20.5 Changes in the mean position and orientation of the helical axis (HA) during the opening
and closing phases of chewing cycles in three species of primates. Orientations of HA from left chews
were inverted around the sagittal plane, so all chews are represented as right chews. The different
locations of the HA during the opening and closing phases of the gape cycle are represented by
different colored lines: purple to green during the opening phase and red to blue during the closing
phase. The timing of maximum rotation in both opening and closing phases is indicated by the
white lines. Modified from Iriarte-Diaz et al. (2017)

In a study of rabbits, Weijs et al. (1989) modeled the effects of AoR location on
jaw elevator muscle forces, measured the magnitude of passive elastic forces resisting
jaw depression with the AoR in its normal position, and compared them with those
at a range of positions further from and closer to the TMJ. They concluded that the
location of the AoR “is as low as necessary to minimize the passive forces in the
jaw-closing muscles” while simultaneously allowing “maximal active forces to be
generated over a large range of gapes” (Weijs et al. 1989, p. 145). The benefits of
AoR location for energetics and motor control remain to be understood.
Modeling of masseter function during symmetrical jaw opening raises important
questions about the impact of AoR location on the lever arms and muscle stretch of
the jaw elevator muscles in the static and dynamic situations in vivo. How do these
effects differ across the three jaw elevator muscles (temporalis, masseter, and medial
pterygoid) during mastication? To address these questions Iriarte-Diaz et al. (2017)
used 3D jaw kinematic data to estimate the location of the instantaneous helical
axis (IHA) in 7,320 gape cycles by eight individuals from three species of primates
(Macaca mulatta [n = 3], Papio anubis [2], and Cebus/Sapajus apella [3]) and to
quantify the impact of IHA location on whole muscle–tendon strain and muscle
lever arms of three segments each in the temporalis, masseter, and medial pterygoid
muscles. Lever arms were calculated both about the TMJ, the traditional point for
calculation of moment arms in static analyses of the jaw, and the IHA, about which
the muscles generate their dynamic torques during jaw movement.
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Muscle strain during chewing varied between muscles, with medial pterygoid
showing the least strain, masseter showing the most, and temporalis in macaques
experiencing muscle strains similar to or larger than those in the masseter (Fig. 20.6).
In vivo muscle strains in the masseter and medial pterygoid were similar to or lower
than those calculated with a theoretical AoR location through the TMJ, but those in
the temporalis were higher—actual AoR locations do decrease strain in the masseter
and medial pterygoid muscles compared to a hinge-joint condition (Carlson 1977;
Hylander 1978), but they increase strain in the temporalis, the largest of the jaw
elevator muscles in primates.
Lever arm lengths during chewing vary within muscles. Anterior segments of
masseter, medial pterygoid, and temporalis experience fairly constant or increased
moment arms during chewing, while the posterior and intermediate muscle segments
experience decreased moment arms about the TMJ. In contrast, if jaw elevation and
depression occurred about an axis through the TMJ, almost all muscle regions would
experience decreases in moment arms. The largest difference between actual and
theoretical moment arms is seen in anterior temporalis, in which the actual location
of the helical axis (HA) increases the moment arm of the jaw elevator muscles.
Together these results suggest that the location of the AoR can improve muscle
torques, especially those of the temporalis, in static biting conditions.
When muscle moment arms are calculated about the HA—providing insight into
their contribution to jaw elevation movements—moment arms tend to decrease during jaw opening then increase during closing. Comparisons with a theoretical axis
through the TMJ suggest that the largest effects of AoR location are seen in the
posterior temporalis: the actual location of the AoR improves the dynamic moment
arms of the posterior temporalis about the AoR, improving its ability to rotate the
mandible during jaw elevation. As predicted by Carlson, Iriarte-Diaz et al. found
AoR location has its largest effects on moment arms at the largest gapes.
The importance of mechanical advantage for primate feeding performance suggested by these experimental approaches is supported by a number of studies showing
associations between diet or feeding behavior and mechanical advantage. Mechanical advantage of the masseter and the attachment areas for masseter and medial
pterygoid muscles are larger in the more folivorous colobines than in the less folivorous cercopithecines (Ravosa 1996a, 1990). Compared to other macaques, Macaca
fuscata exhibits a more anteriorly placed masseter muscle and a tougher, harder diet
(Antón 1996). Seed eating Asian colobines (Presbytis rubicunda and Trachypithecus phayrei) have better jaw muscle mechanical advantage than species that rarely
exploit seeds (Presbytis comata, Trachypithecus obscurus, and Semnopithecus vetulus) (Koyabu and Endo 2010). Tufted capuchins have larger jaw muscles with better
mechanical advantage than other capuchins, facilitating feeding on large, hard objects
(Taylor and Vinyard 2009; Wright 2005). Among hominins, Inuit generate relatively
high bite forces and have enlarged muscle attachment areas and better jaw mechanical advantage than other native Americans (Hylander 1972). Moreover, the ability
to generate and transmit force to the bite point is impacted by gape, and gape is also
related to diet and feeding behavior. Anteroposteriorly long TMJs are linked to wide
gape tree gouging in callitrichids and Phaner (Vinyard et al. 2003), to wide gape
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Fig. 20.6 Muscle strains (changes in total muscle length as a percentage of resting length) of the
major masticatory muscles throughout a standardized gape cycle for a baboon, a capuchin, and a
macaque. The colors of the traces match the segments of the muscles indicated in the diagrams at the
top. Segments of the medial pterygoid (MP) are identified by shades of red; segments of the masseter
(Ma) by shades of green; and segments of the temporalis (Te) by shades of blue. For each muscle,
the anterior, middle, and posterior segments are identified by dark, intermediate, and lighter colors,
respectively. Muscles of the balancing and working side are indicated by solid and dashed lines,
respectively. The plotted data are the experimentally observed data (Exp), the theoretical, hingejoint condition data (Theor), and the difference between them (Exp−Theor). Gray bars indicate the
jaw-closing phase of the gape cycle. Modified from Iriarte-Diaz et al. (2017)
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vocalization in Alouatta, to wide gape seed predation in pitheciines (Terhune 2011),
and to other adaptations for gape in great apes (Terhune 2011). Callitrichid mandible
shapes also facilitate large gapes and their jaw muscles are designed for the extensive
excursion required for gouging at large gapes (Hogg et al. 2011; Vinyard and Ryan
2006; Vinyard et al. 2003).
Together these data support the hypothesis that external measures of skull morphology might more strongly reflect variation in the ability of the feeding system to
generate force and transmit it to the bite point, rather than in its ability to resist internal forces (stresses) (Iriarte-Diaz et al. 2011, 2012; Ross 2016; Ross and Iriarte-Diaz
2014). In capuchins, strain regimes in the corpus vary most across different behaviors (incisor bites, canine bites, premolar bites, chews) and strain magnitudes associated with premolar, molar, and incisor biting are larger than those recorded during
mastication, suggesting that performance of these behaviors might be an important
determinant of skull design (Ross et al. 2016). Better data are needed on relationships
between biting performance and feeding system morphology in primates.

20.4.2 Muscle Architecture: Statics and Dynamics
The precise impact of whole muscle–tendon strain on force generation is also dependent on muscle architecture dynamics, the changes in muscle fiber orientation at
different gapes (Azizi et al. 2008). Static measures of muscle architecture are accumulating for a wide range of primates (Taylor and Vinyard 2004, 2008, 2009; Taylor
et al. 2008, 2015), but the complexities and subtleties of muscle architecture dynamics and their effects on muscle force and shortening velocity are just now being
investigated in primates (Orsbon et al. 2018; Laird et al. 2019). XROMM-based
measurements of muscle architecture dynamics during primate feeding promise to
significantly improve our understanding of the ways that the fundamental constraints
on primate feeding systems affect feeding performance.

20.5 Primate Feeding Systems Are Not Built for Speed
In the 1970s several workers advanced the argument that aspects of feeding behavior
related to short-term food intake rate (a timescale of seconds and hours) are driven
by the requirements of overall metabolic rate. These arguments developed in the
context of attempts to link scaling of tooth surface area to scaling of metabolic rate
via estimates of the volume of food processed per chew (V c ). Pilbeam and Gould
argued that if V c scales with dental occlusal area (Am ) as V c α A1.0
m , and Am scales
0.75
, then V c would increase isometrically with
relative to body mass as Am α M ≈
b
0.75
), and metabolic requirements would be satisfied
basal metabolic rate (V c α M ≈
b
by scaling of per-chew food processing rate, Rc = V c /T c (Gould 1975; Pilbeam and
Gould 1974). Kay noted that if primate molar areas scale isometrically with body
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0.67
mass as Am α M ≈
(Gingerich et al. 1982; Kay 1975, 1985; Vinyard and Hanna
b
1.0
2005) and V c α Am , then V c would not keep up with basal metabolic rate and larger
primates would run into a metabolic crisis (Fortelius 1985; Kay 1975). He suggested
that this problem could be alleviated and larger animals meet their size-related energy
requirements if either T f increased and/or T c decreased (Kay 1985). In fact, his
limited data set suggested that T c actually increases with body size, so feeding time
must increase accordingly to compensate. In contrast to Kay’s hypothesis, Fortelius
(1985) argued that the food bolus is three-, and not two-dimensional, so that V c
increases isometrically with body mass—V c α M 1.0
b —so mammals can meet their
food intake requirements on a per-chew basis if chew cycle time scales as T c α M 0.25
b .
Over the last decade, experimental, scaling, and modeling studies reviewed here
suggest that chewing speed is not driven by metabolic needs, but by the requirements
of efficient and controlled bite force production (Ross et al. 2017, 2009a). Excluding
foraging and extraoral processing—i.e., once the feeding system is recruited—shortterm food intake rate is proportional to the volume of food ingested into the oral cavity
(V b ), and inversely proportional to ingestion time (T i ) and N chew * T c , i.e., gape cycle
time (T c ) multiplied by the number of chewing cycles (N chew ) prior to final swallow.
For a given food item, N chew * T c yields chewing sequence duration (T seq ), and T i
+ T seq multiplied by the number of food items (N s ) over a day determines overall
feeding time (T f ). Hence, assuming constant energetic concentration in the food,
short-term energy acquisition rate (E/T ) is as follows:

Vb
E
Vb
=
=
T
Tf
(Ti + (Tc ∗ Nchew )) ∗ Ns

(20.1)

Among anthropoids and folivorous strepsirrhines, maximum ingested bite volume
(an estimate of V b ) scales with negative allometry (Perry et al. 2015), and in catarrhines (at least) maximum gape distance (L g ) scales with negative allometry against
jaw length (L j ) (L g α L .79
j , 95% CI exclude 1.0) (data from Hylander 2013). This
suggests that larger anthropoids and folivorous strepsirrhines emphasize higher bite
forces and more efficient bite force production more than the larger gapes that would
facilitate larger V b (Hylander 2013, 2017; Perry et al. 2015). The negative allometry
of V b raises the specter of an energetic crisis in larger primates and, indeed, female
adult mountain gorillas eating low quality forage can spend nearly 80% of the day
feeding (Watts 1988).
But is there really an energetic crisis in large bodied primates, and does it demand
faster chewing speeds? Here, we address these questions by examining scaling of the
terms in the denominator of Eq. (20.1) for which data are available— N chew , T f , and
T c . One way to compensate for negative allometry of ingested bite size is to decrease
chewing investment (N chew ), i.e., chew food less. The problem with this solution is
that food has to be chewed enough to cross the oropharynx safely, to fit into the
esophagus, and to facilitate efficient digestion (Alexander 1999; Prinz and Lucas
1997; Virot et al. 2017). Common sense and experimental data from humans suggest
that avoiding choking is the most important of these factors: chewing investment
is proximally (sensorily) constrained by the number of chews needed to produce a
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swallow-safe bolus (Prinz and Lucas 1997), and not by the need to feed quickly. In
captive primates across a wide range of body sizes the number of chewing cycles
per feeding sequence has a modal value of ten and an average value of around 15
chews (Ross et al. 2009a; Virot et al. 2017) suggesting that chewing investment is
constrained by the requirements of processing the food bolus for swallowing, not
by some size-related crisis in metabolic needs. That said, mathematical models of
the ideal number of chews yield higher estimates than these empirical estimates
(Alexander 1999), suggesting a disconnect between theory and data that deserves
attention.
Negative allometry of V b could also be compensated for by increasing daily
feeding time (T f ), presumably at the expense of other activities, such as predator
avoidance and social interactions. Phylogenetically informed linear estimates of T f
±0.1
scaling in primates include T f α M 0.24
(Organ et al. 2011) and T f α M 0.18
(mean
b
b
± 95% CI) (Ross et al. 2012b). Of course, some of the increase in daily feeding time
±0.06
(mean ±
is driven by increases in T c , which increases with body mass α M 0.12
b
95% CI). The scaling exponents of T c and T f overlap significantly and the exponent
of T f lies at the upper end of the CI for T c . This suggests that T f scaling in primates
is not just a function of slower chewing, but of greater numbers of food items and/or
longer ingestion times (Ross et al. 2009a, 2012b), but it also suggests that any sizerelated changes in metabolic needs are not driving feeding times up much faster than
dictated by chew cycle times. Indeed, curvilinear regression of T f on body mass,
arguably more appropriate (Packard 2017; Ross et al. 2009a), reveals that increases
in body size from 0.1 to 20 kg are associated with increases in feeding time from 10
to around 50% of daily activity budget, but that increases in T f at body masses above
20 kg are much less substantial. If larger anthropoids are confronting a pervasive
energetic crisis it is not reflected in increases in feeding times as rapid as those seen
in smaller primates and the drivers of daily feeding time are more likely to be related
to overall dietary and digestion strategies (Clauss et al. 2007, 2008).
If overall metabolic rate is not responsible, what does drive T c scaling in primates? Ross et al. (2009b) attempted to predict the scaling of primate T c using a
mathematical model of primate feeding system function, named the Spring Model
because it modeled the skeletal muscles that drive jaw oscillations using spring constants and scaling coefficients of jaw elevator muscle physiological cross-sectional
areas (PCSAs). The Spring Model predicted scaling of T c relative to L j fairly well
(Ross et al. 2009b) until accurate rotational inertia values derived from CT scans of
primate mandibles were included (Ross et al. 2017). With these new data the model
actually performed worse, suggesting that scaling of mandible morphology has little
effect on the scaling of chew cycle period. Inaccurate jaw elevator PCSAs might
explain the poor performance of the model: jaw elevator PCSA scales isometrically
across prosimians and anthropoids, but with negative allometry across platyrrhines
and positive allometry across hominoids (Perry and Wall 2008; Taylor et al. 2015;
Taylor and Vinyard 2013). However, substitution of any of the published scaling
coefficients into the Spring Model makes little difference: the model predicts much
greater increases in T c with decreasing L j than actually observed: larger primates
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chew more quickly and/or smaller primates more slowly than predicted by the Spring
Model.
One explanation for the slower chewing speeds of smaller primates than predicted
by the Spring Model is that the jaw system is heavily damped by the properties of the
muscles that drive it. This effect is accentuated at the smallest sizes, where inertial
properties of oscillating musculoskeletal systems become less important than the
muscular properties (Hooper 2012; Turvey et al. 1988). This would also explain why
chew cycle periods are longer than step cycle periods at equivalent jaw/limb lengths:
the jaws in feeding systems oscillate more slowly than limbs of similar lengths in
locomotor systems because they are heavily damped by the properties of the chewing
muscles (Fig. 20.7) (Ross et al. 2017). This reflects the negligible importance of massrelated momentum effects and the greater importance of force and displacement
control in the primate feeding system, in contrast with the importance of speed in
primate locomotion systems. Thus, we conclude that whole organism metabolic rates
are not important drivers of chewing frequency or chew investment (number of chews
per gram of food) in primates. More proximate metabolic constraints preventing jaw
muscle fatigue may well play an important role (Wall et al. 2013), but these operate
at spatial and temporal scales well below those of the organism overall.
Recently, Virot et al. (2017) have pointed out that T c scaling1 may best be
explained not with reference to a “single functional relation”, but by multiple factors
determining “range of frequencies where animals can chew their food” (p. 2). Based
on the Spring Model, they propose that muscle mechanics constrain T c to scale to M b
with a slope below 1/3—T c α M <0.33
—with a lower limit to cycle duration of 1/8 s, as
b
predicted by maximum sarcomere shortening velocity. Data on jaw kinematics and
muscle architecture dynamics in small primates are needed to address this hypothesis, but this could explain why smaller primates have longer chew cycle periods
than predicted by the Spring Model. They also propose that the lower limit of chew
cycle period scaling is driven by the rate at which saliva fills the oral cavity. They
hypothesize that saliva fills the oral cavity during chewing at a rate that scales with
body mass α M 5/6
b , and that the food bolus has to be broken down to small enough
fragments to pass through the esophageal sphincter before saliva fills the oral cavity.
Given isometric scaling of both the oral cavity (V oral ) and ingested bolus volume
(V b ), and a constant number of chews, chew cycle period would need to scale to M b
with a slope greater than 1/6 (>0.167) in order for mammals to break the food down
before the saliva+food bolus filled the oral cavity.
In contrast with the exponent range of 0.17 < b < 0.33 predicted by Virot et al., the
primate data suggest that 0.06 < b < 0.18 (Ross et al. 2012a, b). Primate chew cycle
periods certainly increase slower than the 0.33 limit imposed by muscle mechanics,
but they also increase more slowly than predicted by the saliva limit hypothesis. We
suspect that this is because primates sort saliva and swallow-ready particles from
the rest of the bolus and swallow them—intercalated swallows—during chewing
sequences (Inokuchi et al. 2014; Hylander et al. 1987), so that they are not as con1 Virot

et al. discuss chew frequency, 1/T c . We invert their models to match the conventions in this
paper, which discusses T c .
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Fig. 20.7 Bivariate plot of chew cycle period in mammals and fish, and of locomotion step cycle
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strained by saliva flow rate as Virot et al. propose. Data on flow rates and frequency
of intercalated swallows in primates are needed to confirm this hypothesis.
Hence, we conclude that primates are not time-constrained during feeding, and
that maximizing short-term food intake rate is not an important design criterion of
their feeding systems. Primate chew cycle periods are longer than step cycle periods
of limbs with similar lengths, suggesting that feeding systems are more heavily
damped, reflecting the importance of displacement and force control in primate
feeding systems rather than speed and energetic efficiency. Primate gape distances are
driven by jaw length and canine overlap, reflecting the impact of social interactions
on feeding system morphology. Together these data suggest that chewing rate need
not be closely yoked to metabolic rate in order to meet the overall metabolic demands
of the body.
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20.6 Jaw Kinematics
Mandible kinematics are related to most feeding system performance variables. Relative tooth movements interact with tooth morphology to facilitate food breakdown
during occlusion. Condylar movements relative to the mandibular fossa interact with
muscle activity to drive patterns of stress in the joint during feeding. Movements
of the mandibular attachments of the jaw and hyolingual muscles alter their orientations, lengths, and lever arms throughout the gape cycle, interacting with muscle
activity patterns to drive bite force and TMJ reaction forces. And jaw kinematics
impact the orientations of the muscle, bite, and joint reaction forces acting on the
mandible, and hence internal forces (stresses) in the mandible during feeding. Data
on jaw kinematics are therefore central to testing many hypotheses regarding the
design of the primate feeding system.

20.6.1 Jaw Kinematics and the Temporal Structure
of the Gape Cycle
Using jaw kinematic variables to study the temporal structure of the gape cycle
provides insight into the control mechanisms in primate chewing and their likely
optimality criteria. The vast majority of variation in feeding sequence duration (T seq )
is driven by variation in nchew (Ross et al. 2009a, b; Reed and Ross 2010) because
variation in T c is low in mammals, including primates; i.e., mammals chew very
rhythmically (Ross et al. 2007b). Relatively high rhythmicity is also found in the
locomotor systems of mammals and birds, suggesting a relationship between high
rhythmicity and high metabolic rates (Ross et al. 2012a). High rhythmicity might
be more energetically efficient, lowering overall energetic costs during locomotion,
and postponing fatigue in the feeding systems of highly active animals (Ross et al.
2012).2
Rhythmicity also has advantages for motor control, increasing predictability and
stability in the face of changing external conditions, which in the feeding system may
lower rates of tooth wear and breakage (Ross et al. 2007b, 2012a). The distribution
of variance in T c within and between species and individuals provides insight into
the mechanisms underlying high rhythmicity in primate chewing. After size-related
variation in T c nested at the species level (Fig. 20.8), the largest proportion of T c
variance (20%) is distributed between cycles within individual sequences (IriarteDiaz et al. 2011; Ross et al. 2012b). This is approximately twice the amount of
variance found either between individuals of the same species, or between different
chewing sequences, which includes variation elicited by different ingested FMPs
(Fig. 20.8). Low levels of variation in T c associated with variation in ingested FMPs
2 Gintof

et al. (2010) showed that fish chew with low levels of variation in T c , similar to those in
mammals, possibly because chewing in an aquatic environment imposes constraints on jaw velocity
profiles related to intraoral prey manipulation in the absence of a tongue.
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seem to contradict the literature documenting effects of variation in food material
properties on durations of the chew cycle and its phases, however, detailed studies
reveal that FMP effects are mostly concentrated at the beginning of the chewing
sequence (Reed and Ross 2010). In capuchins, effects of FMPs on overall chew cycle
durations and durations of the constituent phases are minimal by the 15th chew cycle.
Average differences in slow-close duration (T sc ) between chews on these different
food types were significant in only seven out of the first 12 chews, and not significant
in later chews (Reed and Ross 2010). One behavioral mechanism contributing to low
variance in T sc is rate modulation of bite force: during slow-close, mandibular corpus
strain magnitudes—and presumably bite force—are correlated primarily with the rate
of loading, rather than with the duration of loading (Ross et al. 2007a; Ravosa et al.
2010). Hence, in capuchins variance in T sc explains the greatest amount of variance in
overall cycle duration only for the first 4–6 chews, after which variation in slow-open
duration (T so ) becomes more important.
A second behavioral mechanism contributing to high rhythmicity appears to be
differences in jaw movement velocities. Although Reed and Ross found that effects
of FMPs on T c and phase durations decreased through the feeding sequence, FMP
effects on maximum vertical and lateral displacements remained consistent and often
significant throughout. These findings confirm the results of studies on humans that
food material properties have stronger effects on spatial aspects of jaw kinematics
than do geometrical properties of the foods (Foster et al. 2006). In the capuchin study
it was concluded that the differences in jaw kinematics during non-SC phases likely
reflects differences in patterns of jaw and tongue movement associated with bolus
management.
A third behavioral mechanism facilitating high rhythmicity appears to be tradeoffs in durations of SO, FO, and FC gape cycle phases. Hiiemäe and Kay (1973) found
that T c did not differ significantly between puncture crush cycles (usually early in a
sequence) and chew cycles (later in the sequence) because of trade-offs in durations
of the gape cycle phases: in puncture crush cycles the FC phase was relatively longer
than in the chews, but the opening phases were relatively shorter. Similar tradeoffs in durations of gape cycle phases are also seen in Eulemur, Cebus/Sapajus,
Chlorocebus, and Macaca (Ross et al. 2010; Ravosa et al. 2010). This is not say
that there is no variation in T c and its constituent phases in primates, but whereas in
lepidosaurs increases in T c are associated with increases in the relative proportion
of the cycle made up by SO, in primates variation in T c is driven more evenly by
variation in durations of all the phases of the gape cycle. It seems that low levels of
variation in T c in primates are associated with maintenance of a relatively constant
temporal shape of the gape cycle. If trade-offs in phase durations do indeed function
to maintain high rhythmicity, it implies that primates have internal models of gape
cycle duration to which ongoing progress in the gape cycle phases can be compared
and then adjusted. Internal models are a common component of neural models of
motor control (Kawato and Wolpert 1998) but they have yet to be applied to control
of the primate feeding system.
Hiiemäe and Kay (1973: 50) interpreted the similarity of jaw kinematic profiles in
primates to suggest that: “changes in the morphology of the masticatory apparatus in
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Fig. 20.8 Percentage of variance in temporal and spatial variables of jaw kinematics in primates
explained by each hierarchical factor in a nested ANOVA. Factors assessed were species (Cebus,
Macaca, Papio), individual (3 Cebus, 2 Macaca, 2 Papio), feeding sequence (n = 817) (where food
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general, and of the cheek teeth in particular, have not involved any significant change
in the pattern of mastication as expressed by absolute cycle times or the percentage
duration of each of the strokes [gape cycle phases].” However, our studies suggest that
there are species-specific differences in the ways that FMPs impact jaw kinematics
during feeding. Agrawal et al. found that humans eating high-toughness foods chew
with larger lateral jaw displacements than when eating less tough foods, whereas
the opposite is true of macaques and capuchins (Agrawal et al. 2000; Iriarte-Diaz
et al. 2011; Reed and Ross 2010). We also found interspecific effects on variance in
jaw kinematics that might be linked to variation in feeding system morphology. The
largest interspecific effects on variance in jaw displacements are seen during feeding
on low-toughness foods, with species effects on vertical displacements during the
closing phases and on lateral displacements during the opening phases (Fig. 20.9).
Species effects on jaw kinematics during SC, evident for hard, brittle foods (such as
nuts), may be due to species-specific variation in muscle forces, or in morphology of
occlusal surfaces, TMJs, and/or craniomandibular ligaments (Hylander 1979a, 1988;
Osborn 1989, 1993, 1995; Terhune et al. 2011) with occlusal morphology probably
an important determinant of jaw movement during SC (Kullmer et al. 2012) (p. 50).
Whether there are morphological correlates of species effects on jaw kinematics
during opening phases remains to be evaluated.
The complexity of interspecific effects on jaw kinematic responses to variation in
FMPs emerges when jaw kinematic profiles of Macaca and Cebus/Sapajus are compared (Fig. 20.5). In Macaca variation in FMPs elicits little variation in the temporal
profile of the chewing cycle, but they require more chews to consume low-toughness
foods than capuchins. In contrast, capuchins exhibit more variable temporal profiles
but consume low-toughness foods in fewer cycles than macaques (Iriarte-Diaz et al.
2011). “The relative importance of interspecific differences in tongue morphology,
tongue–jaw coordination, and composition of saliva (for example) in explaining these
differences remains to be explored” (Iriarte-Diaz et al. 2011: 11).

20.7 Jaw Elevator Muscle Activity
EMG estimates of jaw muscle activity provide important insights into the determinants not only of kinematics of primate jaws but also stress, strain, and loading
regimes in the mandible and cranium. The 3D movements of the primate mandible
described by the dynamics of the AoR are produced by subtle differences in relative
timing of activity of the subdivisions and sides (left vs. right) of the jaw elevator
muscles (Weijs 1994). The relative timing of jaw elevator muscle activity in primates has been investigated using Weijs’ concept of the triplet motor pattern (Weijs
1994), adapted to primates by Hylander and colleagues (Hylander et al. 2005, 2000b;
Vinyard et al. 2005, 2006). The concept of the triplet motor pattern has its origins in
the observation that in many mammals jaw-closing is accompanied by asymmetry in
timing (and amplitude) of activity in masseters, temporales, and medial pterygoids
(Herring and Scapino 1974; Herring 1976; Gorniak 1977, 1985; Weijs and Dantuma
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Fig. 20.9 Effects of food material properties on jaw kinematics are species-specific. Comparison
of profiles of the average vertical position of the jaw in the gape cycle between the first chew and
chew 20, for Cebus and Macaca feeding on high- and low-toughness foods. Symbols represent the
average position of all individuals at transitions between phases (minimum gape, SO–FO transition,
maximum gape, FC–SC transition, and minimum gape, respectively). Closed symbols and solid lines
represent the vertical position during chew 1, and open symbols and dashed lines represent the jaw
vertical position during chew 20. Gray lines represent the profile of vertical position of the jaw for
each individual of each species to show the amount of interindividual variability. Modified from
Iriarte-Diaz et al. (2011)

1981). According to the triplet hypothesis, primates achieve transverse movements
of the tooth row during closing by sequential activity of two muscle triplets. Triplet
I, consisting of the working-side temporalis and the balancing-side superficial masseter and medial pterygoid, is recruited first during FC and its activity continues
into SC. Triplet II consisting of the balancing-side temporalis and the working-side
superficial masseter and medial pterygoid muscles is then active during SC, with
extensive overlap with Triplet I (Hylander et al. 2005).
In anthropoid primates, the triplet motor pattern of peak muscle activity has been
identified in Sapajus/Cebus (Williams et al. 2011), Homo (Møller 1966; Langenbach
and Hannam 1999), Papio and Macaca, but not in Aotus and Callithrix (Hylander
and Johnson 1994; Hylander et al. 2000a, 2005). The triplet motor pattern has been
identified in the strepsirrhines Otolemur, Hapalemur, Lemur, Propithecus (Hylander et al. 2011) and Eulemur, as well as in Pan (Ram and Ross 2018). The presence
of this firing pattern in Tupaia and Oryctalagus suggests that the earliest primates
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may have employed a triplet motor pattern as well (Williams et al. 2011). Whether
the triplet motor pattern is so widespread among primates because its presence is in
some way inherited and/or because it represents the motor pattern that is biomechanically preferable remains to be determined. Ontogenetic studies of the emergence of
chewing motor patterns in primates would help to answer these questions.
Of course, the sequence of muscle recruitment can—and needs to—vary between
chewing cycles as the demands of jaw kinematics and kinetics change during a
sequence. This results in variation in motor patterns between chewing cycles, even
in species in which the triplet pattern is observed during rhythmic chewing. Moreover,
while the studies above identify the triplet motor pattern using the average relative
timing of peak activity in the jaw elevator muscles, there is also variation in the timing
of muscle firing within chewing cycles; e.g., a triplet pattern at peak muscle activity,
but not at muscle activity onset. Ram and Ross (2018) investigated this variation
in Eulemur fulvus, Propithecus verreauxi, Papio anubis, Macaca fuscata, and Pan
troglodytes by quantifying the prevalence (proportion of cycles) of the triplet motor
pattern at onset, peak, and offset, as well as whether the average relative timing
of muscle activity indicated the presence of a triplet motor pattern at these times
(Fig. 20.10). The average relative timing of the jaw elevator muscles confirmed the
triplet motor pattern at peak in all five species, at offset in Propithecus, Macaca,
and Papio, and at onset in Eulemur. The proportion of cycles displaying the triplet
motor pattern was significantly greater than expected at random at these times in the
same species, and also at onset in Macaca and Pan. However, neither the average
relative timing nor the prevalence of triplet cycles support the hypothesis that the
triplet motor pattern occurs at onset in Propithecus and Papio, or at offset in Eulemur
or Pan. Moreover, the percentages of cycles that show the triplet motor pattern at
peak are Eulemur 24%, Propithecus 81%, Macaca 48%, Papio 65%, and Pan 28%,
and the triplet motor pattern was only seen at all three times in the chewing cycle
in the following percentages—Eulemur, 8%; Propithecus, 9%; Macaca 22%; Papio
5%; and Pan 2%. Thus, while the triplet motor pattern is more commonly found than
expected at random in the primates said to possess it, it is by no means the only pattern
observed. This study did not evaluate the relationship between variation in muscle
motor patterns and jaw kinematics, FMPs, or relative timing in the feeding sequence,
all of which would be interest. Moreover, common non-triplet motor patterns were
observed, suggesting that we still have much to learn about the determinants of
variation in muscle motor patterns in the primate feeding system and the role they
play in the functioning and evolution of the feeding system.

20.7.1 Muscle Activity and Jaw Morphology
Interspecific variation in the details of primate jaw elevator motor patterns has long
been hypothesized to be related to variation in jaw morphology. Weijs (1994) associated the primitive mammalian motor pattern with the unfused mandibular symphyses seen in most strepsirrhines, and the fused mandibular symphysis of anthro-
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Fig. 20.10 The prevalence of the triplet motor pattern in five primates quantified using proportion
of masticatory cycles. At onset, peak, and offset, the number and percentage of cycles that follow the
triplet motor pattern are shown in blue text and blue segment, while the number and percentage that
do not are given in gray. If the number of cycles that follow the triplet motor pattern is significantly
greater (*P ≤ 0.05) than the number expected by random probability (16.66%), then the P-value is
depicted below the pie chart and the box is shaded

poids with the transverse motor pattern characteristic of other herbivorous mammals
(Hylander 1984). Hylander and colleagues have established strong links between
increased recruitment (larger EMG amplitudes) of balancing-side muscles (expressed
as lower ratios of working/balancing, or W/B, EMG amplitudes) during mastication
and greater relative depth and width of the mandibular corpus and symphysis (Hylander 1979b, c; Hylander et al. 1998, 2000b, 2004, 2005; Ravosa 1991, 1996a, b, 1999)
and greater condylar areas (Vinyard et al. 2006, 2007, 2008). Strong support for this
hypothesis comes from the independent evolution in Propithecus verreauxi of postnatal symphyseal fusion and lower W/B ratios (Hylander et al. 2011). However, when
these comparisons are extended to other mammals and performed in a phylogenetic
context, relationships between mandible morphology and W/B ratios in superficial
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masseter and temporalis are not significant (Vinyard et al. 2011). The strength of the
relationship among primates, along with a strong biomechanical explanation for the
existence of the pattern, suggests that the lack of a similar pattern in other mammals
reflects differences in feeding system biomechanics between mammalian clades.
Late activity and lower W/B ratios of the bDM and bPT have also been linked
to symphyseal robustness and fusion in primates because they produce transverse
components of bite force that contribute to the wishboning deformation regime of
the mandible late in the power stroke (Hylander and Johnson 1994; Hylander et al.
2000b, 2011; Vinyard et al. 2005, 2006, 2007; Ravosa et al. 2000). This hypothesis is
further corroborated by the fact that Propithecus verreauxi also exhibits late activity
in the bDM during mastication (Hylander et al. 2011).
Ravosa et al. (2000) identified several other suborder differences in feeding system
morphology that may be linked to anthropoid/strepsirrhine differences in muscle
activity patterns. Compared with most strepsirrhines, anthropoids have both a taller
ramus and a condyle positioned higher above the occlusal plane, more isodontic
molars (similar BL width of uppers and lowers) and greater isognathy. Ravosa et al.
(2000) suggest that these features augment the ability of anthropoids to generate
transversely oriented bite force (lingually directed on the working side) with their
bDM, in part necessitated by decreased ability of the superficial masseters to generate
transverse forces. In the context of the enhanced transverse component of the power
stoke hypothesized by Kay and Hiiemäe on the basis of occlusal analysis, this might
be related to either larger transverse displacements during occlusion, or greater forces.
The fact that Propithecus resembles anthropoids in having both a taller ramus and
a condyle positioned higher above the occlusal plane (Ravosa et al. 2000; Ravosa
pers. comm.) adds extra weight to the idea that muscle firing patterns and these
morphological features are linked. A more recent biomechanical analysis by Reed
et al. suggests that when the resultant muscle force is anteriorly directed, as is the case
in primates, elevation of the jaw joint decreases joint reaction forces and increases
bite force. However, they also noted that a more vertical muscle resultant moderately
increases vertical joint reaction forces, decreases total joint reaction forces, and
increases bite force (Reed et al. 2016). Exactly how these effects trade off in primates
remains to be determined.
The relationships between muscle firing patterns and feeding system morphology
at the suborder level have been linked to diet. The increased bite force associated
with lower W/B EMG ratios (i.e., increased balancing-side muscle activity) have
been linked to mastication of harder, tougher, more resistant food items in extant
animals (Hylander 1979b, 1985). Hylander and Johnson (1994) have also shown that,
in baboons and macaques, although rise times in activity of masseters and medial
pterygoids are not greatly affected by food type, fall times in these muscles are longer
when chewing hard and tough foods (monkey chow and popcorn kernels) than when
chewing apple with skin. Notably, the balancing-side deep masseter shows the largest
increase in these fall times, suggesting that the requirements of different diets may
affect bDM activity. These results suggest possible links among variation in diet,
chewing mechanics, and mandible symphysis morphology (Ravosa and Hylander
1994; Hylander 1979b; Hylander et al. 1998, 2000b, 2005).
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20.8 Phylogenetic Patterns of Variance in Feeding System
Functional Morphology
It is noteworthy that large proportions of variance in muscle mechanical advantage,
muscle firing patterns, mandibular corpus bone strain magnitudes, symphyseal morphology, and corpus morphology are nested at high taxonomic levels—at the base
of major primate clades (Hylander et al. 2000b, 2005; Ravosa et al. 2000; Vinyard
et al. 2011; Williams et al. 2011; Ravosa 1990; Ross et al. 2012b). These conclusions
from experimental and comparative studies are mirrored in recent broad scale analyses employing phylogenetically informed comparisons. Several separate studies on
strepsirrhines (Baab et al. 2014), platyrrhines (Marroig and Cheverud 2001; Rocatti
et al. 2017; Perez et al. 2011), guenons (Cardini and Elton 2008), and macaques
(Grunstra et al. 2018) reveal that, once phylogenetic relationships are taken into
account the relationships between cranial morphology and diet are weak (see also
Edmonds 2016). Most of the shape differences in primate cranial morphology seem
to have emerged early in extant primate clades, many of which have subsequently
expanded into a range of ecological niches exploiting a range of diets. Weak relationships between diet and cranial morphology are perhaps to be expected given
the experimental results summarized at the beginning of this chapter, but the same
pattern is also seen in primate mandibles. In the widest ranging study to date, Meloro
et al. found strong phylogenetic signal in mandible size across Primates as a whole,
as well as across strepsirrhines, anthropoids, platyrrhines, and catarrhines. Phylogenetic signal in mandible shape is strongest in strepsirrhines and platyrrhines. They
report significant but weak relationships between diet and mandible shape across
primates as a whole (diet only explained 10% of the variance) and no significant
relationship between them among anthropoids and catarrhines (Meloro et al. 2015).
They did find diet to be an important factor in the evolution of shape diversity in the
mandibles of strepsirrhines (32% of variance) and platyrrhines (49%).
These results for relationships of diet with cranial and mandibular form stand in
contrast to the relationships of diet to dental morphology when controlling for phylogeny. Within clades of primates, folivores and insectivores have relatively longer
shearing crests than frugivores, and feeders on hard foods have shorter crests and
cusps that are more bulbous (Anthony and Kay 1993; Kay and Covert 1984; Meldrum and Kay 1997; Strait 1993a, b; Ungar 2011); differences in diet and food
processing behaviors explain differences in maxillary tooth root areas among four
species of closely related platyrrhines (Spencer 2003); and folivorous anthropoids
have larger postcanine teeth relative to facial size than closely related nonfolivores
(Scott 2011). The evidence suggests that a large proportion of the variation in cranial and mandibular form was established at the bases of the major clades of extant
primates and that crania and mandibles have subsequently evolved less quickly than
dental morphology in response to changes in diet.
If these patterns are real, what drove them? Did dietary diversification drive early
diversification in cranial and mandibular morphology? If so, what were those dietary
drivers and why is dietary variation not closely related to craniomandibular morphol-
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ogy in extant primates? A possibility we think worth considering is that variation in
diet at the base of primate clades was associated with significant variation in feeding
behavior—e.g., anterior dental food processing versus chewing; wide gape behaviors
versus narrow gapes; gouging versus non-gouging—and that this variation resulted
in the family and subfamily level variation in feeding system morphology we see
today. To evaluate this hypothesis, better data are needed on the mechanics of different feeding behaviors—beyond simple chewing—in a range of extant primates, as
well as a comprehensive data set on the relationships between feeding behavior and
the rich data on food geometric and material properties being collected in the field.
Another possibility is that these patterns are not real but artifacts of sampling and or
measurement methods. Recent emphases on geometric morphometric methods reap
the advantages of pure measurements of shape at the expense of rigorous biomechanical applicability: shape space is not biomechanical space, making functional
interpretations of geometric morphometric patterns quite challenging. To eliminate
this possibility, it is important to revisit functional hypotheses derived from GM analyses using biomechanically relevant variables, such as lever arms, load arms, torques,
and cross-sectional areas, to determine what patterns in shape space actually mean.

20.9 Conclusions
This review suggests several ways in which integration of results from new and
improved methods for experimental study of primate feeding biomechanics will significantly enhance our understanding of the biomechanical determinants of primate
feeding performance. Integration of data on high resolution jaw kinematics with
occlusal fingerprinting analysis and computational modeling promises significant
advances in our understanding of the relationships between occlusal mechanics, jaw
kinematics, and food break down. In particular, it will enable evaluation of the utility of the “shearing, crushing, and grinding” terminology to specific tooth facets, as
well as the (probably dubious) value of this terminology for understanding food fracture mechanics (Lucas 2004). Moreover, a better understanding of the relationships
between dental microwear and jaw and tooth kinematics is certainly needed to fully
explicate the meaning of dental microwear for understanding the role of diet, grit,
and feeding behavior in dental evolution.
Integration of 3D data on jaw kinematics with data on muscle architecture and
XROMM-based measures of muscle architecture dynamics promises to offer insight
into the mechanisms whereby primate biting performance is impacted by muscle
gearing. The fundamental constraints on primate feeding systems—the trade-off
between muscle fiber length and muscle force, the third-class lever arrangement
of the jaw muscles, and the constraint that the jaw elevator muscle resultant must
pass through the triangle of support—impose a gape–force trade-off on primate
feeding systems. The exact nature of that force–gape relationship is a function of
relationships between feeding behavior (where on the tooth row animals are biting
objects of what size) muscle architecture established during ontogeny and muscle
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architecture dynamics—changes in pinnation angle, fiber, and sarcomere lengths
change during jaw movement—during feeding. How these variables are related and
distributed across primate phylogeny will hopefully provide insight into the drivers of
diversity in craniomandibular morphology at the base of the major clades of primates.
It is also clear that better data are needed on relationships between patterns of
recruitment of jaw and hyolingual muscles and patterns of jaw and hyolingual movement. The optimality criteria driving these relationships are unknown. Some workers
argue or assume that muscles are recruited to minimize muscle stress (Curtis et al.
2008), but there are currently no data to support this hypothesis in primates. Studies
by Wall and colleagues on energetics of feeding in a wide range of primates promise
significant insight into these questions as avoidance of muscle fatigue may be one
goal of primate feeding systems. However, it is also clear that primate jaw muscle
firing patterns cannot be shoe-horned into the “triplet” model. Exactly what criteria
are used by the central nervous system to select different firing patterns remains
unknown. More data on EMG activity across a range of behaviors would be informative in this regard.
One of the most exciting areas for future work is the integration of data on wild
primate feeding behavior with the geometric and material properties of the foods
they are eating. Strong relationships have not emerged between these properties
and craniomandibular morphology, probably because feeding behavior intervenes
in ways that makes these relationships multidimensional and complex (Taylor et al.
2008; Vogel et al. 2014; McGraw and Daegling 2012). The amount of time that
different species of primate spend on different behaviors when feeding on foods with
different food geometric and material properties is not well enough known (McGraw
et al. 2010). Whether answers to questions about the drivers of craniomandibular
diversity are to be found in these data remains to be seen. Comparative analyses
from a number of independent research groups suggest that much of the variation in
primate feeding system biomechanical variables is nested at the base of major extant
clades. It will be exciting to learn whether this reflects a paucity of the relevant data
on variation in feeding biomechanics and performance within closely related primate
species, “constraints” imposed by phylogeny, and/or the robustness and adaptability
of primate feeding system design.
Acknowledgements Richard Kay and Myra Laird provided detailed comments on the manuscript.
Matt Ravosa clarified the position of Propithecus in the data set for Ravosa et al. (2000). This work
was funded by NSF HOMINID and Physical Anthropology BCS 0240865, 0504685, 0725126,
0725147, 0962682, 1732175; by NSF DBI 1338066; and by NIDCR R01-DE023816 and T32HD009007. We thank several colleagues who have contributed significantly to our research, including David Reed, Andrea Taylor, Olga Panagiotopoulou, and David Strait.

References
Agrawal KR, Lucas PW, Bruce IC (2000) The effects of food fragmentation index on mandibular
closing angle in human mastication. Arch Oral Biol 45(7):577–584

820

C. F. Ross and J. Iriarte-Diaz

Ahlgren J (1976) Masticatory movements in man. In: Anderson DJ, Matthews B (eds) Mastication.
John Wright & Sons Ltd, Bristol, pp 119–130
Alexander RM (1999) Optimization of gut structure and diet for higher vertebrate herbivores. Phil
Trans R Soc Lond B 333:249–255
Anapol F, Herring SW (1989) Length-tension relationships of masseter and digastric muscles of
miniature swine during ontogeny. J Exp Biol 143:1–16
Anthony MRL, Kay RF (1993) Tooth form and diet in ateline and alouattine primates: reflections
on the comparative method. Am J Sci 293A:356–382
Antón SC (1996) Cranial adaptation to a high attrition diet in Japanese macaques. Int J Primatol
17:401–427
Arce F, Hatsopoulos N, Brown K, Takahashi K, Lee JC, Ross CF, Sessle BJ (2011a) Dynamics
of modulation in orofacial sensorimotor cortex during long-term adaptation to a novel tongueprotrusion task. In: Paper presented at the Society for Neuroscience, Washington, D.C.
Arce F, Ross CF, Lee JC, Sessle BJ, Hatsopoulos N (2011b) Decoding tongue movements using
orofacial motor cortical ensembles in behaving macaques. In: Paper presented at the Society for
Neuroscience, Washington, D.C.
Arce FI, Lee JC, Ross CF, Sessle BJ, Hatsopoulos NG (2013) Directional information from neuronal ensembles in the primate orofacial sensorimotor cortex. J Neurophysiol 110(6):1357–1369.
https://doi.org/10.1152/jn.00144.2013
Azizi E, Brainerd EL, Roberts TJ (2008) Variable gearing in pennate muscles. P Natl Acad Sci
USA 105:1745–1750
Baab KL, Perry JMG, Rohlf FJ, Jungers WL (2014) Phylogenetic, ecological, and allometric correlates of cranial shape in Malagasy lemuriforms. Evolution 68(5):1450–1468. https://doi.org/10.
1111/evo.12361
Bennett NG (1908) A contribution to the study of the movements of the mandible. Proc R Soc Med
1(Odontol Sect):79–98
Bramble DM, Wake DB (1985) Feeding mechanisms in lower tetrapods. In: Hildebrand M, Bramble
DM, Liem KF, Wake DB (eds) Functional Vertebrate Morphology. Belknap Press, Cambridge,
pp 230–261
Buschang PH, Hayasaki H, Throckmorton GS (2000) Quantification of human chewing cycle kinematics. Arch Oral Biol 45:461–474
Byrd KE, Garthwaite CR (1981) Contour analysis of masticatory jaw movements and muscle activity
in Macaca mulatta. Am J Phys Anthropol 54:391–399
Camp AL, Astley HC, Horner AM, Roberts TJ, Brainerd EL (2016) Fluoromicrometry: a method
for measuring muscle length dynamics with biplanar videofluoroscopy. J Exp Zool Part A-Ecol
Genet Physiol 325(7):399–408. https://doi.org/10.1002/jez.2031
Cardini A, Elton S (2008) Does the skull carry a phylogenetic signal? Evolution and modularity in
the guenons. Biol J Linn Soc 93(4):813–834. https://doi.org/10.1111/j.1095-8312.2008.01011.x
Carlson DS (1977) Condylar translation and the function of the superficial masseter muscle in the
rhesus monkey (M. mulatta). Am J Phys Anthropol 47:53–64
Clauss M, Schwarm A, Ortmann S, Streich WJ, Hummel J (2007) A case of non-scaling in mammalian physiology? Body size, digestive capacity, food intake, and ingesta passage in mammalian
herbivores. Comp Biochem Physiol Part A 148:249–265
Clauss M, Streich WJ, Nunn CL, Ortmann S, Hohmann G, Schwarm A, Hummel J (2008) The
influence of natural diet composition, food intake level, and body size on ingesta passage in
primates. Comp Biochem Physiol Part A 150:274–281
Coiner-Collier S, Scott RS, Chalk-Wilayto J, Cheyne SM, Constantino P, Dominy NJ, Elgart AA,
Glowacka H, Loyola LC, Ossi-Lupo K, Raguet-Schofield M, Talebi MG, Sala EA, Sieradzy P,
Taylor AB, Vinyard CJ, Wright BW, Yamashita N, Lucas PW, Vogel ER (2016) Primate dietary
ecology in the context of food mechanical properties. J Hum Evol 98:103–118. https://doi.org/
10.1016/j.jhevol.2016.07.005
Cooke SB, Terhune CE (2015) Form, function, and geometric morphometrics. Anat Rec-Adv Integr
Anat Evol Biol 298(1):5–28. https://doi.org/10.1002/ar.23065

20 Evolution, Constraint, and Optimality in Primate Feeding Systems

821

Copes LE, Lucas LM, Thostenson JO, Hoekstra HE, Boyer DM (2016) A collection of non-human
primate computed tomography scans housed in MorphoSource, a repository for 3D data. Sci Data
3:160001. https://doi.org/10.1038/sdata.2016.1
Crompton AW, Hiiemae KM (1970) Molar occlusion and mandibular movements during occlusion
in the American opossum, Didelphis marsupialis L. Zool J Linn Soc-Lond 49:21–47
Curtis N, Kupczik K, O’Higgins P, Moazen M, Fagan M (2008) Predicting skull loading: applying
multibody dynamics analysis to a macaque skull. Anat Rec 291(5):491–501
Daegling DJ, Grine FE (1999) Terrestrial foraging and dental microwear in Papio ursinus. Primates
40(4):559–572
Darvell BW, Lee PKD, Yuen TDB, Lucas PW (1996) A portable fracture toughness tester for
biological materials. Meas Sci Technol 7:954–962
Edmonds H (2016) Zygomatic arch cortical area and diet in haplorhines. Anat Rec
299(12):1789–1800. https://doi.org/10.1002/ar.23478
Fortelius M (1985) Ungulate cheek teeth: developmental, functional, and evolutionary interrelationships. Acta Zool Fenn 180:1–76
Foster KD, Woda A, Peyron MA (2006) Effect of texture of plastic and elastic model foods on the
parameters of mastication. J Neurophysiol 95(6):3469–3479
Gallo LM, Airoldi GB, Airoldi RL, Palla S (1997) Description of mandibular finite helical axis
pathways in asymptomatic subjects. J Dent Res 76(2):704–713
Gallo LM, Fushima K, Palla S (2000) Mandibular helical axis pathways during mastication. J Dent
Res 79(8):1566–1572
Gingerich PD, Smith BH, Rosenberg K (1982) Allometric scaling in the dentition of primates and
prediction of body weight from tooth size in fossils. Am J Phys Anthropol 58:81–100
Gintof C, Konow N, Ross CF, Sanford CPJ (2010) Rhythmicity in teleost chewing: a comparison
with amniotes. J Exp Biol 213:1868–1875
Gordon KD (1982) A study of microwear on chimpanzee molars: implications for dental microwear
analysis. Am J Phys Anthropol 59:195–215
Gordon KD (1984) Hominoid dental microwear: complications in the use of microwear analysis to
detect diet. J Dent Res 63(8):1043–1046
Gordon AM, Huxley AF, Julian FJ (1966) The variation in isometric tension with sarcomere length
in vertebrate muscle fibres. J Physiol 184(1):170–192
Gorniak GC (1977) Feeding in golden-hamsters, Mesocricetus auratus. J Morphol 154(3):427–458.
https://doi.org/10.1002/jmor.1051540305
Gorniak GC (1985) Trends in the actions of mammalian masticatory muscles. Am Zool 25:331–337
Gould SJ (1975) On the scaling of tooth size in mammals. Am Zool 15:351–362
Greaves WS (1978) The jaw lever system in ungulates: a new model. J Zool (London) 184:271–285
Grine FE (1986) Dental evidence for dietary differences in Australopithecus and Paranthropus—a
quantitative analysis of permanent molar microwear. J Hum Evol 15(8):783–822. https://doi.org/
10.1016/S0047-2484(86)80010-0
Grunstra NDS, Mitteroecker P, Foley RA (2018) A multivariate ecogeographic analysis of macaque
craniodental variation. Am J Phys Anthropol 166(2):386–400. https://doi.org/10.1002/ajpa.23439
Herring SW (1976) Dynamics of mastication in pigs. Arch Oral Biol 21(8):473–480. https://doi.
org/10.1016/0003-9969(76)90105-9
Herring SW, Scapino RP (1974) Physiology of feeding in miniature pigs. J Morphol 141:427–460
Herzog W (2007) Muscle. In: Nigg BM, Herzog W (eds) Biomechanics of the musculoskeletal
system, 3rd edn. Wiley, pp 169–225
Hiiemäe KM (1967) Masticatory function in the mammals. J Dent Res 46(5):883–893. https://doi.
org/10.1177/00220345670460054601
Hiiemäe KM (1976) Masticatory movements in primitive mammals. In: Anderson DJ, Matthews B
(eds) Mastication. John Wright & Sons Ltd, Bristol, pp 105–118
Hiiemäe KM (1978) Mammalian mastication: a review of the activity of jaw muscles and the
movements they produce in chewing. In: Butler PM, Joysey K (eds) Development, function and
evolution of teeth. Academic Press, London, pp 359–398

822

C. F. Ross and J. Iriarte-Diaz

Hiiemäe KM, Crompton AW (1971) A cinefluorographic study of feeding in the American Opossum,
Didelphis virginiana. In: Dahlberg AA (ed) Dental morphology and evolution. University of
Chicago Press, Chicago, pp 299–334
Hiiemäe KM, Crompton AW (1985) Mastication, food transport, and swallowing. In: Hildebrand
M, Bramble DM, Liem KF, Wake DB (eds) Functional vertebrate morphology. Belknap Press,
Cambridge, pp 262–290
Hiiemäe KM, Kay RF (1972) Trends in the evolution of primate mastication. Nature 240:486–487
Hiiemäe KM, Kay RF (1973) Evolutionary trends in the dynamics of primate mastication. In:
Zingeser MR (ed) Craniofacial biology of primates. Symposium to the fourth international
congress of primatology, vol 3. Karger, Basel, pp 28–64
Hiiemäe KM, Hayenga SM, Reese A (1995) Patterns of tongue and jaw movement in a cinefluorographic study of feeding in the macaque. Arch Oral Biol 40(3):229–246
Hogg RT, Ravosa MJ, Ryan TM, Vinyard CJ (2011) The functional morphology of the anterior masticatory apparatus in tree-gouging marmosets (Cebidae, Primates). J Morphol 272(7):833–849.
https://doi.org/10.1002/jmor.10951
Hooper SL (2012) Body size and the neural control of movement. Curr Biol 22(9):R318–R322.
https://doi.org/10.1016/j.cub.2012.02.048
Hylander WL (1972) The adaptive significance of Eskimo craniofacial morphology. Unpublished
PhD dissertation, University of Chicago, Chicago
Hylander WL (1978) Incisal bite force direction in humans and the functional significance of
mammalian translation. Am J Phys Anthropol 48:1–8
Hylander WL (1979a) An experimental analysis of temporomandibular joint reaction force in
macaques. Am J Phys Anthropol 51:433–456
Hylander WL (1979b) The functional significance of primate mandibular form. J Morphol
160:223–240
Hylander WL (1979c) Mandibular function in Galago crassicaudatus and Macaca fascicularis: an
in vivo approach to stress analysis of the mandible. J Morphol 159:253–296
Hylander WL (1984) Stress and strain in the mandibular symphysis of primates: a test of competing
hypotheses. Am J Phys Anthropol 64:1–46
Hylander WL (1985) Mandibular function and biomechanical stress and scaling. Am Zool
25:315–330
Hylander WL (1986) In vivo bone strain as an indicator of masticatory bite force in Macaca fascicularis. Archs oral Biol 31:149–157
Hylander WL (1988) Implications of in vivo experiments for interpreting the functional significance of “robust” australopithecine jaws. In: Grine FE (ed) Evolutionary history of the “Robust”
australopithecines. Aldine de Gruyter, New York, pp 55–83
Hylander WL (2006) Functional anatomy and biomechanics of the masticatory apparatus. In: Laskin
DM, Greene CS, Hylander WL (eds) Temporomandibular disorders: an evidence-based approach
to diagnosis and treatment. Quintessence Publishing, pp 3–34
Hylander WL (2013) Functional links between canine height and jaw gape in catarrhines with
special reference to early hominins. Am J Phys Anthropol 150(2):247–259. https://doi.org/10.
1002/ajpa.22195
Hylander WL (2017) Canine height and jaw gape in catarrhines with reference to canine reduction
in early hominins. In: Human paleontology and prehistory: contributions in honor of Yoel Rak,
pp 71–93. https://doi.org/10.1007/978-3-319-46646-0_7
Hylander WL, Johnson KR (1994) Jaw muscle function and wishboning of the mandible during
mastication in macaques and baboons. Am J Phys Anthropol 94:523–547
Hylander WL, Johnson KR, Crompton AW (1987) Loading patterns and jaw movements during
mastication in Macaca fascicularis: a bone-strain, electromyographic, and cineradiographic analysis. Am J Phys Anthropol 72:287–314
Hylander WL, Ravosa MJ, Ross CF, Johnson KR (1998) Mandibular corpus strain in primates:
further evidence for a functional link between symphyseal fusion and jaw-adductor muscle force.
Am J Phys Anthropol 107:257–271

20 Evolution, Constraint, and Optimality in Primate Feeding Systems

823

Hylander WL, Ravosa MJ, Ross CF, Wall CE, Johnson KR (2000a) Jaw-muscle recruitment patterns
during mastication in anthropoids and prosimians. Am J Phys Anthropol Suppl 30:185
Hylander WL, Ravosa MJ, Ross CF, Wall CE, Johnson KR (2000b) Symphyseal fusion and jawadductor muscle force: an EMG study. Am J Phys Anthropol 112(4):469–492
Hylander WL, Ravosa MJ, Ross CF (2004) Jaw muscle recruitment patterns during mastication
in anthropoids and prosimians. In: Anapol F, German RZ, Jablonski NG (eds) Shaping primate
evolution. Cambridge University Press, Cambridge, pp 229–257
Hylander WL, Wall CE, Vinyard CJ, Ross C, Ravosa MR, Williams SH, Johnson KR (2005)
Temporalis function in anthropoids and strepsirrhines: an EMG study. Am J Phys Anthropol
128(1):35–56
Hylander WL, Vinyard CJ, Wall CE, Williams SH, Johnson KR (2011) Functional and evolutionary significance of the recruitment and firing patterns of the jaw adductors during chewing in
verreaux’s sifaka (Propithecus verreauxi). Am J Phys Anthropol 145(4):531–547. https://doi.org/
10.1002/ajpa.21529
Inokuchi H, Brodsky MB, Gonzalez-Fernandez M, Yoda M, Hiraoka T, Matsuo K, Palmer JB (2014)
Frequency of stage II oral transport cycles in healthy human. Dysphagia 29(6):685–691. https://
doi.org/10.1007/s00455-014-9562-5
Iriarte-Diaz J, Ross CF (2010) Kinematic analysis of chewing in primates: comparison of analytical
methods on the analysis of jaw motion. Integr Comp Biol 50:E81–E81
Iriarte-Diaz J, Reed DA, Ross CF (2011) Determinants of variance in 3-D jaw kinematics in two
species of primates. Integr Comp Biol 51:E62–E62
Iriarte-Diaz J, Terhune CE, Ross CF (2012) Mandibular helical axis during feeding in non-human
primates. Integr Comp Biol 52:E84–E84
Iriarte-Diaz J, Terhune CE, Taylor AB, Ross CF (2017) Functional correlates of the position of
the axis of rotation of the mandible during chewing in non-human primates. Zoology (Jena)
124:106–118. https://doi.org/10.1016/j.zool.2017.08.006
Kawato M, Wolpert D (1998) Internal models for motor control. Novartis Found Symp 218:291–304.
Discussion 304–297
Kay RF (1975) Allometry and early hominids. Science 189:61–63
Kay RF (1985) Dental evidence for the diet of Australopithecus. Annu Rev Anthropol 14:315–341
Kay RF, Covert HH (1984) Anatomy and behaviour of extinct primates. In: Chivers DJ, Wood BA,
Bilsborough A (eds) Food acquisition and processing in primates. Plenum Press, New York, pp
467–508
Kay RF, Hiiemae KM (1974a) Jaw movement and tooth use in recent and fossil primates. Am J
Phys Anthropol 40(2):227–256
Kay RF, Hiiemae KM (1974b) Mastication in Galago crassicaudatus: a cinefluorographic and
occlusal study. In: Martin RD, Doyle GA, Walker AC (eds) Prosimian biology. Duckworth,
London, pp 501–530
Koyabu DB, Endo H (2010) Craniodental mechanics and diet in Asian colobines: morphological
evidence of mature seed predation and sclerocarpy. Am J Phys Anthropol 142(1):137–148. https://
doi.org/10.1002/ajpa.21213
Krueger KL, Scott JR, Ungar PS, Kay RF (2008) Comparisons of dental microwear texture attributes
between facets in three primate taxa. Am J Phys Anthropol:135–135
Kullmer O, Benazzi S, Fiorenza L, Schulz D, Bacso S, Winzen O (2009) Technical note: occlusal
fingerprint analysis: quantification of tooth wear pattern. Am J Phys Anthropol 139(4):600–605.
https://doi.org/10.1002/ajpa.21086
Kullmer O, Schulz D, Benazzi S (2012) An experimental approach to evaluate the correspondence
between wear facet position and occlusal movements. Anat Rec-Adv Integr Anat Evol Biol
295(5):846–852. https://doi.org/10.1002/ar.22440
Laird MF, Ross CF, O’Higgins P (2019) Jaw kinematics and facial morphology in humans. J Hum
Evol (in review)

824

C. F. Ross and J. Iriarte-Diaz

Langenbach GEJ, Hannam AG (1999) The role of passive muscle tensions in a three-dimensional
dynamic model of the human jaw. Arch Oral Biol 44(7):557–573. https://doi.org/10.1016/S00039969(99)00034-5
Ledogar JA, Smith AL, Benazzi S, Weber GW, Spencer MA, Carlson KB, McNulty KP, Dechow
PC, Grosse IR, Ross CF, Richmond BG, Wright BW, Wang Q, Byron C, Carlson KJ, de Ruiter
DJ, Berger LR, Tamvada K, Pryor LC, Berthaume MA, Strait DS (2016) Mechanical evidence
that Australopithecus sediba was limited in its ability to eat hard foods. Nat Commun 7:10596.
https://doi.org/10.1038/ncomms10596
Lucas PW (2004) Dental functional morphology: how teeth work. Cambridge University Press,
Cambridge
Luschei ES, Goodwin GM (1974) Patterns of mandibular movement and jaw muscle activity during
mastication in the monkey. J Neurophysiol 37(5):954–966
Lund JP (1991) Mastication and its control by the brain stem. Crit Rev Oral Biol Med 2:33–64
Marroig G, Cheverud JM (2001) A comparison of phenotypic variation and covariation patterns and
the role of phylogeny, ecology and ontogeny during cranial evolution of New World monkeys.
Evolution 55:2576–2600
McGraw WS, Daegling DJ (2012) Primate feeding and foraging: integrating studies of behavior and
morphology. Annu Rev Anthropol 41:203–219. https://doi.org/10.1146/annurev-anthro-092611145801
McGraw WS, Daegling DJ, Vick AL, Bitty A, Paacho R (2010) Diet and ingestive behaviors or a
hard object feeder; Feeding and foraging of sooty mangabeys (Cercocebus atys) in Tai Forest,
Ivory Coast. Am J Phys Anthropol:167–167
McMahon TA (1984) Muscles, reflexes, and locomotion. Princeton University Press, Princeton
Meldrum DJ, Kay RF (1997) Nuciruptor rubricae, a new pitheciin seed predator from the Miocene
of Colombia. Am J Phys Anthropol 102:407–427
Meloro C, Caceres NC, Carotenuto F, Sponchiado J, Melo GL, Passaro F, Raia P (2015) Chewing
on the trees: constraints and adaptation in the evolution of the primate mandible. Evolution
69(7):1690–1700. https://doi.org/10.1111/evo.12694
Mills JRE (1966) The functional occlusion of the teeth of the Insectivora. J Linn Soc (London)
47:1–25
Møller E (1966) The chewing apparatus. An electromyographic study of the action of the muscles
of mastication and its correlation to facial morphology. Acta Physiol Scand 69. Copenhagen
Nakamura Y, Iriarte-Diaz J, Arce-McShane F, Orsbon CP, Brown KA, Eastment M, Avivi-Arber
L, Sessle BJ, Inoue M, Hatsopoulos NG, Ross CF, Takahashi K (2017) Sagittal plane kinematics of the jaw and hyolingual apparatus during swallowing in Macaca mulatta. Dysphagia
32(5):663–677. https://doi.org/10.1007/s00455-017-9812-4
Organ C, Nunn CL, Machanda Z, Wrangham RW (2011) Phylogenetic rate shifts in feeding time
during the evolution of Homo. Proc Natl Acad Sci 108(35):14555–14559. https://doi.org/10.1073/
pnas.1107806108
Oron U, Crompton AW (1985) A cineradiographic and electromyographic study of mastication in
Tenrec ecaudatus. J Morphol 185:155–182
Orsbon CP, Gidmark NJ, Ross CF (2018) Dynamic musculoskeletal functional morphology: integrating diceCT and XROMM. Anat Rec (Hoboken) 301(2):378–406. https://doi.org/10.1002/ar.
23714
Osborn JW (1989) The temporomandibular ligament and the articular eminence as constraints
during jaw opening. J Oral Rehabil 16(4):323–333
Osborn JW (1993) A model to describe how ligaments may control symmetrical jaw opening
movements in man. J Oral Rehabil 20(6):585–604
Osborn JW (1995) Internal derangement and the accessory ligaments around the temporomandibular
joint. J Oral Rehabil 22(10):731–740
Packard GC (2017) Misconceptions about logarithmic transformation and the traditional allometric
method. Zoology (Jena) 123:115–120

20 Evolution, Constraint, and Optimality in Primate Feeding Systems

825

Panagiotopoulou O, Iriarte-Diaz J, Wilshin S, Dechow PC, Taylor AB, Mehari Abraha H, Aljunid
SF, Ross CF (2017) In vivo bone strain and finite element modeling of a rhesus macaque mandible
during mastication. Zoology (Jena) 134:13–29. https://doi.org/10.1016/j.zool.2017.08.010
Perez SI, Klaczko J, Rocatti G, dos Reis SF (2011) Patterns of cranial shape diversification during
the phylogenetic branching process of New World monkeys (Primates: Platyrrhini). J Evol Biol
24(8):1826–1835. https://doi.org/10.1111/j.1420-9101.2011.02309.x
Perry JMG, Wall CE (2008) Scaling of the chewing muscles in prosimians. In: Vinyard C, Ravosa
MJ, Wall CE (eds) Primate craniofacial function and biology. Springer, New York, pp 217–240
Perry JMG, Bastian ML, St Clair E, Hartstone-Rose A (2015) Maximum ingested food size in
captive anthropoids. Am J Phys Anthropol 158(1):92–104. https://doi.org/10.1002/ajpa.22779
Pilbeam D, Gould SJ (1974) Size and scaling in human evolution. Science 186:892–901
Porro LB, Holliday CM, Anapol F, Ontiveros LC, Ontiveros LT, Ross CF (2011) Free body analysis,
beam mechanics, and finite element modeling of the mandible of Alligator mississippiensis. J
Morphol 272(8):910–937. https://doi.org/10.1002/jmor.10957
Prinz JF, Lucas PW (1997) An optimization model for mastication and swallowing in mammals.
Proc R Soc Lond Ser B 264:1715–1721
Ram Y, Ross CF (2018) Evaluating the triplet hypothesis during rhythmic mastication in primates.
J Exp Biol 221:jeb165985
Ravosa MJ (1990) Functional assessment of subfamily variation in maxillomandibular morphology
among Old-World monkeys. Am J Phys Anthropol 82(2):199–212
Ravosa MJ (1991) Structural allometry of the mandibular corpus and symphysis in prosimian
primates. J Hum Evol 20:3–20
Ravosa MJ (1996a) Jaw morphology and function in living and fossil Old World monkeys. Int J
Primatol 17:909–932
Ravosa MJ (1996b) Mandibular form and function in North American and European Adapidae and
Omomyidae. J Morphol 229:171–190
Ravosa MJ (1999) Anthropoid origins and the modern symphysis. Folia Primatol 70:65–78
Ravosa MJ, Hylander WL (1994) Function and fusion of the mandibular symphysis in primates:
stiffness or strength? In: Fleagle JG, Kay RF (eds) Anthropoid origins. Plenum Press, New York,
pp 447–468
Ravosa MJ, Vinyard CJ, Gagnon M, Islam SA (2000) Evolution of anthropoid jaw loading and
kinematic patterns. Am J Phys Anthropol 112(4):493–516
Ravosa MJ, Ross CF, Williams SB, Costley DB (2010) Allometry of masticatory loading parameters
in mammals. Anat Rec Adv Integr Anat Evol Biol 293(4):557–571
Reed DA, Ross CF (2010) The influence of food material properties on jaw kinematics in the
primate, Cebus. Arch Oral Biol 55:946–962
Reed DA, Iriarte-Diaz J, Diekwisch TGH (2016) A three dimensional free body analysis describing
variation in the musculoskeletal configuration of the cynodont lower jaw. Evol Dev 18(1):41–53.
https://doi.org/10.1111/ede.12171
Rilo B, Fernandez-Formoso N, Mora MJ, Cadarso-Suarez C, Santana U (2009) Distance of the
contact glide in the closing masticatory stroke during mastication of three types of food. J Oral
Rehabil 36(8):571–576. https://doi.org/10.1111/j.1365-2842.2009.01956.x
Rocatti G, Aristide L, Rosenberger AL, Perez SI (2017) Early evolutionary diversification of
mandible morphology in the New World monkeys (Primate, Platyrrhini). J Hum Evol 113:24–37.
https://doi.org/10.1016/j.jhevol.2017.08.008
Ross CF (2016) Skull diversity. In: The international encyclopedia of primatology. Wiley. https://
doi.org/10.1002/9781119179313.wbprim0320
Ross CF, Berthaume MA, Dechow PC, Iriarte-Diaz J, Porro LB, Richmond BG, Spencer M, Strait
D (2011) In vivo bone strain and finite-element modeling of the craniofacial haft in catarrhine
primates. J Anat 218:112–148
Ross CF, Dharia R, Herring SW, Hylander WL, Liu Z-J, Rafferty KL, Ravosa MJ, Williams SH
(2007a) Modulation of mandibular loading and bite force in mammals during mastication. J Exp
Biol 210(6):1046–1063

826

C. F. Ross and J. Iriarte-Diaz

Ross CF, Eckhardt A, Herrel A, Hylander WL, Metzger KA, Schaerlaeken V, Washington RL,
Williams SH (2007b) Modulation of intra-oral processing in mammals and lepidosaurs. Integr
Comp Biol 47:118–136
Ross CF, Iriarte-Diaz J (2014) What does feeding system morphology tell us about feeding? Evol
Anthropol Issues News Rev 23(3):105–120
Ross CF, Washington RL, Eckhardt A, Reed DA, Vogel ER, Dominy NJ, Machanda ZP (2009a)
Ecological consequences of scaling of chew cycle duration and daily feeding time in primates. J
Hum Evol 56(6):570–585. https://doi.org/10.1016/j.jhevol.2009.02.007
Ross CF, Washington RL, Eckhardt A, Vogel ER, Dominy NJ (2009b) Scaling of chewing frequency
in primates. Am J Phys Anthropol:183–183
Ross CF, Baden AL, Georgi JA, Herrel A, Metzger KA, Reed DA, Schaerlaeken V, Wolff MS (2010)
Chewing variation in lepidosaurs and primates. J Exp Biol 213:572–584
Ross CF, Blob RW, Carrier D, Daley MA, Deban S, Demes B, Gripper J, Kilbourne B, Landberg T,
Polk JD, Schilling N, Vanhooydonck B (2012a) The evolution of tetrapod rhythmicity. Evolution
67(4):1209–1217
Ross CF, Iriarte-Diaz J, Nunn CL (2012b) Innovative approaches to the relationship between diet
and mandibular morphology in primates. Int J Primatol 33:632–660
Ross CF, Iriarte-Diaz J, Platts E, Walsh T, Heins L, Gerstner GE, Taylor AB (2017) Scaling of rotational inertia of primate mandibles. J Hum Evol 106:119–132. https://doi.org/10.1016/j.jhevol.
2017.02.007
Schultz JA, Martin T (2014) Function of pretribosphenic and tribosphenic mammalian molars
inferred from 3D animation. Naturwissenschaften 101(10):771–781. https://doi.org/10.1007/
s00114-014-1214-y
Scott JE (2011) Folivory, frugivory, and postcanine size in the cercopithecoidea revisited. Am J
Phys Anthropol 146(1):20–27. https://doi.org/10.1002/ajpa.21535
Simpson GG (1933) Paleobiology of Jurassic mammals. Paleobiologica 5:127–158
Smith RJ (1985) Functions of condylar translation in human mandibular movement. Am J Orthod
88:191–202
Smith AL, Benazzi S, Weber GW, Ross CF, Dechow PC, Grosse IR, Spencer MA, Richmond BG,
Wang Q, Wright BW, Slice DE, Byron CD, Strait DS (2012) Feeding biomechanics of OH 5
assessed using finite element analysis. Am J Phys Anthropol 147:272
Smith AL, Benazzi S, Ledogar JA, Tamvada K, Pryor Smith LC, Weber GW, Spencer MA, Dechow
PC, Grosse IR, Ross CF, Richmond BG, Wright BW, Wang Q, Byron C, Slice DE, Strait DS
(2015a) Biomechanical implications of intraspecific shape variation in chimpanzee crania: moving toward an integration of geometric morphometrics and finite element analysis. Anat Rec
(Hoboken) 298(1):122–144. https://doi.org/10.1002/ar.23074
Smith AL, Benazzi S, Ledogar JA, Tamvada K, Pryor Smith LC, Weber GW, Spencer MA, Lucas
PW, Michael S, Shekeban A, Al-Fadhalah K, Almusallam AS, Dechow PC, Grosse IR, Ross
CF, Madden RH, Richmond BG, Wright BW, Wang Q, Byron C, Slice DE, Wood S, Dzialo
C, Berthaume MA, van Casteren A, Strait DS (2015b) The feeding biomechanics and dietary
ecology of Paranthropus boisei. Anat Rec (Hoboken) 298(1):145–167. https://doi.org/10.1002/
ar.23073
Spencer MA (1995) Masticatory system configuration and diet in anthropoid primates. Unpublished
PhD dissertation, State University of New York at Stony Brook, Stony Brook
Spencer MA (1998) Force production in the primate masticatory system: electromyographic tests
of biomechanical hypotheses. J Hum Evol 34:25–54
Spencer MA (1999) Constraints on masticatory system evolution in anthropoid primates. Am J
Phys Anthropol 108(4):483–506
Spencer MA (2003) Tooth-root form and function in platyrrhine seed-eaters. Am J Phys Anthropol
122(4):325–335. https://doi.org/10.1002/ajpa.10288
Strait SG (1993a) Differences in occlusal morphology and molar size in frugivores and faunivores.
J Hum Evol 25:471–484

20 Evolution, Constraint, and Optimality in Primate Feeding Systems

827

Strait SG (1993b) Molar morphology and food texture among small-bodied insectivorous mammals.
J Mammal 74:391–402
Strait DS, Weber GW, Neubauer S, Chalk J, Richmond BG, Wright BW, Smith AL, Wang Q, Dechow
PC, Ross CF, Spencer MA (2007) Masticatory biomechanics in Australopithecus africanus examined using finite element analysis: a preliminary study based on Sts 5. Am J Phys Anthropol:227–227
Strait DS, Weber GW, Neubauer S, Chalk J, Richmond BG, Lucas PW, Spencer MA, Schrein C,
Dechow PC, Ross CF, Grosse IR, Wright BW, Constantino P, Wood BA, Lawn B, Hylander WL,
Wang Q, Byron C, Slice DE, Smith AL (2009a) The feeding biomechanics and dietary ecology
of Australopithecus africanus. Proc Natl Acad Sci U S A 106(7):2124–2129. https://doi.org/10.
1073/pnas.0808730106
Strait DS, Weber GW, Neubauer S, Chalk J, Richmond BG, Lucas PW, Spencer MA, Schrein C,
Dechow PC, Ross CF, Grosse IR, Wright BW, Constantino P, Wood BA, Lawn B, Hylander
WL, Wang Q, Slice DE, Byron C, Smith AL (2009b) Facial biomechanics in Australopithecus
africanus: implications for feeding ecology. Am J Phys Anthropol:249–249
Taylor AB, Terhune CE, Toler M, Holmes M, Ross CF, Vinyard CJ (2018) Jaw-muscle fiber architecture and leverage in the hard-object feeding Sooty Mangabey are not structured to facilitate
relatively large bite forces compared to other papionins. Anatomical Record 301:325–342
Taylor AB, Vinyard CJ (2004) Comparative analysis of masseter fiber architecture in tree-gouging
(Callithrix jacchus) and nongouging (Saguinus oedipus) callitrichids. J Morphol 261(3):276–285.
https://doi.org/10.1002/jmor.10249
Taylor AB, Vinyard CJ (2008) The relationship between jaw-muscle fiber architecture and feeding behavior in primates: tree-gouging and nongouging gummivorous callitrichids as a natural
experiment. In: Vinyard CJ, Ravosa MJ, Wall CE (eds) Primate craniofacial function and biology.
Springer, New York, pp 241–264
Taylor AB, Vinyard CJ (2009) Jaw-muscle fiber architecture in tufted capuchins favors generating
relatively large muscle forces without compromising jaw gape. J Hum Evol 57(6):710–720.
https://doi.org/10.1016/j.jhevol.2009.06.001
Taylor AB, Vinyard CJ (2013) The relationships among jaw-muscle fiber architecture, jaw morphology and feeding behavior in extant apes and modern humans. Am J Phys Anthropol 151:120–134
Taylor AB, Vogel ER, Dominy NJ (2008) Food material properties and mandibular load resistance
abilities in large-bodied hominoids. J Hum Evol 55(4):604–616
Taylor AB, Yuan T, Ross CF, Vinyard CJ (2015) Jaw-muscle force and excursion scale with negative
allometry in platyrrhine primates. Am J Phys Anthropol 158(2):242–256. https://doi.org/10.1002/
ajpa.22782
Teaford MF (1985) Molar microwear and diet in the genus Cebus. Am J Phys Anthropol 66:365–370
Teaford MF (1986) Dental microwear and diet in two species of Colobus. In: Else J, Lee P (eds)
Primate ecology and conservation. Cambridge University Press, Cambridge, pp 63–66
Teaford MF, Walker AC (1984) Quantitative differences in dental microwear between primate
species with different diets and a comment on the presumed diet of Sivapithecus. Am J Phys
Anthropol 64:191–200
Terhune CE (2011) Dietary correlates of temporomandibular joint morphology in New World primates. J Hum Evol 61(5):583–596. https://doi.org/10.1016/j.jhevol.2011.08.003
Terhune CE, Iriarte-Diaz J, Taylor AB, Ross CF (2011) The instantaneous center of rotation of the
mandible in nonhuman primates. Integr Comp Biol 51(2):320–332. https://doi.org/10.1093/Icb/
Icr031
Turvey MT, Schmidt RC, Rosenblum LD, Kugler PN (1988) On the time allometry of co-ordinated
rhythmic movements. J Theor Biol 130:285–325
Ungar PS (2011) Dental evidence for the diets of Plio-Pleistocene hominins. Am J Phys Anthropol
146(53):47–62. https://doi.org/10.1002/ajpa.21610
Vinyard CJ, Hanna J (2005) Molar scaling in strepsirrhine primates. J Hum Evol 49(2):241–269
Vinyard CJ, Ryan TM (2006) Cross-sectional bone distribution in the mandibles of gouging and
non-gouging Platyrrhini. Int J Primatol 27(5):1461–1490

828

C. F. Ross and J. Iriarte-Diaz

Vinyard CJ, Wall CE, Williams SH, Hylander WL (2003) Comparative functional analysis of skull
morphology of tree-gouging primates. Am J Phys Anthropol 120:153–170
Vinyard CJ, Williams SH, Wall CE, Johnson KR, Hylander WL (2005) Jaw-muscle electromyography during chewing in Belanger’s treeshrews (Tupaia belangeri). Am J Phys Anthropol
127(1):26–45
Vinyard CJ, Wall CE, Williams SH, Johnson KR, Hylander WL (2006) Masseter electromyography
during chewing in ring-tailed lemurs (Lemur catta). Am J Phys Anthropol 130(1):85–95
Vinyard CJ, Ravosa MJ, Williams SH, Wall CE, Johnson KR, Hylander WL (2007) Jaw muscle
function and the origin of primates. In: Ravosa MJ, Dagosto M (eds) Primate origins: adaptations
and evolution. Springer, New York, pp 179–231
Vinyard CJ, Wall CE, Williams SH, Hylander WL (2008) Patterns of variation across primates in
jaw-muscle electromyography during mastication. Integr Comp Biol 48 (2):294–311
Vinyard CJ, Williams SH, Wall CE, Doherty AH, Crompton AW, Hylander WL (2011) A preliminary
analysis of correlations between chewing motor patterns and mandibular morphology across
mammals. Integr Comp Biol 51(2):260–270. https://doi.org/10.1093/Icb/Icr066
Virot E, Ma G, Clanet C, Jung S (2017) Physics of chewing in terrestrial mammals. Sci Rep 7:43967.
https://doi.org/10.1038/srep43967
Vogel ER, Zulfa A, Hardus ME, Wich SA, Dominy NJ, Taylor AB (2014) Food mechanical
properties, feeding ecology, and the mandibular morphology of wild orangutans. J Hum Evol
75:110–124. https://doi.org/10.1016/j.jhevol.2014.05.007
von Koenigswald W, Anders U, Engels S, Schultz JA, Kullmer O (2013) Jaw movement in fossil
mammals: analysis, description and visualization. Palaontol Z 87(1):141–159. https://doi.org/10.
1007/s12542-012-0142-4
Wall CE (1999) A model of TMJ function in anthropoid primates based on condylar movements
during mastication. Am J Phys Anthropol 109:67–88
Wall CE, Vinyard C, Johnson KR, Williams SB, Hylander WL (2002) Analysis of phase II movements during the power stroke of chewing in Papio. Am J Phys Anthropol Suppl 34:161
Wall CE, Vinyard CJ, Williams SH, Gapeyev V, Liu XH, Lapp H, German RZ (2011) Overview of
FEED, the feeding experiments end-user database. Integr Comp Biol 51(2):215–223. https://doi.
org/10.1093/Icb/Icr047
Wall CE, Hanna J, O’Neill MC (2013) Comparison of the metabolic costs of feeding in a range of
food types in small-bodied primates. Am J Phys Anthropol 150:282
Wang M, Mehta N (2013) A possible biomechanical role of occlusal cusp–fossa contact relationships. J Oral Rehabil 40(1):69–79. https://doi.org/10.1111/j.1365-2842.2012.02333.x
Watts DP (1988) Environmental influences on mountain gorilla time budgets. Am J Primatol
15(3):195–211
Weijs WA (1994) Evolutionary approach to masticatory motor patterns in mammals. Advances in
comparative and environmental physiology, vol 18. Springer, Berlin, Heidelberg, pp 281–320
Weijs WA, Dantuma R (1981) Functional anatomy of the masticatory apparatus in the rabbit (Oryctolagus cuniculus L.). Neth J Zool 31:99–147
Weijs WA, Korfage JAM, Langenbach GEJ (1989) The functional significance of the position of
the centre of rotation for jaw opening and closing in the rabbit. J Anat 162:133–148
Williams SH, Wright BW, Den Truong V, Daubert CR, Vinyard CJ (2005) Mechanical properties of
foods used in experimental studies of primate masticatory function. Am J Primatol 67(3):329–346.
https://doi.org/10.1002/ajp.20189

20 Evolution, Constraint, and Optimality in Primate Feeding Systems

829

Williams SH, Vinyard CJ, Wall CE, Doherty AH, Crompton AW, Hylander WL (2011) A preliminary analysis of correlated evolution in mammalian chewing motor patterns. Integr Comp Biol
51(2):247–259. https://doi.org/10.1093/icb/icr068icr068 [pii]
Woda A, Vigneron P, Kay D (1979) Non-functional and functional occlusal contacts—Review of
the literature. J Prosthet Dent 42(3):335–341. https://doi.org/10.1016/0022-3913(79)90226-9
Wright BW (2005) Craniodental biomechanics and dietary toughness in the genus Cebus. J Hum
Evol 48(5):473–492

