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Abstract
The jaw adductor muscles in strepsirrhines were dissected and their fiber architecture was
quantified. Bite force and leverage were estimated using values for physiological cross-sectional
area (PCSA) of the jaw adductors and lateral photographs of skulls. Jaw adductor mass, PCSA,
fiber length, and bite force scale isometrically to body size. An experiment carried out at the
Duke Lemur Center demonstrated that ingested food size also scales isometrically to body size.
Folivorous strepsirrhines are characterized by short jaw adductor fibers, uniformly small
ingested food size, large masseter and medial pterygoid muscles (in PCSA and mass), and large
estimated bite force for their jaw length. Large-bodied folivores have especially large jaw
adductors. Small-bodied folivores have especially short jaws, but do not have especially large
jaw adductors. Folivores probably can generate large bite forces; they possess short jaws (short
bite load arms) and/or large jaw adductor cross-sectional areas.
Frugivorous strepsirrhines are characterized by long jaws, large (but variable) ingested
food size, large temporalis muscles, and small estimated bite force for their jaw length.
Frugivores have long jaw adductor fibers that likely maintain tension during the ingestion of large
objects (e.g., fruits). The temporalis is large in frugivores, not because it has superior leverage
during incision, but because its fibers likely do not stretch as much at wide gapes as those of the
other adductors.
Correlations between osteological landmarks and jaw adductor dimensions in
strepsirrhines were used to infer jaw adductor dimensions in Adapis parisiensis and Leptadapis
magnus (Adapinae) from the Eocene of Europe. Inferred PCSA and lateral photographs were
used to estimate bite force and leverage in these adapines. An analysis of shearing quotients was
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also performed. Inferred jaw adductor mass, PCSA, bite force, and shearing quotients are great in
adapines relative to extant strepsirrhines. All anatomical signals suggest a diet rich in tough
leaves and other structural plant parts, perhaps with some small fruits. Adapis was likely more
folivorous than Leptadapis.
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Chapter 1 Introduction: Goals and Questions
1.1 The Goals
There are two main goals to this dissertation. The first is to examine the
relationship between jaw adductor muscle dimensions and diet in strepsirrhines. These
dimensions are mass, cross-sectional area, and fiber length. The second goal is to
examine the correlation between the same muscle dimensions and osteological
measurements on the skull that could be used to predict them. If we can predict muscle
dimensions from bone, then we could predict muscle dimensions in sufficiently wellpreserved fossil primates. Actually, anyone can predict soft-tissue features like these in
fossils, but only by examining the hard-tissue / soft-tissue relationship in living analogs
can we assess the potential error in such predictions.
One interesting test case for predicting jaw adductor dimensions in a fossil
primate is that of European Eocene adapines. These extinct primates are interesting for a
few reasons. They were the largest primates that lived during the Eocene – the epoch that
saw the rise of the first true primates. Also, adapines appear to have had enormous
chewing muscles; at least the spaces normally devoted to those muscles in living
primates are huge in adapines. Adapines also possess very long-crested molars,
suggesting that they were feeding on something very tough (Covert 1986). However,
there have been alternate dietary hypotheses, exudate-feeding, for example (Gingerich
1980).
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I will examine the relationship between the hard tissues of mastication and the
soft tissues of mastication, and I will examine the relationship between the soft-tissues of
mastication and diet. By doing this, I hope to establish a short chain of inference that will
provide a means for validating or refuting dietary inferences based on other parts of the
anatomy (e.g., the teeth). I will test out this method on the adapines, and hopefully help
clear up a small debate on dietary inferences for these interesting early primates.

1.2 Paleobiological Inferences
The motivation for primate paleobiology is the desire to understand the lifestyles
of extinct primates. But because our data normally take the form of fossilized bones and
teeth, most of the relevant information about behavior is missing. For this reason,
inference is a necessary part of paleobiology.
Many fossils are preserved with extraordinary detail and provide traces of past
behaviors. Ungar (2002) calls these ‘non-adaptive evidence of behavior’. Boucot (1990)
calls these ‘frozen behaviors’. The term ‘non-adaptive’ is used because one does not
have to infer that some anatomical trait was adapted to a particular behavior in order to
conclude that the behavior in question occurred. For example, the presence of gut
contents associated with a fossil primate provided direct evidence that Godinotia neglecta
ate seeds (Franzen and Wilde 2003). Another example of non-adaptive evidence of
behavior is scratch marks on the molars produced by food. It is not necessary to infer
that an animal is adapted to folivory when you see that it has scratches that could have
been made by leaves on its dentition. However, the presence of scratch marks (consistent
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with leaf-processing) on the teeth of several individuals of a species might lead one to
suspect a habit of folivory. Though such non-adaptive evidence is extremely useful in
reconstructing the behavior of extinct primates, most of the available evidence of
behavior is evidence of adaptation.
Adaptation is a complicated concept and a loaded term in paleobiology. I will
postpone detailed treatment of this concept until the next chapter. For now, let us say that
adaptive evidence of past behavior is the presence of an anatomical trait that is shown
(perhaps experimentally or in a comparative context) to be well-suited to performing a
particular action. Most of the work in paleobiology relies on the inference of a
correspondence between the form of a trait and its use during the life of a primate (Bock
and von Wahlert 1965; Kay and Cartmill 1977; Ross et al. 2002). Since as early as the
time of Aristotle (384-322 B.C.), teeth have been considered well-suited to breaking
down the foods that make up an animal’s diet (Peck 1937). Because most of the fossil
record of primates is made up of teeth, most of what we know about primate evolution is
based on teeth.
Inferences about the correspondence between form and function1 in primates must
be informed by the study of extant primates. Studying anatomical structures from a
purely mechanical viewpoint allows us to generate hypotheses about the form-function
relationship (Rudwick 1964). However, these hypotheses must be pared down to a set
that includes only those functions actually performed by primates.

1

Function and adaptation are different concepts in biology. In Chapter 2, I explore these concepts in greater detail.
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Kay and Cartmill (1977) provided a method for inferring form-function
relationships in fossils. They suggested that if a morphological trait of an extinct species
is also found in extant species, and in all instances, the trait performs the same function,
then one can infer that it was used for the same function in the extinct animal (they
further stipulate that it must not be an ‘exaptation’; for further discussion of this point,
see Chapter 2). Though this method is theoretically quite strong in keeping us from
making type I errors (false positives), it closes the door on paleobiological novelty. Most
paleobiologists (and laypeople) are generally more excited about fossilized structures that
do not appear in the present day than they are about things that are common today.
When we move Kay and Cartmill’s advice from the realm of absolutes to the
realm of the probabilistic, we find hope for understanding paleobiological novelty. Some
‘novel’ fossil structures are simply extreme versions of traits that are present in extant
animals. It is possible to understand the function of an extreme character state in a fossil
by studying the variation we see in extant taxa. However, if the fossil character state lies
beyond the extant range of variation, one must express some degree of uncertainty in
making inferences about the fossil character’s function. The degree of uncertainty must
correspond to the distance the fossil trait lies beyond the extant range of variation.
Therefore, use of the comparative approach in paleobiology can help us to assess
the probabilities of competing hypotheses for function, if we are cautious about
extrapolating beyond the variation in our extant sample.

4

1.3 Diet and the Chewing Muscles
Food material properties are the characteristics that foods have regardless of the
size or shape of a portion of food. Toughness, hardness, and Young’s modulus are all
examples of food material properties. Food structural properties include size, shape, and
any physical traits that are size and shape dependent. Fracture strength, for example, is
dependent on size and shape of a particle.
Food material properties are the food properties of interest in most studies of
anatomical-dietary variation. However, food structural properties likely also influence
the masticatory system.
By understanding anatomical adaptations to food material properties, we can
make reasonably narrow inferences of diet for fossil primates. However, if we add an
understanding of anatomical adaptations to food structural properties, then we can really
narrow in on what foods might have been consumed by extinct species. This is because,
within the traditional primate diet categories used by morphologists (e.g., frugivory) there
any food items with widely differing material properties (e.g., hard fruits versus soft
fruits). Knowing more about the relationship between specific food properties and
morphology will allow for more precise characterizations of paleodiet.
Perhaps the most underappreciated property of food is its size. Food size,
particularly the size of a bite of food as it enters the mouth, likely determines initial gape
and likely influences various properties of the chewing muscles that are related to gape.
Muscles are made up of fibers. In the simplest model of muscle function, these
fibers are stacked in parallel and they all contract at the same time. Each fiber is
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composed of contractile units called sarcomeres. Normally we think of sarcomeres as
shortening to produce a force, but the key phenomenon to understanding gape is when the
sarcomeres in a muscle are stretched. If each sarcomere can stretch a given percent
without damage, then the number of sarcomeres lined up in a muscle fiber determines the
amount that the whole fiber can be stretched without being damaged (i.e., the maximal
length of that fiber). The jaw adductors are stretched when the mouth is gaped open, so
the longer the fibers, the more an animal can gape without tearing its chewing muscles.
As a fiber stretches, its ability to generate force is reduced (Gans 1982).
Therefore, fiber length in chewing muscles is likely optimized to produce force at a given
gape: in an animal with longer chewing muscle fibers, a given fiber can produce more
force at larger gape angles (if everything else is equal). An extremely important question
for understanding masticatory adaptation is then: Is there a correspondence between the
sizes of ingested foods and the lengths of the muscle fibers?

1.4 Adapines: a Brief Background
There are two major radiations of primates in the Eocene: the adapiforms and the
omomyiforms. The adapiforms are usually treated as an infraorder, Adapiformes (Covert
1986; Gebo 2002; Godinot 1988; Szalay and Delson 1979), or a suborder of the same
names (Kay et al. 2004b). Sometimes the group is treated as a superfamily, Adapoidea
(Fleagle 1999). Regardless of the classification, adapiform masticatory anatomy suggests
that they are the first undisputed primates to show adaptations for eating tough plant
foods. They ranged in size from 50g to 11kg, though most species were probably
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between 700g and 4000g (Conroy 1987; Runestad 1994). Thus, most adapiforms fit
within the body mass range of modern strepsirrhines.
The Adapidae, Notharctidae, and Sivaladapidae are the three major families
within the adapiform group. The phylogenetic position of the fossil family
Amphipithecidae is controversial (Ciochon and Gunnell 2004; Jaeger et al. 1998; Kay et
al. 2004a; Marivaux et al. 2003; Takai and Shigehara 2004), but it may fall within the
Adapiformes.
The family Adapidae includes genera from Europe and North America. This
family name has been used more inclusively in the past (e.g., Covert, 1986). According
to Godinot (1998), Adapidae includes the subfamilies Adapinae and Caenopithecinae.
The Caenopithecinae are widely distributed geographically. Caenopithecus is
from the middle Eocene of Europe. Adapoides is from Asia, Mahgarita is from North
America, and Afromonius is from North Africa. Gebo classified these genera differently.
He placed Caenopithecus, Adapoides, Mahgarita, and Afromonius in the subfamily
Cercamoniinae, which along with the primarily North American Notharctinae, forms the
family Notharctidae (Gebo, 2002).
Adapinae includes Adapis, Leptadapis, Palaeolemur, Microadapis, and
Cryptadapis. The first two are known from much of the skeleton, including several wellpreserved crania. Palaeolemur is known from teeth and from a partial cranium.
Microadapis and Cryptadapis are known from teeth only.
The Adapinae are known from the middle to late Eocene of Europe. Most of the
best specimens were collected from fissure fills in the south of France in the late 1800’s
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as part of a mining operation. Unfortunately, the manner of collection makes these early
specimens difficult to date.
The first adapine to be described was Adapis parisiensis (Cuvier 1821). Gervais
(1876) coined Leptadapis for the larger specimens that Filhol (1874) had described as
Adapis magnus. Gingerich (1972; 1977b; 1981) continued to use Adapis for both
species. However, it is clear that the specimens that have been relegated to Adapis and
Leptadapis actually represent a radiation of adapines with lower second molars ranging
from 4-8 mm in length, and skulls that range from 7-14 cm. Godinot and Couette (in
press) have increased the number of species in the Leptadapis group to seven (within two
genera). Likely, the smaller Adapis specimens deserve at least as many species
designations. Because the descriptions of the new species of Leptadapis are not yet
published, and because Adapis has not yet received adequate phylogenetic resorting, I
will use the old species names Adapis parisiensis and Leptadapis magnus to refer to the
smaller and the larger specimens respectively.
Some adapines have been compared to living lemurs in habits and morphology
(Gregory 1920). Indeed, the range of body sizes in the adapines fits within the range of
body size of the Lemuridae. However, adapine skulls are much more powerfully built.
Imagine a gorilla that would fit into your backpack. Based on the sizes of muscle crests
and the temporal fossa, they appear to have had enormous chewing muscles. Their
molars have long, sharp crests. Their faces are long relative to skull size and the
mandible is fused at the symphysis in the larger specimens. Lastly, their incisors
superficially resemble those of some anthropoids. The canines are small and Gingerich
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(1980) claimed that the incorporation of the lower canines into the incisor tooth row
resembles the condition of some anthropoids that actively gouge for exudates (e.g.,
marmosets).
This combination of craniodental traits is not seen among extant primates, even
those that have a diet of leaves. This mosaic of features calls into question the inference
of folivory for adapines. To address this question, I explore the craniodental morphology
of extant strepsirrhines in relation to their diets. This exploration will help us to
understand the behavior of this extinct group. An important focus is the anatomy of the
muscles of mastication, including their attachment structures, because this anatomy had
not been studied sufficiently.
Adapines were certainly the largest primates known for their time and are also the
first primates in the Old World to exceed an inferred body mass of 500g. I will explore
the paleobiology of this extinct group, including previous work on the subject, in greater
detail in Chapter 7.

1.5 Strepsirrhines as Analogues
The living strepsirrhines are the best extant analogues for understanding the
craniofacial anatomy of adapines. However, it is important to qualify this statement by
noting that strepsirrhines have some unique, derived traits that adapines lack (and vice
versa). For example, strepsirrhines possess a tooth comb. Therefore, they are of limited
use to understanding the anterior dentition of adapines. In fact, adapines have been
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claimed by some to be the source group for Anthropoidea due to – among other things the similarity between their anterior teeth and those of anthropoids (Rasmussen 1986).
Resemblances between adapids and strepsirrhines led early workers (Gregory
1920; Stehlin 1912) to classify adapids among the living lemurs. However, many of
these resemblances must be convergences or symplesiomorphies. Nevertheless, many of
the craniodental resemblances between adapids and living lemurs are likely related to
similarity in function; even if they are symplesiomorphies. For example, the presence of
a long snout in most adapids and living lemurs is probably a hallmark of dependence on
olfaction, but it also suggests that these primates have poor chewing muscle leverage at
the incisors due to the large distance from the mandibular condyle to the front of the tooth
row.
Strepsirrhines are good modern analogues for adapids (including adapines) for
several reasons. First, adapids fall within the body size range of extant strepsirrhines.
Second, because there is considerable dietary variation in extant strepsirrhines, it is likely
that adapids ate foods that were similar in their physical properties to the foods consumed
by at least some strepsirrhines. Third, these primates share a general similarity in skull
morphology that is useful for examining pattern of change across taxa of different body
size (scaling patterns).
Unfortunately, very little is known about the relationship between diet and
masticatory morphology in extant strepsirrhines. Also, little is known about the
allometry of masticatory morphology in strepsirrhines. It has been necessary to
undertake a study of these relationships before saying anything substantial about the
10

meaning of the unusual masticatory morphology of adapines. The questions driving my
study of strepsirrhine masticatory anatomy are the following. How does variation in
body size relate to variation in the dimensions of the chewing muscles? How does
variation in food material properties explain variation in chewing muscle dimensions?

1.6 The Central Questions: an Executive Summary
The questions that guide this dissertation can be summed up as follows.
Three of these questions relate to soft tissue properties of muscle in extant
strepsirrhines. How do the masses of the jaw adductors in strepsirrhines vary with body
mass? How do the cross-sectional areas of the jaw adductors vary with body mass and
with food material properties? How do the lengths of the jaw adductor fibers vary with
body mass and with food size? This last question has important implications for gape.
One question focuses on the spatial relationships between jaw adductor muscles
and the bony surfaces to which they are anchored. How well do bony landmarks predict
the masses, cross-sectional areas, and fiber lengths of the jaw adductor muscles in extant
strepsirrhines?
The remaining questions address dietary inferences for adapines. What are the
jaw adductor muscle dimensions for all suitable specimens of Adapis and Leptadapis, as
inferred from my knowledge of muscle-bone relationships in extant strepsirrhines?
Finally, considering the relative sizes of the components of the jaw adductor musculature,
the inferred jaw adductor dimensions, and the geometry of the craniomandibular
skeleton, what is the most likely dietary inference for adapines? In answering the last
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question, I will consider previously published dietary inferences for adapines and
evidence from dental morphology.

1.7 The Significance of this Study
Living strepsirrhines are of great interest because they are in many ways
representative of the earliest radiations of euprimates. Understanding the relationship
between their masticatory morphology and their chosen foods is important in the context
of understanding primate evolution and it is also important in the context of
understanding mammalian feeding adaptation.
Adapines are of interest because they represent one of the earliest radiations of
primates into a larger body size niche, and the postcanine dentition suggests that they
were probably the first primates adapted to eating mechanically resistant foods. They
might also represent a model for anthropoid evolution as they were the first primates to
fuse the mandibular symphysis. Perhaps the explanation for a fused symphysis in
adapines is the same as the explanation for symphyseal fusion in anthropoids: increase in
body size, increased in food resistance, or both (Ravosa 1996).
Beyond the importance of understanding the masticatory apparatus of extant
strepsirrhines and extinct adapines, this study is an attempt to apply comparative
techniques to paleobiological questions. Although it is possible to infer past behaviors by
observing fossils and using such techniques as common sense, I believe that this
dissertation takes a much more rigorous approach to making inferences about extinct
primates.
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Chapter 2 Theoretical Considerations: Function,
Adaptation, and Reconstructing Diet
The bones and teeth of extinct animals are interesting because they provide
evidence of unpreserved soft parts and allow us to infer past behaviors.
Scientists and others are curious about the lives of extinct animals. In general, we
cannot observe the behavior of extinct animals. Some fossils preserve traces of behavior
(e.g., trace fossils). Direct traces of diet are rare, for example, gut contents (Franzen and
Wilde 2003) and enamel phytoliths (Ciochon et al. 1990).
However, whilst lacking such direct behavioral evidence, fossils always preserve
indirect evidence of behavior. That is because, in general, biological structures are
adapted to performing particular functions. Therefore, function can be inferred from
structure. A different but related concept, the concept of adaptation, is treated in detail
below.
My aim in this chapter is to explain some concepts that are key to reconstructing
the behavior of extinct taxa. I describe and critique various means that have been used to
reconstruct diet in extinct mammals. I also provide a brief introduction to the muscles of
mastication and their significance for diet.
As I describe below, Strepsirrhini is a good group to study because it has many
living representatives whose dietary preferences and functional anatomy can be observed
directly. Also, the strepsirrhines give us a window into the earliest stages of primate
evolution (Godinot 2006).
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2.1 Function
2.1.1 The Ontology of Function
Lauder (1995) defined function as “use or action of phenotypic features; the
mechanical role of phenotypic features.”
A function is at least an action, but it must be more. A hammer can perform the
action of weighing down a stack of papers, but most would agree that is not its function.
A biological function is a special kind of action; this is evident in Lauder’s use of the
loaded word ‘role’. A function is a kind of action that we consider important.
Why would we consider one particular action (of a given structure) to be more
important than another? This is because the former action confers an advantage on the
performer such that increased reproductive fitness results. Assessing an increase in
fitness, however, is often impractical, for example, when studying extinct taxa.
Can a structure have more than one function? My hand might act to bring food to
my mouth every day for thirty years. Then my hand might act to wave to a friend (who is
holding a rope) and save me from drowning on my thirty-first birthday. What then is the
function of my hand? Conveying food was neither a more or less important contributor
to my fitness than was waving to my rescuer.
A structure, then, can have more than one function. Also, a function can be
associated with more than one structure; I can use my foot to wave and to convey food.
What this means is that the form-function relationship is complex since almost certainly
each structure in an organisms’s body has multiple functions.
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A relevant example is the shift that Cartmill caused in the way primatologists
think about the function of primate vision (Cartmill 1972). Previously (Jones 1916;
Smith 1912), the primate visual complex was thought to function primarily to aid in
arboreal locomotion. Cartmill suggested that, rather, it was instrumental in aiding to
guide hand movements in seizing prey. It is quite possible that the primate visual
complex is pivotal in increasing primate fitness by both aiding in arboreal locomotion
and in prey capture; primate vision may have more than one function. If some
individuals that have poor vision fall from trees and die, and other individuals with bad
vision starve because they do not catch enough insects, then natural selection is acting to
promote primate vision as a locomotor and a foraging tool. Therefore, primate vision is
adapted to both arboreal locomotion and visual predation. I will address the concept of
adaptation in greater detail in the section entitled ‘Adaptation’.
Function is a class of action that one chooses to consider important in a particular
context. A given structure can have more than one function. Which function is most
important for understanding the evolution of a given structure may depend on the
scientific question one is asking.
Some say that the link between form and function is tight, and once this link is
understood, form can be predicted from function and vice versa. Those who take this
view to the extreme have been labeled ‘panadaptationists’ (Gould and Lewontin 1979).
Others believe that so many other factors affect form, that form-function inferences will
always be fraught with uncertainty.
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Not only can structures have more than one function, but they can presumably
have no function. Vestigial structures were used as evidence that animals were not
designed by an intelligent being. Darwin described the vestigial wings of flightless birds
and flightless beetles and the vestigial eyes of moles and some burrowing rodents
(Darwin 1859). Though a major proponent of the universality of function, Rudwick
(1964) allowed that structures might have functions we might not think of, but he argued
that structures that do not function are rare.
In a Malthusian world, more individuals are born than are supported by the
environment. Therefore, any increased correspondence between form and function
should confer some reproductive advantage. Similarly, any metabolic energy wasted on
vestigial structures should cost in reproductive fitness. Of course, the point at which
‘should’ becomes ‘will’ depends on the severity of competition for resources.
Nonetheless, the burden of proof is on those who claim that any given structure lacks a
function. The burden is greater when competition for resources is more severe and when
the structure in question requires more metabolic energy to produce and maintain.
Eager to supply that proof were Gould and Lewontin (1979). They urged
evolutionary biologists to consider alternatives to panadaptationism (the extreme view
that all structures have functions). They maintained that mechanisms such as pleiotropy,
developmental constraints, and allometry affect the shape of biological features. If these
mechanisms are important determinants of phenotype, then function need not always be
reflected in form. My answer to this is that, individual variants that are not limited by
such constraints are likely to be favored by natural selection. Given enough time in an
16

environment, form should be optimized for function. If this were not the case, there
would be very little biological diversity in the world.
Morphology and function may fail to correlate for a variety of reasons. For
example, an environmental shift may render an old function useless; then there may be a
lag in time while the corresponding structure becomes morphologically suited to a new,
more relevant function. In the above example of primate vision, two functions likely
favored selection for a single structure (the primate visual complex). If two functions
favor the same morphology, then selection will be very strong for that morphology.
However, two or more functions may favor differing morphologies for a particular
structure. In many cases, morphology is probably a compromise between functional
demands.

2.1.2 The Epistemology of Function
Some say that the link between form and function is tight, and once this link is
understood, form can be predicted from function and vice versa. Rudwick claimed that
the relationship between a structure and its function is governed by engineering principles
(Rudwick 1964). Once understood, these principles could lead us to confident inferences
about fossils. However, the possible existence of functionless structures casts doubt on
Rudwick’s method of inferring function in fossils. Engineering principles alone cannot
yield confident inferences of function in all cases.
In a counter example, Lauder presented examples to support his notion that
function cannot be predicted from form (Lauder 1995). The main reason for Lauder’s
17

assertion that function cannot be predicted from form is that we seldom know much about
the neural control involved in making structures do things. Two identical structures can
function in different ways if the muscles moving them are activated differently. Smith
cautioned us similarly with respect to the feeding apparatus (Smith 1994a).
Lauder suggested the best – and perhaps only - way to learn the function of a
structure is to observe it being used by the animal. Of course, this is impossible in
fossils. He cautioned that fossils should be used to constrain our functional hypotheses or
inspire us with new possibilities of hypotheses. This should be a major role of
paleobiology, of course. However, these authors are too strict with paleobiologists. If we
follow Williams’ suggestion to compare biological structures with man-made tools
(Williams 1966), then we will generate useful hypotheses of function.
Lauder is right: we will never have the same confidence inferring function in a
fossil that we have inferring function in a living animal. This fact is well-known, but it
has not stopped paleobiologists from drawing inferences about extinct animals. This is
because some degree of uncertainty is perfectly acceptable in science, and the degree that
is acceptable varies with the situation.
Bock (1977; 1988) asserted that form cannot predict function or vice versa. He
described cases where different morphologies are used for the same function and other
cases where different functions are performed by the same morphology (Bock 1977). He
suggested that these exceptions invalidate attempts to detect form-function relationships
because these relationships are not law-like.
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Harvey and Pagel countered that Bock is “throwing the baby out with the
bathwater” (Harvey and Pagel 1991). They argued that the existence of exceptions does
not make the general pattern useless.
Simpson (1978) pointed out that some of Bock’s examples fail to support his
arguments. For example, three kinds of birds have similarly hooked beaks. Two of them
use their beak to extract carrion from corpses, the other uses it to pry away bark and
extract insects. Bock argued that this is a case of similar form but different functions.
Simpson countered that the function is the same in all cases: “to seize and rend” (p.218).
It is clear that Bock and Simpson did not agree on the definition of function. Simpson
was using “function” to refer to a specific action while Bock was using it to refer to an
action in relation to other objects. The following explanation should clarify this issue.
Often our difficulty in inferring function is actually a matter of links in a causal
chain. For example, I use a hammer TO drive a nail into a board / I drive the nail into the
board TO fasten it to another board / I fasten the boards to each other TO prop up my
roof / I prop up my roof TO keep me dry. In this example, what is the function of the
hammer? Certainly the function of the hammer is at least to drive in a nail. However, to
understand my motivation in starting the causal chain, you have to know that it is raining
outside and that I must keep dry to maintain my reproductive fitness. The problem is,
there are many links in the chain; driving in a nail would do me no good if those
intermediate links were omitted. I venture that most biological functions consist of a
causal chain of events. In fossils, it is often difficult to see our way from point A to point
E because at least one of B through D is missing.
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Bock asserted that it is less problematic to infer function from form (Bock 1988).
This is illogical. When a chain of events is considered, inferring one link from the
presence of another is equally difficult backwards and forwards in time, but gets harder
when there are more intervening links. It is clear from his examples that when Bock
attempted to predict function from form, he was only making small leaps (e.g., from the
shape of a hammer to the action of driving a nail). Whereas, when he attempted to
predict form from function, he made big leaps (e.g., from the need to stay dry to the
shape of a hammer).
It is very hard to predict the action of keeping oneself dry from the shape of a
hammer. Because long causal chains are fraught with uncertainty, paleobiological
reconstructions should be limited to short ones. Here, engineering principles are actually
very useful for inferring function from form.
Paleobiological inferences about such things as diet are justifiable. This is
equally true of behaviors such as locomotion and activity pattern. These behaviors linked
to anatomy via short causal chains. By contrast, such behaviors as ranging patterns1,
reproductive behaviors, and communication consist of many steps between morphology
and the action of interest. We may never know with any confidence how these complex
behaviors varied in extinct animals.

1

Insight into ranging behavior may be gained by examination of trace fossils.
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2.2 Adaptation
2.2.1 Nonhistorical Approaches
The word adaptation refers to a thing, a process, and a state (adaptedness ) (Ross
et al. 2002). Adaptation as a thing is often treated separately from adaptation as a
process. Such treatment is considered the nonhistorical approach (Bock and von Wahlert
1965; Ross et al. 2002). In these cases, adaptations are form-function relationships that
increase or maintain fitness no matter how they arose (Kay et al. 2002). An adaptation
must tend to increase reproductive fitness because all traits selected by natural selection
are expected to increase reproductive fitness by definition. The relationship between
adaptation and reproductive fitness was thoroughly discussed by Brandon (1978; 1990).
The usual nonhistorical method for inferring adaptation resembles Rudwick’s
(1964) or Williams’ (1966) examination of morphology according to engineering
principles. Bock advocated a similar approach but made explicit an assumption that
underlies most biomechanical analyses: that energy output is minimized in good designs
(Bock 1980). Design criteria may be very useful in identifying adaptations, but as
Vermeij pointed out, a trait can confer advantages even if it falls short of what engineers
would call good design (Vermeij 1996).
There are good reasons to avoid relying on engineering principles alone. The
main one is that it is difficult to apply engineering principles to complex biological
entities. Often, comparison to an extant taxon adds information to an incomplete
engineering analysis (Kay and Cartmill 1977). One characteristic of comparative studies
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is that they allow us to skip some steps in a long causal chain. We can observe the
coincidence of the structure of interest and the behavior of interest. However, we should
not ignore how the former caused the latter. Discussed below, Kay and Cartmill
described a procedure that combines functional explanations and comparisons with extant
analogs (Kay and Cartmill 1977).
Reeve and Sherman advocated a very different nonhistorical method (Reeve and
Sherman 1993). These authors emphasized reproductive fitness rather than mechanical
effectiveness as a criterion for adaptation. After all, mechanical effectiveness is only
ever a proxy for reproductive fitness in studies of adaptation. According to Reeve and
Sherman, an adaptation is “a phenotypic variant that results in the highest fitness among a
specific set of variants in a given environment”. This definition makes sense, however it
suffers from two major flaws. The first was shown by the following example (Brandon
1978, 1990). Two breeding pairs of dogs, each pair belonging to a different breed, are
put on an island. Let us say this island is within the Arctic Circle and the breeds are
Alaskan Husky and Chihuahua. Before they can reproduce, one Husky is struck by
lightning and killed. If the Chihuahuas manage to survive, their fitness will be greater
than that of the Huskies. Does this mean that hairless dogs are better adapted to arctic
climates? Of course not, it means that chance can affect actual fitness. This is why
Brandon emphasized expected fitness. The other problem with this definition is that it is
very difficult to apply to real organisms, especially extinct ones (Kay et al. 2002). So we
are back to the form-function relationship for inferring adaptation.
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2.2.2 Historical Approaches
Historical definitions of adaptation are very popular. Here, an adaptation is
defined in relation to a particular process. Gould and Vrba (1982) proposed a historical
caveat to the definition of adaptation. They suggested that an adaptation must have been
originally selected for the function that is now performs2.
The concept of exaptation3 has both epistemological and metaphysical problems.
For one, it is very difficult to identify at which point a single trait has acquired a new
function, before the trait becomes so adapted to the new function that it is a new trait
(Reeve and Sherman 1993). Also, if a trait picks up a new function, but retains the old
one, is the trait still an adaptation? Many traits are probably adapted in a compromise
fashion to more than one function; that is, they do not conform to a 100% optimization
criterion for any single function.
The main ontological problem with the concept of exaptation is that the process of
acquiring a new function and the process of acquiring a new form are probably
simultaneous and gradual. Presumably, as soon as a trait acquires a new function, natural
selection begins to modify its form so that it is no longer the same trait. The time this
process takes depends on phenotypic plasticity. If adaptation is relatively free of
constraint, then exaptations are ephemeral and the concept of exaptation has little
practical utility. Features that show phenotypic plasticity, much variation, and appear to

They also suggested fixation of the trait must occur via natural selection. This part of the theory has its own problems
that I will not explore here.

2

3

An exaptation is a trait that arose to perform a function it no longer performs (Gould and Vrba 1982).
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be relatively free of developmental constraint are very good candidates for inferring
adaptation.
Out of the cladistics movement sprang phylogenetic concepts of adaptation
(Clutton-Brock and Harvey 1977; Coddington 1988; Felsenstein 1985; Harvey and Pagel
1991). These authors noticed that taxa that share certain traits might only do so because
they share a phylogenetic history. A structure may be retained in descendents even if it
no longer performs the ancestral function. The underlying assumption is that structures
may be retained over a long time even though they do not function. This concept is
known as ‘phylogenetic lag’. The likelihood of phylogenetic lag being present hinges on
the likelihood that a given structure is vestigial.
The phylogenetic concept of adaptation is one that requires an adaptation to be an
apomorphy (Coddington 1988). By this definition, the adducted human hallux is
potentially a human adaptation, but the opposable human pollex is not. Furthermore, the
human eye cannot be considered an adaptation in humans because it is primitive for
humans (Ross 1999). This is absurd. For humans, having eyes is almost certainly
advantageous over not having eyes (Reeve and Sherman 1993). To erect such a strict
definition of adaptation considerably reduces the usefulness of the term; many species
would fail to possess even a single adaptation by this definition (especially species that
evolved recently).
Stabilizing selection is an important form of natural selection and it is largely
ignored by phylogenetic methods (Anthony and Kay 1993). In the case of the human
eye, this structure may have evolved to its current basic form millions of years ago.
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However, it is presumably an ‘expensive’ structure to keep and an easy structure to lose.
Therefore, it is likely that the eye has been maintained by selection for millions of years.
Despite this fact, certain evolutionary biologists would claim that the eye, in humans, is
not an adaptation because it is plesiomorphic. Such a definition of adaptation puts too
much emphasis on the origins of traits and not on their entire history.
If traits persist simply due to common evolutionary history and not because of a
relationship between trait and function, then methods that remove the effects of
phylogeny are desirable. Several methods have been invented (Clutton-Brock and
Harvey 1977; Felsenstein 1985; Harvey and Pagel 1991). I will not discuss these in
detail, however among such methods, perhaps the simplest is to restrict analysis to a
single radiation and compare taxa within it (Kay and Covert 1984).
Phylogenetic lag is probably only a factor in determining phenotype if there is
insufficient genetic variation in a population, or if some other feature is developmentally
or genetically linked to the trait in question. If the trait in question is very labile, then it
should adapt rapidly to a change in environment that modifies functional needs. In this
instance, a means of sorting out the effects of phylogeny from the effects of adaptation is
unnecessary. Nonhistorical means of inferring adaptation are advocated for labile traits:
if a trait is stable, historical means may be required.

2.2.3 Dietary Adaptation
Diet seems to vary quite a bit even among close taxonomic relatives and within
species (Kay et al. 1978). Furthermore, within primates it varies seasonally to a large
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degree. In many cases, the foraging apparatus of a primate can be used on very different
foods if there is an environmental shift. Diet and the anatomical features responsible for
feeding are probably relatively labile: optimization of feeding structures increases fairly
rapidly over evolutionary time4. Hence, diet is a good case for studying adaptation by
nonhistorical means.
Diet is also of particular interest because there is a short causal chain between the
anatomical structures that process food and the physical properties of food. Furthermore,
of the many hard structures of the body that could fossilize, those primarily responsible
for breaking down food in primates (the teeth and jaws) are well preserved in great
numbers for many fossil taxa. Diet is probably the best behavior for studying adaptation
in the primate fossil record.
Diet is difficult to define. Field studies normally record feeding times or
percentage contributions to the diet of various foods. The former is normally appropriate
during behavioral observations while the latter is appropriate if the animal’s stomach can
be pumped or its fecal contents analyzed. However, this method might inaccurately
represent diet because some foods are more completely digested than others (e.g., meat
versus structural carbohydrates).
The masticatory system is presumably adapted to the mechanical properties of
food, but behavioral studies usually classify food by criteria other than mechanical

4 A better understanding of the development and genetics of teeth and jaws (as well as stomachs and colons, etc.)
certainly would be a benefit here. Recently there has been promising research in these areas (Salazar-Ciudad I, Jernvall
J (2002) A gene network model accounting for development and evolution of mammalian teeth. Proceedings of the
National Academy of Sciences of the USA 99:8116-8120.
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properties. Ideally, dietary classifications would use mechanical criteria (Lucas and Luke
1984; Rosenberger and Kinzey 1976).

2.3 Inferring Diets of Extinct Taxa: Theory
I have discussed the types of features that can be reconstructed and I have
discussed some of the more important ideas about how to go about this. Once we have
decided that we can justifiably reconstruct unpreserved traits, how should we go about
doing it?
We could infer unpreserved traits purely based on design criteria. This method,
as discussed above, is nonhistorical. It relies entirely on the principle of
uniformitarianism: that processes of the past are essentially the same as processes
operating in the present. Used alone, this method is very difficult to apply because many
of the details that are important in determining a design are lost in fossils. It also falls
short because we can only infer the very basics of function engineering principles – we
can seldom say anything about complex behaviors.

2.3.1 Independent Extant Analogs
One method that weds this design approach to observations of actual behavior is
that proposed by (Kay and Cartmill 1977). The basic idea is that we can gain a confident
inference only if we have examples of a trait T associated with a second trait F (this can
be a function or behavior) among living taxa. The more examples of extant taxa, the
better; the more taxa that have evolved this T-F association convergently, the better. Kay
and Cartmill also incorporate design criteria by suggesting that there must be some causal
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link between T and F. Mammals that have auditory bullae formed by the petrosal also
have nails on their digits, but we have no reason to believe there is a causal link between
the two. If causal link here means that one causes the other, then we have conveniently
ruled out traits that are both caused by some other factor independently (e.g., common
phylogenetic history).
Many people refer to the method of Kay and Cartmill (1977) as ‘the comparative
method’. However, I believe that some people use that phrase much more broadly to
describe any means of making paleobiological inferences from the study of extant taxa.
For the sake of clear communication, let us call Kay and Cartmill’s method the
Independent Extant Analogs method (IEA).
Some have classified the IEA method as nonhistorical (Ross et al. 2002).
However, this is false. Clause 3 of Kay and Cartmill’s procedure states that there must be
“no reasons for believing that T’s fixation in any lineage preceded T’s assumption of F”.
This clause foreshadows Gould and Vrba’s concept of exaptation and renders Kay and
Cartmill’s definition of adaptation explicitly historical. Thereby, the IEA method is
tarred with some of the problems of exaptation. Luckily, because exaptations are almost
impossible to detect in principle, it is unlikely that someone would have a “reason for
believing” that any given trait is an exaptation.
For really obvious instances, such as ‘the human hand evolved its current
morphology long before it took on the function of typing’, Clause 3 is useful. Sometimes
the change in function is subtle, such as ‘the lemurid tooth comb evolved in an
autogrooming context to remove parasites long before it took on the function of social
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bonding’. Here, Clause 3 makes it difficult to distinguish adaptations from things that are
not adaptations.
Szalay (1981) stated that adaptation can only be assessed right after the formfunction complex has evolved. Kay and Covert (1984) countered that even veryrecently-evolved traits will have the opportunity to shift in function, so apomorphic
novelties are no better than plesiomorphic ones for inference of function. However,
Szalay was also wrong because he failed to consider that a trait is generally refined by
natural selection subsequent to its origin. Unless there is an environmental shift, this
refinement should increase our confidence in inferring its function – because the formfunction link will be stronger. If there is an environmental shift, all bets are off, whether
the trait evolved before or after the last phylogenetic split point.
A great strength of the IEA method is that it hinges on Hume’s conclusion about
causation: we consider a 100% association between two things to be a necessary
association only when we see it many times (Hume 1977). The more taxa we see with a
100% T-F association, the better we feel about that association being a necessary (causal)
one. We feel especially good about our inference if the T-F association is found in
distantly related taxa because that suggests that the association must have evolved several
times independently. If so, there is probably a good mechanical reason for the
association.
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2.3.2 Extant Phylogenetic Bracket
Another method proposed for inferring unpreserved traits in the fossil record is
that of the ‘Extant Phylogenetic Bracket’ (or EPB) (Witmer 1995, 1998). This method is
similar to Kay and Cartmill’s in that it relies on extant taxa that have the trait and
function in question (or hard part trait and soft part trait), but it is different in that it
hinges on the topology of a phylogenetic tree.
The EPB method was specifically formulated to reconstruct soft parts in
dinosaurs, however, the EPB method is equally justified for inferring function.
With the EPB method, one looks at two or more extant outgroups of the fossil
taxon considered. The nearest extant sister group and the nearest extant outgroup form a
bracket around the fossil taxon. The condition seen in the extant taxa is inferred for their
last common ancestor and all its descendents (include the fossil taxon of interest), unless
there is a good reason to believe otherwise (see Figure 2.1).
This method gets quite complex in that there are three types of inferences that can
be made about unpreserved traits. A level I inference is made when both bracketing
extant groups have the preserved trait (e.g., bony feature) and the unpreserved trait (e.g.,
attached muscle), but the fossil taxon is only known to have the preserved trait.
What if the closest extant sister group has both hard part and soft part, the fossil
taxon has the hard part, but the next closest outgroup has neither? Witmer says this
renders equivocal the inference of the soft part in the fossil. If you make that inference, it
is a level II inference. When neither of the extant groups has the soft or the hard part, and
the fossil has the hard part, to infer the soft part in the fossil requires a level III inference.
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The Extant Phylogenetic Bracket method owes its framework to an earlier paper
by Bryant and Russell (1992). These authors used an algorithm much like the EPB
procedure, except that when the two closest outgroups differ, a third outgroup is sought.
They also advocated the use of the “extrapolatory method”, that is referral to functional
design, when phylogenetic methods lead to equivocal predictions.
The situations in which the EPB calls for level II and III inference would be
treated very differently by the IEA method. If the closest sister group has both the hard
and the soft part, but the closest outgroup has neither, we actually have a case for a good
anatomical association between the hard and the soft part in question: where the hard part
is present, the soft part is present; where the hard part is absent, the soft part is absent.
Using the IEA method (or even just common sense), we would then look at other taxa to
see if this association holds true more broadly. If it does, then we can feel comfortable
inferring the soft part in fossils that have the hard part, regardless of the states of their
outgroups. Using this logic, the level II inference in the EPB method does not suggest an
equivocal state in the fossil taxon at all.
When the extant groups have neither the hard part not the soft part, we have little
to say about the fossil taxon that does have the hard part. The only way to infer any kind
of soft part in such a fossil is to survey the extant biota for other instances of that hard
part. We could employ Rudwick’s method (Rudwick 1964) and try to guess the soft part
based on the anatomy of the hard part. However, we would have nearly limitless
possibilities in some instances.
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Figure 2.1: The Extant Phylogenetic Bracket Method of inference.
a, if both hard and soft parts are present in the closest extant sister group and the closest extant
outgroup, there is a level I inference: the soft part is decisively inferred in the fossil (which also
has the hard part). b, if one extant group has both hard and soft parts, but the other has neither,
then presence of the hard part in the fossil is not sufficient to infer the soft part: level II inference,
equivocal. c, if the hard and soft parts are absent in both extant groups, then the soft part is not
inferred in the fossil, even if it has the hard part: level III inference, decisively negative. This
method is flawed because universal association of hard and soft parts in extant taxa should always
lead to soft part inference in any fossil that has the hard part (see text). Figure modified from
Witmer (1995).
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As a means of assessing the accuracy of paleobiological inferences, the EPB
method is certainly an improvement over wild speculation. This is, in fact, its stated
purpose (Witmer 1995). The EPB puts paleobiological inference in a phylogenetic
framework. The result of this is that it requires homology of the hard part / soft part
association to infer that same association in a fossil – hence the need for close
phylogenetic relationship between the fossil and its extant predictors. This is
fundamentally different from the IEA which requires functional analogy of the trait /
function association. The second kind of association does not require homology, does the
first kind? Not necessarily.
A soft part may be associated with a hard part because the two must function
together in a particular way. For example, if the masseter muscle must be attached to two
separate bony points in order to work, then any increase in distance between the bony
points implies a longer masseter. An unpreserved trait that is thought to be functionally
associated with some preserved trait is best inferred in fossils by using Kay and
Cartmill’s IEA method.
The Extant Phylogenetic Bracket method is best applied in a situation where the
unpreserved trait of interest is associated with a preserved trait because of phylogeny
rather than because of function. For example, a large malleus bone in a mammal
(=articular in a reptile) does not imply a large mandibular adductor muscle, but it might
in a reptile. Other situations where soft parts are associated with hard parts because of
phylogeny may include cases of pleiotropy where the persistence of a soft part is due to
genetic reliance on the coding for a particular hard part. Ultimately, there will be
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selection for body parts that function well together, regardless of their underlying
mechanism for doing so.
The general method of the EPB may guide our choice of modern analogs, but the
system of inferences is erroneous because a 100% association of hard and soft parts
should always lead to inference of the latter in a fossil that possesses the former –
regardless of the condition of the closest living relatives.
One situation in which the EPB method is logically justified is when the fossil of
interest does not preserve the hard part that is normally associated with the soft part or
function of interest. For example, the fossil primate Saharagalago is only known from
teeth; no cranium is yet known (Seiffert et al. 2003). However, every extant primate
possesses a brain within the cranium. We could confidently infer that Saharagalago had
a brain, even though we do not have evidence of its cranium. The EPB method is likely
to work in absurd examples like this one, but it is often risky to make inferences of a soft
part or a function when the relevant hard parts are not known.

2.4 Inferring Diets of Extinct Taxa: Methods for Adaptive Traits
2.4.1 Molar Morphology
2.4.1.1 Wear Facets

Cursory examination of the teeth, jaws, and skulls of mammals has always led
scientists to conclusions about diet. However, most formalized methods used today were
elucidated in the last 50 years. Butler suggested there are two distinct kinds of wear
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facets on the molars (Butler 1952). Mills suggested the buccal facets were produced on
one side of the mouth while the lingual facets were being produced on the other (Mills
1955). Since then, cinefluorographic studies of mammalian mastication have shown that
chewing in mammals normally happens on one side of the mouth at a time (Crompton
and Hiiemae 1970; Kay and Hiiemae 1974b). The facets on the buccal side of the trigon
basin are produced in a phase of mastication just prior to centric occlusion as the teeth
come together (Phase I). The facets on the lingual side of the trigon basin are produced
as the teeth come apart and the working-side lower jaw moves off medially (Phase II).
There does appear to be incidental balancing-side tooth-tooth contact in some primates,
and this may explain Gingerich’s inference of an orthal retraction phase in mastication
based on wear facets (Kay and Hiiemae 1974a).
Gingerich identified a facet on the upper first and lower first molars of Adapis5
magnus (Gingerich 1972). Striations on these facets indicate a ventrolateral /
dorsomedial plane of movement. Gingerich interpreted this as evidence that the
puncture-crushing phase of mastication involves retraction of the mandible as the teeth
are brought together. Kay and Hiiemae argued that this could have been caused by
transitory balancing-side contact as the teeth come apart (Kay and Hiiemae 1974a). Wear
striations indicate the plane of movement, but not the direction. However, as discussed
below and elsewhere, puncture-crushing tends to create ovoid, non-planar, unstriated
wear facets.

5

Now Leptadapis.

35

Crompton and Sita-Lumsden (1970) emphasized that shearing is important in the
evolution of tribosphenic molars from a tritubercular ancestry. In multicusped teeth, the
ridges that connect the cusps are crests. These have the potential for use in food
breakdown. As teeth come into contact with each other or with food, the area trailing
behind a crest may form a wear facet. However, facets need not form behind a crest.
They may also form by direct crushing contact, such as between a cusp and a basin.
Nevertheless, flat wear facets imply planar movement.
In the work of Kay and Hiiemae (Kay 1977; Kay and Hiiemae 1974a, b) and the
later work of Janis (1984; 1990b), the wear facets on the molars became a means of
assessing not only masticatory movements, but also dietary properties. Based on
stereotyped masticatory movements, certain facets appear to be the products of enamel
surfaces sliding past one another (shearing), others are produced by approximation of
surfaces (crushing), and others are produced by a combination of the two (grinding).
Kay used wear facet areas to characterize the contribution of grinding, crushing,
and shearing to diet (Kay 1975b; Kay et al. 1978). Areas used together with other dental
measurements serve to separate folivores and insectivores from frugivores in principle
components analyses of extant primates (folivores separate from insectivores based on
body mass). The results of these analyses can be applied to fossil primates as well (Kay
and Covert 1984).
Janis modified the wear facet interpretation of Butler (1973) and Kay and
Hiiemae (1974a) to generate predictions about the properties of food in the diets of
extinct primates (Janis 1984, 1990a). She digitized molar of various mammalian taxa
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with known diets and calculated the area represented by each wear type (Janis 1990).
Wear of any given type was expressed as a percentage of the total wear area. The diets of
the mammals examined aided in Janis’ inference of function for each wear type. She
divided wear into five categories: 1. buccal phase I shear, 2. lingual phase I shear, 3.
shearing crush, 4. phase II grinding, and 5. tip crushing.
Buccal phase I wear facets correspond to Kay’s facets 1- 4 on the upper molars:
these form on the lingual faces of the paracone and metacone (Kay and Hiiemae 1974b).
This type of wear is associated with tough foods that are fibrous and flat, such as grasses.
Lingual phase I wear corresponds to facets 4 and 5 (on the lingual sides on the protocone
and hypocone). It is associated with food items that are soft and amorphous. Shearing
crush is essentially when a cusp tip is drawn along a trough, and it corresponds to part of
facet 1. Mammals with lots of shearing crush wear tend to feed on flatter foods (e.g.,
grass). Janis’ phase II wear corresponds to all phase II facets. This type of wear seems to
be associated with frugivory. Tip crushing is simply the enamel worn away by mortar
and pestle action in the puncture-crushing phase of mastication (Hiiemae and Kay 1972).
This type of wear seems to be caused by crushing of food that is hard and brittle but that
does not have “predetermined lines of weakness (as determined by the fibers in meat, or
in cellulose containing vegetation)” (Janis 1990a).
One limitation of Janis’ procedure is that wear areas are calculated in the occlusal
plane only. This is very likely to bias dietary inferences as certain feeding types (e.g.,
grazers) are characterized by very flat molars compared to other feeding types (e.g.,
insectivores).
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This method may show whether one species is more of a browser than another (or
more of a folivore) in a group of closely related species that have similar tooth
morphologies. However, the proportions of total wear represented by each of the five
wear types may not be comparable across distantly related taxa. Also, some facets may
function in more than one way during mastication. For example, the phase II facets are
used in crushing prior to centric occlusion and in grinding afterwards (Kay 1975b). Also,
Kay found that the area on a second lower molar that is devoted to grinding is not
significantly larger or smaller in primates of differing diets. This is also true of the length
of the grinding traverse of the hypoconid. Therefore, the sizes of areas for grinding and
crushing may not tell us anything significant about primate diets.
The greatest challenge to Janis’ method is the following. Many of these wear
types exist side by side with other wear types such that different ‘wear zones’ abut. I
think it would be very difficult to consistently identify one region as shearing crush as
opposed to, say, buccal phase I wear.
Other students have generally just described the molar wear facets in taxa of
differing diets and allowed the reader to draw his conclusions about their adaptive
significance (Maier 1984). Seligsohn and Szalay compared the wear facets of Lepilemur
and Hapalemur (Seligsohn and Szalay 1978). They found that the former has lots of
buccal and lingual wear, suggesting it emphases the horizontal point cutting of transverse
chewing. Hapalemur has lots of buccal wear and wear on the apices of cusps as well as
in basins, suggesting it emphases puncturing and crushing. The authors attributed these
adaptations to the material properties of leaves and bamboo stems respectively.
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However, it seems that the structural properties of these foods (thin sheets versus thick
sheets) probably play a role in the relative emphasis of transverse chewing and puncturecrushing.
One potential problem with all aforementioned wear facet studies is that the
muscles of mastication show little activity during Phase II of mastication (Hylander and
Crompton 1980; Wall et al. 2006). Because Phase II facets form as the teeth move apart,
they may be caused by the action of the jaw abductors (e.g., digastricus) rather than the
adductors (Kay and Hiiemae 1974b). The jaw abductors have not been tested for their
influence on Phase II facets.
I would like to propose another possible explanation of wear scratches on Phase II
facets: that they are ‘food escape’ structures that are formed during Phase I movement
(Figure 2.2). In this model, the Phase I facets slide along one another as the teeth
approach centric occlusion. As food is compressed between the Phase II facets, it is also
in tension parallel to the Phase II facets. As the food is pulled apart, it slides across the
Phase II facets producing scratches (if it is abrasive or is covered by abrasive grit). The
scratches will have a preferential lingual direction if the food bolus is prevented from
sliding labially by the presence of confining cusps on the labial side of the tooth (e.g.,
paracone, metacone, protoconid, and hypoconid). This model would explain the
scratches seen on Phase II facets in studies of dental microwear.
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Figure 2.2: One possible explanation for Phase II wear.
a, left molars in occlusion, viewed from posterior. Suppose that there is a gap between the
lingual cusps to allow food to escape. The solid black line represents Phase I facets, the dashed
line represents Phase II facets, the light gray circle is a bolus of food. b, the teeth approach,
assume that cusps confine the food labially. c, food is compressed between Phase II facets; Phase
II pits (semi-circles) and Phase I directional scratches (arrow) may form. d, while the food is
compressed, tensile stretching causes food particles to scratch across Phase II facets (thin white
lines). When the food stretches to contact the Phase I facets, it may cause pits (semi-circles). As
it reaches the Phase I facet on the upper molar (black semi-circle), it can expand no further in that
direction: it can only slide lingually, and the Phase II scratches will assume a preferentially
lingual course. e, the food will escape lingually and cause directional scratches on the Phase II
facets and on the lower lingual Phase I facets (arrows).
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2.4.1.2 Shearing Quotients

Kay found that the molar shearing blades are longer in insectivorous and
folivorous primates than in frugivorous ones (Anthony and Kay 1993; Kay 1975b, 1977).
This makes sense because chitinous insect cuticle and high-cellulose leaves are more
easily digested if they are cut up into small particles; this is much less true of fruit (Kay
and Sheine 1979; Moore and Sanson 1995; Sheine and Kay 1977). Also, insect cuticles
and leaves are tough and flat; therefore, they are more easily broken up when cut than
when crushed6.
In more recent work (Anthony and Kay 1993; Kay et al. 2004a; Kirk and Simons
2001), shear quotients (SQs) were calculated based on total m27 shear and estimated body
mass. These quotients are residuals from a least-squared regression line based on
relevant extant primates, where the logarithm of the sum of the lengths of the shearing
crests is plotted against the logarithm of the length of the molar (as a proxy for body
size). If the taxon of interest is a living primate, it is omitted from the regression for the
calculation of its SQ. If it is a fossil primate, it is compared with relevant samples of
extant primates.
Crompton and Sita-Lunsden (1970) described how shearing potential has
increased in several mammalian lineages by the development of additional shearing
crests. Butler (1973) and Kay (1977) made explicit the functional association between

6

If you do not believe me, try mowing the lawn with a hammer.

7
The m1 is used in platyrrhines because they lack the m3. Here there is an implicit argument of functional equivalence
in the platyrrhine m1 and the catarrhine and strepsirrhine m2.
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shearing crest length and insectivory/folivory. Shearing crests act like the blades of
scissors: a crest on a lower molar contacts a crest on the upper molar. These crests slide
along each other as the teeth come into occlusion. If the crests are straight and set at an
angle to each other, they contact at one point like scissors and the length of the crests
determines the length of the cut they make into food (see Figure 2.3a). If the crests are
concave toward each other, they may meet at two points that get closer together as the
teeth come into occlusion (see Figure 2.3b); in this case, the length of the crests still
determines the length of the cut, but there are two cuts that approach one another as the
teeth come together.
Reciprocally concave crests that contact at two points may be particularly good
for cutting food that is likely to flow under pressure. This is because the ends of blades
confine the food to the cutting surface (Butler 1973; Crompton and Sita-Lumsden 1970;
Kay 1977; Lucas 2004).
If the crests are set parallel to one another, then the cut is made at several points at
once, like garden shears or wire cutters (see Figure 2.3c); in this case, at least one crest
must be very sharp because the force of the blade is distributed along several points of
contact (less pressure).
There is a good functional association between shearing crest length and
breakdown of tough foods; there is also an empirical correlation between SQs and
insectivory/folivory. SQs may also be helpful in discriminating between frugivores and
hard-object feeders/graminivores. Slight modifications of this method have verified its
predictions in a variety of taxa including marsupials (Hogue 2004; Strait 1993b, 2001).
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Figure 2.3: Shapes of crests and cusps.
a, flat, obliquely set crests meet at one point of contact. b, reciprocally curved crests meet at two
points of contact (shaded). c, flat, parallel crests meet all along a surface. d, a sharp cusp with a
sharp tip penetrates and punches through material with little applied force (compared to e), but
friction occurs along the sides of the cusp (thin black lines). Much of the applied force is lost to
overcoming friction, reducing the amount of force that can be put toward storing crack energy
(Lucas 2004). e, a blunt cusp requires much force to penetrate, but cracks (thick black lines)
rather than deforms food. f, a blunt cusp with a sharp tip can penetrate foods (perhaps to cause
leakage) but may also cause fracture; unfortunately, this tip would be very vulnerable to fracture.
Modified from Crompton and Sita-Lumsden (1970) and from Lucas (2004).
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The main disadvantage of the shearing crest method is that its predictions are
somewhat vague with respect to dietary categories. However, this failing goes hand-inhand with the failing that dietary categories are themselves traditionally vague (Harding
1981). Another disadvantage of this method is that it is entirely sample dependent: the
predictions generated are based on the taxonomic and functional makeup of the sample
originally used to make the regression. This means that any time a new taxon (e.g., a
new fossil species) is examined using this method, it must be run with the original
dataset. This is, of course, true with any comparative method. This is not a major
difficulty. However, if the sample is a biased one (e.g., if most extinct primates were
more frugivorous than most extant ones), then the predictions generated by it will be
biased. This potential bias was addressed by (Kay and Ungar 1997) and used to explain
why a disproportionate number of Miocene hominoids appear to be frugivorous (based on
short molar crests). This bias is true of all methods of paleodietary inference that rely on
modern taxa and is a basic pitfall of uniformitarianism.
Strait attempted to refine predictions based on shearing crests by referring to the
material properties of insect bodies (Strait 1993b, 1997). Cracks propagate poorly though
insect cuticle, whether it be tough, stiff, strong, and brittle8 like the cuticle of adult
insects, or fragile, pliant, weak, and ductile like the cuticle of larvae.
The adult insect exoskeleton is a composite of chitin and protein. Chitin fibers
may be arranged randomly, in which case cracks are stopped at the chitin/protein

8

See Strait SG (1997) Tooth use and the physical properties of food. Evolutionary Anthropology 6:199-211 or Gordon
JE (1991) The New Science of Strong Materials, or Why You Don't Fall Through the Floor. Penguin Books, Londonfor
definitions of terms.
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interface. Sometimes, sheets of cuticle with a uniform fiber orientation will be laid down
on top of one another. In such cases, layers are often offset with respect to fiber
orientation and cracks are stopped at the interface between layers, much as in plywood
(Wainwright et al. 1982). A blade is good for breaking up tough materials because it
induces a crack along its length, regardless of the configuration of the food material; by
contrast, the crack induced by a point will follow lines of weakness in the material. The
adult exoskeleton is also brittle: once enough stress is directed toward forming a crack,
the material will fall to pieces.
The larval exoskeleton is fragile, so not much stress need be applied to form a
crack. However, it is ductile, so once it deforms, it does not necessarily fall to pieces.
Larval cuticle must be fractured over and over to break it into small particles.
In both cases, hard-bodied adult insects and soft-bodied larvae, a blade is useful
because complete fracture requires a lot of stress. In adult insects, there is a further
advantage to having short blades rather than long ones. This is because a short blade can
produce high pressure and cause catastrophic failure more quickly.
Strait demonstrated that small mammals that specialize on hard-bodied insects do
have shorter shearing crests than those that eat larvae, although both types of insectivores
have longer crests than do frugivores (Strait 1993b). Strait’s predictions were largely
based on Freeman’s conclusion that both carnivorous bats and those that eat soft-bodied
insects (like moths) have longer shearing crests, specifically the M3 premetacrista
(Freeman 1981, 1984). Freeman also observed that vertebrate muscle and soft-bodied
insects are similar in that they are both pliant, tough, ductile materials (Freeman 1984).
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Evans and Sanson (Evans and Sanson 1998) criticized Strait’s theoretical
framework. They suggested that crests do not always meet each other in parallel (like
garden shears), instead as mentioned earlier, crests most often meet at one or two points.
If two crests meet at a single point at any given time (like scissors), the pressure induced
by a crest does not depend on that crest’s length, rather it depends on the size of the point
of contact. Strait’s model holds only if the crests meet in parallel. These authors also
suggested that Strait’s model fails to consider the properties of the inside of the insect.
Improvements to Strait’s model could be made if those properties are considered.
2.4.1.3 Cusp Acuity

Shearing crests are not the only parts of the molar dentition that indicate function.
Evans and Sanson’s study is based on cusp morphology. In it, they examined the effects
of cusp sharpness and cusp tip sharpness on the amount of force it took to penetrate and
punch through insects. Based on predictions made in part by Lucas (1982), they
suggested that sharp cusp tips will require less force to puncture insect cuticle and that
sharp cusps will require less force to punch through whole insect bodies. Their
predictions were borne out by their experiment.
Cusp tip sharpness was measured as the radius of curvature at the tip of a cusp,
that is, the diameter of the largest circle that will fit in the tip (Lucas 1982; Yamashita
1998). This is essentially a measure of how much pressure a cusp can exert at a given
force (pressure = force / area of contact). Although sharp tips used less force to penetrate
both adult and larval cuticle, such tips are only useful when they are applied to a brittle
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material because the induced crack can actually shatter the material. Penetration of a
ductile material just makes a hole; it does not usually help to fracture the material into
smaller particles. In Evans and Sanson’s study, only the sharpest tips could penetrate
larval cuticle. The sharper the tip, the better it was at penetrating adult cuticle. This is
presumably because a sharp tip concentrates the force of a bite: it is a high pressure bite.
Evans and Sanson measured cusp sharpness as the volume or surface area of a
cusp at a given height. Here, the cusp is like a wedge: the wider the cusp, the more
material it must displace to punch through the insect, and the more force this process will
require. Evans and Sanson found that more voluminous cusps required more force (and
energy) to punch through insect bodies.
The results of Evans and Sanson’s study suggest that the cusps of insectivores
should be sharp and have sharp tips. However, sharp cusps are prone to breakage,
especially when the food is hard. Lucas suggested that mammals feeding on hard insects
might actually have blunter cusps to avoid breakage (Lucas 1982). Recently, Lucas has
suggested that sharp cusps are not very good at causing fast fracture in food (Lucas
2004). This is because they confine stress to such a small volume that plastic
deformation is more likely than cracking. Therefore, a sharp cusp is good for penetrating
a material and punching through it cleanly without causing fracture-like fragmentation,
even in a relatively brittle material (see Figure 2.3d). This is consistent with Evans’ and
Sanson’s observations because they looked only at punching, not at fracturing. Thus, it is
important to consider the external and internal properties of foods if the animal in
question processes both external and internal parts.
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Lucas suggested that a blunt cusp is better for fast fracture via crack propagation
because there is less friction between cusp surfaces and food surfaces (Lucas 2004).
Here, more force must be directed through the cusp, but fracture is more likely than
plastic deformation (see Figure 2.3e). Of course, a sharp point is always good for making
an initial penetration. Perhaps the best cusp shape for breaking up a brittle food is a blunt
cusp with a sharp tip (see Figure 2.3f). The sharp tip allows the cusp to make an initial
crack and the shape of the rest of the cusp promotes crack propagation. Unfortunately,
the sharp tip of such a cusp would be in constant danger of being blunted, and thus
rendered ineffective.
Predictions from Evans and Sanson’s study are as follows. Mammals that feed on
hard-bodied insects should have sharp cusps, but not too sharp. Those that feed on softbodied insects should also have sharp cusps, perhaps even sharper than the former.
However, if the body of the larva in question is truly ductile, a sharp point will do little to
fragment it; a blade is required to subdivide it.
Insect cuticle, even that of adults normally considered hard-bodied, may not be
truly brittle. Otherwise, a blunt cusp, as suggested by Lucas, would be better for
fragmenting it. Evans and Sanson did not test this because they did not look at fast
fracture. They showed that, whatever their material properties, beetles are best punctured
and penetrated by sharp cusps with sharp tips. Many insectivores may receive nutritional
benefits from simply punching holes through their prey. This is because much of the
nutritional value in an insect is in its insides. Therefore, fast fracture may be immaterial
in many cases of insectivory. Lucas’s model may be more appropriate with truly brittle
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substances including nutshells, unripe fruit mesocarp, and dried tree exudates. Either
way, the best tooth shape for breaking up insect cuticle is probably a blade.
Evans and Sanson did not test the effects of blades, though they theorize that long
blades will indeed fracture insects with great efficiency. They suggested that crests in
tribosphenic mammals penetrate food at an angle (Crompton and Sita-Lumsden 1970;
Strait 1993b). Therefore blade length is actually a reflection of cusp height and both
indicate an aptitude for deeper penetration into food items. Whether a crest is set at a
high or low angle to the surface of food depends on occlusal morphology, ingested bolus
shape and orientation of the teeth in space during the power stroke of mastication. These
factors are not constant for all tribosphenic mammals; therefore Evans and Sanson’s
assumption about crest to food orientation is perhaps premature. Some mammals possess
long, sharp crests with low cusps, but these are generally herbivores (e.g., rodents).
Evans and Sanson measured the force (and the energy) needed to penetrate and
punch through some food items. However, force may not be the variable of interest.
Certainly the force required for these biological events should not exceed the capacity of
the masticatory system, but a range of forces is probably tolerable. Perhaps of greater
interest would be the size distribution of particles resulting from a series of punching
events at a constant, realistic force (Perry 2001).
Evans and Sanson’s study rightly draws our attention to cusp morphology as an
indicator of diet. Cusps have been ignored in favor of crests, but measures of cusp
morphology should refine dietary inferences based on shearing crests. It would be
interesting to apply Strait’s logic about crest length to folivores: comparing those that eat
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immature leaves to those that eat mature leaves. Equally, it would be interesting to apply
Evans and Sanson’s method to frugivores: comparing those that eat soft fruit to those that
eat hard fruit.
2.4.1.4 Surface Relief

Several new methods have been developed for inferring diet from molar features.
Many of these rely on digital representations of molar crown surfaces and software that
was originally development for mapping landscapes (Geographic Information Software).
Ungar and M’Kirera developed a method whereby digitized molar crowns are
analyzed and the slope and angularity of occlusal surfaces are measured (Ungar and
M'Kirera 2003). These measurements are compared across primate species with known
diets. They found that average slope and angularity were greater for gorillas than for
common chimps, even at advanced stages of wear. This suggests, for one, that slope and
angularity might be adaptations for processing leaves in African great apes, and for two,
that this method can be used even on heavily worn teeth.
The mechanical explanation for the correlation of slope with diet given by Ungar
and M’Kirera is that steep occlusal surfaces will be more efficient for shearing – a
loading regime emphasized in primates that fracture tough foods (Kay 1975b, 1977; Kay
and Hiiemae 1974a). This relationship between the slopes of molar surfaces and diet is
probably a true mechanical relationship for some groups of mammals, though many
folivores, such as ungulates, rodents, and lagomorphs, are highly efficient at processing
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tough vegetation despite their low-angle occlusal surfaces. The most efficient slope must
depend on the angle of approach of the teeth during mastication.
A further complication is that species must be compared at the same wear stage.
In Ungar and M’Kirera’s sample, the slopes for gorillas are greater than those for
chimpanzees at similar wear stages, but for some cusps, the unworn chimpanzee teeth
have steeper slopes than the worn gorilla teeth (Ungar and M'Kirera 2003). Comparing
worn teeth to unworn teeth might give erroneous results, just as for methods that use
shearing crests.
The mechanical explanation for the correlation of occlusal angularity with diet is
that angularity is a measure of the jaggedness of a tooth surface, and this corresponds to
the serrations on a knife. This assumes that the surfaces in question are passing across
one another with the food in between. However, this method does not distinguish
between surfaces that participate in Phase I of mastication and Phase II surfaces.
Furthermore, angularity is probably not always related to the act of cutting. In fact, some
of the most distinguishable hallmarks of frugivory are highly angular. These are the
crenulations seen in the molar basins of many extant frugivores; these are particularly
obvious in the molars of orangutans, for example (see note on frugivores, below). These
crenulations are a network of ridges and valleys that most likely work in the manner of a
juicer. The ridges put pressure on liquid-filled chambers of fruit, bursting them open.
The valleys act to channel the incompressible fluid away from the tooth surface and into
the buccal cavity. Any primate whose molars have these crenulations would be
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reconstructed as a folivore using the angularity criterion (e.g., Pondaungia, a fossil
primate that clearly was not a folivore (Kay et al. 2004a)).
A simpler method uses the ratio of three-dimension crown relief to the twodimension crown area (in the occlusal plane) (M'Kirera and Ungar 2003). The resulting
relief index is correlated with folivory in the same gorilla – chimpanzee comparison.
This method has also been applied to a wide range of primates, extant and extinct (Boyer
2007). The results closely mirror the pattern of shearing quotients: folivores and
insectivores have high relief, frugivores have low relief, and “omnivores” are somewhere
in between. One virtue of this method is that the user does not need to determine
homology of dental features. However, that is also a conceptual flaw. This method does
not distinguish between tooth surfaces that are likely to contact food and those that are
not, although the contacting surfaces are the only ones that matter to dietary adaptation.
One strength of the shearing quotient method is that the measured features were
specifically chosen for their supposed importance in mastication.
Another virtue of the relief index method is that the data themselves are not
referenced to a particular sample: a problem with the shearing quotient method is that any
time you introduce a new datum point into your reference sample, the prediction equation
changes. However, the boundaries given to the prediction categories ‘frugivore’,
‘folivore’, ‘insectivore’, and ‘omnivore’ are themselves sample-dependent. So again, we
have not advanced beyond the shearing quotient method. In fact the SQ method could be
rearranged along the same lines as the relief index method: the ratio of total shearing
crest lengths to m2 length could be plotted out for extant primates in order to establish
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dietary categories; then the ratios for fossil taxa could be compared to the extant dietary
categories.
Another method that uses digital representations of teeth and GIS models is that
of Evans and colleagues (Evans et al. 2007). They digitized teeth and fitted a contour
map to the occlusal surfaces. The occlusal surface was divided into patches that are
oriented differently and patches that are at different heights on the topographic map.
They found that herbivores have more patches than do carnivores, among both rodents
and carnivorans.
This method has many of the same strengths and weaknesses as the relief index,
angularity index, and slope index. It is homology-free, such that widely divergent taxa
can be compared. In fact, it is more homology-free than the other methods because it
examines the entire chewing battery rather than single teeth. However, it does not
distinguish between surfaces that participate in mastication and those that do not. Also, it
would be difficult to distinguish folivores from frugivores because of the crenulation
problem described above for the angulation index.
Methods such as these use a great deal of technological sophistication, but they
would benefit from greater biological refinement. Although their dietary correlations are
strong, there are flaws in the mechanical explanations for them. Studies of the occlusal
surfaces and how they interact in models (Crompton and Sita-Lumsden 1970; Evans and
Sanson 2006) and in life (Crompton and Hiiemae 1970; Kay and Hiiemae 1974b) should
be used to refine digital methods for reconstructing diet from teeth.
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2.4.1.5 Summary

Inference of diet or masticatory behavior can stem from a variety of methods that
examine adaptations of the molars. The wear facets (and scratches on them) are useful
indicators of the direction of movement during oral behavior (mostly mastication).
However, these provide only the plane of tooth movement (e.g., north-south), not the
direction (e.g., north) (Covert and Kay 1981). Therefore, wear facets must be used
together with other methods to infer movement of the teeth. Wear facets may provide
some clues to diet, particularly if different diets demand different movements of the teeth.
As yet, methods that relate wear facet morphology to diet (e.g., that of Janis) have limited
applicability and may not be replicable.
Shearing crest lengths are reliable indicators of diet, at least with respect to broad
dietary categories. This is because long blades are effective at breaking down tough,
fibrous foods. Despite the reliability of this method, crests probably function in different
ways depending on their orientation: a ‘tall’ crest may function differently than a ‘long’
crest (Evans and Sanson 1998). This method would benefit from a more precise
definition of dietary categories that is explicit with regard to the material properties of
food. It will always be limited by the appropriateness of available extant analogs for the
extinct taxa of interest.
Analysis of cusp shape should prove very useful in complementing studies of
shearing crests. However, understanding of the material properties of food is requisite to
understanding the functional significance of cusp shape. Whether a food is truly brittle or
ductile may tell us what shape of cusp will fracture it best. Whether a cusp is likely to
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cause plastic deformation or brittle fracture may tell us something about the food material
to which it is adapted.
Molar morphology is complex. Analysis of the molar function should make
reference to more than one molar feature. Shearing crests can tell us a lot, but
presumably a long crest on a tall, thin cusp functions differently from a long crest on a
short, flat cusp. I advocate marrying shearing analysis with cusp shape analysis to infer
diet. By indicating the plane of movement of the teeth during mastication, wear facet
analysis may help to support or refute dietary hypotheses generated by this dual
approach. It is clear that although many sophisticated techniques exist for inferring diet
from tooth morphology, we still lack a picture of how individual surfaces interact during
mastication, and what we do know about these interactions is not always used to inform
inference techniques.
2.4.1.6 Special Note on Frugivores

It may be inferred from the above discussion that frugivores simply have reduced
molar features. However, primates that specialize on soft fruits do have some notable
molar specializations. For example, many frugivorous bats have a series of sharp cusps
on the buccal side of the upper molars. These are used to bite off a chunk of fruit.
Freeman likened this to a serrated knife cutting into a tomato without squeezing out all
the juices; presumably the bat wishes to ingest the juices rather than spill them (Freeman
1988). This feature would be of greatest use to an animal that is biting off a chunk of
fruit when the fruit is outside of the animal’s oral cavity. Extraoral fruit cutting probably
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occurs most often when the size of the whole fruit is great compared to the size of the
animal’s mouth. Similar features may be present in the incisors of frugivorous primates,
particularly in small primates that consume large fruits.
Frugivores also tend to have wide blunt cusps that fit into wider basins. Crests
often rim these basins. These crests are homologous with the shearing crests of
insectivores and folivores. As Lucas and Luke explained, the purpose of the basin is to
contain the fruit pulp while the pestle-like cusp breaks up cell walls expressing juice
(Lucas and Luke 1984). The incompressible juice must escape; this is only possible if the
basin is larger than the cusp. Also, the molars of frugivores may have special grooves
that allow liquid to escape from the basin, for example, the groove anterior to the
entoconid in some primates.
Frugivores that specialize on hard or unripe fruits may have molar features that
reflect the breakdown of hard, brittle foods. Some of these are blunt cusps, thick enamel,
and molar wear pits (Gordon 1982; Kay 1980; Lucas 2004). Also, the morphology of the
anterior teeth can be used to identify frugivores, as addressed in the next section.

2.4.2 Anterior Teeth
The incisors and canines of primates have sometimes been used as indicators of
oral behavior and diet. In general, primate folivores have small, narrow incisors and
frugivores tend to have large, wide incisors (Hylander 1975b; Kay and Hylander 1978).
This is presumably because leaves require less incisal preparation than fruits: leaves are
cropped and then relegated to the postcanine dentition. Frugivores often pluck fruit with
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their incisors, bite off manageable chunks, or use the incisors to scoop out fleshy fruit
material (Anapol and Lee 1994). Incisors shaped like wedges would be good for dividing
fruit, and incisors shaped like scoops would be good for scooping out ripe fruit. Primates
that eat small fruits such as berries may get away with having small incisors, as these
food items require little incisal preparation (Hylander 1975b).
This correlation of incisor size with diet is much more apparent in anthropoids
than in strepsirrhines (Eaglen 1986; Kay and Hylander 1978). This is probably because
of the variety of activities that the latter perform with the mouth relative to the former.
Strepsirrhines groom with a modified set of lower incisors, whereas anthropoids normally
groom with the hands (Rosenberger and Strasser 1985). Strepsirrhines also perform
many extractive behaviors with the mouth, while anthropoids may use the hands for the
same activities. This is the main difficulty in using anterior teeth to draw inferences
about oral behavior: in many instances, a given activity can be performed with either the
mouth or the hands or feet. In fossil taxa, we will not know whether, for example, the
incisors are small because the animal ate leaves or because it prepared fruit with the
hands rather than the mouth.
Moreover, toothcombed strepsirrhines tend to ingest most foods (especially harder
foods) at the side of the mouth, using the anterior premolars in a mechanism described as
‘ingestion by mastication’ (Hiiemae and Kay 1972; Perry and Hartstone-Rose in review;
Yamashita 2003). Therefore, one might expect the anterior premolars – rather than the
incisors - of tooth-combed strepsirrhines to reflect adaptation to ingestion.
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Maier suggested that the anterior teeth might be better indicators of diet9 than the
posterior ones because they are more directly correlated with the gross structure of food
(Maier 1984). This, of course, presupposes that we will best recognize dietary elements
from their structural properties. If the anterior teeth are adapted to food structure, then
the posterior teeth are adapted to the material properties of food (or more colloquially,
food consistency). The structure of food can only tell us so much about diet. We might
recognize a dietary element as ‘big and flat-sided’ based on the incisors, but the molars
can tell us whether the food was fibrous and tough or homogeneous and pliant.
Furthermore, incisors are fairly simply shaped: compared to the molars, there are few
features whose variation can be used as a signal for diet.
Long, pointed incisors may be a signal of insectivory. For example, the
caniniform incisors of tarsiers are probably adapted for delivering killing bites to
captured prey (Jablonski and Crompton 1994).
Gingerich argued that stout, spatulate incisors (as seen in Adapis parisiensis) may
be an adaptation for harvesting resin or bark from tree trunks, specialization of which led
to the condition seen in living lemurs like Phaner (Gingerich 1975). He also said that the
incisors of A. parisiensis are very much like those of anthropoids10, yet he did not say
why most anthropoids fail to use their incisors for harvesting gum and bark. Mere
incorporation of the canine into the incisor row does not justify this dietary inference for

9

This is because the anterior teeth must take a food item of a particular structure and transform it into a bolus for
chewing.

10

In fact, this is a character used by some to group adapids with anthropoids phylogenetically.
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Adapis. Perhaps because adapids11 have incisors that look like those of some
anthropoids, adapids used their incisors similarly. This suggests that Adapis used its
incisors to crop vegetation.
Anapol and Lee measured several traits in a sample of platyrrhines to examine
correlations between morphology and diet (Anapol and Lee 1994). They found that the
length of the incisor tooth row (mesial to distal) was greater in both frugivores and
faunivores than in folivores. They were unable to distinguish between consumers of fruit
and consumers of fruit and fauna based on the incisors. They also estimated canine
cross-sectional area and found that seed-eaters and faunivores have stout canines whereas
folivores have small canines. This study is excellent because it combines several
different measures that might be useful in inferring diet. Its main drawback is that it
examines only a narrow sample of primates. For example, the pitheciines are the main
evidence for the correlation between seed-eating and stout canines; some of these
primates eat very hard seeds – harder than is generally true of primates. In a different
sample of primates, very different correlations might show up. Furthermore, the roles of
social behavior and manual preparation of food in determining canine and incisor size
were not considered. In primates especially, dietary inferences based on canines will
always be confounded by the influences of social behavior and sexual dimorphism. The
latter can be studied in fossil taxa known from many specimens (Gingerich 1981;

11

For a brief overview of adapiform systematic, see the previous chapter or Chapter 7.

59

Krishtalka et al. 1991), but the former will always be problematic for fossils (Plavcan
2002).
The morphology of the anterior dentition may signal ingestive behaviors; it
signals diet only in as much as ingestive behavior correlates with diet. Incisors may be
adapted to cropping, wedging, slicing, piercing, scooping, etc. However, the dietary
signal inherent in these ingestive behaviors has not always been clear. Perhaps a lack of
careful quantification of the structural properties of primate foods is to blame. For
example, is a low angle wedge more effective at dividing a particular fruit into bite-sized
chunks or is a sharp blade better? The answer likely depends on the size and morphology
of the consumer (as does ‘bite-size’). This is analogous to how the lack of information
on the material properties of food has led to disagreement as to the functions of crests and
cusps.

2.5 Inferring Diets of Extinct Taxa: Nonadaptive Methods
In addition to evidence that requires us to assume adaptation, there is also direct
evidence of diet in fossil primates. Ungar calls these ‘nonadaptive signals’ (Ungar 2002).
They include degree of wear, dietary wear traits, phytoliths, stable isotopes in hard
tissues, and gut contents. I will discuss these briefly. Chemical analyses to infer diet are
described extensively in the literature, but I will not discuss them in detail. Instead, I
refer the reader to Sillen and Kavanagh (1991) and to Schoeninger et al. (1997).
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2.5.1 Dietary Wear
Different diets tend to cause different kinds and different degrees of macroscopic
and microscopic wear on teeth. Many mammals that feed on very tough, fibrous foods
have ever-growing teeth and their teeth wear down very rapidly (e.g., rodents,
lagomorphs, perissodactyls). Within primates this phenomenon is restricted to the
incisors of Daubentonia (Lucas 2004). Many mammals, particularly ungulates, exploit
wear as a means of keeping their teeth sharp.
Gritty material in the diet can also lead to wear. If the grit encounters the enamel
during crushing, it can leave prominent pitting on the molars. This is most often
observed in the context of frugivory or seed eating. If grit encounters the enamel during
grinding, it can leaves prominent scratches on the grinding facets. This is common to
folivory. This pattern of correlation between dental wear and diet has been verified
against several living and fossil primates and other mammals (Gordon 1982; Gordon and
Walker 1983; Grine 1986; Teaford and Walker 1984; Walker et al. 1978).
Strait found that small-bodied faunivorous primates and microchiropterans exhibit
very high pit frequencies on their molars (Strait 1993a). This frequency is comparable to
that seen in primate frugivores and is much greater than in folivores. This allows a
means other than size to discriminate folivores from insectivores. She further reported
that hard-object insectivores have more pits than soft-object insectivores.
One problem with dietary wear analysis is that it is difficult to discriminate
between some of the features involved (pits versus scratches). Furthermore, it can be
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physically difficult to isolate and keep track of these features. Some advance has been
made with the application of Fourier analysis (Grine and Kay 1988; Kay 1987).
Another problem recognized early was that dietary dental wear would only ever
represent the food items eaten just prior to sampling (death, in a fossil) (Walker et al.
1978). This is a problem for primates because primates can be very seasonal in their
dietary choices (Harding 1981). Examining fossil species that are represented by several
individuals can ameliorate the situation. However, the wear incurred just before death
may not represent diet very well at all if that diet was associated with the cause of death.
For example, drought may cause mammals to eat different foods and it may cause them
to die at high frequencies (Solounias et al. 1995). Experiments on tooth wear suggest that
patterns may be obliterated in a matter of days (Teaford and Oyen 1989). These
disadvantages suggest that studies of dietary tooth wear always should be checked against
other means of inferring diet.

2.5.2 Phytoliths
Opal phytoliths have also contributed to the field of paleodietary reconstruction.
As plants grow, many of them take up dissolved silica from ground water, which is then
precipitated within the plant. These phytoliths can end up pressed into the enamel of an
herbivore. Based on phytoliths implanted in the teeth of fossil primates, e.g.,
Gigantopithecus, it has been possible to identify to family level the plants consumed
(Ciochon et al. 1990; Gügel et al. 2001). This method still lacks refinement, as many
phytolith forms are common to several plant families. G. blacki may have eaten bamboo
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(Daegling and Grine 1994). Although monocot phytoliths were identified on the teeth of
this animal, it was not possible to tell if these are from bamboo (Ciochon et al. 1990).
Phytoliths were recognized as possible causes of scratches on wear facets (Walker
et al. 1978). Phytoliths are present in fruiting bodies as well as structural plant parts.
Therefore, scratches may be signs of frugivory as much as of folivory.
Recently, doubt has been cast on the ability of phytoliths to produce wear on
mammalian molars (Sanson et al., 2006). This is because phytoliths are often softer than
enamel. Much of the wear previously attributed to phytoliths may actually be due to
exogenous grit adhering to food (Sanson et al. 2006). Much of the grit in soils is
probably silica that has a hardness of seven on Moh’s scale, whereas the hydroxyapatite
of enamel is roughly a five. Other potential sources of exogenous grit are ash from
volcanic eruptions and dust in the forest canopy (Ungar et al. 1995).

2.5.3 Gut Content
In cases of extraordinary preservation, soft parts, including gut contents may be
preserved. This is an important means of dietary assessment in fossil fish (Wilson 1987).
I know of only one instance of gut contents preserved in a fossil primate (Franzen and
Wilde 2003). This is a specimen of Godinotia neglecta from the Messel oil shales of
Germany. The gut region contains a seed coat and fragments of leaves. There are no
fragments of chitin, though chitin is often preserved at Messel. Gut content is an ideal
signal of diet in fossil primates; unfortunately, such preservation is very rare.
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2.5.4 Summary
Even used in isolation, nonadaptive signals are great means to infer diet reliably.
However, they suffer from two major drawbacks. They are rare in some cases (e.g.,
phytoliths and gut content). They also represent diet for only the short period prior to the
animal’s death. This may be a biased reflection of diet. Such a bias can be corrected by
examining several individuals in a species, but this may be impossible for rare signals
such as gut content. At most, nonadaptive signals are indicative of diet only within the
lifetime of a single animal – they do not necessarily reflect the course of adaptation over
generations. Nonadaptive signals should be used to supplement the adaptive methods
already discussed, but inferences based on the former cannot be used to refute those
based on the latter. If a folivorous diet is inferred via adaptive methods, the discovery of
fruit parts in the gut will not serve as a refutation of the former dietary inference. Perhaps
this animal died trying to digest the fruit.

2.6 Inferring Diet from Craniomandibular Morphology
The teeth are in direct contact with the food, therefore any study of diet is
incomplete without them. However, any study of teeth and diet that does not refer to the
jaws, skull, and chewing muscles is like “an attempt to understand the shapes of the
blades of chisels, axes, saws and planes without examining the handles of these tools and
the ways in which they are moved” (Smith and Savage 1959). In the earlier analogy of
the hammer that is used to drive in the nail, I mentioned that it is very difficult to predict
the action of driving in a nail if all you have is the shape of the hammer’s head. The
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situation is greatly improved if you know the shape of the hammer’s handle (like the
shape of the jaws) and if you know how it was moved (like the action of the chewing
muscles).
In this section, I describe some of the different ways that people have attempted to
understand the relationship between diet and the morphology of the nondental parts of the
skull. Many of these studies are simply observations on correlations, but others are
explicit tests of a hypothesis of correlation between diet and morphology. So many such
studies exist that a proper summary would be overly long, so I am presenting a few key
examples that are most relevant to my study of strepsirrhine chewing muscles.
The jaws and the parts of the skull associated with the muscles of mastication are
shaped by generations of evolution by natural selection, but they are also shaped during
the course of a primate’s lifetime. For example, removal of the temporalis muscle causes
failure of normal coronoid process development (Spyropoulos 1977; Washburn 1947).
Formation of normal mandibular and cranial morphology depends to a certain extent on
normal development of masticatory muscles (Gaspard and Prosperi 1983). Corruccini
and Beecher found that squirrel monkeys raised on hard foods have wider dental arches
than those raised on soft food (Corruccini and Beecher 1982). It is clear that there is a
strong causal relationship between the muscles of mastication and the skull. It is
important, however, to keep in mind the distinction between modification and adaptation.
The use of ablation studies to explain the evolution of structures like the coronoid
process and the angular process are simply metaphors for how these structures may have
evolved. To show that when normal foods are replaced with hard foods, an animal
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develops bigger chewing muscle does not explain the difference in chewing muscle size
between animals that naturally eat soft foods and those that naturally eat hard foods.
Nevertheless, studies of development provide important hypotheses for understanding
evolutionary changes.

2.6.1 Gross Morphology
The shape of the lower jaw is sometimes used as an indicator of diet. Deep12,
robust jaws are often inferred as adaptations for resisting the forces that come with
having a diet of hard, tough, or generally resistant foods (Bargo 2001; Hylander 1979a).
A deep jaw is better able to withstand compression/tension during parasagittal bending.
Smith and Savage argued that jaw corpus dimensions in carnivores reflect how
much the prey animal struggles (Smith and Savage 1959). Hylander found that jaw depth
in the molar region appear to be a means of countering a bending force that tends to pull
up on the molar region of the balancing side of the jaw (Hylander 1979a). An increase in
the balancing side contribution will increase the bending force. Depth in this part of the
jaw also helps to counter twisting along the long axis of the working side. Twisting
occurs because the masseter and temporalis13 will tend to evert the lower border of the
jaw at a posterior point, while the resistance provided by food and the upper teeth will

12

The depth of a lower jaw is also affected by the length of the tooth roots. Long tooth roots themselves might be
signals of diet Spencer MA (2003) Tooth-root form and function in platyrrhine seed-eaters. American Journal of
Physical Anthropology 122:325-335.

13

As a whole, the temporalis will probably have a very small twisting moment because the deep temporalis fibers insert
on the medial aspect of the ramus, just dorsal to those of the medial pterygoid, and likely counteract the everting
moment of the superficial temporalis fibers.

66

tend to invert the lower border at a more anterior point. An increase in muscle force and
an increase in the transverse component of mastication will therefore increase twisting.
Another way to increase twisting would be to bite on the teeth that are situated most
laterally (i.e., at a greater perpendicular distance from the neutral axis of twisting within
the mandibular corpus) (Hylander 1979a). The behavioral signal then, is as follows:
primates that have deep jaws in the molar region are either receiving much contribution
from the balancing side muscles or they are adapted to resisting twisting and bending on
the working side. Furthermore, they may have very transversely oriented bite forces.
These inferences generally point to breakdown of tough foods such as leaves, which
require much transverse movement in chewing, as they are planar. Hylander also
suggested that folivory puts high strain on the mandible as it requires repetitive chewing
which might cause stress fractures (Hylander 1979a). The degree to which skull
morphology and chewing muscle morphology are determined by high bite forces versus
many repetitions is unknown. Though jaw corpus morphology may be suggestive of diet,
there is considerable overlap in corpus morphology between primates that eat different
foods (Kay et al. 2004a).
Another means of resisting twisting about the long axis of the working side
mandible would be to increase the contribution to mastication of the medial pterygoid
muscle relative to that of the masseter. The line of action of this muscle would tend to
invert the lower border of the mandible, counteracting the tendency of the masseter and
superficial temporalis. However, the medial pterygoid is not well-studied. Without an
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understanding of the relative contributions of the masticatory muscles, wrong inferences
could be drawn from studies of mandibular shape.
In a broad comparison of herbivores and carnivores, Maynard Smith and Savage
found that herbivores emphasize the masseter and medial pterygoid muscles, whereas
carnivores emphasize the temporalis (Smith and Savage 1959). This was later echoed
and broadened to other mammalian groups by Turnbull (1970). The mechanical
advantage of the masseter and medial pterygoid is greater in herbivores as they have a
high condyle relative to the lower tooth row (see Figure 2.4a,b). The mechanical
advantage of the temporalis is greater in carnivores as they have a low condyle and a high
coronoid process. These authors postulate that the masseter and pterygoid are mainly
used for chewing in herbivores and that these muscles are more efficient at doing so than
is the temporalis. By contrast, the temporalis muscle is well situated to counteract the
forces caused by struggling prey that might dislocate the jaws of a carnivore. Herbivores
retain the temporalis to keep the condyles from slipping forward as the masseter and
medial pterygoid perform chewing functions. Carnivores retain the masseter and medial
pterygoid to avoid dislocation of the condyle and to keep the upper and lower carnassial
blades together as they cut. Although this study is very simplistic, particularly when
considering the many mammals that are neither hypercarnivores nor hyperherbivores, the
general pattern holds. There are, however, other explanations for these patterns
(Arendsen de Wolff-Exalto 1951a, b; Greaves 1974).
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Figure 2.4: Effects of the position of the mandibular condyle.
a, the lever arm of the temporalis is long when the coronoid process is high and the condyle low.
b, the lever arm of the temporalis is shortened and that of the masseter (and medial pterygoid) is
lengthened when the condyle is raised. c through f, when m and n are of similar length, the tooth
rows meet at several points of contact at once; when m and n are different, the tooth rows meet at
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one point at a time and masticatory pressure at that point is high. a and b modified from Maynard
Smith and Savage 1959; c through f modified from Greaves 1974. c resembles the condition of
carnivorans; d is the condition of many bats (e.g., Pteropus), colugos, and bears; e resembles
ungulates. f is hypothetical: the anterior teeth would meet first and prevent the posterior ones
from ever making contact. The jaws of some tupaiids are configured like the model in f, but the
occlusal plane is curved: the more anterior premolars are raised above the plane of the molars.
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2.6.2 The Mandibular Condyle
Arendsen de Wolff-Exalto hypothesized that the height of the mandibular condyle
above the lower tooth row correlates with diet (Arendsen de Wolff-Exalto 1951a, b). She
observed that a high condyle (as in Figure 2.4e) allows the teeth along a tooth row to
occlude nearly simultaneously. Many herbivores possess this kind of occlusion. By
contrast many carnivores possess low condyles and the teeth meet at a single point of
contact during occlusion, and the point of contact moves forward along the tooth row as
occlusion progresses. The bite pressure for any given bite force is low in the herbivore
model because the force is distributed over a greater area of contact. Even though the
bite pressure is low in a herbivore, the many points of contact allow for many
simultaneous food fragmentation events – this is particularly useful when processing a
tough material like leaves. Additionally, when all the teeth occlude at the same time, it is
possible to move the lower teeth transversely across the upper teeth, another important
feature of the way herbivores chew.
Arendsen de Wolff-Exalto found that carnivorans have low condyles and
ungulates have high condyles. However, many rodents have lower condyled than
similar-sized insectivorans. She hypothesized that rodents were an exception to the rule
that herbivores have high condyles because rodents possess an anteroposterior chewing
stroke that is facilitated by the possession of low condyles. Greaves later clarified that it
is not so much the height of the condyle that determines whether or not the teeth occlude
simultaneously, but the difference between condyle height (above the lower tooth row)
and glenoid fossa height (above the upper tooth row) (Greaves 1974)
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Greaves noted that if the difference in height between the glenoid fossa and the
upper tooth row is equal to that between the condyle and the lower tooth row (measured
perpendicular to the occlusal plane in each case), then the tooth rows are like blades that
meet in parallel, like in tile snips or pliers (see Figure 2.4c-f). If these height differences
are not equal, as in many carnivores, then the tooth rows are like blades that meet at one
point of contact (like scissors). The former allows for transverse chewing motions,
whereas the latter allows for high pressure at a single bite point at a time. Rodents have
low condyles, but they also have low glenoid fossae.
Greaves further explained that the condyle is generally above the upper tooth row,
in a position that puts it in the occlusal plane of the teeth on the opposite side of the
mouth (Greaves 1980). He explained that the vector for the working-side masseter can
be broken into an orthal component (normal to the occlusal plane) and a transverse
component (parallel to the occlusal plane). If the transverse component acts to move the
lower jaw laterally, then the working side masseter – to some degree - actually hinders
the power stroke of mastication. It is much better for the transverse component to move
the lower jaw medially.
The advantage of having the opposite condyle in the occlusal plane (or higher) is
that the vector of the masseter muscle must be oriented very laterally (to what is probably
an unrealistic degree) to produce a transverse component that is oriented laterally.
Greaves argues that the high position of the mandibular condyle in many mammals is an
adaptation that prevents this undesirable vector orientation. Greaves based this on a
study by Becht that suggested all muscles move the teeth medially rather than laterally
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due to the incline of the occlusal surface and the muscle vectors (Becht 1953). Of course,
this need not be the case.
Greaves’ model is somewhat simplistic. The occlusal plane is not always inclined
in such a fashion, in carnivores for example. Becht’s occlusal observations regarded
ungulates only. Even if the condyle is low, lateral slippage along the occlusal surface
could be prevented if the masseter were positioned differently or if emphasis on the
medial pterygoid were increased.
Greaves’ model also fails to account for dental morphology. The shapes of the
teeth themselves will affect how many contact points are achieved at a time.
The morphology of the mandibular condyle is itself a clue to oral behavior. The
condyle of carnivores tends to be transversely elongate. In many felids and canids, the
morphology of the glenoid fossa limits condylar movement anteriorly and posteriorly as
there is a postglenoid process and a preglenoid process. This forces the condyle to act
like a simple hinge and limits transverse excursions of the mandible (also limited by the
teeth).
The condyle tends to be rounder and freer in herbivores, allowing for greater
transverse displacement. In rodents and multituberculates, and to some degree in
primates, the condyle is free to move in the anterior/posterior plane (Hiiemae and Adran
1968; Krause 1982). The closing stroke of rodents includes an anterior component while
that of multituberculates is thought to have included a posterior component (Krause 1982;
Wall and Krause 1992). A similar retractive stroke was postulated for Triassic to Jurassic
tritylodontid cynodonts (Kühne 1956).
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Wall noted that the articular surface of the condyle is expanded posteriorly in
several extant and extinct strepsirrhines and many ungulates (Wall 1997). This
observation was made by Tattersall and Schwartz (1974) for Megaladapis. This feature
is related to contact between the condyle and the postglenoid process. To determine
whether the presence of the posterior expansion is correlated with some form of ingestion
or with some form of mastication, Wall tested the strength of the association between the
posterior expansion and these behaviors in primates and ungulates. She found that mode
of ingestion is not significantly correlated with presence of the posterior expansion. This
is supported by a study that concludes condyle shape relates to loading patterns during
mastication, not those during incision (Vinyard 1999). Among primates, the posterior
expansion of the mandibular condyle is associated with folivory (Wall 1997). Wall
further found a strong association between symphyseal fusion and the posterior
expansion. Symphyseal fusion may be related to folivory in these primates as a means of
resisting lateral transverse bending of the mandible that would occur during transverse
chewing (see below). Wall inferred several independent origins of the association
between herbivory and the posterior expansion in strepsirrhines. By Kay and Cartmill’s
procedure for identifying adaptations, these incidences of convergence increase our
confidence that this association is a true case of adaptation (Kay and Cartmill 1977).

2.6.3 Some Mammalian Case Studies
In a study on the feeding adaptations of molossid bats, Freeman found two
extremes of craniomandibular adaptation (Freeman 1979). She related these extremes to
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Olson’s dichotomy for lower vertebrates: the kinetic-inertial system and the static
pressure system (Olson 1961). Kinetic-inertial feeders emphasize a rapid killing stroke at
the beginning of mastication and are marked by a long, slender dentary that has a small
coronoid process and bears small masticatory muscle scars. Static pressure feeders
emphasize a slow, high pressure closing of the jaws at the onset of mastication and are
characterized by a large coronoid process, extensive scars for the masticatory muscles,
and large posterior adductor muscles. Freeman found that her two groups of molossids
fit these two systems. She further predicted that the former group would be good at
breaking up soft-bodied insects such as moths and that the latter would be good at
breaking up hard-bodied insects like beetles.
In a taxonomically wider study, Freeman found that bats that eat hard-bodied
insects have robust jaws, large molars, and large canines (Freeman 1981). Carnivorous
bats are similar to soft-insect-feeders in craniomandibular morphology (Freeman 1984).
In a study comparing frugivores and insectivores, the only cranial characters that could be
attributed to frugivores were greater palatal breadth and shorter rostrum (Freeman 1988).
These characteristics may be helpful in identifying diet in primates – an order that
exploits a similar array of food types.
The major difficulty with making dietary inferences based on skull shape in bats
is that there are other influences on skull shape. The major one in bats is the means by
which they echolocate. Whether this is done via pulses from the mouth or nose has an
influence on head shape. In primates, other considerations are pertinent, such as use of
the senses, social signaling, and brain size.
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Solounias and colleagues compared the craniomandibular morphology of ungulate
browsers and grazers (Solounias and Dawson-Saunders 1988; Solounias et al. 1995).
They found that two features confidently sort browsers from grazers. The best of these is
that in grazers, the tendon of origin of the superficial masseter leaves a prominent bony
tubercle on the anterior end of the zygomatic arch. Elsewhere, this has been called the
‘zygomatic point’(Cordell 1991). Another distinguishing feature of grazers is a
prominent ridge on the underside of the zygomatic arch that marks the origin of the
zygomaticomandibularis muscle. Presumably the prominence of these bony features of
attachment suggests that these muscles were loading the bone repeatedly and/or strongly.
Although strict grazers probably do not exist among living primates (possibly
Theropithecus), these features may help to sort out specialized types of primate
herbivores.
In a sample of platyrrhines, Anapol and Lee found that a variety of
craniomandibular characters correlate with diet (Anapol and Lee 1994). Faunivores tend
to have long temporalis lever arms, short masseter lever arms, and mandibular corpora
that are shallow at the level of m1. Folivores have short temporalis lever arms and high
condyles. Seed predators have deep mandibles at the symphysis and at m1. Frugivores
have shallow mandibles at both points. Unfortunately, this sample is quite small.
However, the results regarding the height of the condyle and the masseter and temporalis
leverage confirm theoretical predictions (Smith and Savage 1959).
In a comparison of various species of galagos, Cordell reported a diet-based trend
in some craniomandibular characters (Cordell 1991). She found that gummivores have
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shallow mandibles, low mandibular condyles, and closely spaced right and left superior
temporal lines (indicating large superficial temporalis muscles). Frugivorous galagos
have high mandibular condyles and widely spaced superficial temporal lines.
Insectivores also have widely spaced superficial temporal lines, but they have low
condyles. These results are tantalizing and could certainly be applied to other primate
groups. The main drawback of Cordell’s study is that the dietary categories are very
vague: most of the galagos in her study draw from a wide variety of foods and it is hard
to see which food influences morphology the most. For example, the large temporalis
muscles of the gummivorous galagos may not be adapted to eating (procuring or
chewing) gum; they could be adapted to eating the insects or fruit that supplement the
gummivorous diet. More studies of this nature are required, coupled with greater
precision in the categorization of diet. Another criticism is the same as for Anapol and
Lee’s study: the sample size is small and taxonomically narrow. The dietary habits of the
group may bias the functional correlations.
In a study of craniomandibular morphology in gouging and nongouging primates,
Vinyard and colleagues (2003) tested a number of hypotheses reported in the literature.
Of the many measurements they tested, the only universal trend was that gouging
primates have lower mandibular condyles than their nongouging relatives (Herring and
Herring 1974). Here condyle height above the mandibular tooth row was measured
perpendicular to the occlusal plane. Other measurements that fared reasonably well in
many cases were the anteroposterior length of the condyle (usually greater in gougers)
and the anteroposterior length of the joint surface for the condyle on the temporal bone
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(usually greater in gougers). These results have some usefulness in inferring gouging
behavior in fossil primates. Unfortunately, because they are pairwise comparisons, all
that one can confidently infer is which of two closely related fossil primates is more
likely to have been a gouger than the other.
Interestingly, Gingerich set up just that kind of hypothesis with Adapis parisiensis
and Leptadapis magnus (Gingerich, 1975; 1980). He suggested that the anterior dentition
of Adapis parisiensis is very much like that of the short-tusked callitrichids that pry bark
and gum off of the trunks of trees. He further suggested that Adapis may have adopted
this foraging strategy in the dry season. He postulated no such behavior for the closelyrelated Leptadapis magnus. I will discuss this hypothesis and a test of it in the chapter on
adapines.

2.6.4 The Mandibular Symphysis
Fusion of the mandibular symphysis is present in several mammalian taxa, though
several different explanation of the function of symphyseal fusion have been offered. Its
function may vary from group to group, and it may have more than one function even
within a single group. The following hypotheses have been advanced: symphyseal fusion
may be an adaptation to certain activities of the masticatory system (e.g., incision)
(Greaves 1988a), it may be an adaptation to minimizing strain under certain loading
conditions (Hylander 1984), it may be an adaptation to certain diets or body sizes
(Ravosa 1996), or it may be an adaptation to increasing stiffness of the mandible for
better transference of force (Lieberman and Crompton 2000).
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Some have suggested that fusion of the mandibular symphysis may exist to
strengthen the mandible against loads that occur during incision of resistant foods
(Hiiemae and Kay 1972, 1973; Kay and Hiiemae 1974a) or to stiffen the mandible in the
same situation (Greaves 1988a). However, neither primate nor ungulate behavioral data
support the notion that mammals that have fused symphyses also process a lot of hard
foods at the incisors (Hogue and Ravosa 2001; Ravosa and Hylander 1994). Subsequent
in vivo experiments on primates suggested that, instead, symphyseal fusion in primates
had little to do with ingestive behavior, but that it developed as a means to resist certain
loading regimes in the mandible during mastication.
The main loading patterns to which symphyseal fusion has been linked are
dorsoventral shear at the symphysis (between the two corpora) and/or lateral transverse
bending (‘wishboning’) of the mandibular corpora during powerful chewing (Hylander
1985).
Dorsoventral shear occurs at symphysis because the sum of the forces acting on
the working side corpus is ventrally directed relative to the sum of the forces acting on
the balancing side corpus. Each side of the mandible has a muscle force that pulls
dorsally and each side has a joint reaction force that pushes ventrally, but the working
side also has force from the food that pushes ventrally (Hogue and Ravosa 2001;
Hylander 1979a). This sets up shear forces in the mandibular symphysis. Therefore,
dorsoventral shear increases with increasing bite force and also with increasing input
from the balancing side jaw adductors (Hylander 1979a). Symphyseal fusion is present
to a greater extent in mammals that more heavily recruit their balancing side muscles
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(Hylander 1979b; Scapino 1981). The greater the cross-sectional area of the symphysis,
the greater its resistance to shear. Therefore, if symphyseal fusion is a response to
dorsoventral shear, then we might expect the area of symphyseal fusion to be greater in
mammals that have a high balancing side to working side activity ratio. This pattern is
violated in some mammals, such as opossums and goats that have high
balancing/working ratios but have unfused symphyses (Lieberman and Crompton 2000).
Lateral transverse bending is another loading regime to which symphyseal fusion
may be adapted. This loading regime (also referred to as ‘wishboning’) exists because
the working side jaw adductor resultant and the balancing side jaw adductor resultant pull
against each other in the transverse plane. This puts the lingual surface of the symphysis
in tension and the labial surface in compression. Since bone is generally stronger in
compression, this loading regime will favor tension-minimizing morphology of the
lingual surface of the symphysis. Put very simply, the area of symphyseal fusion should
be anteroposteriorly elongate, and if there is partial fusion, it should be strongest along
the lingual margin (Hylander and Johnson 1994).
Wishboning will be greater in animals that contribute more force from the
balancing side jaw adductors. This is true in primates. Furthermore, in anthropoids
(fully fused symphysis), the balancing side deep masseter is active late in the power
stroke: when this occurs, the symphysis is likely loaded in wishboning (Hylander and
Johnson 1994; Hylander et al. 2000). In species where wishboning is a greater risk,
fusion at the symphysis extends far posterior on the lingual aspect of the mandible, where
tensile stresses would develop the most in wishboning (Hylander 1984).
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If dorsoventral shear and wishboning play a role in determining symphyseal form,
which regime is dominant? As already described, it is possible to use the shape of the
symphysis to make this determination: anteroposterior length and greater fusion lingually
are indicative of wishboning while overall cross-sectional area is indicative of
dorsoventral shear. These anatomical signals are not mutually exclusive. Nevertheless, it
is possible to identify instances where the shape of the symphysis is more indicative of
response to one regime over the other (Ravosa and Simons 1994).
Because increased input from balancing side muscles is expected to increase
loading in both regimes, this alone does not answer the question of which is dominant in
determining symphyseal form. However, the orientation of the jaw adductor force might
help. A more vertically-directed muscle resultant would increase dorsoventral shear,
whereas a more horizontally directed resultant would increase wishboning (Hylander et
al. 2000). The jaw adductor resultant is difficult to estimate without more data on the
physiological cross-sectional areas of the jaw muscles (see Chapter 6 for estimates of
strepsirrhine jaw adductor resultants).
Wishboning does generate loads at the symphysis in macaques, and therefore is
probably important in selecting for symphyseal fusion in primates (Hylander 1984,
1985). This is probably primarily due to late activity of the balancing side masseter. It is
not clear that wishboning plays a dominant role in loading the symphysis in owl monkeys
or galagos (Hylander et al. 2000). Wishboning may be the dominant loading regime in
determining symphyseal morphology in selenodont artiodactyls too (Hogue and Ravosa
2001). However, in alpacas, the primary loading regime is twisting around a transverse
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axis; in these camleids, the activity of the balancing-side deep masseter peaks late in the
chewing cycle, as in anthropoid primates (Williams 2004).
Symphyseal fusion may not be an adaptation to resisting strain at all. Lieberman
and Crompton suggested that, instead, symphyseal fusion is a means of efficiently
transferring force across the symphysis, from the balancing side muscles, to contribute to
a transversely-oriented power stroke (Lieberman and Crompton 2000). Presumably, if
the symphysis is pliant, then some force from the balancing side muscles is wasted in
deforming the symphysis elastically and cannot be put toward the bite force. These
authors argued that, although the ligaments of an unfused symphysis are adequate for
transferring vertical force (because they generally lie in the vertical plane (Beecher
1977)), they cannot resist deformation in the transverse plane because there are no
ligaments in this plane. Hogue and Ravosa convincingly argue that a mandible can be
rendered stiff in the transverse plane by the development of transversely-oriented
ligaments: symphyseal fusion need not be present. I would further suggest that fusion of
even a very small area on the lingual edge of the symphysis would serve to stiffen the
mandible against wishboning: complete ossification of the symphysis is not required to
stiffen the mandible.
One possible agent of selection for symphyseal form is diet. Another is body size.
Both Beecher and Ravosa also found that extant strepsirrhines that eat leaves tend to have
greater symphyseal fusion (Beecher 1977, 1979; Ravosa 1991). Beecher also suggested
that the degree of fusion in fossil notharctids reflects diet and body size (Beecher 1983).
Based on shearing quotients, Ravosa and colleagues suggested that size, and not diet,
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drove symphyseal fusion in fossil adapoids (Ravosa 1996). Ravosa reported size and
dietary effects on symphyseal fusion for apes (Ravosa 2000) and fossil anthropoids
(Ravosa 1999). Symphyseal fusion has been linked to folivory in metatherians (Ravosa
and Hogue 2004). Unfortunately, there is no consistent correlation of symphyseal fusion
with diet or with body size (Hylander et al. 2004). This is not surprising since a single
type of food can promote different loading regimes in differently shaped jaws, at different
bite points, and when jaw muscle activity differs. Furthermore, two different kinds of
food could engender the exact same loads under the right conditions. This is an
interesting example of how function can be defined in different ways: a loading regime
versus a type of food.
If there is a dietary signal in symphyseal fusion, it is not a simple one.
Symphyseal fusion appears to be a signal for increased input from the balancing side
masticatory muscles and/or an increased transverse component of muscle force produced
mainly by the balancing side deep masseter. These factors themselves might give clues
to diet in two ways. 1. Increased balancing side contribution may evolve as a means to
break down highly resistant food materials. Perhaps then symphyseal fusion would
correlate with strain value at yield for dietary items. 2. Increased transverse force in
mastication may have evolved as a means to more efficiently break down tough, planar
foods in grinding or horizontal shearing. Therefore, symphyseal fusion may correlate
with folivory or insectivory. The form of the fused symphysis may help to tease out the
influences of 1 and 2 as wishboning predicts a symphysis that is most strongly fused and
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perhaps elongated at its lingual margin (Hylander 1984) as well as at the tori (Ravosa and
Simons 1994).
To summarize, symphyseal fusion is likely an adaptation to resist both
wishboning and dorsoventral shear. The importance of each of these loading regimes
likely differs between taxa, and may differ depending on food type and processing.
Symphyseal fusion seems to increase with increasing size in some mammalian groups,
and it seems to be present for some diets more than for others. It is unlikely that the need
for transverse stiffness can account for symphyseal fusion, though once present, an
ossified symphysis surely increases the stiffness of the mandible. Because of the
probably variation between mammalian groups in the selective regime for symphyseal
fusion, I shall consider the specific case of strepsirrhine primates.
2.6.4.1 The Symphyses of Strepsirrhines

In extant strepsirrhines, the symphysis never fully develops a synostosis, however
it is variably developed as interdigitations of bone in some taxa (Beecher 1983).
Originally, extant strepsirrhines were thought to experience little balancing side jaw
muscle recruitment during mastication (Hylander et al. 2000). Perhaps strepsirrhines lack
symphyseal fusion because they lack balancing side recruitment. However, recent EMG
studies on Lemur catta have revealed that the balancing side superficial masseter is
highly active during mastication in this species (Hylander et al. 2004). L. catta does lack
late-occurring activity of the deep masseter associated with wishboning. As the lemur
has only one of the two major influences on symphyseal fusion (some contribution from
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the balancing side muscles during mastication), it makes sense that it has partial
symphyseal fusion (interdigitation) (Beecher 1977). Propithecus verreauxi appears to
have both influences, and a much more rigidly fused - though not synostosed - symphysis
(Hylander et al. 2003). The sifaka has a pattern of firing and recruitment more like that
of anthropoids than like that of the galago or the lemur, including a late-active balancing
side deep masseter.
Lemurs that lack strong symphyseal fusion might minimize the risk of
wishboning by forcefully contracting the medial pterygoid muscles during biting and
chewing. This muscle is well situated to oppose the lateral pull of the masseter muscles
and it is significantly more developed in strepsirrhines and tarsiers than in anthropoids
(see Chapter 3).
Masticatory muscle activity is variable among the strepsirrhines tested. This
variability appears to correlate with the degree of symphyseal fusion. It may also have
dietary correlations, though this remains to be seen. Perhaps testing more strepsirrhine
taxa will yield a general pattern of masticatory muscle activity. Avahi would be of great
interest because, although it eats tough foods, it is small relative to Propithecus.
Hapalemur griseus also fits this description, whereas Hapalemur simus is like
Propithecus in that it eats tough foods and is a large animal. Because strepsirrhines span
a wide range of degrees of symphyseal fusion, they are a key group to study to
understand the adaptive importance of symphyseal fusion.
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2.6.5 Jaw Adductor Function and Anatomy
Reconstruction of the muscles responsible for mastication is of great interest to
many paleobiologists. There is general agreement that in most mammals, the temporalis,
masseter, and medial pterygoid muscles function to adduct the mandible and generate the
forces that fracture food. The relative sizes, cross-sectional areas, and leverages of these
muscles may contain functional signals. If so, reconstructing these muscles should
provide additional inferences of function in fossils (Bargo 2001; Fox 1964; Vizcaíno et
al. 1998). Unfortunately, there is no clear consensus on the functional importance of,
say, the temporalis versus the functional importance of the massester. The following
survey serves to illustrate the state of our knowledge of the functions of the individual
jaw adductors in mammals. Most of the information in this area consists of observations
of patterns of muscle weight or size, but there are few hypotheses about the specific roles
of the individual jaw adductors.
Analysis of the positions of the various masticatory muscles can yield broad
dietary hypotheses, as shown by Smith and Savage (1959). Each muscle of mastication is
can presumably have a different effect based on its position. In many mammals, the line
of action of the temporalis is ideal for preventing jaw dislocation while a prey animal
struggles to exit the mouth. Smith and Savage used this observation to explain why the
temporalis muscle is usually much larger than the masseter in carnivores. By contrast,
herbivores tend to have large masseter and medial pterygoid muscles, but small
temporalis muscles (Smith and Savage 1959; Turnbull 1970). This type of analysis fails
to consider the activity patterns and the anatomy of the muscles. However when these
86

data are inaccessible, as in a fossil, it is necessary to make conjectures about muscle
function based on bony features alone.
In general, carnivores tend to emphasize the temporalis (both in size and in
leverage) while herbivores emphasize the masseter and medial pterygoid. In fact, many
rodents and lagomorphs have extreme elaboration of the masseter complex, but very
reduced temporalis muscles (Saban 1968; Turnbull 1970). Among groups of mammals
that are neither extreme carnivores nor extreme herbivores (e.g., primates), the pattern of
masticatory emphasis is less clear, though there is a tendency for the temporalis to be
larger than the masseter, which is larger than the medial pterygoid (Turnbull 1970).
2.6.5.1 Temporalis

The temporalis muscles, particularly their ventral and posterior fibers, have been
considered important in incision and gouging (Cordell 1991; Gingerich 1971). This is
because the temporalis is well positioned to accomplish simultaneous adduction and
retraction of the mandible. However, this muscle is not disproportionately active during
incision (Hylander and Johnson 1985) . Despite the activity pattern, the temporalis may
still be important in these activities because of its line of action. Perhaps temporalis
leverage diminishes less toward an incisal bite point than do leverage of the masseter and
of the medial pterygoid; this remains to be seen for primates (see Chapter 6).
Frugivorous primates do tend to have large temporalis muscles compared to the masseters
(Cachel 1979); Cachel interpreted this to signify that the temporalis is significant to
incisal preparation. However, there are other reasons why the temporalis might be
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emphasized in frugivores, for example, frugivores might require wider gapes to ingest
their foods, and the temporalis may have an important role at wide gapes (see Chapter 6).
Another possible explanation for the importance of the temporalis in some
primates is that its leverage diminishes less at wide gapes than does leverage of either the
masseter or the medial pterygoid. Again, there are not yet enough data on gape and
leverage in primates to evaluate this hypothesis (see Chapter 6).
2.6.5.2 Masseter

Large masseter attachment sites characterize grazing ungulates (versus browsers)
(Axmacher and Hofmann 1988; Solounias and Dawson-Saunders 1988; Solounias et al.
1995); though there is no significant difference in muscle size. This is either because
there is no mechanical relationship between muscle size and attachment size in ungulates,
or because there are intervening factors such as differences in muscle architecture. I
favor the latter explanation.
Anapol and Lee (1994) suggested that folivorous primates might emphasize the
masseter muscles over the temporalis muscles (relative to frugivores). They noted that
the attachment areas and the leverage for the masseter muscles are greater in folivores.
The deep masseter, especially, is probably important in generating transverse loads
during the power stroke of mastication (Hylander et al. 2004). In primate folivores,
transverse chewing is crucial to fragmenting the leaves in their diet.
Davis observed a diet-related pattern within the masseter complex (Davis 1955,
1964). He reported that, among carnivorans, the superficial masseter is relatively
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massive in the most carnivorous species, while the zygomatico-mandibularis is relatively
massive among herbivorous species. He suggested that this is because the fibers of the
superficial masseter are long and oriented more sagittally, promoting a fast bite. The
fibers of the zygomatico-mandibularis are oriented more transversely, promoting greater
force in the transverse direction (such as in a transverse power stroke).
2.6.5.3 Medial Pterygoid

The medial pterygoid is oriented so as to adduct the mandible along with the
masseters. Together with the balancing-side masseters, the working-side medial
pterygoid is probably also important in making transverse movements of the jaw. It may
be the most important muscle in transverse movements toward the midline in mammals
that lack symphyseal fusion. One important question is how this movement is
accomplished. Does the medial pterygoid translate (slide) the mandible toward the
balancing side? Does it rotate the mandible about a dorsoventral axis? To perform a
rotation about such an axis, the jaw must act as a lever not only in the sagittal plane
(Hylander 1975a), but also in the transverse plane. The following model considers how
the medial pterygoid can rotate the jaw in two different ways.
Let us assume that the mandibular condyle is the point of rotation of the jaw in a
transverse plane. If the skull is viewed from the ventral side, in the transverse plane, it is
apparent that the line of action of the medial pterygoid passes very close to the
mandibular condyle (Figure 2.5). If it passes anterior to the condyle, then the medial
pterygoid causes rotation of the anterior part of the jaw (including the teeth) toward the
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midline, and all is well for the traditional model of mastication. However, if the line of
action passes posteriorly to the condyle, then the medial pterygoid actuallyrotates the
front of the jaw away from the midline. In the latter scenario, the medial pterygoid
actually hinders a transverse power stroke. By the same logic, the masseter could either
medially or laterally rotate the jaw in the transverse plane, depending on where its line of
action falls in relation to the condyle. In primates that have very elongate angular
processes, the insertions of the medial pterygoid and masseters are likely to be farther
posterior and the line of action of each muscle is more likely to pass behind the condyle.
This situation is probably very rare in primates, but may exist in some mammals that
have very long angular processes. Therefore, in primates, the medial pterygoid probably
causes the working side mandible to rotate and translate in the same direction: medially.
Compared to the temporalis and masseter, the space available for the medial
pterygoid is very limited because other internal structures are nearby. Pinnation allows a
muscle to generate force without taking up a lot of space, and this muscle is highly
pinnate in many strepsirrhines (see Chapters 3 and 4). Perhaps space is a significant
constraint on the medial pterygoid, in turn constraining the amount of force that can be
generated in a transverse direction in a primate that lacks symphyseal fusion.
2.6.5.4 Implications for Paleobiological Reconstructions

The importance of various chewing muscles can be deduced from bony
morphology. This has obvious application in paleobiology. For example, pits on the
bone, sagittal cresting, or excavation of the coronoid process may be signs of a large
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temporalis muscle adapted to producing high forces or that is repeatedly active (Duckler
1997); (Freeman 1979). Similar features exist for other chewing muscles such as a wide
mandibular angle in the case of mammals that emphasize the superficial masseter
(Axmacher and Hofmann 1988).
Within some margin of error, muscle locations and orientations can be inferred
from the scars they leave on bone and from knowledge of the corresponding muscles in
extant analogs. Reconstructions of muscles that are based on scars and analogy can be
imprecise and inaccurate (Bryant and Seymour 1990). Nevertheless, careful examination
of the association between muscles and muscle attachments can reveal consistent
patterns. These may allow us to make confident reconstructions of select muscle features
or to make muscle reconstructions at a coarse level (Holliday 2003).
Once the jaw adductors are reconstructed, we might be able to deduce something
about diet and food-processing behavior from the relative dimensions and leverages of
the muscles. However, we lack a clear understanding of the functions of the individual
muscles. To gain such an understanding, we require more knowledge about jaw adductor
anatomy, dimensions, and mechanical advantage. Mammalian groups that include
several different dietary foci are of great interest, for example, primates, because these
are likely to show variations in jaw adductor emphasis from a generalized jaw adductor
plan (Turnbull 1970).
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Figure 2.5: Transverse action of the medial pterygoid muscle.
Dorsal view of a mandible in the occlusal plane. The ovals represent the mandibular condyles
and the black dots represent possible points of rotation of the mandible around a dorsoventral
axis. The thick black line (dashed beyond the edges of the actual muscle) represents the line of
action of the medial pterygoid. The thin dotted line represents the moment arm. In a typical
primate, the initial point of rotation is likely at the working-side condyle. a, in a primate that has
a very short angular process, the insertion of the medial pterygoid is anterior and the line of action
passes lateral to the point of rotation; therefore, the muscle assists in generating transverse force.
b, in a mammal with a long angular process, the line of action may pass medial to the point of
rotation; here, the medial pterygoid actually provides a laterally oriented force. As the power
stroke progresses, the balancing-side condyle slides posteriorly in the glenoid fossa. When the
balancing-side condyle hits the posterior glenoid eminence, the point of rotation transfers across
to the balancing side condyle. When this occurs, the moment arm of the medial pterygoid
becomes very long.
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2.7 Conclusions
The behavior of extinct primates is inherently interesting and worth
reconstructing. However, some behaviors are distantly removed from their anatomical
causes. Paleobiologists should stick to reconstructing behaviors that are closely tied to
anatomy, particularly bony or dental anatomy. Diet and mastication are closely tied to
hard anatomy.
Diet is particularly interesting because it affects other aspects of behavior. It can
be reconstructed with some confidence because the causal chain linking it to anatomy is
short. Also, the teeth and jaws are presumably labile with respect to dietary morphology:
that is, when a species shifts to a new diet, selection will begin to affect morphology.
This means phylogenetic lag should be minimal with respect to masticatory morphology.
Here, phylogenetic corrections of comparative functional studies may not be necessary.
Nevertheless, diet is a difficult concept because it is hard to define and field studies
seldom consider the properties of most interest to morphologists – the mechanical
properties of food.
Several different morphological traits have been used to reconstruct mastication
and diet. Dental morphology is commonly used because the teeth interact directly with
the food, so are most likely under the strongest dietary selection. Methods that consider
wear facet morphology, shearing crest length, and cusp acuity have been fruitful in the
past. These can be supplemented with nonadaptive methods wherever the evidence
permits it. Craniomandibular morphology and the anatomy of the muscles of mastication
give additional clues for deducing diet.
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European adapids are good candidates for dietary reconstruction. Members of
this group possess interesting dental and craniomandibular features, many of which are
insufficiently explained. Reconstruction of mastication in these taxa is much less
problematic than for many extinct taxa of interest, e.g., dinosaurs, because suitable
modern analogs exist. A comparison of the dental and craniomandibular anatomy of
extant strepsirrhines with those of European adapids may yield interesting behavioral
hypotheses. For adapids, any attempt to correct such comparative analyses for the
influence of phylogeny will suffer from the uncertainty surrounding adapid phylogeny
itself (Jablonski 1986).
Paleobiological reconstructions are always risky. Our predictions should never
stray far from the anatomical facts. Dental morphology, craniomandibular shape, and the
bony features associated with the masticatory muscles should be considered together.
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Chapter 3 Anatomy of the Jaw Adductor Muscles
in Strepsirrhines and Tarsiers
3.1 Introduction
Here I provide a description of the parts of the jaw adductor musculature of
strepsirrhines and I endeavor to clear up some nomenclatural confusion. I will also
broaden the comparative scope of our knowledge of the jaw adductors in strepsirrhines
and evaluate earlier interpretations of this complicated muscular system.
Pure anatomical description has intrinsic interest for those of us who consider
ourselves anatomists. Beyond this, patterns of variation in the anatomy of strepsirrhine
chewing muscles may relate to patterns of variation in the phylogeny and/or dietary
behavior of strepsirrhines. Furthermore, a better understanding of the sizes and locations
of the chewing muscles in strepsirrhines will provide experimental primatologists with
tools to increase the accuracy of both electromyographic (EMG) methods and the
interpretation of EMG results.
Mastication and the muscles responsible for it are well-studied in a few primate
species. Humans are well-studied (Aiello and Dean 1990; Lang 1995; Miller 1991;
Swindler and Wood 1973). The anatomy of the masticatory muscles of capuchins
(Madeira and de Oliveira 1979), macaques (Antón 1999, 2000; Schwartz and Huelke
1963), baboons (Swindler and Wood 1973), Theropithecus gelada (Jablonski 1981), and
chimpanzees (Swindler and Wood 1973) are documented also. Among prosimians, the
chewing muscles are described for Otolemur crassicaudatus and Lemur catta (Murie and
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Mivart 1872), for a loris “Nycticebus tardigradus” (Murie and Mivart 1865), for the ayeaye (Owen 1866), for Propithecus and Avahi (Milne-Edwards 1875), for the tarsier
(Allen 1880, 1897; Fiedler 1953; Woollard 1925), and for a variety of other strepsirrhines
(Gaspard et al. 1973a, b, c; Ross 1993, 1995; Saban 1968). Most of the earlier accounts
are very basic with respect to anatomy.
E. C. Minkoff’s dissertation describes the anatomy of the jaw adductors of
galagos in a general fashion (Minkoff 1968). In her dissertation, N. N. Cordell performed
the first detailed analysis of the relationship between form and function in the masticatory
muscles of galagids (Cordell 1991). Her analysis of function was limited to an
examination of muscle orientation. She also described the anatomy of the jaw adductors
in great detail and sorted out a number of areas of confusion regarding the nomenclature
and homologies of the parts of the adductor musculature. Cordell’s dissertation was an
inspiration for this study, but unfortunately, it was largely ignored by subsequent authors.
This has resulted in confusion about the nomenclature of the chewing muscles.

3.2 Materials
I have dissected representatives of fifteen genera and 25 species of Strepsirrhini.
The cadaveric material dissected and described here is listed in Table 3.1. Most of the
material was purchased from the Duke Lemur Center (DLC, formerly the Duke
University Primate Center) or was obtained from others who had purchased the material
from the DLC. Some of the material was borrowed from the American Museum of
Natural History (AMNH). Some was obtained through Dr. N. N. Cordell who obtained it
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originally from the Oregon Regional Primate Center (ORPC), from the Arizona State
University (ASU), from the North Carolina Zoological Park (NCZP), and from the
collection of D. E. Haines (Haines).
The DLC material was frozen, though many specimens had been partially thawed
prior to dissection. In some cases, specimens were removed from the study because they
were too freezer-burned and the muscles could not be separated. The AMNH material
was preserved in 70% ethanol. The Cordell material was originally preserved in
formalin, and subsequently had been stored in ethanol. I discuss the effects of these
different preservational states on muscle dimensions in the chapter on muscle
dimensions. Formalin and alcohol preserved specimens were much easier to work with
and permitted easier identification of muscle boundaries.

3.3 Methods
I used traditional gross dissection techniques to examine the jaw adductors. In
every case, dissection proceeded from superficial to deep. After removal of the skin,
superficial muscles of the face, and the parotid gland, dissection usually proceeded
through the layers of the masseter complex. The temporalis musculature was dissected
next, followed by the removal of the digastrics. Finally, the mandibular symphysis was
opened to reflect the hemi-mandible laterally, exposing the pterygoid muscles. In most
cases, it was necessary to remove the eye to access the insertion of the deep temporalis
and the origins of the pterygoid musculature. In some cases, it was possible to dissect the
pterygoid muscles without breaking the symphysis, but this was rare.
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Table 3.1: Specimens in this study

Institution1
Specimen2
AMNH
170501
DLC
651m
AMNH
1856402
DLC
5800m
DLC
6251m
AMNH
202614m
DLC
6394f
DLC
6468f
DLC
6631m
NCZP
507f3
Galago demidoff
NCZP
510f3
DLC
2041m
Galago moholi
ASU
Ef3
Galago senegalensis
ASU
Jf3
DLC
1322f
Hapalemur griseus griseus
DLC
1353f
BAA
C2f
Lemur catta
AMNH
170790m
Lepilemur mustelinus leucopus
DLC
1857f
DLC
874f
Microcebus murinus
DLC
889f
DLC
363f
Mirza coquereli
BAA
C6m
Nycticebus coucang
DLC
1931f
Nycticebus pygmaeus
DLC
1731m
ORPC
1f3
Otolemur crassicaudatus
ORPC
2f3
ASU
1m3
Otolemur garnettii
Haines
Am3
AMNH
200640f
Perodicticus potto
DLC
5705f
DLC
6110f
Propithecus coquereli
DLC
6560m
DLC
6563m
Propithecus diadema
DLC
6197m
Propithecus tattersalli
AMNH
150143f
Tarsius syrichta
DLC
89m
AMNH
201395f
Varecia rubra
DLC
6769m
1
AMNH, American Museum of Natural History; ASU, Arizona State University; BAA, Biological
Anthropology & Anatomy; DLC, Duke Lemur Center; Haines, Collection of Duane Haines; NCZP, North
Carolina Zoological Park; ORPC, Oregon Regional Primate Center; f, female; m, male.
Species
Avahi laniger laniger
Cheirogaleus medius
Daubentonia madagascariensis
Eulemur collaris
Eulemur coronatus
Eulemur macaco
Eulemur macaco flavifrons
Eulemur mongoz
Eulemur rubriventer

2

The specimen of Daubentonia I dissected was juvenile and therefore is not described in the text.

3

These specimens were dissected by Nancy Cordell and I examined the excised musculature.
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I divided the dissected musculature into isolated sheets in which the fibers are all
running in roughly the same direction. This is easy to do in a non-pinnate muscle
because there is only one such sheet. The same is true of a unipinnate muscle, but in this
case, the muscle is usually bounded by fascial sheets that serve as attachment points for
the muscle fibers. In multipinnate muscles, subdivision is more difficult, but generally
one still finds sheets of parallel fibers, each bounded by fascial sheets (or sometimes by
spaces or bony surfaces).
The medial pterygoid muscle is multipinnate and the sheets wrap around each
other. As described below, I did not divide this muscle into separate sheets.
In the descriptions that follow, the muscle names that I use apply to sheets of
roughly parallel fibers that are bounded by fascia, bone, or spaces. For simplicity, I will
refer to each of these sheets (e.g., superficial temporalis) as a ‘muscle’. These muscles
can be grouped together based on position; an example of such a muscle group would be
the temporalis group.

3.4 Muscle Anatomy and Nomenclature
The muscles of mastication have been classified in various different ways. Table
3.2 presents several of these classifications and focuses on those authors who referred
specifically to the chewing muscles of strepsirrhines. My plan follows that of Cordell
most closely. The pterygoids and digastrics are excluded from this table because there
are no major disagreements about their nomenclature.
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Table 3.2: Nomenclature for muscles of mastication
Toldt (19041905)
Woollard
(1925)
Edgeworth
(1935)

Superficial
masseter
same as
column
heading

Deep
masseter

Zygomaticomandibularis

Zygomatic
temporalis

Superficial
Temporalis

Deep
temporalis

same

same

-

-

-

deep
masseter

-

same

same

same

"separate
fasciculus" of
temporalis

superficial masseter
same

Allen (1897)

same

masseter

Starck
(1933)

same

Schumacher
(1961)

superficial masseter

Yoshikowa
& Suzuki
(1965)
Minkoff
(1968)
Schön
(1968)
Gaspard et
al.
(1973a,b,c)

not identified as
separate

superficial
masseter 1

same

superficial
masseter 2 &
intermediate
masseter

superficial masseter
superficial masseter

superficial
masseter 1

superficial
masseter 2 &
intermediate
masseter

same
deep
masseter
Masseter
profundus (3
parts: ant.,
post. 1.,
post. 2)
deep
masseter
deep
masseter
deep
masseter &
part of
maxillomandibularis

anterolateral part
of
temporalis
"superficial
and posterior
fascicle" of
temporalis

no special
name given
"anterior
and deeper
part" of
temporalis

suprazygomatic
temporalis

same

same

part of deep
temporalis

same

deep
temporalis

zygomaticomandibularis &
maxillomandibularis

same

Same

Temporalis
not identified as
separate

same

Same

zygomaticomandibularis &
part of maxillomandibularis

superficial
temporalis &
orbital
temporalis?

Same

same

medial &
deep
temporalis

de Gueldre
& de Vree
(1988)

same

same

same

suprazygomatic
temporalis &
posterior
zygomaticomandibularis

Cordell
(1991)

same

same

same

same

same

Same

-

zygomaticomandibularis +
maxillomandibularis

same &
superficial
part of
anterior
temporalis

same &
deep part of
anterior
temporalis

deep
masseter

-

-

-

Ross (1993,
1995)
Taylor &
Vinyard
(2004)

-

-

superficial masseter
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The jaw adductors include the masseter group, the temporalis group, and the
medial pterygoid. The masseter group includes the superficial masseter, deep masseter,
and zygomatico-mandibularis. The superficial and deep masseter muscles are pinnate
sheets in which many fibers are attached to tendon. The zygomatico-mandibularis is nonpinnate, though its fibers vary in their orientation. The temporalis group includes the
zygomatic temporalis, superficial temporalis, and deep temporalis. The superficial and
deep temporalis are pinnate sheets in which many fibers are attached to tendon. The
zygomatic temporalis is mostly non-pinnate; fibers vary in their orientation and only the
anterior insert on a tendon. The medial pterygoid is composed of four layers of fibers at
different orientations (see below).

3.4.1 Masseter Group
The masseter group is composed of three rhomboidal, sheet-like layers: the
superficial masseter (lateral-most), the deep masseter, and the zygomatico-mandibular
(medial-most). Generally, the masseter group is second to the temporal group in mass
and cross-sectional area, though this is not the case in all strepsirrhines. Some indriids
and Hapalemur have larger masseter muscles than temporalis muscles. The fibers in
each masseter muscle are oriented anterodorsal to posteroventral. In lateral view, the
deepest fibers of this muscle group are the most vertical and the most superficial fibers
are the most horizontal.
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3.4.1.1 Superficial Masseter

The superficial masseter is by far the largest muscle of the masseter group. It is a
bulbous mass that originates from the ventral margin of the zygomatic arch and the
ventral half of the lateral surface of the zygomatic arch (Figure 3.1). Usually, its origin
extends from the zygomatic process of the squamosal posteriorly to the zygomatic
process of the maxilla anteriorly. In most strepsirrhines, the origin scar is deepest and
widest (dorsoventrally) at the anterior end of the zygomatic arch where the muscle is
anchored to a spur of bone that can be referred to as the anterior zygomatic tubercle (or
point, if it is less prominent).
The dorsal margin of the origin of superficial masseter accommodates a thick
sheet of connective tissue. This sheet forms a superficial sheath for the superficial
masseter muscle and can be referred to as the masseteric fascia. The masseteric fascia is
thick and opaque anterodorsally and at the origin of the muscle. The fascia takes origin
from the anterior zygomatic tubercle and from the lateral surface of the zygomatic arch
immediately posterior to the tubercle. The anterior border of the masseteric fascia is very
thick and is strongly attached to the anterior border of the underlying deep masseter and
that of the still deeper zygomatico-mandibularis. Though many fibers of the superficial
masseter originate from the bone of the zygomatic arch, most of them originate from the
masseteric fascia.
The fibers of this muscle course posteriorly, ventrally and medially; the anterior
fibers are oriented more horizontally than the posterior ones (relative to the Frankfort
Horizontal). This muscle inserts onto the angular process of the mandible, in a trough on
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its lateral surface and on the ventral and posterior borders of the mandibular ramus,
sometimes extending dorsally onto the posterior surface of the lateral pole of the
mandibular condyle.
Based on gross fiber architecture, the primary directions of pull of the superficial
masseter on the mandible are anterior, dorsal, and lateral (Table 3.3).
In most strepsirrhines, this muscle is the second largest jaw adductor (after deep
temporalis), though in indriids, Lepilemur, and Nycticebus, that rank is occupied by
superficial temporalis as superficial masseter is slightly smaller (Table 4.6).
3.4.1.2 Deep Masseter

In most strepsirrhines, the deep masseter is a thin sheet that is completely
concealed by the superficial masseter. In some, however, a small portion is visible
beyond the posterodorsal border of the superficial masseter. In indriids, the deep
masseter is extremely large and its posterior half is visible beyond the posterior border of
the superficial masseter. This muscle is not the “deep masseter” described in most
electromyographic studies; that muscle is named here (and by previous workers: e.g.,
(Edgeworth 1935; Toldt 1904-1905) the zygomatico-mandibularis.
The deep masseter originates on the ventral surface of the zygomatic arch, from
the zygomatic process of the temporal posteriorly and from the zygomatic process of the
maxilla anteriorly. The superficial surface of the muscle is bordered ventrally by a facial
sheet that is attached to a prominent v-shaped ridge on the ascending ramus, near its
ventral edge. This sheet can be referred to as the deep masseter fascia (myotendinous
junction of (Taylor and Vinyard 2004)) (Figures 3.2, 3.3). The deep surface of the
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muscle is bordered by a fascial sheet that is attached to the underside of the zygomatic
arch. This can be referred to as the zygomatico-mandibularis fascia (Figure 3.4). This
posterior half of this fascia is very thick; the anterior half is very thin, and nearly
transparent.
Although the most superficial fibers of the deep masseter originate from the bone
of the zygomatic arch, most of the fibers originate from the zygomatico-mandibularis
fascia. Although the deepest fibers of the deep masseter insert on the bone of the
ascending ramus, most of the fibers insert on the deep masseter fascia. Thus, the fibers of
the deep masseter course ventrally, posteriorly and slightly laterally. The fibers of this
muscle are oriented more vertically than those of the superficial masseter (in the lateral
view).
Based on the orientation of the fibers in the deep masseter, the primary direction
of pull of this muscle on the mandible is dorsal, and slightly, anterior. The direction of
pull is also very slightly medial, though this medial component is likely cancelled out by
the lateral pull of the superficial masseter and zygomatico-mandibularis on either side.
The deepest portion of the masseter group is the zygomatico-mandibularis. Its
homologies are complicated and the literature describing it is confusing. Therefore, I
consider it in the section entitled “Transitional Layers".
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Figure 3.1: Eulemur rubriventer, view of chewing muscles with skin and some superficial
fascia removed.
Unless otherwise indicated, all figures depict the right side of the head, with anterior toward the
viewer’s right.
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Table 3.3: General direction of pull of the jaw adductors in strepsirrhines
Anteroposterior
Dorsoventral1 Mediolateral
Superficial Masseter
Dorsal2
Lateral
Strong Anterior
Deep Masseter
Dorsal
Slight Medial
Anterior
ZygomaticoDorsal
Strong Lateral
Slight Anterior
mandibularis
Zygomatic
Dorsal
Slight Lateral
Strong Posterior
Temporalis
Superficial
Dorsal
Slight Medial
Posterior
Temporalis
Deep Temporalis
Dorsal
Medial
Strong Posterior
Medial Pterygoid
Dorsal
Strong Medial
Strong Anterior

1

Heading refers to the plane of movement.

2

This refers to the direction in which the mandible moves (in the indicated plane of movement).
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Figure 3.2: Eulemur rubriventer, removing superficial masseter from ventral to dorsal.
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Figure 3.3: Eulemur rubriventer, view of deep masseter.
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Figure 3.4: Eulemur rubriventer, removing deep masseter from dorsal to ventral.
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3.4.2 Transitional Layers

When considered in relation to the zygomatic arch, it appears that the masseter
group is superficial to the temporal group. From this, the muscles of mastication can be
seen as a series of layers from superficial to deep, where each layer is separated from the
next by a sheet of fascia, and where fiber orientation is different on either side of each
fascial sheet (Allen 1880). In this series, the muscle between the deep masseter
(superficially) and the superficial temporalis (deeply) is confusing. The confusion about
this transitional zone appears to exist for three reasons. First, there is no clear separation
between its outermost fibers and the innermost fibers of the deep masseter ventrally.
Second, there is poor separation between the innermost posterodorsal fibers and the outer
fibers of the superficial temporalis. Third, early workers did not examine enough taxa to
appreciate the morphological variation in these transitional layers, and gave them
different names, or assigned the same name to different layers.
I was able to distinguish two layers of muscle between the deep masseter and the
superficial temporalis. These I have labeled the zygomatico-mandibularis (more
superficial) and the zygomatic temporalis (deeper).
3.4.2.1 Zygomatico-mandibularis

The zygomatico-mandibularis is a sheet of fibers that lies deep to the deep
masseter (Figure 3.4). Its superficial anterior portion interdigitates with the deep
masseter, while its deep portion interdigitates with the zygomatic temporalis.
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The zygomatico-mandibular muscle originates from the inferior and medial
surfaces of the zygomatic arch, deep to the origin for the deep masseter (Figure 3.5). The
origin generally extends along the entire length of the zygomatic arch, but is very narrow
mediolaterally. Many of the fibers of this muscle arise from the zygomaticomandibularis fascia. As mentioned above, this fascia is very thick posteriorly and very
thin anteriorly. Toldt (1904-1905) and Edgeworth (1935) observed that the masseteric
nerve pierces the zygomatico-mandibularis to enter the deep surface of the deep masseter.
By neuroanatomical criteria, then, this muscle could be considered a part of the masseter
group.
Fibers course ventrally, slightly posteriorly and strongly medially. When viewed
parasagitally, most of the fibers appear nearly vertical; when viewed coronally, most of
the fibers appear nearly horizontal. The fibers of this muscle inserts into the masseteric
fossa, dorsal to the insertion for the deep masseter.
In most strepsirrhines, the zygomatico-mandibularis can be seen through the
masseteric fascia beyond the posterodorsal edge of the superficial masseter. It is the
muscle that occupies the greatest surface area of attachment on the ascending ramus and
its insertion fills most of the masseteric fossa.
Based on gross fiber architecture, the primary direction of pull of the zygomaticomandibularis on the mandible is lateral and dorsal.
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3.4.2.2 Zygomatic temporalis

Deep to the zygomatico-mandibularis lies a muscle that is often referred to as the
zygomatic temporalis (Cordell 1991; Edgeworth 1935) (Figures 3.6, 3.7). Sometimes it
is labeled suprazygomatic temporalis (e.g.,(De Gueldre and De Vree 1988; Fiedler 1953).
Sometimes it is depicted but not labeled as a separate muscle (e.g.,(Schumacher 1961)).
Sometimes, the anterior part of it is referred to as the zygomatico-mandibularis, while the
posterior part is labeled maxillo-mandibularis (e.g.,(Gaspard et al. 1973a; Ross 1995)). I
have decided to follow Edgeworth because his study covers a wide variety of vertebrates,
so he had the chance to assess homologies across wide variations in morphology.
Suprazygomatic temporalis is redundant because there is no other kind of zygomatic
temporalis. Zygomatico-mandibularis is confusing because there is another muscle with
that name.
Cordell (1991) observed that in galagos, the zygomatic temporalis is innervated
by its own branch of the masseteric nerve. Therefore, on neuroanatomical grounds, this
muscle may not belong in the temporalis group. However, based on gross anatomy, it
clearly belongs with the superficial and deep temporalis. This is because it is sheathed by
the temporal fascia and it inserts on the coronoid process.
The zygomatic portion of the temporalis is much smaller than the other two
portions and it is crescentic in shape. In many strepsirrhines, it can be seen above the
dorsal margin of the zygomatic arch (Figure 3.8). Here it is covered by a thin part of the
temporal fascia. It originates lateral to the superficial temporalis, from the medial and
dorsal aspect of the zygomatic arch where the arch comprises a concave trough.
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Figure 3.5: Eulemur rubriventer, view of zygomatico-mandibularis.
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Figure 3.6: Eulemur rubriventer, removing zygomatico-mandibularis from anteroventral to
posterodorsal.

114

Figure 3.7: Lemur catta, view of zygomatic temporalis at its insertion.
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Figure 3.8: Eulemur rubriventer, temporalis group with some temporal fascia removed.
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A very thin fascial plane separates the deep surface of the zygomatic temporalis
from the superficial surface of the superficial temporalis at their origins. These two
muscles can also be differentiated based on fiber orientation. When the jaw is closed, the
fibers of the zygomatic temporalis form a curve that is strongly convex upward.
Fibers course medially and ventrally to insert on the lateral aspect of the coronoid
process (Figure 3.7). The anteriormost fibers converge on a prominent tendon. This
tendon inserts on the lateral lip of the anterior border of the coronoid process. This
border (the ‘oblique line’ or ‘anterior crest’) continues ventrally, past the junction with
the ramus, as a slight ridge. The end of the ridge accommodates the tendon of the
zygomatic temporalis and is sometimes marked by a small tubercle of bone. Many of the
more posterior and lateral fibers of zygomatic temporalis insert directly onto the lateral
surface of the coronoid process.
Because some fibers converge on a tendon and others insert directly onto bone,
this muscle often seems bifurcate. Ross (1995) considered this muscle to be two
muscles: the zygomatico-mandibularis, consisting of the fibers that converge on the
anterior tendon, and the ?maxillo-mandibularis, consisting of the fibers that insert directly
onto bone. Gaspard (1973a) had made the same split, but he further divided the latter
into maxillo-mandibularis, posterior deep masseter, and anterior deep masseter. I found
it impossible to make this split in strepsirrhines as many of the fibers of the two portions
interdigitate (Figure 3.9). Even after chemical dissection of the muscle, it was not easy to
segregate this muscle into the two portions described by Ross (1995), let alone the four
described by Gaspard (1973a). It is entirely possible that part of the zygomatic
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temporalis in strepsirrhines is homologous to the maxillo-mandibularis that is so common
in rodents and so apparent in many ungulates (Saban 1968), and that has been identified
in some anthropoids (Yoshikawa and Suzuki 1965) but it is unclear which part because
the maxilla-mandibularis is in different locations in different mammals. The muscle that
Yoshikawa and Suzuki (1965) labeled as maxillo-mandibularis in galagos is the posterior
part of what I am calling zygomatic temporalis.
Based on fiber orientation, the direction of pull of the zygomatic temporalis on the
mandible is dorsal, posterior, and very slightly lateral.

3.4.3 Temporal Group
The temporal muscle group is composed of a large fan-like sheet that covers the
lateral aspect of the braincase and lines the medial aspect of the zygomatic arch. It makes
up most of the adductor mass in most strepsirrhines. It is composed of zygomatic,
superficial, and deep portions in strepsirrhines. The muscle I have referred to as the
zygomatic temporalis has been given different names by different authors and may be
considered a transitional layer (“faisceaux de transition”, Gapard 1973a). The anatomy
of this muscle was, therefore, described under the heading “Transitional Layers”.
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Figure 3.9: Lemur catta, view of zygomatic temporalis ex situ.
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3.4.3.1 Superficial Temporalis

Most of the fibers of the superficial temporalis arise from a fascial sheet that has a
crescent-shaped origin from the temporal fossa, including origins from the frontal,
parietal and squamosal bones. The sheet, called temporal fascia, is draped over
(superficial to) the fibers of the superficial temporal muscle, the zygomatic temporal
muscle, and the deep temporal muscle. The temporal fascia is attached as far dorsally as
the superior temporal line and as far posteriorly as the nuchal crest. It is also attached to
the dorsal margin of the zygomatic arch. In strepsirrhines that have a sagittal crest
(mainly the large lorisids), the lateral surfaces of the crest accommodate fibers of the
deep temporalis; the temporal fascia originates from the tip of the crest only. The most
superficial layers of the temporal fascia include an attachment to the posterior edge of the
postorbital bar. However, deeper layers are excluded from attaching to the postorbital
bar near its zygomatic root by the presence of a pad of fat. Ross also observed these
anatomical relationships (Ross 1993).
The superficial temporalis inserts onto the antero-lateral aspect of the coronoid
process of the mandible and onto a tendon that inserts on the anterior border of the
coronoid process and a pit behind the last lower molar. This tendon of insertion also
receives fibers from the deep temporal muscle. The anterior fibers of the superficial
temporalis are oriented nearly vertically and the posterior fibers are oriented nearly
horizontally. Fibers converge and course medially toward the point of insertion. Many
of the dorsalmost fibers of the superficial temporalis insert on a large flat tendon that
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divides the superficial temporalis from the deep temporalis. This tendon is at its thickest
anteroventrally and has been referred to as simply the temporal tendon (Gaspard 1973a;
Cordell 1991).
In most strepsirrhines, the muscular part of the superficial temporalis extends
almost to the outermost borders of the temporal fascia. Therefore, it can be difficult to
separate the superficial temporalis from the deep temporalis. This operation is usually
most successful when a ventral approach is taken, starting just above the external
auditory meatus. In many species, the superficial temporalis lacks fibers over the
posteroventral aspect of the deep temporalis and is only a thin, transparent sheet of fascia
through which the fibers of the deep temporalis can be seen. This is especially true in the
genus Eulemur (Figure 3.10).
In most strepsirrhines, there is a region of the anterior temporal fossa, directly
behind the orbit that is beyond the anterior border of the origin of deep temporalis. The
bone in this region is slightly concave and it serves as a point of origin for fibers of the
superficial temporalis (Figures 3.11, 3.12). There is often a slight ridge of bone at the
posterior border of this region, separating the anterior origin of the superficial temporalis
from the anterior origin of deep temporalis. In galagos, and to a greater degree in lorises,
this anterior origin of the superficial temporalis laps onto the posterior wall of the dorsal
root of the postorbital bar and the superficial temporalis passes very close to the posterior
surface of the eyeball.
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Figure 3.10: Eulemur rubriventer, view of superficial temporalis.
Zygomatic temporalis has been removed.
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Figure 3.11: Eulemur rubriventer, superficial temporalis removed toward anterior.
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Figure 3.12: Eulemur rubriventer, view of deep temporalis.
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The direction of pull of the superficial temporalis on the mandible is dorsal and
posterior. This muscle may generate a very slight degree of lateral pull as many of the
fibers originate on the temporal fascia lateral to their insertion on the temporal tendon.
3.4.3.2 Deep Temporalis

The deep temporal muscle is very similar to the superficial temporalis. It is also a
fan-shaped sheet, but the fibers tend to be more horizontal overall, and whereas the
superficial temporalis is thickest anteriorly, the deep temporalis is usually thickest
posteriorly. Fibers of the deep temporalis originate from the entire temporal fossa, as far
ventrally as a prominent horizontal ridge that runs from the posterior root of the
zygomatic arch to the medial wall of the orbit near the optic foramen. This ridge
separates the ventral border of the origin of the deep temporalis from the dorsal border of
the origin of the lateral pterygoid muscle.
The deep temporal muscle inserts onto the medial aspect of the coronoid process,
from the anterior border to the posterior border. Many of the more dorsal and the more
anterior fibers insert on the temporal tendon. The fibers fan across the surface of the
braincase; the anterior fibers of the deep temporalis are oriented more vertically than the
posterior ones. In the lateral view, if one were to imagine a median fiber of the deep
temporalis, this fiber would be oriented more horizontally than the median fiber of the
superficial temporalis.
The direction of pull of the deep temporalis on the mandible is dorsal, posterior,
and slightly medial.
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3.4.4 Pterygoid Group
Though some might separate the pterygoid muscle group into several
components, it is expedient to consider only two: the medial pterygoid muscle and the
lateral pterygoid muscle (Figure 3.13). Both muscles are relatively small and
inaccessible in primates; perhaps they are poorly studied for this reason. It is difficult to
insert an electrode in either muscle (especially the lateral pterygoid) for
electromyographic analysis, and it is difficult to see these muscles in dissection without
removing a great deal of tissue. Furthermore, the fibers of each muscle diverge
considerably at the origin, making function difficult to infer. It is thought, however, that
both muscles act to move the mandible in primarily the medio-lateral plane.
The medial pterygoid and the lateral pterygoid have independent developmental
homologies. The lateral pterygoid (along with the masseters and temporals) is derived
from mesoderm that develops into the adductor mandibulae externus of diapsids and
amphibians, whereas the medial pterygoid is homologous to the adductor mandibulae
internus (Edgeworth 1935).
3.4.4.1 Medial Pterygoid

The medial pterygoid is the larger of the two pterygoid muscles. It originates
from two primary locations: 1. the medial surface of the lateral pterygoid plate and 2. A
oval depression in the sphenoid bone of the medial wall of the orbit. The head of the
muscle that originates from the pterygoid plate can be called the pterygoid part of the
medial pterygoid. The head that originates from the medial wall of the orbit can be called
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the orbital part of the medial pterygoid (Figure 3.14). Cordell (1991) described three
heads of the medial pterygoid: a medial, an intermediate, and an orbital head. Cordell’s
orbital head of the medial pterygoid is the same as I have described. Her medial head
originates from the lateral surface of the medial pterygoid plate and her intermediate head
originates from the medial surface of the lateral pterygoid plate.
I found that all parts of the medial pterygoid that lie between the pterygoid plates
(i.e., within the pterygoid fossa) arise from the medial surface of the lateral pterygoid
plate or from fascia that arises from the same. However, the innermost fascia of the
medial pterygoid does adhere strongly to the lateral surface of the medial pterygoid plate.
This muscle has an extremely complex architecture. It is multipinnate and usually
has the shortest fibers of all the jaw adductors. It is made up of at least four separate
sheets of fibers, each bounded by fascia (Figure 3.15). The fibers in each layer are at
highly oblique angles to the bounding fascial sheets. The organization of these layers in
strepsirrhines is very much as Gaspard described (Gaspard, 1973c) for canids and
anthropoids. The fibers in all layers course from an anterodorsal origin to a
posteroventral insertion. However, in coronal section (Figure 3.15), fibers in the lateralmost layer (i.e., closest to the mandible) course from a dorsomedial origin to a
ventrolateral insertion; fibers in the next, deeper, layer course from a dorsolateral origin
to a ventromedial insertion; fibers in the next layer run from dorsomedial to ventrolateral
again, etc. Thus, in a coronal section, fibers form an ‘M’ shape.
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Figure 3.13: Nycticebus coucang, view of pterygoids. The right hemimandible has been
retracted laterally.
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Figure 3.14: Lemur catta, medial pterygoid muscle ex situ.
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Figure 3.15: Diagrams of sections of the left medial pterygoid of Lemur catta.
A: anterior view of a coronal section. B: dorsal view of a transverse section. Fiber layers of this
muscle are bounded by four primary fascial sheets. These correspond to sheets described by
Gaspard et al. (1973b). Using Gaspard and colleagues’ terminology, 1: covering sheet (LR, lame
recouvrante), 2: middle superior aponeurosis (AMS, aponévrose moyenne supérieure), 3:
intermediate intramuscular sheet (AI, lame intermédiaire intramusculaire), 4: deep superior
aponeurosis (APS, aponévrose profonde supérieure). Fiber orientation is shown in the coronal
section; one fiber is depicted per muscle layer using a thin black line. Notice that the fibers form
an ‘M’ shape in anterior view. Also depicted are fibers attaching to bony surfaces, marked by
small lines of the same color as the muscle layer itself. Additionally, I have indicated with small
black lines the adhesion between fascia 1 and the medial pterygoid plate. The orbital part of the
medial pterygoid is formed by dorsal extensions of the two layers between fascial sheets 2 and 4.
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The medial pterygoid muscle inserts on the medial surface of the mandibular
angle. The insertion forms an oval and is very prominent in all strepsirrhines. Fibers
never insert dorsal to the mandibular foramen. The insertion area often includes bony
spurs that accommodate the insertions of fascial sheets of the medial pterygoid muscle.
Gaspard provided a naming system for the fascial sheets of the medial pterygoid
(see my Figure 3.15 and Figure 1 of Gaspard 1973b). The LR, or ‘covering sheet’,
generally inserts on the inferior border of the ramus in strepsirrhines. The AMS, or
‘middle superior aponeurosis’, is curved and often embedded within the muscle, but
sometimes inserts on a bony spur low within the area of insertion. The AI, or
‘intermediate intermuscular sheet’, also curves and is strongly anchored to the mandible,
often by a bony spur. Gaspard’s APS (‘deep superior aponeurosis’), often inserts on a
small spur of bone. The insertion spur is located more dorsally for each more lateral
sheet. Laterally, the LR and AI merge (Gaspard’s LP) and are anchored to a spur of bone
in the dorsal part of the insertion area.
Based on its overall orientation, the medial pterygoid muscle likely has a primary
role in the medial excursion of the working side mandible (toward the balancing side)
during mastication. Therefore, one might expect this muscle to be larger and/or more
forceful in primates that emphasize transverse mastication but that do not heavily recruit
the balancing-side jaw adductors..
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Strepsirrhines with highly unfused symphyses receive less input from the
balancing-side chewing muscles during mastication than is the case for anthropoids1
(Hylander et al. 2000). This suggests that, although the balancing-side masseters are
well-located for assisting in the transverse component of the power stroke, they provide
little force during chewing in strepsirrhines. The muscle that is best located for providing
that force in strepsirrhines is the medial pterygoid. Primates that have unfused
mandibular symphyses likely depend on the medial pterygoid for the transverse
component of the power stroke. The medial pterygoids probably also counteract the
lateral transverse pull of the masseters, reducing the likelihood of wishboning the
mandible. These hypotheses highlight the need for more information on the activity
pattern of the medial pterygoid in strepsirrhines.
There are anatomical data to support a difference in emphasis on the medial
pterygoid in strepsirrhines and anthropoids. The medial pteryoid is relatively a smaller
muscle in anthropoids than in strepsirrhines (Gaspard et al. 1973b; Perry and Wall in
press; Schumacher 1961). Anthropoids have very reduced orbital portions of the medial
pterygoid compared to strepsirrhines. This portion of the muscle arises from the medial
wall of the orbit in strepsirrhines. In anthropoids, the presence of a postorbital septum
precludes such an origin; the orbital portion in anthropoids is very small when present
and arises from the pyramidal process of the palatine bone (Schumacher 1961; Gaspard
1973b).

1

This pattern does not hold for all muscles for Lemur catta, which has a greater degree of symphyseal fusion than do
galagos (Hylander WL, Wall CE, Vinyard CJ, Ross CF, Ravosa MJ, Williams SH, Johnson KR (2005) Temporalis
function in anthropoids and strepsirrhines: and EMG study. American Journal of Physical Anthropology 128:35-56).

132

Although I did not weigh the orbital part of the medial pterygoid separately
(because I intended to sample fiber lengths and did not want to damage fibers), I make
qualitative observations on its size and quantified its mediolateral thickness. The orbital
part of the medial pterygoid makes up a large part of the total muscle (roughly 30-40%).
My data show that in most strepsirrhines, the orbital portion of the medial pterygoid
represents roughly 50% of the muscle’s thickness on average (Table 3.4). In indriids, the
orbital part of the medial pterygoid is small compared to the state in lemurids, though it
can be thick. In tarsiers (see below), the orbital part of the medial pterygoid represents
roughly 40% of the mass of the muscle and is the largest structure passing through the
opening in the postorbital septum.
3.4.4.2 Lateral Pterygoid
The lateral pterygoid muscle is perhaps the most poorly understood of all the muscles of
mastication. It is often divided into two heads that may or may not have different functions
(Grant 1973; Hylander et al. 1987; McNamara 1973). Because this muscle is very hard to access,
it is possible that in attempting to insert an electrode into the lateral pterygoid, some researchers
may have mistakenly sampled the most inferior fibers of the deep temporalis or even the most
posterior fibers of the orbital head of medial pterygoid. Confusion also stems from the fact that
the orbital head of the medial pterygoid muscle has been misidentified in some strepsirrhines as
the lateral pterygoid muscle (e.g., Murie and Mivart 1872). Nevertheless, some part of the lateral
pterygoid is active in both jaw closing and jaw opening (Gorniak 1985; Hylander et al. 1987).

The lateral pterygoid lies dorsal and lateral to the medial pterygoid. Its upper
head originates from the greater wing of the sphenoid bone and the ventral surface of the
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temporal bone anterior to the glenoid fossa. The lower head originates from the lateral
surface of the lateral pterygoid plate. The fibers of the upper head course posteriorly,
laterally and ventrally, whereas those of the lower head course posteriorly, laterally and
dorsally. The fibers of both heads converge and insert onto the mandible at a point
slightly ventral, medial and anterior to the mandibular condyle and onto the medial
surface of the capsule of the temporomandibular joint. Based on gross fiber architecture,
the direction of pull of the lateral pterygoid muscle on the mandible is anterior and
medial.
If the upper head of the lateral pterygoid could act independently of the lower
head in strepsirrhines, then it could assist in jaw adduction. By the same token, the lower
head could act as a jaw abductor. However, because the fibers of the two heads
interdigitate toward the insertion, I doubt that independent action occurs. Moreover,
because the two heads are generally about the same size, the dorsad pull of the upper
head is likely cancelled out by the ventral pull of the lower head.
If the lateral pterygoid muscles acted independently of all other chewing muscles,
and if they acted together bilaterally, they would protract the mandible.
This muscle may function to stabilize the condyle during adduction and/or the
power stroke. In doing so, this muscle counteracts the strong posterior pull of the
temporalis. During jaw abduction, the lateral pterygoid likely acts to translate the
condyle forward along the glenoid fossa, thus contributing to gape. There is every reason
to expect that strepsirrhines follow this pattern. Furthermore, there is little variation in
this muscle’s gross anatomy across strepsirrhines.
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Table 3.4: Thickness of the Orbital Part of Medial Pterygoid in Some Primates
Species
Avahi laniger
Cheirogaleus medius
Eulemur collaris
Eulemur macaco flavifrons
Eulemur rubriventer
Galago moholi
Hapalemur griseus (n=2)
Lepilemur leucopus
Lemur catta
Microcebus murinus (n=2)
Nycticebus pygmaeus
Otolemur crassicaudatus
Perodicticus potto
Propithecus coquereli (n=2)
Propithecus diadema
Propithecus tattersalli
Tarsius syrichta
Varecia rubra

Thickness of Orbital
Medial Pterygoid
(mm)
1.2
1.4
2.8
1.3
1.8
1.9
0.0
0.8
1.6
0.7
1.2
1.9
1.2
1.9
2.4
0.7
1.4
2.6
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Total Posterior
Thickness of Medial
Pterygoid (mm)
3.2
2.0
3.2
2.4
2.9
2.5
2.7
2.7
4.9
1.4
2.4
3.0
3.2
2.5
3.0
2.5
1.8
3.1

Percentage
38
70
88
54
62
76
0
30
33
50
50
63
38
76
80
28
78
84

3.4.5 Digastric Group
The digastric muscle group (the anterior digastric and the posterior digastrics) are
the principle jaw abductors in primates (Figure 3.16). These are long, thin muscle bands
that course from the base of the skull to the medial border of the mandible near the
symphysis. The anterior portion is simply the anterior continuation of the posterior
portion and a short tendon posterior and medial to the mandibular angle joins the two.
The anterior portion is derived from the primitive m. intermandibularis, whereas the
posterior portion is derived from the primitive m. interhyoideus (Edgeworth 1935;
Minkoff 1968).
The anterior digastric originates from the digastric tendon and widens toward its
insertion. Fibers course anteriorly, medially and very slightly dorsally toward the
insertion on the ventro-medial surface of the horizontal ramus of the mandible. The
insertion extends from near the mandibular symphysis to a point below the anterior
border of the masseteric fossa. The extent and depth of this insertion varies among
strepsirrhines. Usually it manifests as a shallow fossa, the boundaries of which are easily
traced on a dry specimen.
The posterior digastric muscle originates from a bony ridge on the ventral and
posterior surface of the tympanic bulla. Fibers run across the ventral surface of the bulla
but only arise from the posteriormost edge of it. The fibers course anteriorly, medially
and slightly ventrally. The digastric tendon runs deeply inside the posterior digastric
muscle. The fibers of the posterior digastric muscle converge and insert on this tendon.
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Figure 3.16: Eulemur rubriventer, view of digastrics at base of skull.
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The digastrics are essentially non-pinnate, strap muscles. Therefore, the direction
of pull can be deduced from the general orientation of the muscle bellies. The direction
of pull on the mandible is ventral and posterior.

3.5 Anatomical Variations in Strepsirrhines
3.5.1 Lemur
The ventralmost fibers of insertion of the superficial masseter are strongly
attached to fibers of insertion of the medial pterygoid, at the mandibular angle. The deep
masseter is very thin compared to the superficial masseter; most of its weight is fascial
sheets. Immediately after the skin is removed, the zygomatico-mandibularis can be seen
at the posterodorsal edge of the superficial masseter.
The zygomatic temporalis is clearly visible above the zygomatic arch, where
fibers are arched at the origin of the muscle; it separates cleanly from the superficial
temporalis (Figure 3.17). The origin of the zygomatic temporalis is far posterior, from
the dorsal surface of the zygomatic arch and not from the medial surface of the zygomatic
arch. Many of the more posterior fibers of the zygomatic temporalis insert directly onto
the lateral surface of the coronoid process. The superficial temporalis does not cover the
posteroventral corner of the deep temporalis above the external auditory meatus.
The medial pterygoid has a minor orbital component. The pterygoid part of the
medial pterygoid has a long origin, partly from a flange of bone that runs anteriorly from
the auditory bulla.
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As part of my dissections, it was necessary to cut through the mandibular
symphysis. The goal of this procedure was to access the pterygoid musculature;
however, I collected only ad libitum observations on the strength of the symphysis.
Careful comparisons of symphyseal fusion have been made for many strepsirrhines
already (Beecher 1977, 1979). My assessment of the variable strength of these
symphyses is based purely on the amount of effort I expended in fracturing it. In Lemur
catta, the symphysis yielded readily to my scalpel blade.

3.5.2 Eulemur
A substantial part of the deep masseter can be seen at the posterodorsal edge of
the superficial masseter. Beyond this, a corner of zygomatico-mandibularis is visible.
Most of the insertion of the deep masseter is anchored to a v-shaped ridge at the base of
the masseteric fossa; few fibers insert on the fossa itself.
The zygomatic temporalis is clearly separate from the superficial temporalis; a
linear band of fascia and a branch of the superficial temporal artery separate the two. The
superficial temporalis separate easily from the deep temporalis at the ventral margins of
these muscles; here, the temporal tendon is visible. The former is thick anteriorly, but
very thin posteriorly where it is mere fascia. The anterior part of the superficial
temporalis originates from a wide swath of bone in the anterior temporal fossa; this origin
is fleshy and lies beyond the anterior edge of the origin of deep temporalis.
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Figure 3.17: Lemur catta, zygomatic temporalis.
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The medial pterygoid has a very substantial orbital part and a small pterygoid
part, though the pterygoid part is still the larger of the two. The origin of the orbital part
reaches deeply into the orbit. The extent of this area of origin varies among species of
this genus. The lateral pterygoid muscle is very small.
During dissection, I observed that the mandibular symphysis is fused to very
different degrees in different species of Eulemur: Eulemur rubriventer has a very weak
symphysis, whereas E. macaco flavifrons has a very strong symphysis (individuals were
of similar body size). Eulemur collaris also has a very strong symphysis. Beecher (1977,
1979) also noted that there is interspecific variation in the symphysis of Eulemur (he
examined “Lemur” macaco and “Lemur” fulvus).

3.5.3 Hapalemur
The superficial and deep masseter are somewhat intertwined posteriorly. The
deep masseter is completely covered by a strong deep masseter fascia on its superficial
surface. The deep masseter is visible at the posterodorsal edge of the superficial
masseter; it is very large and inserts on a wide swath of bone at the base of the masseteric
fossa. The zygomatico-mandibularis is modest in size.
The zygomatic temporalis is small at its origin and mostly arises from the medial
surface of the zygomatic arch and not the dorsal surface. The origin of superficial
temporalis is entirely tendinous except for a small portion at the dorsal root of the
postorbital bar. The origin of the deep temporalis fills the entire temporal fossa on the
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lateral surface of the braincase. The temporal tendon covers the deep temporalis from
anterior to posterior except along the temporal line.
The medial pterygoid is enormous, though it has a very small orbital component
(Figure 3.18). The lateral pterygoid is also relatively large.
The digastrics muscles, both anterior and posterior, are very wide at their
attachments.
The mandibular symphysis is very strong and appears to be partially fused. This
corroborates observations made by Beecher (1977).

3.5.4 Varecia
The chewing musculature in this genus is very much like that of Eulemur.
The superficial masseter separates poorly from the deep masseter. The former is
much larger than the latter. The latter separates easily from the zygomatico-mandibularis
because the zygomatico-mandibularis fascia is very thick posteriorly. The deep masseter
is visible at the posterodorsal edge of the superficial masseter. The zygomaticomandibularis is thin and separates easily from the zygomatic temporalis. The insertion of
the zygomatico-mandibularis is extensive; it fills the masseteric fossa.
The zygomatic temporalis is a relatively small muscle. The superficial temporalis
is large and substantial from the postorbital bar all the way to the nuchal crest (Figure
3.19). The attachment of the temporal fascia extends onto the posterior rim of the
postorbital bar. The deep temporalis is very large and fills the temporal fossa on the side
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of the skull. The temporal tendon covers the deep temporalis as far anteriorly as the root
of the postorbital bar.
The orbital part of the medial pterygoid is substantial and originates deeply within
the orbit. The lateral pterygoid is also relatively large (Figure 3.20).
The mandibular symphysis is very weak.

3.5.5 Lepilemur
The superficial masseter is small compared to the deep masseter. The latter is
barely visible at the posterodorsal corner of the former. The zygomatico-mandibularis is
very thick and divides poorly from the underlying zygomatic temporalis (Figure 3.21).
The zygomatic temporalis inserts primarily on the lateral face of the coronoid
process, though most of the anterior fibers insert on the zygomatic temporalis tendon
(Figure 3.22). This muscle does not divide cleanly into a part whose fibers insert onto the
tendon and a part whose fibers do not. The superficial temporalis is underlain by the
deep temporalis everywhere except for a crescentic part of the frontal bone just behind
the dorsal root of the postorbital bar.
The orbital part of the medial pterygoid is very reduced, thinning to a tendon
toward its origin. The lateral pterygoid is wide at its insertion and has but a narrow origin
from the lateral pterygoid plate.
The mandibular symphysis is very weak.
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Figure 3.18: Hapalemur griseus, pterygoids.
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Figure 3.19: Varecia rubra, zygomatic temporalis and superficial temporalis.
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Figure 3.20: Varecia rubra, pterygoids.
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Figure 3.21: Lepilemur mustelinus leucopus, zygomatico-mandibularis.
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Figure 3.22: Lepilemur mustelinus leucopus, zygomatic temporalis.

.
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3.5.6 Cheirogaleus
The superficial masseter is, by far, the largest muscle in the masseter group. The
superficial masseter fascia is weak and transparent. The insertion of the deep masseter is
long anteroposteriorly and extends onto the mandibular angle. The zygomaticomandibularis is relatively small.
The zygomatic temporalis takes origin from the medial surface of the zygomatic
arch and from the medial surface of the postorbital bar at its ventral root. This bifurcate
origin was noted by Gaspard (1973a), though he called this muscle the zygomaticomandibularis. Most of the fibers of zygomatic temporalis insert on the zygomatic
temporalis tendon, which is anchored to the lateral coronoid ridge. The superficial
temporalis is large and has a wide area of fleshy origin just behind the dorsal root of the
postorbital bar. The deep temporalis is thin compared to its condition in other
strepsirrhines (Figure 3.23). The temporal tendon is weak and it is difficult to separate
the muscles of the temporalis group.
The medial pterygoid is large and the orbital part makes up roughly 50% of its
mass. The orbital origin surface is deeply incised into the medial wall of the orbit. The
lateral pterygoid is very thick, but short.
The digastrics tendon is very short. The anterior digastrics is very small relative
to the posterior digastric. The posterior digastric is bilobate at its origin (Figure 3.24).
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3.5.7 Mirza
The superficial masseter is very large and strongly anchored by a tendon
anteriorly. The deep masseter and zygomatico-mandibularis are very thin and their fibers
are nearly vertical.
The zygomatic temporalis is small and most fibers insert on the tendon. This
tendon is visible once the deep masseter has been removed; it lies just beyond the anterior
margin of the zygomatico-mandibularis. The superficial temporalis is large compared to
the deep temporalis (as in Cheirogaleus). The temporal tendon is weak and it is difficult
to separate the muscles of the temporalis group (also as in Cheirogaleus).
The medial and lateral pterygoid muscles are large. The orbital part of the medial
pterygoid is substantial.
The digastrics tendon is very short. The anterior and posterior digastrics muscles
are almost equal in size (though the anterior muscle is smaller).

3.5.8 Microcebus
The superficial masseter is, by far, the largest part of the masseter group; the
lateral surface of the mandibular angle accommodates the insertion of no other muscle.
The deep masseter is very thin. The zygomatico-mandibularis is also quite thin;
however, its insertion area is large and it can be seen beyond the anteroventral edge of the
deep masseter (once the superficial masseter has been removed).
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Figure 3.23: Cheirogaleus medius, view into right orbit. Anterior is toward the bottom-right.
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Figure 3.24: Cheirogaleus medius, digastrics ex situ.
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The tendon of the zygomatic temporalis is not visible until the zygomaticomandibularis has been removed. The zygomatic temporalis is a small part of the
temporalis group and it is hard to separate it from the superficial temporalis. The
superficial temporalis is substantial anteriorly, but thins to fascia posteriorly. The
temporal tendon is prominent in this taxon and the separation of superficial temporalis
from deep temporalis is relatively clean. However, the temporalis tendon is very
restricted anteroposteriorly - it is thick only over the middle of the deep temporalis and
thins toward its anterior and posterior borders (Figure 3.25).
The medial pterygoid has a thin, but substantial orbital part; the pterygoid part
extends only shallowly into the pterygoid fossa. The lateral pterygoid is short and it
extends only shallowly into the orbit.
As in other cheirogaleids, the mandibular symphysis of Microcebus is very weak
and easy to break.

3.5.9 Propithecus
The superficial masseter is somewhat small in Propithecus. It is restricted to the
anterior part of the ascending ramus. Almost half of the muscle observed on the
ascending ramus after skin removal is actually deep masseter (Figure 3.26). Several
small, weak tendons are present within the superficial masseter; these are vertical and lie
parallel to fiber orientation. In some cases, these tendons are anchored to the zygomatic
arch at small bony tubercles (Figure 3.27).
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Figure 3.25: Microcebus murinus, view of temporal tendon on deep temporalis.
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The deep masseter is very large and nearly parallel to the superficial masseter in
fiber orientation (in the sagittal plane, though the fibers of deep masseter are oriented
more horizontally in the coronal plane). The separation between the superficial masseter
and the deep masseter at the posterior edge of the superficial masseter exposes a tendon
sheet on the deep surface of the superficial masseter. This tendon sheet is anchored to the
zygomatic arch at a prominent tubercle.
The zygomatico-mandibularis is somewhat bifurcate at its insertion, with a long,
thin anterior slip and a thicker posterior slip. The posterior slip is covered by a thicker
band of zygomatico-mandibularis fascia. It is difficult to separate the zygomaticomandibularis from the underlying zygomatic temporalis.
The zygomatic temporalis is visible just above the zygomatic arch. There is a
visible separation between it and the superficial temporalis. The zygomatic temporalis
originates from all along the medial surface of the zygomatic arch, as far anteriorly as the
ventral root of the postorbital bar. This muscle is very small and slender in Propithecus.
The superficial temporalis is substantial and has fibers even in the most posterior
part of the temporal fossa. The only area of fleshy origin for the superficial temporalis is
a small patch behind the dorsal root of the postorbital bar.
The deep temporalis is covered by a very thick temporal tendon.
The medial pterygoid is large, but the orbital part is nearly non-existant (Figure
3.28).
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Figure 3.26: Propithecus coquereli, view of masseter group.
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Figure 3.27: Propithecus tattersalli, deep masseter with vertical tendons.
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The mandibular symphysis is extremely tough, a condition described in detail by
Beecher (1977). In some cases, I found that it was necessary to use a small saw to
fracture the symphysis in the sifaka. Propithecus exhibits the condition closest to
symphyseal fusion of any strepsirrhine.
Other than size, there is very little variation in the chewing muscles among
Propithecus verreauxi, P. tattersali, and P. diadema.

3.5.10 Avahi
The superficial and deep masseter of Avahi are very peculiar in that they are
multipinnate in the sagittal plane (Figure 3.29), even more so than in Propithecus.
Prominent tendons run through these muscles from the zygomatic arch downward. These
tendons are anchored to small tubercles along the ventral margin of the zygomatic arch.
Fibers run anteroventrally and posteroventrally from these tendons toward their
insertions. In general, the fibers of the superficial and deep masseter in Avahi are more
horizontal in the sagittal plane than in Propithecus. I could dissect only one specimen of
Avahi laniger, so I hesitate to characterize this as a normal trait of the species. The
zygomatico-mandibularis is not pinnate in the sagittal plane. The zygomaticomandibularis is difficult to separate from the underlying zygomatic temporalis.
The zygomatic temporalis is very small and hard to differentiate from the
superficial temporalis. The superficial temporalis fibers cover the deep temporalis except
for a small part of the latter that is exposed directly above the external auditory meatus.
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The medial pterygoid is large and has a wide area of insertion. The orbital part of
the medial pterygoid is extremely reduced. The lateral pterygoid is small and nondescript.
The mandibular symphysis is tough for so small an animal.

3.5.11 Nycticebus
The superficial masseter is large and has a prominent bulge anteriorly. The deep
masseter is visible at the posterodorsal edge of the superficial masseter. The origin of the
deep masseter is a wide area of the lateral surface of the zygomatic arch; the insertion is
wide and lies at the base of the masseteric fossa. The zygomatico-mandibularis fascia is
very thick, especially posteriorly, so the deep masseter muscle separates easily from the
zygomatico-mandibularis muscle.
The zygomatic temporalis originates very far anteriorly on the medial surface of
the zygomatic arch. Most of the posterior part of the inner surface of the zygomatic arch
accommodates fibers of the deep temporalis. Most of the fibers of the zygomatic
temporalis insert on the zygomatic temporalis tendon. The superficial temporalis thins to
fascia posteriorly, and the deep temporalis is exposed beyond its posteroventral border.
The temporal fascia is anchored to the dorsal root of the postorbital bar. The temporal
tendon covers the deep temporalis only a little way posterior to the upper edge of the
coronoid process.
The medial pterygoid is modest in size and has a substantial orbital part. The
lateral pterygoid has a very skinny orbital part.
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Figure 3.28: Propithecus diadema, pterygoids, with the right hemimandible retracted
dorsolaterally (toward the top of the page).
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Figure 3.29: Avahi laniger, view of deep masseter showing vertical tendons.
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The digastrics are very large. The anterior digastric is very long; its attachment to
the mandible extends far forward, almost to the symphysis (Figure 3.30). The anterior
digastrics are strongly attached to the underlying mylohyoid muscle.
Apart from size, there is no major difference in the chewing musculature between
Nycticebus coucang and N. pygmaeus.

3.5.12 Perodicticus
The chewing musculature of Perodicticus is very similar to that of Nycticebus.
However, the origin of the zygomatic temporalis in Perodicticus extends much further
posteriorly along the inside surface of the zygomatic arch. The orbital part of the medial
pterygoid is nearly as large as the pterygoid part in Perodicticus.

3.5.13 Galago and Otolemur
The chewing muscle anatomy of Galago moholi is very similar to that of
Otolemur crassicadatus; therefore, these taxa will be described together. Variation in
galago chewing muscle anatomy has also been described by Cordell (1991).
The superficial masseter is large compared to the deep masseter and zygomaticomandibularis. Both of the latter muscles can be observed at the posterodorsal border of
the former immediately after the skin has been removed. The origin of the superficial
masseter leaves a very prominent scar on the lateral face of the zygomatic arch, at its
anterior extremity.
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Figure 3.30: Nycticebus coucang, digastrics and superficial masseter at underside of head.
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The insertion of the superficial masseter is along the inferior border of the
horizontal ramus anterior to the mandibular angle and from the lateral surface of the
mandibular angle, posterior to a prominent vertical ridge. This ridge is the posterior bar
of a ‘v’ shaped ridge that anchors the deep masseter fascia which serves as a tendon of
insertion for the fibers of the deep masseter muscle.
The deep masseter originates from a large lateral shelf on the zygomatic arch,
mid-way along the arch, just posterior to the origin scar of superficial masseter. The
fibers of the zygomatico-mandibularis insert within the masseteric fossa, dorsal to this vshaped ridge.
The zygomatico-mandibularis is nearly divided into two parts, a posterior part that
is covered by a thick sheet of zygomatico-mandibularis fascia, and an anterior part that is
covered by a thin sheet of zygomatico-mandibularis fascia.
The zygomatic temporalis is very small, barely visible above the zygomatic arch.
Most of the fibers of this muscle insert on the zygomatic temporalis tendon. The
superficial and deep temporalis muscles are very large and extensive; the temporal tendon
is quite thick and separates the two muscles along most of their length. In specimens of
Otolemur crassicaudatus that have a sagittal crest, most of the crest serves as area of
origin for fibers of the deep temporalis. This muscle is, by far, the largest chewing
muscle in galagos.
Cordell (1991) stated that the medial pterygoid in galagos has three heads of
origin, the two described above (orbital, and pterygoid from the medial surface of the
lateral pterygoid plate) and a third that arises from the lateral surface of the medial
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pterygoid plate. In my dissections of galagos, I did not see fibers arising from the lateral
surface of the medial pterygoid plate. Instead, the innermost fascia covering this muscle
adhered strongly to that surface. In any case, fibers of the medial pterygoid muscle fill
the pterygoid fossa in galagos.

3.6 Tarsiers
Although tarsiers are outside of the scope of a dissertation on strepsirrhines, they
are of supreme importance to understanding primate systematics and evolution. Because
I had the opportunity to dissect the chewing muscles of two tarsiers (both Tarsius
syrichta), I will describe some interesting features of this musculature and the
implications for primate evolution.
Murie and Mivart (1872) quoted from Burmeister’s (1846) monograph on tarsier
anatomy. Other important contributions were made by Allen (1880; 1897),Woollard
(1925), Fiedler (1953), and Ross (1995).

3.6.1 Masseter
The masseter group of Tarsius syrichta is very much like the masseters of
strepsirrhines. The superficial masseter is thin relative to the deep masseter, but it
thickens anteriorly. There is a small lobe of the anterior part of the superficial masseter
that is strongly connected to the medial pterygoid. This lobe is not present in
strepsirrhines, but oddly enough, it is present in carnivorans (pers. obs.). The anatomy of
the deep masseter is unremarkable, as is the anatomy of the zygomatico-mandibularis –
both are similar to those muscles in strepsirrhines.
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3.6.2 Temporalis
The zygomatic temporalis is large and prominent in tarsiers. It is visible as it arcs
above the zygomatic arch. Here, it is easily separated from the underlying superficial
temporalis. Most of the fibers of this muscle insert on the tendon of insertion rather than
directly onto the bone of the coronoid process.
The superficial temporalis covers only the anterior two-thirds of the deep
temporalis. Posteriorly, the superficial temporalis thins to a transparent sheet of
connective tissue that is confluent with the temporal fascia. Anteriorly, the muscle
originates from a crescentic region of the postorbital septum at its dorsal root.
The posterior part of the deep temporalis can be seen through the fascial part of
the superficial temporalis once temporal fascia has been removed. This part of the deep
temporalis forms its own lobe, separated from the rest of the muscle by a small triangle of
bone that points anteriorly from the temporal line (Figure 3.31). This posterior lobe of
the deep temporalis is not covered superficially by the temporal tendon; that tendon ends
anterior to the anterior border of the posterior lobe of the deep temporalis.
The main part of the deep temporalis is similar to that in strepsirrhines, except
that it does not extend as far anteriorly in tarsiers. In Tarsius syrichta, a separate muscle
fills a shallow trough anterior to the deep temporalis. This muscle may be called the
anterior temporalis. It is overlain by the superficial temporalis and sits anterior and
dorsal to the deep temporalis (Figure 3.32). The fibers of this anterior temporalis
converge on the temporal tendon as they course toward their insertion; here they join the
anterior fibers of the deep temporalis and the deep anterior fibers of the superficial
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temporalis. The origin of the anterior temporalis is easily identified from dry skulls and a
slight ridge separates the posterior border of the origin from the anterior border of the
origin of deep temporalis. In principle, this feature should be identifiable in fossils.
None of this unique temporalis morphology was described by Woollard (1925),
and Allen (1897) seems to have gotten it backwards. It is possible that these authors did
not observe the same morphology as I did because they studied different species of
tarsier; however, I doubt that this is the case. Burmeister noticed that the superficial
temporalis only covers the anterior part of the deep temporalis (Murie and Mivart 1872).
The elaboration of an independent anterior temporalis in tarsiers is noteworthy because
many anthropoids have a thick anterior temporalis (e.g., Ross 1995).
In anthropoids, the ‘anterior temporalis’ is simply a thick anterior region of the
superficial and deep temporalis where the superficial muscle is strongly fused to the deep
muscle. Ross (1995) stated that the temporal tendon, oriented sagitally in the posterior
temporal region, takes a more coronal course anteriorly, dividing the temporal group into
an anterior and posterior portion. The posterior portion, then, is further divided into
superficial and deep portions. This is similar to the condition in tarsiers (as Ross himself
noted). The one major difference is that the anterior temporalis of tarsiers can be
separated from the anterior fibers of the superficial temporalis in tarsiers; the superficial
temporalis in tarsier overlies the anterior temporalis. This is a small point, but it may
mean that the anterior temporalis in tarsiers is not homologous to the anterior temporalis
in anthropoids (Figure 3.33). Strepsirrhines have little or no anterior temporalis – the
temporal tendon extends almost to the anterior margin of the temporal muscles.
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Figure 3.31: Tarsius syrichta, temporalis group.
A small amount of fascia has been removed, mainly along the orbit rim and between the
zygomatic temporalis and superficial temporalis.
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Figure 3.32: Tarsius syrichta, deep temporalis and anterior temporalis.
The zygomatic temporalis and superficial temporalis have been removed.
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3.6.2 Medial Pterygoid
As in strepsirrhines, the medial pterygoid of Tarsius syrichta has two heads of
origin: a pterygoid head from the pterygoid fossa and an orbital head from the medial
wall of the orbit. The orbital head passes through the inferior orbital fissure and is very
large in tarsiers (Figure 3.34). It is very small in anthropoids and some strepsirrhines
(indriids and Hapalemur). Ross (1995) described this morphology and Cartmill (1980)
suggested this head of medial pterygoid may cause a disturbance to the eye. If the orbital
head of the medial pterygoid were not important in tarsiers, one would expect it to be
sacrificed developmentally to increase the space for (and stability of) the very large eye.
In anthropoids, the orbital head is significantly reduced or absent. By contrast,
this muscle represents approximately 7% of a tarsier’s adductor mass and 10% of its
adductor cross-sectional area. I hypothesize that the lack of the orbital head in
anthropoids is compensated for by an increase in size of the masseter muscles; the
balancing-side masseter may do for primates with a fused symphysis what the workingside orbital medial pterygoid does in primates without a fused symphysis. Perhaps we
see the beginnings of this role-shift in indriids and Hapalemur. The medial pterygoid is
under strong spatial constraints; high degrees of pinnation in this muscle in primates may
be a response to these spatial constraints. The masseter is not under the same spatial
constraints. Therefore, primates that must increase transverse chewing force - but for
whom an increase in pinnation is contraindicated by the need for large gapes - may
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increase the size of the masseter muscles instead of increasing the size of the medial
pterygoid muscles.

3.7 Suggestions for Placement of Electromyographic Electrodes
The anatomy of the chewing muscles can be used to inform and guide
investigations of chewing muscle activity. To understand the function of a muscle, it
helps to know in what situations a muscle is active, for how long, and to what degree.
However, unless we understand the specific anatomy of the chewing muscles and how
this anatomy varies across taxa, our comparisons of muscle activity across taxa may be
difficult to interpret.
Work by Hylander and colleagues (e.g., (Hylander et al. 2000; Hylander et al.
2003; Hylander et al. 2005; Wall et al. in press)) has focused on sampling parts of the
musculature that have a common fiber orientation (such as the “anterior temporalis”).
This work has provided tests of hypotheses of jaw muscle function; the activity of several
parts of the chewing musculature in strepsirrhines is now understood (Table 3.5).
Future work should focus on sampling additional parts of the masticatory
musculature that may have specialized functions. For example, the medial pterygoid in
strepsirrhines may contribute a large part of the transverse force during the power stroke.
EMG sampling of this muscle would readily test this hypothesis.
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Figure 3.33: Superficial, deep, and anterior temporalis in primates.
Each shape drawn onto the cranium represents the distribution of muscle fibers for a muscle. A:
Strepsirrhine (Varecia rubra), B: tarsier (Tarsius syrichta), C: anthropoid (Cebus nigrivittatus
olivaceous). The area marked by horizontal lines is the superficial temporalis, small spheres
denote the deep temporalis, x-marks denote the anterior temporalis. Note that the anterior
temporalis is only present in Tarsius. The thick dashed line in Cebus denotes the zone of
transition anterior to which the fibers of the deep and superficial temporalis are often considered
to be ‘anterior temporalis’. The oval with light gray wavy lines marks the origin of the orbital
part of the medial pterygoid muscle from the medial wall of the orbit in Tarsius (not shown in
Varecia, not present in Cebus).
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Figure 3.34: Tarsius syrichta, orbital part of medial pterygoid at its origin from the medial
wall of the orbit.
The eye is being held to the side. The right hemimandible has been removed, revealing the
ventral parts of the medial pterygoid. The medial pterygoid has been cut from its insertion on the
medial face of the ascending ramus.

173

Table 3.5: Published EMG data on strepsirrhine masticatory muscles
Superficial
masseter
Deep masseter2

Otolemur crassicaudatus
Hylander et al. 2000,
2004
Hylander et al. 2000,
2004

Lemur catta
Hylander et al.
2004, 2005
Hylander et al.
2004
Hylander et al.
2005
Hylander et al.
2005

Propithecus coquereli
Hylander et al. 20031
Hylander et al. 2003

Anterior
Hylander et al. 2005
Hylander et al. 2003
temporalis3
Posterior
Hylander et al. 2005
Hylander et al. 2003
temporalis
Medial
Hylander et al. 2003
pterygoid
1
Data on individual muscles were not presented in the abstract but were presented during the talk itself.
2

This muscle is considered the zygomatico-mandibularis here.

3

Because the electrodes were inserted close to bone, the ‘anterior temporalis’ and ‘posterior temporalis’ are
probably the anterior and posterior fibers of the deep temporalis muscle.
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The ratio of fast-twitch’ to ‘slow-twitch’ fibers in the superficial temporalis is
very different from that in the deep temporalis in some primates (Wall 2007). It would
be interesting to know if these muscles are task-specific. For example, do fibers of the
deep temporalis maintain their activity for longer than do similarly-oriented fibers of the
superficial temporalis? Unfortunately, it is hard to be sure that one is sampling the deep
temporalis as opposed to the superficial temporalis (or vice-versa) across taxa with
different morphologies. The best way to increase one’s confidence is to place the
electrode as close as possible to the bone to sample the deep temporalis, and to place the
electrode very superficially to sample the superficial temporalis.
The extent to which the deep masseter and zygomatico-mandibularis project
beyond the superficial masseter in the sagittal plane varies in strepsirrhines. This raises
some doubt that the same muscle has been sampled in all studies of deep masseter
electromyography (EMG). This is particularly important because an interesting pattern
of variation in this muscle has been reported for strepsirrhines (Hylander et al. 2004;
Vinyard et al. 2006).
Vinyard and colleagues (2006) recorded EMG of the superficial and deep
masseter in Lemur catta. They placed an electrode in the masseter near the bone at the
anterior part of the mandibular angle to sample the superficial masseter. Because the
deep masseter extends far forward in this species and lies against the ramus in this region,
it is possible that the muscle they sampled was the deep masseter as defined here.
To sample the “deep masseter” (i.e., zygomatico-mandibularis, the deepest part of
the masseter group), they placed an electrode inferior to the zygomatic arch, midway
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along the arch, again close to the bone. The muscle sampled was most likely the
zygomatico-mandibularis, as they intended. However, it might have been the zygomatic
temporalis as that muscle lies deep to and anterior to the zygomatico-mandibularis.
Let us suppose that sampling the same anatomical muscles across taxa is
important. The following recommendations may be useful.

3.7.1 Masseter
To sample the superficial masseter, it would be best to insert an electrode along
the inferior edge of the mandibular ramus, directly below the posterior margin of the
postorbital bar. This is anterior to where Vinyard and colleagues sampled, but it would
avoid hitting the deep masseter, which inserts just posterior to the level of the postorbital
bar in some primates.
To sample the deep masseter (as defined here), is very difficult. The best
approach would be to examine a dry mandible and identify the location of the v-shaped
ridge of insertion for the deep masseter. An electrode placed just dorsal to the point of
the v would yield the most confident results, particularly if the electrode is placed very
close to the bone.
The muscle identified as deep masseter by some EMG studies (Hylander and
Johnson 1994; Hylander et al. 2000; Hylander et al. 2004; Hylander et al. 2005; Vinyard
et al. 2006) is the zygomatico-mandibularis as defined here. To sample this muscle, I
would advise moving the electrode posterior to the location described by Vinyard and
colleagues (2006), so that it is just in front of the condyle. Again, the best placement
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would be one close to the bone. This posterior shift would reduce the chances of hitting
the zygomatic temporalis (which inserts anterior to this point in some primates) or the
more deep masseter (which originates just anterior to this point in some primates).

3.7.2 Temporalis
The temporalis musculature is often the subject of electromyographic studies of
primates (e.g., Hylander et al. 2005). These studies generally focus on the anterior and
posterior temporalis. However, these are not anatomical units in strepsirrhines. Rather,
the anatomical units are a superficial temporalis (usually thicker anteriorly) and a deep
temporalis (usually thicker posteriorly).
Again, if it is important to sample anatomical units, or layers of parallel fibers,
then the following may apply. In general, the further anterodorsal the placement of the
electrode, the more likely one will sample mainly superficial temporalis fibers,
particularly if the electrode is far from contacting the bone. The more posterodorsal the
placement of the electrode, the more likely one will sample mainly deep temporalis
fibers, particularly if the electrode is placed close to the bone.
We lack data on the activity pattern of the zygomatic temporalis muscle. This
muscle may be an important retractor of the mandible, or perhaps a joint stabilizer at
wide gapes. It would be relatively easy to place an electrode into the zygomatic
temporalis. This muscle is directly beneath the temporalis fascia just dorsal to the dorsal
margin of the zygomatic arch at its posterior root.
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It would be relatively easy to sample the zygomatic temporalis. Here, the
electrode should be directed toward the medial surface of the zygomatic arch, about halfway along its length. Close to the bone, the electrode will be in zygomatic temporalis in
almost any strepsirrhine. In Nycticebus, the electrode should be placed a little more
anteriorly and in Propithecus, it should be placed a little more posteriorly.
Electromyography continues to be an essential tool to understanding muscle
function. A greater familiarity with the variation in chewing muscle anatomy can
improve our confidence in EMG results and perhaps help us identify sources of error
when EMG data give ambiguous or confusing results.

3.8 Summary and Conclusions
The jaw adductor musculature of strepsirrhines is most reliably divided into seven
parts. The temporalis group includes the zygomatic temporalis, the superficial
temporalis, and the deep temporalis. The masseter group includes the superficial
masseter, the deep masseter, and the zygomatico-mandibularis. The zygomatic
temporalis and zygomatico-mandibularis have often been called the ‘transitional layers’.
The last adductor is the medial pterygoid muscle.
The main jaw abductors are the anterior and posterior digastrics muscles.
Based on electromyographic studies and based on anatomical position, the lateral
pterygoid is best considered a jaw stabilizer that likely also assists in jaw abduction by
translating the condyle forward along the glenoid fossa.
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The temporalis group is covered by the temporal fascia and fiber insert on either
side of the coronoid process and on tendons at the anterior margin of the coronoid
process. The superficial temporalis is separated from the underlying deep temporalis by
the temporal tendon.
The zygomatic temporalis is variable in its compartmentalization. Usually some
fibers insert on the zygomatic temporalis tendon and some insert on the lateral surface of
the coronoid process; in no case was it separable into two discrete parts.
The masseter group is covered by the superficial masseter fascia. The superficial
masseter is separated from the underlying deep masseter by the deep masseter fascia.
The deep masseter is separated from the underlying zygomatico-mandibularis by the
zygomatico-mandibularis fascia.
The medial pterygoid is a complex, multipinnate muscle that arises from two
heads: pterygoid and orbital. These heads vary in relative size.
Strepsirrhines vary with respect to the relative sizes of the chewing muscles (see
Chapter 4, Table 4.6), as well as with respect to the locations and extents of the areas of
attachment. Lorisids and galagids emphasize the temporalis musculature and the
superficial masseter. The chewing muscles of cheirogaleids lack differentiation,
particularly in the temporalis group. Lemurids have well-differentiated muscles, large
medial pterygoids, and relatively small temporalis muscles. Indriids have a very large
deep masseter and zygomatico-mandibularis, as well as small orbital part of the medial
pterygoid.
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In some cases, it is difficult to say whether this variation is the effects of
phylogeny or dietary adaptation. For example, the indriids studied are all folivoregraminivores. The variation in muscle size and architecture is examined in greater detail
in the following chapters.
Tarsiers have masticatory peculiarities that set them apart from strepsirrhines and
from anthropoids. They possess a separate anterior temporalis that does not appear to
have a contribution from the deep temporalis, and that is overlain by the superficial
temporalis. Tarsiers have a substantial orbital part of medial pterygoid that occupies
most of the space in the inferior orbital fissure.
Anthropoids have an extremely small orbital part of medial pterygoid and a large
deep masseter musculature. This is true of indriids as well. In addition, indriids have
partial fusion of the mandibular symphysis, a condition which anthropoids take to another
level. Full or partial fusion of the symphysis allows anthropoids and indriids to use the
force of the balancing-side zygomatico-mandibularis muscles in completing the power
stroke of mastication. This shift may have changed the role of the medial pterygoid
muscle in anthropoids. In strepsirrhines and tarsiers, this muscle is instrumental in
providing medially-directed force to the power stroke. In anthropoids, the muscle is
smaller and lacks an orbital component; the balancing side zygomatico-mandibularis has
likely taken over much of the task of providing medial force during the power stroke.
The loss of the orbital medial pterygoid is correlated with complete postorbital
closure in extant primates. Tarsiers have an unfused symphysis and a relatively large
medial pterygoid, particularly the orbital head. It is possible that the postorbital septum
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in tarsiers remains partly open due to the persistent importance of the orbital head of
medial pterygoid. This hypothesis requires considerable testing before it can be
substantiated. One means of testing this hypothesis would be to examine the size of the
inferior orbital fissure in a large multispecific sample of tarsiers and compare it to the
size of the orbital medial pterygoid muscle. Also, some anthropoids have a large inferior
orbital fissure (e.g., Aotus); perhaps they retain part of the orbital medial pterygoid.
The variation in the chewing muscle anatomy of strepsirrhines is interesting
because of its possible phylogenetic or behavioral patterns. In addition, this variation has
the practical application of refining electromyographic methods. Studies such as this one
are important for designing experiments and interpreting their results.
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Chapter 4 Size and Scaling of Stepsirrhine Jaw
Adductors
4.1 Introduction
Here I report the results of a study of the cross-sectional area, mass, fiber length,
and muscle architecture of the jaw adductor muscles of strepsirrhine primates. I have
included the data for tarsiers as well. Tarsiers are small primates and may share
similarities with small strepsirrhines due to size similarity. The jaw muscles of tarsiers
are poorly known apart from general anatomical patterns (Allen 1897; Fiedler 1953;
Jablonski and Crompton 1994; Woollard 1925).
I measured cross-sectional area, mass, fiber length, and pinnation in 25
strepsirrhine species that span a large range of body sizes and diets (Table 4.1). The goal
of this study is to document the scaling patterns of the jaw adductor muscles relative to
body size. Jaw adductor muscle dimensions likely vary with body size and also with diet.
This is a first step in comparing the force-producing abilities of the jaw adductors across
strepsirrhines. The second step, an analysis of chewing muscle leverage, is taken in
Chapter 6.
As part of the present study, I compare the scaling patterns observed in this
sample of strepsirrhines to a set of scaling predictions for how the chewing muscles
might scale to body size (Lucas 2004). These predictions are based on the fracture
properties of food. Lucas’s (2004) fracture scaling model is an important first attempt to
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move beyond assumptions of geometric similarity in predicting the scaling patterns of the
chewing muscles relative to body mass (e.g., Cachel 1979, 1984).
Because the degree of pinnation in a muscle can have an enormous effect on its
ability to produce force, I also discuss how calculations of cross-sectional have been
corrected for pinnation in the past, and how they should be corrected for pinnation in the
future.
Lastly, I test some prior hypotheses on the functions of the individual components
of the jaw adductor musculature. I use relationships between diet and jaw adductor
cross-sectional area or mass to test these hypotheses.
The jaw adductor muscles provide the input force for breaking down food.
Muscle force is a function of many variables. Muscle force also depends on how active a
muscle is during a particular activity. Electromyographic (EMG) data provide a measure
of the timing of activity and the relative force of the jaw adductors during mastication
(Hylander and Johnson 1985, 1994; Hylander et al. 2004; Wall et al. in press).
Two other significant variables are cross-sectional area and moment arm (or
leverage) of the muscle (Hylander 1975a; Weijs and Hillen 1985). The first is treated
here, and the second is discussed in detail in Chapter 6.
There are surprisingly few data on cross-sectional area and fiber architecture for
the jaw adductor muscles of primates. Such data are critical for understanding the muscle
forces produced during mastication. Mass has been reported for the chewing muscles of
some nonhuman primates (Antón 1999, 2000; Cachel 1979, 1984; Schumacher 1961;
Taylor and Vinyard 2004).
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Table 4.1: Specimens dissected
Species

Specimen

Avahi laniger
Cheirogaleus medius
Eulemur collaris
Eulemur coronatus
Eulemur macaco flavifrons
Eulemur mongoz
Eulemur rubriventer
Galago moholi
Galago senegalensis
braccatus
Galago
senegalensis
braccatus
Galagoides demidoff

AMNH 170501
DUPC 651m
DUPC 5800m
DUPC 6251m
DUPC 6394f
DUPC 6468f
DUPC 6631m
DUPC 2041m
ASU Ef
ASU Jf
NCZP 510f
NCZP 507f
DUPC 1322f
DUPC 1353f
BAA C2f
AMNH 170790
DUPC 889f
DUPC 874f
DUPC 363f
BAA C6m
DUPC 1931f
ORPC 1f
ORPC 2f
DUPC 1731m
ASU 1m
Haines Am
AMNH
200640f
DUPC 6560m

Galagoides demidoff
Hapalemur griseus
Hapalemur griseus
Lemur catta
Lepilemur leucopus
Microcebus murinus
Microcebus murinus
Mirza coquereli
Nycticebus coucang
Nycticebus pygmaeus
Otolemur crassicaudatus
Otolemur crassicaudatus
Otolemur crassicaudatus
Otolemur garnettii
Otolemur garnettii
Perodicticus potto
Propithecus coquereli
Propithecus coquereli
Propithecus coquereli
Propithecus diadema
Propithecus tattersalli
Varecia rubra
Varecia rubra
Daubentonia
madagascariensis
Tarsius syrichta
Tarsius syrichta
1

DUPC 6110f
DUPC 5705f
DUPC 6563m
DUPC 6197m
AMNH 201395
DUPC 6769m
AMNH 185640
DUPC 89m
AMNH 150143

Preservation
70% ethanol

Frozen

10% formalin

Diet Coding
folivore

frugivore

insectivore

Frozen

folivore

10% formalin1
70% ethanol

frugivore
folivore

Frozen
10% formalin1
Frozen

frugivore

insectivore

10% formalin
Frozen

frugivore

10% formalin
70% ethanol

frozen

folivore

70% ethanol
frozen
70% ethanol
frozen
70% ethanol

frugivore
not grouped
Insectivore

These specimens were initially frozen; then they were transferred to 10% formalin.
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Values for cross-sectional area and fiber length have been reported for the
masseter muscles for three species of macaque (Antón 1999, 2000) and for two
callitrichid species (Taylor and Vinyard 2004). Shahnoor and colleagues (2005) reported
data on the cross-sectional areas of the temporalis group, masseter group, and the medial
pterygoid for 27 primate species. Their data set includes few strepsirrhine. This study is
an attempt to fill this gap in our knowledge of strepsirrhine chewing muscle morphology.

4.1.1 Fiber Architecture
The force a muscle can produce is proportional to the number of fibers within it.
This is analogous to using a number of ropes to lift a heavy object. Assuming that all
fibers are equal, a thicker muscle can create more force because it contains more fibers in
parallel. That is, the muscle has a greater cross-sectional area. All fibers are not equal
(fibers of different types are capable of generating different degrees of tension); however,
the tension a muscle can produce varies with its cross-sectional area, because fibers that
have a greater cross-section can produce proportionately more tension (Hoh 2002).
The most obvious way of measuring a muscle’s cross-sectional area is to slice it
perpendicular to fiber orientation and measure the area of the cut surface (e.g.,
Schumacher 1961). This method can be sloppy because muscles distort very easily and it
is hard to make a perfectly perpendicular cut. Also, fibers may spiral in a complicated
manner, such that it would be difficult to make a section through the muscle without
cutting through fibers.
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An alternative is to assume that a muscle is shaped like a cylinder. The circular
cross-sectional area of a cylinder can be calculated as the cylinder’s volume divided by
its height. This is normally defined as physiological cross-sectional area, or PCSA. If
muscle fibers run from the top of the cylinder to the bottom, then the cross-sectional area
is the volume of the cylinder divided by fiber length. If we then make the assumption
that the density of the muscle is a constant, then the following formula applies.
PCSA = muscle mass / (average fiber length x muscle density constant)

(4.1)

PCSA yields a reasonable estimate of the amount of force a muscle can produce
(Weijs and Hillen 1985), however, it does not account for the effect of pinnation. In a
pinnate cylindrical muscle, the fibers do not run from top to bottom, but generally run
from one end to an aponeurosis or tendon partway along the side wall. In this case, fiber
length will be less than the height of the cylinder.
A long, thin, parallel-fibered muscle in which each fiber originates on a bony
surface and inserts on another bony surface will have long fibers (Figure 4.1). However,
more fibers can be stacked in parallel if the fibers are oriented at an oblique angle to the
long axis of the muscle. In this way, without increasing its volume, the muscle can
generate more force (Gans 1982; Gans and de Vree 1987). The effect can then be
doubled by introducing a longitudinal tendon into the middle of the muscle (Figure 4.1).
If a muscle’s function is to bring two bony surfaces together, then unfortunately,
the fibers are not ideally-oriented if the muscle is pinnate. Also, in a multipinnate
muscle, fibers in adjacent layers waste some energy pulling in opposite directions from
each other. For this reason, some authors have chosen to correct for this off-angle fiber
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orientation by creating a reduced physiological cross-sectional area, or RPCSA (Anapol
and Barry 1996).
Here I have calculated PCSA and RPCSA whenever possible and the results are
compared. However, I discuss why the RPCSA method for correcting for pinnation may
be overly simplistic for the muscles of mastication.

4.1.2 Scaling Predictions
Previous research suggests that chewing muscle mass in strepsirrhines scales
isometrically with body mass (Cachel 1979, 1984). Cachel’s sample included only three
species of strepsirrhines with one specimen each. She concluded that because
anthropoids and strepsirrhines together yielded a pattern of isometry in chewing muscle
mass, and removal of the strepsirrhines from the regression caused little change in the
slope, strepsirrhines chewing muscles scale in the same way as those of anthropoids
(isometrically). More data on the strepsirrhines are required to test this conclusion (this
Chapter).
Recently, Lucas (2004) generated predictions about how the chewing muscles
might scale to body mass. Lucas’ ‘fracture scaling’ model hinges on the fact that
particles of food of different sizes fracture at different stresses, even if they are
homogeneous, equally tough, and deform in a linear-elastic fashion.
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Figure 4.1: Pinnation and fiber length.
a: a parallel-fibered muscle in long-section with five fibers. The line of action is vertical. b: a
unipinnate muscle has more fibers, but they will pull obliquely to the vertical line of action. The
thick black lines represent tendon sheets on either side of the muscle that are themselves anchored
to the bony points of attachment. c: the sine of the angle of pinnation (θ) is thickness divided by
fiber length.
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Lucas compared the fracture properties of two food items of different volumes,
but of the same shape, in a three-point bending model. If the larger item is λ times larger
than the smaller one for any linear dimension, it takes λ1.5 times as much force to fracture
the larger item than the smaller item. Therefore, to fracture an 8cm3 (=2 cm on each side)
cube of food, it takes only about 3 (=21.5) times as much force as it takes to fracture a
1cm3 (=13) cube of food.
Another way to express this relationships is the following. The energy it takes to
crack a particle in two depends on the area of the eventual crack (which scales as λ2 in
these two particles). The displacement of the crack through the food scales to the depth
of the particle (λ0.5). Because force is equal to energy divided by displacement, force
must scale to λ1.5. Note that this model most accurately applies to only the first bite; it is
likely that beyond the first bite, multiple particles are fractured at the same time.
Consider two animals for which the larger animal is 2 times larger than the
smaller one for any linear dimension (λ=2). Geometric scaling predicts that the chewing
muscles should be able to produce 4 times more force in the larger animal (λ2). If one
assumes that ingested food size scales isometrically to the size of the animal, then the
larger animal can produce 4 times as much force as the smaller animal but only needs
2.83 times (λ1.5) as much force to fracture its food.
Lucas reasoned that chewing muscle force (and PCSA) should be adapted so as to
match the force necessary to fracture food. Therefore, his model predicts that chewing
muscles will scale to λ1.5 rather than to the λ2 predicted by geometry. We can convert this
to exponents of body mass as follows. Body mass is equivalent to λ3. Therefore, if M is
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body mass, then according to geometric scaling, chewing muscle force (and crosssectional area) is M0.67. According to fracture scaling, muscle force is M0.5.
From the prediction that fiber length is isometric (M0.33) and that PCSA is
negatively allometric (M0.5), Lucas predicted slight negative allometry for muscle mass
(M0.83). This is because, as seen in Equation 1, mass is the product of PCSA and fiber
length. Although muscle physiological cross-sectional area is not identical to muscle
force, the former is a justified estimate of the latter (Weijs and Hillen 1985), and Lucas
treated the two together in his model.
These predictions of fracture scaling can be tested using measurements of
chewing muscles in a group of mammals that vary with respect to body mass. When log
chewing muscle mass is plotted against log body mass, fracture scaling predicts a linear
relationship with a slope of 0.83; geometric scaling would predict a slope of 1. When log
chewing muscle PCSA is plotted against log body mass, fracture scaling predicts a linear
relationship with a slope of 0.5; geometric scaling predicts a slope of 0.67. When log
chewing muscle fiber length is plotted against body mass, fracture scaling predicts a
slope of 0.33; geometric scaling also predicts2 a slope of 0.33.
Note that in both models, the muscles are structured in precisely the same way. In
both cases, the product of cross-sectional area and fiber length gives muscle mass (0.33 +
0.5 = 0.83, 0.33 + 0.67 = 1).

2

Note that if PCSA and muscle mass scale isometrically to body mass, the only way for fiber length to
scale isometrically is for there to be no pinnation. In this study, I have not accounted for pinnation,
therefore, it is expected that the scaling exponents of PCSA and fiber length (versus body mass) will add up
to the scaling exponent of muscle mass (versus body mass).
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4.2 Materials and Methods
I dissected the masticatory muscles of 25 strepsirrhine species, represented by a
total of 36 specimens (see Table 4.1). Some were preserved in ten percent formalin,
some in seventy percent ethanol, and others had been frozen since the time of death.
Minimal fiber shrinkage is expected in preserved specimens as they were preserved
whole with the muscles intact. All specimens had similar degrees of gape: most had a
small part of the tongue interposed between the incisors (equivalent to 2-5 degrees of
gape at the central incisors). Because of similar gape among subjects, uneven stretching
of sarcomeres is assumed to be minimal.
The chewing muscles of most of the galago specimens had been examined and
removed from the cadavers for previous work (Cordell 1991). These animals had been
preserved with mouth postures similar to those of the other strepsirrhines in this sample.
These muscles were ex-situ and muscle orientation could not be determined. Therefore,
it was impossible to accurately measure muscle thickness perpendicular to the line of
action. No pinnation correction was performed on them (see below).

4.2.1 The Jaw Adductors
Three groups of masticatory adductor muscles were examined: 1) the temporalis
group, 2) the masseter group, and 3) the medial pterygoid. The pterygoid group also
includes the lateral pterygoid. However, because it is primarily a jaw opener and perhaps
a joint stabilizer, it was not included in this study.

191

The previous chapter discusses the anatomy and nomenclature of the muscles of
mastication in strepsirrhines. The temporalis group consists of the zygomatic temporalis,
superficial temporalis, and deep temporalis. The masseter group consists of the
superficial masseter, deep masseter, and zygomatico-mandibularis. The medial pterygoid
muscle is very complex. Connective tissue sheets divide this muscle into four major
compartments of fibers that twist around one another (Gaspard et al. 1973b). This muscle
is impossible to divide into unipinnate layers without breaking its fibers. Therefore, it
was treated differently from the other muscles (see below: “Correcting for Pinnation”).

4.2.2 Measuring Muscle Mass
Following removal of a muscle, it was patted gently with a paper towel to remove
excess water and wet weight was taken using an electronic scale accurate to 0.001g. Wet
weights were preferred to dry weights for two reasons: first, they better reflect the
hydrated condition of muscles in living animals; second, once a muscle is dried, it is
impossible to chemically dissect its fibers for information on internal architecture and
fiber dimensions (Antón 1999).

4.2.3 Measuring Fiber Length
To determine the average fiber length for each muscle, I modified a protocol used
by Rayne and Crawford (1972) for chemical dissolution of connective tissue. If much
connective tissue remains, fibers are very likely to break during extraction and fiber
lengths will be greatly underestimated.
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To measure fiber length, each muscle was immersed in 10% sulfuric acid and
cooked in an oven at 60°C. Cooking time varied between one and six hours based on
muscle mass and the amount of connective tissue present. Formalin-preserved, ethanolpreserved, and fresh-frozen muscle fibers were equally easy to extract and measure.
However, formalin-preserved muscles took considerably more time to cook.
Muscles have to be monitored carefully as overcooking can cause the muscle to
become very fragile and positional relationships within the muscle can be lost. I cooked
the muscles in Petrie dishes, and to preserve positional relationships, I recorded the
position and orientation of the muscle before placing it in the oven. Muscles were also
checked frequently to make sure they were not overcooked (Figure 4.2).
Once enough connective tissue had been dissolved, the muscle was removed from
its dish. Then it was blotted gently between water-soaked paper towels and it was
examined under a dissecting microscope equipped with an ocular micrometer (accurate to
0.0825mm at 25x). I measured 30-60 fibers from each muscle, ensuring that each region
of the muscle was represented. Mean fiber length was recorded and used in subsequent
equations.

4.2.4 Calculating PCSA
The physiological cross-sectional area (PCSA) of each muscle was calculated
from the following formula (Schumacher 1961):
PCSA (cm2) = muscle mass (g) / (fiber length (cm) x specific density)
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(4.2)

The specific density of muscle is taken to be 1.0564 g/cm3 (Murphy and
Beardsley 1974).
For comparative purposes, the reduced physiological cross-sectional area
(RPCSA) of each muscle was calculated from the following formula (Anapol and Barry
1996):
RPCSA (cm2) = muscle mass (g) x cos θ / (fiber length (cm) x specific density)

(4.3)

In Equation 3, θ is the angle of pinnation.
Anapol and Barry (1996) measured fiber length in limb muscles. The limbs in
their specimens were in a variety of flexed and extended postures. Because their
specimens were preserved in such different postures, they wanted a way to correct for the
variable degree of preservational stretch in the muscle fibers between individuals. To
make this correction, they measured sarcomere lengths for their muscles and adjusted
their average observed fiber length values based on a standard value for vertebrate
sarcomere length (2.5 microns). Because all of my specimens were preserved in a similar
mouth posture, I did not adjust the fiber length measurements.

4.2.5 Estimating Pinnation
The angle of pinnation θ was calculated using the following formula (Anapol and
Barry 1996, see also Figure 4.1):
Sin θ = a / mean fiber length

(4.4)

where ‘a’ stands for the thickness of the muscle perpendicular to the muscle’s line
of action.
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Figure 4.2: A well-cooked muscle.
Notice the fascicles flaking off of the muscular matrix (at right). These fascicles are ready to be
measured.
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To calculate θ, it was necessary to obtain mean fiber length for each muscle.
Fiber length can be measured directly muscle cut parallel to its fibers (Anapol and Barry
1996; Taylor and Vinyard 2004). Because it is difficult to make a precise parallel cut
without being able to see inside the muscle, and because the fibers are embedded in a
matrix of connective tissue, they are likely to fragment during the cutting process. I
chose instead to measure fiber length in the chemically dissected muscles. I used
Equation 4 to calculate pinnation for each muscle using the mean of its measured fiber
lengths.
The system of classification of the chewing muscles used here (and described
above and in Chapter 3) is based on the presence of fascial planes. This facilitated the
pinnation correction because ‘a’ corresponds to the measured thickness of a muscle
(Figure 4.1). Thickness was measured in the coronal plane, perpendicular to the direction
of pull of the muscle (bony origin to bony insertion). This thickness constitutes the
perpendicular distance ‘a’ between the surface of fiber origin and the surface of fiber
insertion.
It was impossible to physically separate the thin and twisted sheets of the medial
pterygoid muscle to measure muscle weight and thickness without breaking muscle
fibers. Instead, I measured total medial pterygoid weight and average fiber length for the
entire muscle. I then used total medial pterygoid thickness divided by four as ‘a’ in
Equation 4 to get a value for pinnation. The four layers of medial pterygoid are roughly
equal in thickness.
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It was not possible to calculate RPCSA for the galagos in this sample. Therefore,
the comparison of PCSA to RPCSA excludes the galagos. The only included galago is
the single Otolemur crassicaudatus for which I performed the entire dissection (DPC
1731m).

4.2.6 Analysis
Species means for muscle mass, mean fiber length, PCSA, and body mass were
derived for each muscle. For each individual strepsirrhine, total PCSA (or RPCSA) is the
sum of the PCSA (or RPCSA) values for all seven of the jaw adductors (superficial
temporalis, deep temporalis, zygomatic temporalis, superficial masseter, deep masseter,
zygomatico-mandibularis, and medial pterygoid). Total adductor mass is the sum of the
masses of all seven of the jaw adductors. Total mean fiber length is the grand mean of
the mean fiber lengths for all seven of the jaw adductors.
To evaluate scaling relationships, I regressed muscle mass, PCSA, RPCSA, and
fiber length against three different variables. Body mass (1) and a geometric mean of
skull measurements (2) can be used as proxies for ‘body size’. In addition to its role as a
proxy for body size, jaw length (3) is a mechanical variable often used in studies of
masticatory scaling (Hylander 1979a; Vinyard et al. 2003).
The use of body mass as the only denominator in studies of masticatory scaling
has been criticized because there is no direct relationship between body mass and
chewing variables (Hylander 1985). Lucas (2004) provides an indirect link: larger
animals presumably ingest larger blocks of food, and jaw adductor dimensions scale to
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initial ingested food size. Therefore, to test his hypotheses, I have used body mass. Also,
I have scaled all jaw adductor dimensions against a geometric mean of skull
measurements and against jaw length. Jaw length is a ‘mechanical denominator’ in that it
approximates the bite force load arm during incisal biting (Hylander 1979a, 1985). For
other bite points, such as on the molars, the length of the load arm should be measured
directly (see Chapter 6).
I cubed jaw length and the geometric mean so that it would be easier to compare
the observed slopes for all three body size proxies. Because Lucas (2004) made specific
reference to body mass, I highlight the body mass regressions when discussing his
predictions. In the following descriptions, I use the term ‘body size’ as a shorthand to
refer to body mass, jaw length, and the geometric mean collectively.
In most cases, the last known living weight was used to represent body mass.
However, for the galagos, species mean weights were used because living weights were
not known. For most of the American Museum of Natural History specimens, cadaver
weights were used because living weights were not known. For the AMNH Avahi
specimen, species mean weight was used because only the head was preserved. Table 4.2
provides the body mass estimate for each specimen.
Jaw length was measured from the posterior edge of the mandibular angle to the
anterior-most point on the mandible, excluding the teeth. The latter point, infradentale,
lies between the lower central incisors (Bass 1995). Table 4.2 provides the measured jaw
length for each specimen.
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The geometric mean is taken from five cranial measurements, four mandibular
measurements, and one measurement of the articulated skull (Tables 4.2 and 4.3). In
choosing these measurements, I endeavored to represent the overall size of the skull and
to avoid measurements that seem like they would be under strong dietary selection. I also
endeavored to avoid overlap in the measurements, as a way to avoid weighting the
geometric mean. Table 4.2 provides the calculated geometric mean for each specimen. I
have weighted jaw length somewhat (see first three measurements listed in Table 4.2);
this highlights the importance of jaw length as a mechanical scaling variable. Table 4.3
describes the individual measurements that make up the geometric mean.
Chewing muscle variables were regressed against body size in log space using the
reduced major axis (RMA) form of Model II regression. Model II regressions are
generally preferred to Model I regressions (e.g., least-squares) when assessing the
relationship between two variables; Model I regressions are preferred when predicting yvalues from a line of fit (Smith 1994b). Model II lines are fitted to minimize error in
both the x- and y-dimensions; the degree to which x error is minimized versus y error
depends on the error variance in x and y. Many statistical software packages allow you
to assume the error variance in x and y before performing a Model II regression.
The Reduced Major Axis regression assumes that the error variance in x and y is
the same as the variance in the measured values of x and y respectively (Sokal and Rohlf
1995). In an RMA regression, values for both variables are converted to unit standard
deviations. Then the major axis is calculated, and variables are converted back to normal
(Clarke 1980).
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When comparing variables that are measurements of biological structures in
different animals, RMA might be poor choice. This is because the measurement error
variance you are trying to minimize when fitting a line is probably not proportional to the
variance in the population (JMP Statistics and Graphics Guide. Cary, NC: SAS Institute
Inc.).
A better procedure might be to assume that measurement error variance is equal
in both x and y variables. This would constitute a major axis regression. The best
procedure would be to repeat each measurement many times to get an empirical estimate
of error variance; however, this would be extremely time consuming and it has its own
conceptual flaws when the measurements are taken from biological samples that change
over time (e.g., muscles that dry out progressively as you measure them).
I opted to use a reduced major axis regression that assumes error variance
proportional to sample variance. Regressions were performed in JMP 7.0 (JMP, Version
7. SAS Institute Inc., Cary, NC, 1989-2007) using the “Fit Orthogonal” command,
followed by the “Univariate Variance” option.
The F-test in (S)MATR (Version 1, Falster DS, Warton DI & Wright IJ,
www.bio.mq.edu.au/ecology/SMATR) was used to test the observed slopes against the
slopes hypothesized by geometric scaling and by fracture scaling. Because (S)MATR
does not produce plots, all plots shown here are from JMP 7.
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Table 4.2: Body size estimates for specimens in this study
Specimen
Avahi laniger
Cheirogaleus medius
Eulemur collaris
Eulemur coronatus
Eulemur macaco flavifrons
Eulemur mongoz
Eulemur rubriventer
Galago moholi
Galago senegalensis braccatus (Ef)
Galago senegalensis braccatus (jf)
Galagoides demidoff (510f)
Galagoides demidoff (507f)
Hapalemur griseus (1322f)
Hapalemur griseus (1353f)
Lemur catta
Lepilemur leucopus
Microcebus murinus (889f)
Microcebus murinus (874f)
Mirza coquereli
Nycticebus coucang
Nycticebus pygmaeus
Otolemur crassicaudatus (1f)
Otolemur crassicaudatus (2f)
Otolemur crassicaudatus (1731m)
Otolemur garnettii (ASU)
Otolemur garnettii (Haines)
Perodicticus potto
Propithecus coquereli (6560m)
Propithecus coquereli (6110f)
Propithecus coquereli (5705f)
Propithecus diadema
Propithecus tattersalli
Varecia rubra (AMNH)
Varecia rubra (DUPC)
Tarsius syrichta (DUPC)
Tarsius syrichta (AMNH)

Body
Mass (g)1
1178
268
2300
1440
2120
1580
1940
141
250
250
61
61
1030
940
2207
742
63
58
320
679
318
1258
1258
1684
822
822
1100
2780
3700
2134
4270
3620
3865
3650
140
98

Weight
Source
sp. mean

living

sp. mean

living
sp. mean
cadaver
living
sp. mean
living
sp. mean
living
sp. mean

living

cadaver
living
living
cadaver

1

Jaw Length
(mm)
34.5
28.8
64.5
58.6
59.5
52.7
60.5
23.8
25.2
25.2
19.6
19.6
44.8
47.2
59.4
33.4
20.8
20.4
29.6
38.4
31.9
45.9
45.9
52.9
41.7
41.7
43.2
52.6
60.0
58.5
63.9
63.4
74.6
75.1
23
25.2

Geometric
Mean (mm)
21.0
13.7
31.4
29.1
29.0
27.4
30.5
14.1
n/a
n/a
n/a
n/a
23.6
24.9
26.7
18.7
11.2
10.2
16.5
20.9
18.1
n/a
n/a
27.4
n/a
n/a
23.2
27.8
31.5
31.0
34.7
34.1
36.0
35.6
n/a
n/a

Species mean weights for G. s. braccatus are from Smith and Jungers (1997), others are from
Sussman (1999).
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Table 4.3: Measurements that make up the geometric mean

1

Mandible load arm length from condylare1 to anterior edge of mandibular symphysis
Mandible length from posterior edge of angular process to anterior edge of mandibular symphysis
Length of lower postcanine tooth row (includes all teeth that are not part of the tooth comb)
Greatest width of lower postcanine tooth row
Rostrum length from nasion to alveolare
Bizygomatic breadth at postorbital bars (maximum distance at outside edge of bone)
Height of zygomatic arch at mid temporozygomatic suture
Breadth at deepest part of postorbital constriction
Length of skull in midsagittal plane
Height of articulated skull at angle of mandible

This landmark is defined as the posterior edge of the mandibular condyle.
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4.3 Results
Tables 4.4 through 4.7 provide the data for PCSA, RPCSA, muscle mass, and
fiber length for the seven mandibular adductor muscles of all species. Table 4.8 provides
the standard deviations for the measured fiber lengths. Table 4.9 provides the pinnation
values for all species as well as the ratio of PCSA to body mass and the ratio of RPCSA
to body mass.

4.3.1 Scaling Results
Fracture scaling predicts that regressions of log PCSA, RPCSA, muscle mass, and
fiber length against body mass would yield slopes of 0.5, 0.5, 0.83, and 0.33 respectively.
Isometry or geometric equivalence predicts slopes of 0.67, 0.67, 1, and 0.33 respectively.
In the following descriptions, the statistics are from JMP unless otherwise stated.
Table 4.10 shows descriptive statistics for all regressions against body mass.
Total adductor PCSA is isometric with respect to body mass (Figure 4.3: slope = 0.758, r
= 0.922, CI = 0.628-0.916). The observed slope is significantly different from 0.5, the
prediction of fracture scaling, but it is not significantly different from 0.67, the slope of
isometry. RPCSA follows the same pattern (Figure 4.4: slope = 0.749, r = 0.926, CI =
0.624-0.899).
Total adductor mass is also isometric with respect to body mass (Figure 4.5: slope
= 0.988, r = 0.945, CI = 0.847-1.15). The slope is significantly different from the 0.83
predicted by fracture scaling, but it is not different from the slope of isometry (1).
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Table 4.4: Physiological Cross Sectional Areas (mm2) for species in this study
DT
MP SM
ST ZM ZT SUM
Species
Abbr. DM1
Avahi laniger
Cheirogaleus medius
Eulemur collaris
Eulemur coronatus
E. macaco flavifrons
Eulemur mongoz
Eulemur rubriventer
Galago moholi
G. senegalensis braccatus
Galagoides demidoff
Hapalemur griseus
Lemur catta
Lepilemur leucopus
Microcebus murinus
Mirza coquereli
Nycticebus coucang
Nycticebus pygmaeus
Otolemur crassicaudatus
Otolemur garnettii
Perodicticus potto
Propithecus coquereli
Propithecus diadema
Propithecus tattersalli
Varecia rubra
Daubentonia2
madagascariensis
Tarsius syrichta

A.l.
C.m.
E.col.
E.cor.
E.m.f.
E.m.
E.r.
G.m.
G.s.
G.d.
H.g.
L.c.
L.l.
M.m.
M.c.
N.c.
N.p.
O.c.
O.g.
P.p.
P.c.
P.d.
P.t.
V.r.
D.m.
T.s.

77
20
53
90
51
55
66
11
8
2
44
50
65
8
8
64
51
55
63
49
112
305
238
73
70
23

48
37
271
270
256
154
345
28
59
15
119
183
50
37
42
154
93
302
284
97
218
390
388
271
128
39

1

91
33
76
121
113
122
178
59
24
7
132
118
55
17
22
88
88
172
105
71
238
470
368
125
66
54

52
45
174
274
139
129
218
26
42
11
129
156
35
38
47
93
55
288
236
81
174
343
271
167
70
31

54
38
99
117
75
79
123
27
32
7
72
84
61
20
31
91
53
236
214
55
151
354
289
128
112
28

50
21
67
113
81
92
119
7
11
2
53
35
23
5
26
41
26
50
32
32
133
342
254
119
69
21

29
8
39
80
52
101
63
13
7
2
47
67
21
9
11
30
27
56
39
49
91
263
108
71
80
10

401
202
779
1065
767
733
1112
171
182
47
595
694
309
135
188
561
394
1160
971
434
1117
2465
1916
953
595
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Muscle abbreviations are as follows. DM: deep masseter, DT: deep temporalis, MP: medial
pterygoid, SM: superficial masseter, ST: superficial temporalis, ZM: zygomatico-mandibularis,
ZT: zygomatic temporalis.
2

This individual was not fully adult.
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Species
A.l.
C.m.
E.col.
E.cor.
E.m.f.
E.m.
E.r.
G.m.
H.g.
L.c.
L.l.
M.m.
M.c.
N.c.
N.p.
O.c.
P.p.
P.c.
P.d.
P.t.
V.r.
D.m.
T.s.
1

Table 4.5: RPCSA (mm2) for species in this study
DT
MP
SM
ST
ZM
ZT
DM1
72
20
51
87
50
53
64
11
43
49
61
8
8
60
47
54
48
93
293
213
72
70
23

48
37
250
264
246
153
315
28
115
181
50
36
40
142
90
295
95
206
371
365
261
126
38

90
33
71
120
105
122
154
31
96
118
54
15
22
88
71
148
71
213
285
325
121
66
44

50
43
165
261
135
125
204
24
121
146
34
35
45
90
52
276
80
158
324
248
162
70
29

53
38
99
115
75
77
121
26
70
84
60
19
31
87
52
235
54
137
344
280
127
112
28

47
21
62
103
79
75
111
7
49
35
22
5
25
39
23
48
32
104
280
212
114
69
19

See Table 4.4 for abbreviations of muscle names and species names.
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27
8
38
73
50
43
60
12
43
63
20
8
11
29
27
55
47
87
241
106
69
78
10

SUM
386
198
735
1023
741
647
1030
139
536
674
301
127
183
534
362
1111
427
999
2138
1749
925
589
190

Species
A.l.
C.m.
E.col.
E.cor.
E.m.f.
E.m.
E.r.
G.m.
G.s.
G.d.
H.g.
L.c.
L.l.
M.m.
M.c.
N.c.
N.p.
O.c.
O.g.
P.p.
P.c.
P.d.
P.t.
V.r.
D.m.
T.s.
1

Table 4.6: Muscle mass (g) for species in this study
DT
MP
SM
ST
ZM
ZT
DM1
0.42
0.07
0.65
0.74
0.34
0.38
0.46
0.04
0.04
0.01
0.36
0.52
0.34
0.03
0.03
0.43
0.22
0.35
0.59
0.26
0.82
2.23
1.85
0.70
0.75
0.09

0.41
0.20
3.43
2.75
2.56
1.43
3.38
0.26
0.38
0.06
1.10
2.18
0.44
0.18
0.14
1.59
0.63
2.84
2.21
1.25
1.75
3.67
4.08
3.96
2.03
0.22

0.37
0.11
0.70
0.74
0.81
0.74
1.00
0.16
0.12
0.02
0.65
0.83
0.21
0.05
0.09
0.44
0.28
0.85
0.63
0.44
1.40
2.12
1.84
1.10
0.60
0.19

0.31
0.20
2.50
2.37
1.45
1.41
1.86
0.13
0.25
0.05
1.31
1.61
0.20
0.14
0.19
0.85
0.26
2.46
2.12
1.00
1.67
2.48
3.15
2.10
0.75
0.18

0.42
0.22
1.85
1.39
0.99
0.84
1.38
0.15
0.22
0.03
0.70
1.01
0.58
0.08
0.16
0.98
0.38
2.12
1.98
0.62
0.99
2.46
3.37
2.03
1.65
0.19

0.28
0.07
0.56
0.74
0.72
0.44
0.82
0.02
0.05
0.01
0.27
0.28
0.14
0.02
0.08
0.28
0.09
0.29
0.24
0.32
0.80
1.98
1.31
1.17
0.99
0.07

See Table 4.4 for abbreviations of muscle names and species names.
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0.17
0.05
0.48
0.61
0.59
0.38
0.50
0.05
0.05
0.01
0.34
0.70
0.19
0.03
0.06
0.30
0.20
0.52
0.37
0.46
0.72
1.90
0.98
0.85
1.20
0.07

SUM
2.38
0.92
10.18
9.34
7.47
5.61
9.41
0.82
1.09
0.18
4.73
7.13
2.10
0.52
0.75
4.87
2.06
9.42
8.14
4.35
8.15
16.84
16.59
11.90
7.97
1.02

Species
A.l.
C.m.
E.col.
E.cor.
E.m.f.
E.m.
E.r.
G.m.
G.s.
G.d.
H.g.
L.c.
L.l.
M.m.
M.c.
N.c.
N.p.
O.c.
O.g.
P.p.
P.c.
P.d.
P.t.
V.r.
D.m.
T.s.

Table 4.7: Fiber length (cm) for species in this study
DT
MP
SM
ST
ZM
ZT MEAN
DM1
0.52
0.33
1.17
0.78
0.63
0.65
0.66
0.34
0.49
0.33
0.77
0.99
0.50
0.32
0.34
0.63
0.40
0.61
0.88
0.50
0.76
0.69
0.74
0.97
1.01
0.37

0.80
0.51
1.20
0.96
0.95
0.88
0.93
0.86
0.61
0.36
0.87
1.13
0.83
0.45
0.32
0.98
0.64
0.83
0.74
1.22
0.77
0.89
1.00
1.39
1.51
0.55

0.39
0.32
0.87
0.58
0.68
0.57
0.53
0.26
0.48
0.30
0.49
0.66
0.36
0.26
0.38
0.47
0.30
0.50
0.57
0.59
0.57
0.43
0.47
0.84
0.86
0.33

0.56
0.42
1.37
0.82
0.99
1.03
0.81
0.47
0.57
0.41
0.94
0.98
0.55
0.36
0.38
0.87
0.45
0.76
0.85
1.16
1.04
0.68
1.10
1.24
1.01
0.55

1

0.74
0.55
1.77
1.12
1.24
1.00
1.06
0.54
0.65
0.37
0.97
1.13
0.90
0.40
0.48
1.02
0.68
0.83
0.88
1.07
0.65
0.66
1.10
1.49
1.39
0.62

0.53
0.31
0.79
0.62
0.84
0.45
0.65
0.32
0.42
0.36
0.48
0.75
0.57
0.31
0.29
0.65
0.33
0.57
0.70
0.95
0.61
0.55
0.49
0.94
1.35
0.33

0.55
0.62
1.18
0.72
1.09
0.36
0.76
0.40
0.62
0.42
0.70
0.98
0.86
0.34
0.52
0.96
0.68
0.85
0.90
0.90
0.76
0.69
0.86
1.11
1.42
0.72

0.58
0.44
1.19
0.80
0.92
0.71
0.77
0.46
0.55
0.36
0.75
0.95
0.65
0.35
0.39
0.80
0.50
0.71
0.79
0.91
0.74
0.66
0.82
1.14
1.22
0.50

See Table 4.4 for abbreviations of muscle names and species names. Note the very long fibers
for Daubentonia; because this individual was not fully adult, little significance should be attached
to this result. I cannot explain the extremely long fibers of Eulemur collaris; more specimens
must be dissectedfor this species.
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Table 4.8: Standard Deviations of Fiber Length (mm)
Species
A.l.
C.m.
E.col.
E.cor.
E.m.f.
E.m.
E.r.
G.m.
H.g.
L.c.
L.l.
M.m.
M.c.
N.c.
N.p.
O.c.
P.p.
P.c.
P.d.
P.t.
V.r.
D.m.
T.s.
1

DM1

DT

MP

SM

ST

ZM

ZT

0.76
0.52
4.49
0.72
0.97
3.02
1.87
0.34
1.29
1.50
0.98
0.51
0.24
1.40
0.67
0.67
0.58
0.83
2.24
0.84
1.43
1.17
0.54

0.70
0.57
3.36
0.97
0.74
2.64
1.46
0.96
2.10
1.10
0.68
0.48
0.40
1.01
1.81
1.13
1.43
1.22
0.74
0.99
1.25
1.04
0.42

0.42
0.33
1.46
0.57
1.22
1.44
1.25
0.42
1.11
1.65
0.54
0.44
0.82
0.54
1.14
1.03
1.05
0.96
1.06
0.77
1.32
0.77
0.65

0.91
0.66
2.33
0.77
1.14
2.37
1.88
1.25
1.57
1.04
0.43
0.34
0.20
1.04
0.43
1.56
1.48
1.45
1.23
1.04
1.50
0.84
0.77

0.67
0.52
6.33
1.09
1.43
1.81
3.19
0.38
1.58
1.48
0.46
0.47
0.36
1.28
0.64
1.19
1.37
0.91
2.15
2.19
1.18
1.07
0.68

0.93
0.66
2.89
0.68
1.83
1.31
2.62
0.28
1.21
1.50
0.55
0.47
0.29
0.83
0.80
1.08
1.80
0.82
1.28
0.72
2.14
1.95
0.75

0.59
0.61
1.31
0.40
1.04
1.14
3.19
0.43
0.97
3.07
1.10
0.68
0.36
2.34
1.47
1.08
2.38
1.54
0.95
1.34
1.96
1.87
1.22

See Table 4.4 for abbreviations of muscle names and species names.
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Table 4.9: Pinnation angles (degrees) for species in this study
DT
MP
SM
ST
ZM
ZT MEAN
Species DM1
A.l.
C.m.
E.col.
E.cor.
E.m.f.
E.m.
E.r.
G.m.
H.g.
L.c.
L.l.
M.m.
M.c.
N.c.
N.p.
O.c.
P.p.
P.c.
P.d.
P.t.
V.r.
D.m.
T.s.

22
12
13
15
11
18
15
17
14
11
20
13
12
22
24
17
9
26
16
26
10
5
13

9
6
23
12
16
6
24
7
16
10
8
14
14
23
16
19
10
18
18
20
15
9
15

7
5
22
4
22
5
30
58
36
3
8
30
7
3
36
40
5
26
53
28
12
2
35

14
20
18
18
13
15
20
18
18
21
13
21
16
15
20
24
10
19
19
24
11
5
19

1

9
9
6
11
9
13
9
15
9
8
7
12
4
18
11
9
8
20
14
15
8
6
12

21
9
22
24
13
36
21
16
24
12
17
15
17
18
26
25
9
32
35
34
17
9
27

23
11
13
25
13
65
16
22
21
21
15
20
6
16
9
17
15
17
23
10
13
14
11

15
10
17
16
14
23
19
22
20
12
13
18
11
16
20
22
10
23
25
22
12
7
19

See Table 4.4 for abbreviations of muscle names and species names. Note that many of the
greatest pinnation angles are found in folivores (H.g., P.c., P.d., P.t.)
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Mean fiber length is isometric with respect to body mass or slightly negatively
allometric depending on the regression model used. Reduced major axis yields a slope of
0.277 (Figure 4.6: r = 0.848, CI = 0.209-0.368); major axis yields a slope of 0.240
(Figure 4.6: r = 0.848, CI = 0.174-0.307). The difference in the two results is due to the
large amount of scatter in this regression. Fiber length appears to have a weaker
relationship to body mass than do the other variables, or is measured with much more
error. Measuring fiber length probably comes with more error than does measuring
muscle mass because of the many steps required to measure fiber length. Regression
model notwithstanding, this regression does not test fracture scaling predictions against
the predictions of isometry because the predicted slopes are the same in both cases (0.33).

4.3.2 Dietary Differences
Strepsirrhine species were grouped by dietary preference. This is a very tricky
operation because of the many ways in which diet has been reported for different
strepsirrhines. For my dietary assessments, I mostly conformed to Kay’s dietary
assessments (Kay 1975b). These assessments have been useful in identifying dietary
patterns in relative shearing crest length in strepsirrhines. Plus, very little new
information about strepsirrhine dietary preference has surfaced since 1975.
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Figure 4.3: Log sum of PCSA and log body mass.
Small dots represent frugivores; asterisks represent insectivores; triangles represent folivores.
See Table 4.4 for abbreviations of species names. y = 0.758x + 0.486, r = 0.922.
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Figure 4.4: Log sum of RPCSA and log body mass.
Small dots represent frugivores; asterisks represent insectivores; triangles represent folivores.
See Table 4.4 for abbreviations of species names. y = 0.749 + 0.488, r = 0.926.
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Figure 4.5: Log sum of adductor mass and log body mass.
Small dots represent frugivores; asterisks represent insectivores; triangles represent folivores.
See Table 4.4 for abbreviations of species names. y = 0.988 – 2.33, r = 0.945.
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Table 4.10: Descriptive statistics for regressions against body mass
y-variable
PCSA

1

RPCSA

Muscle Mass

Fiber length

slope

y-intercept

correlation (r)

lower c. l.

upper c.l.

0.61
1.04
1.14
0.76

0.93
-0.17
-0.80
0.49

0.87
0.94
0.97
0.92

0.41
0.59
0.79
0.63

0.93
1.84
1.66
0.92

0.61
1.02
1.09
0.75
0.88
1.35
1.23
0.99
0.32
0.34
0.16
0.28

0.93
-0.15
-0.66
0.49
-1.96
-3.17
-3.24
-2.33
-1.09
-1.11
-0.68
-0.99

0.87
0.96
0.97
0.93
0.94
0.93
0.94
0.95
0.92
0.77
0.37
0.85

0.40
0.66
0.76
0.62
0.68
0.73
0.71
0.85
0.24
0.15
0.06
0.21

0.92
1.59
1.56
0.90
1.14
2.47
2.14
1.15
0.43
0.76
0.47
0.37

1

Diet
Fruit
Insects
Leaves
All
Fruit
Insects
Leaves
All
Fruit
Insects
Leaves
All
Fruit
Insects
Leaves
All

All variables were converted to base 10 logarithms for regressions. Daubentonia and Tarsius
were excluded from these regressions.
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Figure 4.6: Log mean fiber length and log body mass.
Small dots represent frugivores; asterisks represent insectivores; triangles represent folivores.
See Table 4.4 for abbreviations of species names. y = 0.277 – 0.988, r = 0.848. The axes in this
graph are not scaled isometrically.
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One exception is that the diets of some lorises are now better-known (Nekaris and
Rasmussen 2003). I have labeled Nycticebus coucang and Nycticebus pygmaeus as
insectivores rather than frugivores or gummivores; despite the fact that the slow lorises
consume a lot of fruit and some gum, predation on insects and vertebrates is an important
component of their dietary behavior (Nekaris 2005; Tan and Drake 2001). I have also
labeled Lemur catta as a frugivore, though this is somewhat arbitrary as ring-tailed
lemurs eat about as much foliage as they do fruit (Sussman 1999). Otolemur
crassicaudatus was treated as a frugivore even though tree exudates are a major
component of the diet of this species, especially in the dry season; fruit is considered at
least as important to dietary adaptation and greater galagos spend almost as much time
feeding on fruit as they spend feeding on gums (Doyle and Bearder 1977).
On the same plots of PCSA, RPCSA, muscle mass, and fiber length against body
mass, I fitted model II regression lines to the frugivores, folivores, and insectivores
separately (using the “group by” function in JMP 7) (Figures 4.7 to 4.10). The results
show that the chewing muscles of strepsirrhines that focus on different foods scale
differently (Table 4.10). All regressions described are reduced major axis regressions.
For the regression of PCSA against body mass, the line of fit for folivores and the
line for insectivores have higher slopes than the line for frugivores. Furthermore, the line
for folivores is shifted to the right of that for insectivores (because folivores weigh more).
The slope of the folivore line is positively allometric (slope = 1.14, CI = 0.786-1.66).
The slope of the frugivore line is isometric (slope = 0.614, CI = 0.409-0.933). Despite
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being very high, the slope for insectivores is also not significantly different from
isometry, probably because of the copious scatter (slope = 1.04, CI = 0.593-1.84).
The results for the regression of RPCSA against body mass are very similar to
those for PCSA (Table 4.10). One difference is that the correlation is higher for RPCSA.
Also, the RPCSA values for large folivores are low compared to the PCSA values
because of high angles of pinnation in the chewing muscles of large strepsirrhine
folivores (Table 4.9).
In regressions of jaw adductor mass against body mass, although the slopes are
higher for insectivores and folivores than for frugivores, no observed slope is
significantly different from the slope expected in the isometric model (= 1).
The pattern for the fiber length regressions is very different. The slope for
folivores is relatively low; the slopes for frugivores and for insectivores are relatively
high. Because of the scatter around each line, the confidence intervals are wide for all
dietary groups and the slopes are not significantly different from the slope of isometry
(0.33, also the slope predicted by fracture scaling).
I assessed the relationship between average pinnation angle (for all jaw adductors)
and log body mass by performing an angular-linear correlation test (Zar 1999). There is
no correlation when the entire sample is considered together (r = 0.249). However, there
is a good correlation (r = 0.908) for folivores. Larger folivores have greater average
pinnation in their chewing muscles (Figure 4.11). The correlation coefficient for
insectivores is 0.586 and that for frugivores is 0.004.
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Figure 4.7: Log sum PCSA and log body mass, grouped by diet.
Small dots represent frugivores; asterisks represent insectivores; triangles represent folivores.
The solid line is fitted to the frugivores; the line with short dashes is fitted to the insectivores; the
line with the long dashes is fitted to the folivores. See Figure 4.3 for data labels. See Table 4.10
for descriptive statistics.
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Figure 4.8: Log sum RPCSA and log body mass, grouped by diet.
Small dots represent frugivores; asterisks represent insectivores; triangles represent folivores.
The solid line is fitted to the frugivores; the line with short dashes is fitted to the insectivores; the
line with the long dashes is fitted to the folivores. See Figure 4.4 for data labels. See Table 4.10
for descriptive statistics.
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Figure 4.9: Log sum of adductor mass and log body mass, grouped by diet.
Small dots represent frugivores; asterisks represent insectivores; triangles represent folivores.
The solid line is fitted to the frugivores; the line with short dashes is fitted to the insectivores; the
line with the long dashes is fitted to the folivores. See Figure 4.5 for data labels. See Table 4.10
for descriptive statistics.
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Figure 4.10: Log mean fiber length and log body mass, grouped by diet.
Small dots represent frugivores; asterisks represent insectivores; triangles represent folivores.
The solid line is fitted to the frugivores; the line with short dashes is fitted to the insectivores; the
line with the long dashes is fitted to the folivores. See Figure 4.6 for data labels. See Table 4.10
for descriptive statistics. The axes in this graph are not scaled isometrically.
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4.3.3 Scaling to the Geometric Mean
I regressed all muscle parameters against jaw length and against a geometric mean
of ten skull measurements. Both can be considered estimates of ‘body size’, but each
also has functional significance related to the masticatory system. Jaw length, especially,
is expected to vary based on dietary properties. Folivorous and hard-object feeding
species tend to have relatively short jaws for their body size (Vinyard 1999).
Regressions on the geometric mean yielded similar results to regressions on body
mass (Tables 4.10 and 4.11, Figures 4.12 to 4.15). The slopes are different for
insectivores because two of the insectivores were not available to me for taking skull
measurements (Galago senegalenis, Galagoides demidoff). When these two species are
left out of both sets of regressions, the results for regressions against the geometric mean
are similar to those against body mass. Another difference is that the folivores are shifted
to the left in regressions against the geometric mean. This may be due to small head size
relative to body mass in folivores.
In general, correlations are higher when the geometric mean is used as the xvariable. This may be because there is less error in x when all x measurements are taken
on the specimens themselves and no species means are used.
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Figure 4.11: Pinnation and log body mass, grouped by diet.
Small dots represent frugivores; asterisks represent insectivores; triangles represent folivores.
The line with the long dashes is fitted to the folivores. See Table 4.10 for descriptive statistics.
The axes in this graph are not scaled isometrically. The linear fits for the other diets were so poor
that I did not include the lines. Correlation coefficients are provided in the text; these were
calculated from an angular-linear correlation test (Zar 1999).
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Figure 4.12: Log sum of PCSA and log of the geometric mean cubed.
Small dots represent frugivores; asterisks represent insectivores; triangles represent folivores.
The solid line is fitted to the frugivores; the line with short dashes is fitted to the insectivores; the
line with the long dashes is fitted to the folivores; the line with a dash for every two dots is the
common line. See Table 4.11 for descriptive statistics.
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Figure 4.13: Log sum of RPCSA and log of the geometric mean cubed.
Small dots represent frugivores; asterisks represent insectivores; triangles represent folivores.
The solid line is fitted to the frugivores; the line with short dashes is fitted to the insectivores; the
line with the long dashes is fitted to the folivores; the line with a dash for every two dots is the
common line. See Table 4.11 for descriptive statistics.
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Figure 4.14: Log sum of adductor mass and log of the geometric mean cubed.
Small dots represent frugivores; asterisks represent insectivores; triangles represent folivores.
The solid line is fitted to the frugivores; the line with short dashes is fitted to the insectivores; the
line with the long dashes is fitted to the folivores; the line with a dash for every two dots is the
common line. See Table 4.11 for descriptive statistics.
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Figure 4.15: Log mean fiber length and log of the geometric mean.
Small dots represent frugivores; asterisks represent insectivores; triangles represent folivores.
The solid line is fitted to the frugivores; the line with short dashes is fitted to the insectivores; the
line with the long dashes is fitted to the folivores; the line with a dash for every two dots is the
common line. See Table 4.11 for descriptive statistics. The axes in this graph are not scaled
isometrically.
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Figure 4.16: Log of sum PCSA and log of jaw length cubed.
See Table 4.12 for descriptive statistics. The axes in this graph are not scaled isometrically.
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When PCSA is scaled against jaw length, the line of fit for frugivores is similar
to the line of fit when body mass is used as the x-variable (Tables 4.10 and 4.12, Figure
4.16). The line of fit for folivores has a lower slope when the x-variable is jaw length
(slope = 0.962). The slope is not significantly different from isometry (CI = 0.666-1.39),
though this is barely the case. This difference in slope appears mainly due to a leftward
shift in the small folivores Lepilemur and Avahi. These have particularly short jaws for
their body mass.
The slope for insectivores is higher than when body mass is used as the xvariable. Perhaps this is because the Galagoides demidoff specimens dissected were
larger than average for the species; a species mean was used for the body mass of this
species. The alternative is that G. demidoff has long jaws for its body mass.

4.3.4 Scaling to Jaw Length
Using jaw length as a body size estimator may be preferable in studies of the
scaling of chewing muscles. One clear advantage is that it is usually possible to measure
it in the same specimen that was dissected. Another is that it changes much less than
body mass over the adult life of a primate. A third is that, unlike for limb muscles, there
is no direct mechanical relationship between body mass and chewing muscle size
(Hylander 1985). Lucas’s fracture scaling model (2004) suggests an indirect relationship:
jaw adductor dimensions are scaled to food size, and food size is scaled to body size.
Nevertheless, many of the predictions from this model fail to be supported by data on
strepsirrhine jaw adductors.
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Table 4.11: Descriptive statistics for regressions against the geometric mean cubed1
y-variable
PCSA

2

RPCSA

Muscle Mass

Fiber length

slope

y-intercept

correlation (r)

lower c. l.

upper c.l.

0.64
1.17
1.09
0.78
0.63
1.25
1.04
0.77
0.93
1.78
1.18
1.04
0.34
0.62
0.15
0.33

0.13
-1.87
-1.72
-0.43
0.12
-2.20
-1.55
-0.44
-3.16
-6.40
-4.24
-3.64
-1.53
-2.59
-0.81
-1.51

0.96
0.94
0.99
0.94
0.96
0.97
0.99
0.95
0.99
0.91
0.99
0.97
0.91
0.78
0.55
0.84

0.51
n/a3
0.88
0.66
0.50
0.47
0.83
0.66
0.84
n/a
0.96
0.93
0.24
n/a
0.10
0.24

0.80
n/a
1.35
0.92
0.80
3.35
1.30
0.91
1.02
n/a
1.45
1.16
0.48
n/a
0.74
0.45

Diet
Fruit
Insects
Leaves
All
Fruit
Insects
Leaves
All
Fruit
Insects
Leaves
All
Fruit
Insects
Leaves
All

1

The geometric mean was cubed to allow for easy comparison of slopes against the slopes that
were generated when body mass was used as the x-variable.

2

All variables were converted to base 10 logarithms for regressions. Daubentonia, Tarsius,
Galago senegalensis braccatus, Galagoides demidoff, and Otolemur garnettii were excluded
from these regressions.
3

Neither JMP nor (S)MATR will provide confidence intervals for a sample size less than six.
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Table 4.12: Descriptive statistics for regressions against jaw length cubed1
y-variable
PCSA

2

RPCSA

Muscle Mass

Fiber length

slope

y-intercept

correlation (r)

lower c. l.

upper c.l.

0.62
1.21
0.96
0.78
0.62
1.19
0.92
0.77
0.90
1.56
1.04
1.02
0.33
0.39
0.14
0.29

-0.35
-2.92
-1.92
-1.10
-0.37
-2.85
-1.74
-1.08
-3.82
-6.71
-4.46
-4.40
-1.76
-2.01
-0.84
-1.57

0.87
0.95
0.97
0.91
0.87
0.96
0.97
0.92
0.94
0.93
0.98
0.95
0.91
0.75
0.63
0.88

0.41
0.72
0.67
0.64
0.41
0.78
0.62
0.64
0.69
0.83
0.80
0.88
0.24
0.17
0.05
0.22

0.94
2.02
1.39
0.95
0.95
1.81
1.36
0.94
1.18
2.91
1.35
1.18
0.45
0.90
0.34
0.37

Diet
Fruit
Insects
Leaves
All
Fruit
Insects
Leaves
All
Fruit
Insects
Leaves
All
Fruit
Insects
Leaves
All

1

Fiber length was cubed to allow for easy comparison of slopes against the slopes that were
generated when body mass was used as the x-variable.
2

All variables were converted to base 10 logarithms for regressions. Daubentonia and Tarsius
were excluded from these regressions.
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Jaw length is useful as a scaling variable because of the mechanical consequences
of jaw length. However, there is a theoretical reason why it is not a good size proxy,
namely that it is not adaptively neutral. That is, jaw length itself is probably under
dietary selection because jaw length is usually inversely proportional to jaw muscle
leverage.
Scaling muscle mass against jaw length instead of against body mass has many of
the same effects as scaling PCSA against jaw length instead of against body mass. The
slope for folivores is a bit lower, the slope for insectivores is a bit3 higher, and the slope
for frugivores is barely different at all (Tables 4.10 and 4.12, Figure 4.17).
Scaling fiber length against jaw length yields the same differences as well, though
they are more subtle (Figure 4.18).
Scaling pinnation against jaw length is no different from scaling it against body
mass or the geometric mean: there is always a good correlation for folivores and no
correlation for insectivores or frugivores. However, the correlation for folivores is even
stronger when pinnation is scaled against jaw length (r = 0.969). The slope is also lower
as the smaller folivores are shifted to the left (Figure 4.19).
To assess the value of jaw length as a body size proxy, I regressed jaw length
against body mass (Figure 4.20). The common slope is isometric (slope = 0.969, CI =
0.858-1.09) and the correlation is high (r = 0.965). In general, folivores lie below the line
of fit, frugivores lie above it, and insectivores are scattered above and below it.

3
None of these differences is significant: the 95% confidence interval for the slope when one scaling variable is used
includes the slopes generated when the other scaling variables are used.
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Figure 4.17: Log sum of adductor mass and log jaw length.
See Table 4.12 for descriptive statistics.
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Figure 4.18: Log mean fiber length and log jaw length.
See Table 4.12 for descriptive statistics. The axes in this graph are not scaled isometrically.
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Figure 4.19: Pinnation and log jaw length.
The line with the long dashes is fitted to the folivores. See Table 4.12 for descriptive statistics.
The axes in this graph are not scaled isometrically.
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Figure 4.20: Log of jaw length cubed and log of body mass.
For descriptive statistics, see Table 4.13. Note that most folivores are below the line and most
frugivores are above it.

236

V.r.
5.5
E.col.

P.t.P.d.

E.cor.
E.m.
5

H.g.

Log JL cubed

P.p.
O.g.

A.l.

L.l.
4.5
M.c.
C.m.

G.s.
G.m.
4
M.m.
G.d.

2

2.5

3

3.5

Log BM

Figure 4.21: Log of jaw length cubed and log of body mass, grouped by diet.
For descriptive statistics, see Table 4.13. The line that has a long dash for every two short ones is
the common line of fit (ungrouped).
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When species are grouped by diet, the slopes remain isometric and the
correlations remain high (Table 4.13, Figure 4.21). Thus, when considering the scaling
of the jaw adductors in a group where the members have different diets, jaw length is not
the ideal proxy for body size

4.4 Discussion
4.4.1 The Fracture Scaling Model Versus the Isometry Model
Jaw adductor PCSA scales with isometry or slight positive allometry relative to
body mass in strepsirrhines. Isometry is the pattern for frugivores and insectivores,
whereas positive allometry is the pattern for folivores. Positive allometry of mandibular
adductor cross-sectional area (RPCSA) is supported by a recent study of a sample that
includes both prosimians and anthropoids (Anapol et al. in press; Shahnoor et al. 2005).
However, this is only when RPCSA is scaled against craniobasal length (RMA slope =
1.35, 95% CI = +/- 0.15), and only for the total primate sample. Within prosimians,
platyrrhines, and catarrhines individually, the slopes are not significantly different from
isometry. RPCSA scaled isometrically to body mass in their sample (RMA slope = 1.06,
95% CI = +/- 0.25).
Lucas (2004:142-144) predicted strong negative allometry of cross-sectional area
relative to body mass; the predicted slope is 0.5. The present and previous studies do not
find the predicted pattern of strong negative allometry (M<0.67, e.g., M0.5) for chewing
muscle cross-sectional area (Perry and Wall in press; Shahnoor et al. 2005).
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The 95% confidence intervals for the slope of regressions of PCSA against body
mass are very large (>0.3). However, the r-squared value is above 0.85 in every case.
This suggests that much of the variation in PCSA is explained by variation in body mass.
When species are grouped by diet, the r-squared value increases, suggesting that jaw
adductor PCSA increases with body mass within dietary categories.
Although the PCSA data do not to support the predictions of fracture scaling, this
may be because PCSA is an estimator of input force (muscle force), whereas fracture
scaling actually predicts bite force, the force needed to break food. Bite force differs
from the input force because it is modulated by several factors such as muscle activity,
muscle leverage, bite leverage, and occlusal morphology. Data on cross-sectional areas
of chewing muscles cannot be used alone to rule out the possibility that bite force scales
with negative allometry relative to body mass.
Another explanation for the lack of correspondence between the observed PCSA
scaling patterns and those predicted by fracture scaling is that one (or more) of the
assumptions of fracture scaling is not met by this sample. Lucas (2004) specifically
acknowledged that several of these assumptions, such as foods being homogeneous,
linearly elastic, and of uniform toughness, are violated in most comparative samples of
primates. Some of these assumptions may be violated in a systematic fashion with
respect to body size. For example, larger primates may feed on tougher foods (e.g., Kay
1975). It may be difficult to assemble a sample of mammals that vary in body size, but
that do not vary with respect to the material properties of the foods they eat.
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Table 4.13: Descriptive statistics for regression of jaw length cubed against body mass
y-variable

slope

y-intercept

correlation (r)

lower c. l.

upper c.l.

Diet
Fruit
Insects
Leaves
All

0.98
2.08
0.98
0.86
1.12
0.86
2.28
0.97
0.59
1.26
Cubed1
1.19
1.17
0.92
0.60
2.33
0.97
2.03
0.96
0.86
1.09
1
All variables were converted to base 10 logarithms for regressions. Daubentonia and Tarsius
were excluded from these regressions.
Jaw Length
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The fracture scaling model assumes that foods are broken down in three-point
bending. This model may be appropriate for many foods, such as nuts and seeds.
However, leaves must be sliced into many small pieces to be digested efficiently (Kay
and Sheine 1979). The nutritional contents of some foods, such as juicy fruits and larval
insects, may be extracted primarily by tearing or puncturing an outer membrane.
Alternately, this may be accomplished by compression/tension. Because fracture scaling
depends on crack propagation, foods that resist crack propagation may not fit well with
the model.
The fracture scaling model also predicts that input muscle force will scale in
relation to the force it takes to fracture a single bite of food. However, it is much more
likely that the work required of the jaw adductors will scale to not only the work required
to make a single fracture, but also to the total number of fractures required to increase
food surface area to the point where is it optimally digestible (Sheine and Kay 1982). It
may also be very difficult to calculate the total number of fractures necessary because
food particles are selected non-randomly during mastication and there is a threshold for
each animal below which particles are reduced no further. Lastly, even particles
fractured in three-point bending may not be fractured along their smallest cross-sectional
area, but instead may be fractured along a diagonal surface (Sheine and Kay 1982).
The predictions of fracture scaling require that chewing rate scale to the onequarter power of body mass. However, there is a great deal of variation in the scaling
exponents reported for chewing rate (Druzinsky 1993; Fortelius 1985). Moreover,
chewing rate changes as a bolus of food is reduced and differs with the material
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properties of food (Hiiemae and Kay 1973). New evidence suggests that chewing rate
scales to body mass in anthropoids, but that it does so at less than one-quarter power
(Ross et al. 2007).
Finally, fracture scaling assumes that the size of ingested items scales
isometrically with body size. Currently, there are very few data available to evaluate this
assumption. While ingested food size may scale isometrically with body mass for some
foods, it is likely that there may be little relationship across folivorous primates between
body size and the size of ingested leaf materials (see Chapter 5).

4.4.2 PCSA Scaling in Relation to Diet
There is a detectable difference in the scaling pattern in different dietary groups.
Larger folivores have relatively greater PCSA. This suggests that there is a need for
greater chewing force as folivores get larger. Either that, or they need to chew more
times – this would only work if folivores can recruit part of the muscle for one chew, then
use a different part for the next chew (while resting the first part of the muscle). This
allometry is not true of frugivorous strepsirrhines; for frugivores, PCSA increases
geometrically with body mass. It is hard to tell if this is also true of insectivores; the
slope is nearly as high as for folivores, but the confidence interval is so wide that it
includes isometry.
Although the scaling predictions of the fracture scaling model were not borne out
by my sample, the model itself may shed light on the different scaling patterns seen in the
PCSAs of folivores and frugivores. Large frugivores can eat fruits that are larger than
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those consumed by small frugivores. This might provide the large frugivores with some
force discount. That is, larger frugivores do not have to use as much force (relative to
their body mass) to fracture their foods as small frugivores. Large folivores can also eat a
larger bolus of leaves than those consumed by small folivores. However, a thick stack of
foliage behaves very differently from a thick chunk of fruit when subjected to bite loads.
Once the masticatory system has stored enough energy in a thick chunk of fruit or
nut, a crack will propagate through it. Given sufficient bite force, a crack might also
propagate through a thick leaf; however, it will not propagate from one layer of foliage to
the next. Therefore, large folivores will not experience a force discount based on
increased ingested food size. This may be one explanation for why PCSA of folivores is
great relative to body size.
Insects share some material properties with leaves and some with fruit. The
exoskeletons of many insects are very tough, like many leaves. However, most insects
have a thick inner core made up of weaker materials. The proportion of an insect’s body
that is made up of tough materials undoubtedly varies across insect taxa and across
instars. Most larval insects have a weaker and thinner exoskeleton compared to adult
insects (Strait 1993b, 1997).
Furthermore, insects are hard to catch and most large primates cannot afford
metabolically to subsist on them (Kay and Covert 1984). Kay and Covert’s model
assumes that the prey insects are all relatively small (cricket-sized). Insectivores
(particularly large ones) might gain some force discount by eating large insects.
However, if a grasshopper is a typically-sized prey item for a tarsier (Jablonski and
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Crompton 1994), then a typically-sized prey item for a large (>1kg) insectivorous primate
approaches the size of the largest living insects. The only very large insectivorous
mammals rely on large colonies of insects, the members of which are generally very
small (Kay and Covert 1984).
The results here show that if there were insectivorous strepsirrhines in the 3-4kg
body mass range, and if they followed the observed trend in PCSA scaling, then their jaw
adductors would have enormous PCSAs.
When PCSA is scaled against jaw length, it becomes obvious that jaw length is
different for folivores and frugivores that have similar body masses. The slope of the line
of fit for folivores is lower when jaw length is the x-variable compared to when body
mass is the x-variable. The data points for folivores are shifted to the left; this suggests
that folivores have short jaws relative to body mass (Figure 4.21). This is probably an
adaptation to increase bite force leverage by decreasing the length of the load arm.
Because increasing PCSA is one way to increase bite force, and decreasing jaw length is
another way to increase bite force, PCSA and jaw length are not independent variables.
Another explanation for the short jaws of folivores is that they aid in reducing
bending moments along the jaw. This is particularly relevant for very forceful bites and
very shallow jaws. Folivores may also increase bending resistance in the jaw by
increasing jaw depth.
Small folivores have especially short jaws relative to body mass, even when
compared to large folivores (Figure 4.21). Small folivores may be at a great disadvantage
compared to large folivores if the properties of the leaves they eat are the same. Having
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very short jaws might compensate by decreasing the bite force load arm. This is also true
if the jaw adductor lever arm is unaffected (see Chapter 6).

4.4.3 Fiber Length and Diet
Fiber length is a possible indicator of the demand for gape (see Taylor and
Vinyard 2004). This is because after a certain degree of stretch, a stretched fiber rapidly
loses its ability to generate tension (Gans 1982; Herring and Herring 1974). If a food
item is large enough, it could potentially stretch the jaw adductors beyond the point
where they can produce sufficient force to fracture the food. Gape may be under
selection for other behaviors too, such as yawning, incision, grooming, and gouging.
However, ingested food size probably influences gape to an important degree.
The speed of jaw movement is also influenced by fiber length. Bite speed is
thought to be an important agent of selection on fiber length in many carnivorous
mammals and reptiles (Gans and de Vree 1987), but is probably of minor importance to
most strepsirrhines, particularly when compared to gape. Most predatory primates seize
their prey using their hands rather than their mouths; therefore, the speed of a bite is
probably of minor importance in primates.
When strepsirrhines are considered together (i.e., not grouped by diet), there is a
significant positive correlation between fiber length and body mass; the relationship is
isometric. However, the confidence interval for the slope is wide. Therefore, much of
the variation in fiber length fails to be explained by body mass variation. Nevertheless,
the results of this study do not support the claim that variation in fiber length has no
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relationship to variation in body mass (Antón 1999, 2000), as all regressions are
significant.
It is not surprising that body mass variation explains only some of the variation in
fiber length. Fiber length should bear a strong relation to the range of motion
experienced by the lower jaw (Herring et al. 1979; Herring and Herring 1974). This
range of motion is expected to differ based on differences in several factors including jaw
and face length, the structural properties of food, the manner of food acquisition, the
degree and nature of food processing, and grooming behavior.
Mean fiber length increases isometrically with body mass for frugivores and
insectivores. This suggests that the selection for gape in these primates is related to body
mass. It is possible that ingested food size does increase with body size for frugivorous
and insectivorous strepsirrhines, and that fiber length tracks ingested food size.
Mean fiber length increases with negative allometry relative to body mass in the
folivorous strepsirrhines. This suggests that gape does not need to increase in step with
body mass in folivores. This makes sense because larger folivores probably do not ingest
proportionately thicker leaves. Instead, they probably just eat more of them, and spend
more time chewing. Because there is a positive correlation between fiber length and
body mass in folivores, larger folivores probably do stack or roll up ingested leaves to
some degree.
Another important consideration for fiber length is pinnation. Increased pinnation
has the effect of increasing PCSA, while decreasing mean fiber length. Large folivores
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may have short jaw adductor fibers because they have highly pinnate muscles (see
below). Folivores may sacrifice gape in favor of PCSA and bite force.
Yet another important influence on fiber length is jaw length. If jaw length is
decreased (specifically the distance between the point of rotation in the masticatory
system and the muscle fibers themselves), then jaw adductor fibers will be stretched less
at a given angular gape, and can afford to be shorter. Linear gape at any point on the
dentition will also be reduced, but only if the part of the jaw anterior to the adductor
muscles is shortened in proportion to the part of the jaw from the condyle to the adductor
muscles. Folivores have short jaws compared to frugivores and insectivores, and small
folivores have especially short jaws. Which parts of the jaws of folivores are short,
posterior to the adductor muscle vector or anterior to it, remains to be seen (see Chapter
6).

4.4.4 Jaw Adductor Mass and Diet
There is no reason to expect a direct scaling relationship between jaw adductor
mass and body mass (unless one believes that larger animals can afford – metabolically –
to produce larger chewing muscles). Limb muscles function to support and move parts of
the body. The jaw adductors support and move the mandible, but their main function is
to fracture food. In other words, most of the work (and energy) of the jaw adductors goes
toward fracturing food.
There may be an indirect relationship between jaw adductor mass and body mass.
If ingested food size is scaled to body mass, and if jaw adductor PCSA and fiber length
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are scaled to ingested food size, then jaw adductor mass should be scaled to body mass.
This is because jaw adductor mass is partly a function of jaw adductor PCSA and fiber
length (see Equation 1).
In my sample of strepsirrhines, jaw adductor mass is highly correlated with body
mass. Cachel (1979, 1984) found this to be true of primates generally. The 95%
confidence intervals for all slopes include isometry. There are some differences that
relate to diet.
The slopes for insectivores are higher than the slopes for folivores, which are
higher than for frugivores. This suggests that at any given size, insectivores and folivores
will have more massive chewing muscles than frugivores. It is easy to see why this is
when one considers the scaling patterns for PCSA and fiber length. Large folivores have
very large PCSAs, but not particularly long fibers. Large frugivores have very long
fibers, but not particularly large PCSAs. Large insectivores (if they existed) would have
very large PCSAs and very long fibers, giving them very massive chewing muscles. In
addition to the challenge of finding and capturing enough insects to fuel their large
bodies, another challenge for large-bodied insectivores is that they would need very
massive chewing muscles to stretch around their enormous insect prey and to generate
enough force to fracture the insects once inside the mouth.
Because the slope for folivores is slightly higher than the slope for frugivores, we
can conclude that PCSA has a greater influence on muscle mass than does fiber length.
Because PCSA is a power two variable and fiber length is a power on variable, the
former contributes much more to the calculation of muscle mass.
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4.4.5 Pinnation
When a muscle is pinnate, its fibers pull obliquely to the line of action of the
muscle. The fibers still help to bring the bony insertion toward the bony origin, but some
of the tension created by the fibers is ‘wasted’ (as far as the ‘useful’ movement is
concerned). In a unipinnate muscle, some of the tension created by the fibers inevitably
brings the bounding longitudinal tendons closer together (Figure 4.22). In a bipinnate or
multipinnate muscle, some of the tension goes toward maintaining the rigidity of central
longitudinal tendons if the layers of fibers on either side are of unequal strength. In a
bipinnate muscle, the displacement of the bony insertion will be greater than the
shortening of any fiber in the system. However, in a unipinnate muscle, the ratio of bony
displacement to fiber shortening will depend on how much the bounding tendons
approach each other in the horizontal plane (pure fiber shortening) relative to how much
they slide past each other (pure fiber swiveling) (Figure 4.22).
The force at the tendon will be less than the sum of the forces produced by the
fibers, and will decrease as the fibers swivel and pinnation angle increases (Gans 1982).
In chewing, displacement of the bony insertion will be less important than in locomotion,
though it will be of some importance for large food items. More important is the force
reduction that occurs as fibers swivel out of the plane of the line of action.
The RPCSA method of Anapol and Barry (1996) is an attempt to reduce the
physiological cross-sectional area by the fraction of force that is generated perpendicular
to the line of action of the muscle. It is a necessary modification of PCSA when one is
interested in a single component of muscle force (parallel to the line of action).
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However, incorporating cross-sectional area into models of chewing muscle mechanics is
complicated by several factors.
First, the chewing muscles have different lines of action (Figure 4.23). For
example, even if all of the fibers of the medial pterygoid were arranged in parallel to its
line of action, and the same were true of the deep masseter, these two muscles would still
be pulling against one another in the mediolateral plane.
Second, the line of action of every jaw adductor is oblique to the vertical plane in
the head (or sagittal plane). If you correct the PCSA of the superficial masseter to reflect
its forcefulness in its line of action, that RPCSA would not be the RPCSA for a vertical
bite force.
Third, many feeding behaviors presumably must include mediolateral and
anteroposterior muscle forces (e.g., the power stroke of mastication), in addition to
vertical force. Pinnate fibers in these muscles might be oblique to the line of action for
some masticatory actions, but parallel for others. Moreover, pinnation angle changes if
fibers swivel during contraction (or stretching).
Fourth, chewing muscle force vectors affect food in the occlusal plane. This is a
complication because, for example, a vertically oriented muscle vector has a different
effect at a vertically oriented occlusal plane than at a horizontally oriented occlusal plane
(Figure 2.6).
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Figure 4.22: Fibers in pinnate muscles.
a: a unipinnate muscle. Here, as the fiber shortens, it also swivels. The degree to which it
shortens versus swiveling will determine the dirction of displacement of the bony insertion. Pure
swiveling will lead to pure vertical displacement; pure shortening will lead to movement in the
orientation of the fiber. In reality, the movement is probably somewhere in between and that is
how it is depicted here. b: a bipinnate muscle. Here, as the fibers shorten, they swivel to produce
a vertical displacement of the bony insertion. Shortening of the fibers without swiveling would
cause the bounding tendons (represented by the thick, black, vertical lines) to buckle inwards. In
both unipinnate and bipinnate muscles, the vertical force is less than the total force produced by
the fibers. Vertical force decreases as the fibers swivel and become more horizontally-oriented.
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Figure 4.23: The complexity of correcting for pinnation in jaw adductors.
a: an idealized coronal section through the skull illustrating pinnation in the jaw adductors.
Broken lines represent aponeuroses; the thickness of the lines roughly corresponds to the
thickness of the aponeuroses. Unbroken black lines represent thin fascia. Gray lines (unbroken)
represent fascicles within the muscle. ‘m’ is the mandible; ‘z’ is the zygomatic arch. The lateral
pterygoid is included for completeness. b: the deep masseter considered alone. Using Anapol
and Barry’s (1996) method corrects PCSA according to the line of action of the muscle. This is
oblique to a vertical bite force. c: correcting PCSA to a vertical bit force requires that the in situ
orientation of a muscle be known.
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Gans (1982) suggested that a muscle layer (or array) should be considered
pinnate only if its fibers swivel as they contract (see Figure 4.22 for an illustration of
fiber swiveling). This is not logically necessary for a unipinnate muscle because even
contraction purely parallel to the fibers will bring the bony attachments together (though
inefficiently) (Figure 4.22).
It is unknown if fiber swiveling occurs during jaw adductor contraction in
strepsirrhines, though it is very likely to occur when fibers originate or insert on
connective tissue sheets. Most of the fibers of the medial pterygoid are attached to at
least one connective tissue sheet. This is also true of the superficial and deep temporalis,
and the superficial and deep masseter. Fewer than half of the fibers in the zygomaticomandibularis are attached to connective tissue (most attachment is to bone). Few fibers
of the zygomatic temporalis are attached to a connective tissue sheet, though many
converge on a strap-like tendon of insertion.
It would be very beneficial to modify the Anapol and Barry (1996) method of
correcting for pinnation. One modification would be to consider different hypothetical
lines of action for different masticatory actions. For example, to evaluate the
contributions of the jaw adductors to a vertical bite force, one should correct PCSA to a
vertical line of action for each chewing muscle. For a vertical line of action, pinnation
would be measured in the same was as in Equation 4, except distance ‘a’ would be
measured in the horizontal (i.e., perpendicular to vertical) plane for each muscle, rather
than as the distance perpendicular to the tendons of fiber attachment (Figure 4.23). This
is very difficult to do in a muscle that has been removed from the head because the
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relationship of the muscle to the sagittal plane of the head is lost when the muscle has
been removed.
The answer to this problem is to make sections of the head and take
measurements on the sectioned muscle. Because there are several different, functionallyimportant lines of action in chewing, a digital sectioning method (e.g., magnetic
resonance imaging) would be preferable to mechanical sectioning. After specimens are
imaged, the muscles can be dissected away and chemically processed to obtain
measurements of true fiber length.
Another important factor to consider is the effect of muscle loads at the toothfood interface. If the occlusal surfaces are flat, then a vertical bite force will produce
compressive stress at the tooth-food interface (with tension in the food perpendicular to
the bite force). If, by contrast, the occlusal surfaces are highly inclined, then the same
vertical bite force will produce shear stresses in addition to the compressive stresses. If
intact heads are imaged digitally, then the orientation of the occlusal plane can be
measured in any plane.
When performing this kind of analysis, it is important to consider that some of the
force in the power stroke will be expended to maintain tooth-food-tooth contact. Thus,
some component of the bite vector should always be perpendicular to the tooth surfaces,
even in mammals that rely on mainly shear force to divide their food (e.g., highly
carnivorous ones).
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4.4.6 A Note on Daubentonia and Tarsius
I had the good fortune to dissect two specimens of Tarsius syrichta (DUPC 89m
“Sleepy” and AMNH 150143f) and one specimen of Daubentonia madagascariensis
(AMNH 185640). Figures 4.24 to 4.26 show the positions of the data points for Tarsius
and Daubentonia for regressions against body mass of adductor PCSA, mass, and fiber
length. Tarsius was not included in the main part of the analysis because it is not a
strepsirrhine. Daubentonia was not included in the main part of the analysis because it is
a juvenile; no adult was available to me.
Tarsius has somewhat massive and long fibered jaw adductors for its size. It also
has very pinnate muscles of mastication. The medial pterygoid muscle is particularly
pinnate in this species. The long fibers in this species may be an adaptation to their wide
gapes (Jablonski and Crompton 1994). In fact, my results for the jaw adductor mass,
fiber length, and pinnation match those reported by Jablonski and Crompton for Tarsius
bancanus.
Tarsiers prey on insects and other animals, many of which are large compared to
tarsiers. This presents a challenge for the jaw adductors which must be forceful enough
to comminute the food, but also must have fibers long enough such that they can generate
tension at ingestive gape.
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Figure 4.24: Log sum PCSA and log body mass, with Daubentonia and Tarsius.
Compare with Figure 4.7.
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The jaw adductors of Tarsius syrichta appear to be very pinnate according to the
method of estimating pinnation that I used. Therefore, even though the fibers are very
long in each sheet of muscle, many of them are oriented highly obliquely to the line of
action of the muscle sheet. This allows many more fibers to be packed into each muscle
sheet, and may be a response to selection for high bite forces. It seems that both force
and stretch are important to the jaw adductors of tarsiers.
The specimen of Daubentonia that I dissected had somewhat large jaw adductors
for its body size, but it had extremely long fibers for its body size. Furthermore, the
muscles were the least pinnate of any that I have dissected. It is very tempting to
conclude that this is strong evidence for adaptation to large gape angles in aye-ayes.
Alternately, aye-aye jaw adductor fibers might be long because there is little selection for
great chewing forces, and thus there is reduced PCSA. Aye-ayes gnaw large holes into
tree trunks to extract larval insects; they also consume large nuts and perform most foodprocessing activities with the anterior teeth. Both of these behaviors would favor large
gape angles and long jaw adductor fibers. Furthermore, their jaws are short and long
fibers would be needed to allow even modest linear gapes. My dissection of a single
adult aye-aye would enable me to confirm or reject this hypothesis; however, none is
currently available to me.
Unfortunately, I cannot rule out the possibility that juvenile strepsirrhines
generally have short jaw adductor fibers with low pinnation angles. It is possible that
pinnation increases during ontogeny. Perhaps fiber length growth does not keep up with
growth of the body, and thus fibers are relatively shorter in adults.
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Figure 4.25: Log sum adductor mass and log body mass, with Daubentonia and Tarsius.
Compare with Figure 4.9.
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Figure 4.26: Log mean fiber length and log body mass, with Daubentonia and Tarsius.
Compare with Figure 4.10. The axes in this graph are not scaled isometrically.
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4.4.7 A Note on Individual Variation
There is variation between individuals within a species in all variables measured
here (Table 4.14). Many specimens had to be rejected for this study because the animals
had experienced a protracted illness prior to death and the jaw adductors (as well as all
other muscles) had wasted away. Some were rejected because the state of preservation
was so poor that no useful data could be obtained. Others were rejected because their
mouths were preserved in highly gaped postures, rendering fiber length measurements
incompatible with those of other specimens.
Preservational state varied from specimen to specimen. Some were frozen from
the time of death to the time of dissection. Others were preserved in formalin. Others
were preserved in alcohol. Some dessication is expected over time in all preservational
states. This may affect muscle weight measurements, particularly for those specimens
(like the AMNH ones) that have been dead and preserved for decades. In fact, the
AMNH specimens of Avahi and Lepilemur have somewhat small muscles. However, the
AMNH Varecia I dissected did not have particularly small muscles compared to those of
a recently-deceased Varecia from the DUPC. Unfortunately, Avahi and Lepilemur
specimens are very rare and these were the only ones available.
Due to concerns about the effects of preservational state on fiber length, I
extracted a superficial masseter muscle of one frozen individual of Propithecus coquereli.
I sectioned the muscle parallel to fiber orientation. Then I placed one half of the muscle
in 10% formalin (a typical concentration) and the other half I measured. I measured
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fibers on either side of the slice, but I avoided fibers that had been cut in the sectioning
process. Three days later, I measured the fibers in the formalin-preserved muscle.
There was no significant difference in the mean length of the two samples of
fibers; in fact, the mean fiber was slightly greater in the formalin-preserved sample.
Clearly a much more comprehensive experiment is necessary to rule out all effects of
preservation on muscle mass and fiber length. Preservatives may have an effect on fiber
length in isolated muscles, but fiber shortening is checked in intact specimens because
fibers are attached to bones or rigid connective tissue sheets.
Some of the specimens in this study were wild-caught (e.g., those from the
AMNH), though most were captive-bred, or at least spent many years in captivity. At the
Duke Lemur Center (formerly the Duke University Primate Center), every attempt is
made to mimic a naturalistic diet. However, the lemurs there eat many foods that their
wild conspecifics do not (e.g., monkey chow). A sample made up of only wild-caught
strepsirrhines would be ideal for studying the jaw adductors. However, such a sample is
not only impractical, but ecologically indefensible. This study would benefit from more
comparisons of captive strepsirrhines to their wild-caught conspecifics. The only
comparison I have is in one species, Varecia rubra. In this species, the two specimens,
one wild-caught and the other captive, have very similar jaw adductors. The two smallbodied folivores in this sample were wild-caught. This may render suspect their
comparison to the captive, large-bodied Propithecus specimens. However, Avahi and
Lepilemur are very rare in captivity.
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Table 4.14: Muscle dimensions for intraspecific comparison
Individual
Galago s. braccatus (Ef)
Galago s. braccatus (jf)
Galagoides demidoff (510f)
Galagoides demidoff (507f)
Hapalemur griseus (1322f)
Hapalemur griseus (1353f)
Microcebus murinus (889f)
Microcebus murinus (874f)
Otolemur crassicaudatus (1f)
Otolemur crassicaudatus (2f)
Otolemur crassicaudatus (DUPC)
Propithecus coquereli (6560m)
Propithecus coquereli (6110f)
Propithecus coquereli (5705f)
Varecia rubra (AMNH)
Varecia rubra (DUPC)
Tarsius syrichta (DUPC)
Tarsius syrichta (AMNH)
1

Sum1
PCSA
(mm2)

Sum
RPCSA
(mm2)

Sum
Adductor
Mass (g)

Mean Fiber
Length
(cm)

Mean
Pinnation
(degrees)

164
201
45
48
453
738
157
113
855
887
1738
1344
1018
988
869
1038
212
201

164
201
45
48
435
638
146
109
855
887
1589
1167
964
865
851
999
197
183

1.07
1.12
0.16
0.19
3.83
5.62
0.57
0.48
6.42
6.16
15.67
8.53
10.20
5.73
10.61
13.20
0.95
1.08

0.59
0.51
0.35
0.38
0.77
0.72
0.31
0.38
0.70
0.64
0.78
0.64
1.03
0.54
1.12
1.16
0.48
0.52

n/a
n/a
n/a
n/a

Each value listed refers to the sum (or mean) of the values for the seven jaw adductors.
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15
24
20
15
n/a
n/a
22
24
16
28
11
14
17
20

Body mass fluctuates considerably seasonally and in response to other factors
throughout the adult life of a strepsirrhine, often especially as death approaches. In many
cases, the body mass measurements for a strepsirrhine declined rapidly in the months
prior to death. Whenever available, healthy body mass measurements were preferred. I
made the assumption that atrophy of the jaw adductors will lag behind loss of body mass.
Therefore a healthy body mass measurement will be a better independent scaling variable
for understanding scaling patterns of the jaw adductors in cadavers. In any case,
geometric means of bony measurements are probably better than body mass because of
the loss of body mass as death approaches. In this study, I compared the results using
body mass to those using the geometric mean and found little difference.

4.4.8 The Roles and Functions of the Individual Jaw Adductors
Several hypotheses about the roles of the parts of the jaw adductor musculature
were described in Chapter 2 (section 2.6.5). Data generated by the present study can be
used to test these hypotheses as they pertain to strepsirrhines (Table 4.15). The following
hypotheses pertain to the role of a muscle if the structure is being used in a particular
context (e.g., folivory). Some also pertain to a function (e.g., providing transverse force
to breakdown of tough sheets of food) if the hypothesis includes reference to how the
muscle is used in that context. In these comparisons, I address only the biological roles
because I am using comparative data on broad dietary categories, not specific data on
food processing. See also Chapter 2 for clarifications on biological role and function.
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The first hypothesis is that the temporalis is large compared to the masseter in
carnivores and that it is small compared to the masseter in herbivores (Smith and Savage
1959). The temporalis has great leverage in many carnivores because the condyle is low
(and the coronoid process is large); the masseter has great leverage in many herbivores
because the condyle is high (and the angular process is large). A comparison of means
shows that the temporalis to masseter ratio in PCSA and in mass is significantly greater
in insectivorous strepsirrhines than it is in frugivorous and folivorous ones (Wilcoxon
one-tailed test, PCSA p = 0.0113, Mass p = 0.0022). Here, frugivores and folivores were
grouped together. This result provides support for the hypothesis that, in strepsirrhines,
carnivores emphasize the temporalis more than herbivores do. In most of the insectivores
(but only in a few herbivores), temporalis PCSA exceeds masseter PCSA. In all of the
insectivores (and many of the herbivores), temporalis mass exceeds masseter mass.
The second hypothesis is that the temporalis is especially large in primates that
emphasize incision (Cachel 1979). The electromyographic data do not support this
hypothesis (Hylander and Johnson 1985; Møller 1966). Nevertheless, it can be evaluated
for correlation using the data collected here. A Wilcoxon comparison of means shows
that the ratio of temporalis PCSA (or mass) to the total jaw adductor PCSA (or mass) is
significantly greater for frugivorous strepsirrhines than for folvorous ones (Wilcoxon
one-tailed test, PCSA p = 0.0015, Mass p = 0.0492). This provides support for Cachel’s
hypothesis only if a frugivore-folivore comparison is an appropriate test of her initial
incision comparison, and only if incisor-use is the key difference between frugivores and
folivores.
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Table 4.15: Results of Comparisons1 to Determine Individual Jaw Adductor Role
Muscle Comparison

Wilcoxon Onetailed P-value

Dietary Groups

Citation for
Original
Hypothesis

Temporalis PCSA /
Insectivores vs.
0.0113
Masseter PCSA
Smith and Savage
frugivores and
1959
Temporalis Mass /
folivores
0.0022
Masseter Mass
Temporalis PCSA / Sum
0.0015
of Jaw Adductor PCSAs
Frugivores vs.
Cachel 1979
folivores
Temporalis Mass / Sum
0.0492
of Jaw Adductor Masses
Masseter PCSA /
Folivores vs.
0.0033
Temporalis PCSA
Anapol and Lee
frugivores and
1994
Masseter Mass /
insectivores
0.0278
Temporalis Mass
Zygomaticomandibularis PCSA /
0.2571
Superficial Masseter
Insectivores vs.
PCSA
frugivores and
Davis 1955, 1964
Zygomaticofolivores
mandibularis Mass /
0.5050
Superficial Masseter
Mass
Medial pterygoid PCSA
0.0262 (0.0155
/ Sum of Jaw Adductor
with Tarsius
Folivores and
PCSAs
syrichta)
insectivores vs.
This study
Medial pterygoid Mass /
0.0094 (0.0055
frugivores
Sum of Jaw Adductor
with Tarsius
Masses
syrichta)
1
The following species were included in these comparisons: Avahi laniger, Cheirogaleus medius,
Eulemur collaris, Eulemur coronatus, Eulemur macaco flavifrons, Eulemur mongoz, Eulemur
rubriventer, Galago moholi, Galago senegalensis braccatus, Galagoides demidoff, Hapalemur
griseus, Lemur catta, Lepilemur leucopus, Microcebus murinus, Mirza coquereli, Nycticebus
coucang, Nycticebus pygmaeus, Otolemur crassicaudatus, Otolemur garnettii, Perodicticus potto,
Propithecus coquereli, Propithecus diadema, Propithecus tattersalli, Varecia rubra. Tarsius
syrichta was included for the medial pterygoid comparisons. Significant p-values are highlighted
in bold.
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A third hypothesis is that the masseter is large, relative to the other jaw adductors,
in folivorous primates (Anapol and Lee 1994). This hypothesis is based on the estimated
leverage for each muscle in the skulls of platyrrhine primates. In this study, the
hypothesis is tested on strepsirrhines. A Wilcoxon comparison of means shows that ratio
of masseter PCSA (or mass) to total jaw adductor PCSA (or mass) is significantly greater
for folivorous strepsirrhines than for other strepsirrhines (Wilcoxon one-tailed test, PCSA
p = 0.0033, Mass p = 0.0278). This result provides support for the hypothesis, derived
from Anapol and Lee’s work on platyrrhines, that the masseter is emphasized in
folivorous primates.
A fourth hypothesis, suggested by Davis for carnivorans, is that the zygomaticomandibularis is be larger in herbivores and the superficial masseter is larger in carnivores
(Davis 1955, 1964). Davis discovered this pattern in the masses of these muscles in the
carnivorans he dissected and suggested it might pertain to carnivores and herbivores in
general. The reason for this pattern, according to Davis, is that the fibers of the
superficial masseter are sagittally-oriented and ideally situated for producing a fast bite,
and that the fibers of the zygomatico-mandibularis are transversely-oriented and ideal for
providing transverse force during grinding. A Wilcoxon comparison of means shows that
the ratio of zygomatico-mandibularis PCSA (or mass) to superficial masseter PCSA (or
mass) is greater – but not significantly so – in herbivorous strepsirrhines than in
carnivorous ones (Wilcoxon one-tailed test, PCSA p = 0.2571, Mass p = 0.5050). Here,
herbivorous includes frugivores and folivores; carnivorous includes insectivores. These
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results do not support Davis’ generalization about diet and the ratio of zygomaticomandibularis size to superficial masseter size.
The fifth and last hypothesis is my own. That is that the medial pterygoid is
larger (in cross-section and mass) in strepsirrhines that must generate a large component
of transverse force during the power stroke of mastication, namely folivores and
insectivores. This follows from the transverse orientation of the medial pterygoid. Also,
strepsirrhines have unfused or only partly fused symphyses. Therefore, they must reduce
the input from the balancing side masseters to reduce dorsoventral shear and wishboning.
The working-side medial pterygoid is likely important in generating transverse force in
strepsirrhines. A Wilcoxon comparison of means shows that the ratio of medial
pterygoid PCSA (or mass) to total jaw adductor PCSA (or mass) is significantly greater
in insectivorous and folivorous strepsirrhines than in frugivorous ones (Wilcoxon onetailed test, PCSA p = 0.0262, Mass p = 0.0102). These results provide support for the
hypothesis that insectivorous and folivorous strepsirrhines emphasize the medial
pterygoid in PCSA and mass more than do frugivorous strepsirrhines. The relationship
holds when Tarsius syrichta is added to the comparison (PCSA p = 0.0155, Mass p =
0.0167).

4.5 Summary and Conclusions
The predictions of fracture scaling regarding PCSA and muscle mass were not
borne out in this sample. However, I cannot rule out the possibility that muscle activity
pattern and muscle leverage modulate input muscle force such that the output muscle
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force does scale in the manner predicted by Lucas (2004). Regardless, the fracture
scaling model has merit because its predictions are based on food properties. Also, the
conclusion that larger food items provide a force discount to the feeder is important in
understanding scaling in the masticatory systems of mammals that have different diets.
Based on this sample, the mandibular adductors of strepsirrhines more or less fit
the predictions of geometric scaling relative to body mass. Adductor PCSA scales
isometrically or with slight positive allometry to body mass. Muscle mass and fiber
length scale isometrically to body mass, though for fiber length, the confidence interval is
very wide.
RPCSA scales in the same fashion as PCSA. However, folivores tend to have
very pinnate muscles. Therefore, folivores have relatively low values for RPCSA. The
larger folivores have more pinnation than the smaller ones, so the slope is also lower than
it is for the PCSA regressions.
Scaling patterns are very similar when the x-variable is a geometric mean of skull
measurements. When jaw length is used as the x-variable, most lines of fit are similar to
the lines of fit for body mass and for the geometric mean. However, folivores have
relatively short jaws (especially the small ones), and this affects the lines of fit. Because
short jaws provide better leverage for bite force, jaw length may be an unsuitable proxy
for body size in analyses of jaw adductor muscle scaling.
Jaw adductor PCSA scales isometrically with body mass in frugivores and
insectivores, but it scales with positive allometry in folivores. This positive allometry
may be attributable to the fact that leaves do not get easier to process in larger packages,
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because larger packages of leaves are generally stacks of leaves rather than very thick
leaves (contra to the case for fruit). Large folivores are capable of producing relatively
high forces with their chewing muscles.
One untested possibility is that large folivores are capable of recruiting only a few
motor units for any given chew, but alternate between motor units, thereby reducing
fatigue in the muscle as a whole. In principle, this would allow the motor units to chew
in ‘shifts’. Increasing the number of motor units (and therefore the PCSA), would
provide the muscle with more shifts to use. To test this hypothesis would require very
high resolution electromyography that samples many parts of a given muscle.
Jaw adductor fiber length scales isometrically with body mass for all dietary
groups. The slopes for insectivores and frugivores are much higher than the slope for
folivores. One explanation for this is that ingested food size has an effect on fiber length.
Large frugivores and large insectivores can, to some extent, minimize the work of their
jaw adductors by ingesting large blocks of food (i.e., large fruits, large insects). These
large blocks of food stretch their jaw adductors; therefore, longer muscle fibers are
favorable. Large folivores gain no force discount by ingesting larger stacks of foliage
because cracks do not cross from one leaf to the next in chewing. Therefore, folivores
ingest small, flat items over and over again. This puts no selective pressure on the fibers
to increase in length. Because long fibers are not required, folivores ‘opt’ for short fibers
because more of them can be packed into the same muscle mass, thereby increasing
PCSA and force output. Because large folivores gain no advantage from eating thicker
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leaves (and because leaves of proportionately great thickness do not exist), there is little
increase in fiber length as body mass of folivores increases.
Jaw adductor mass is largely a function of PCSA and fiber length. Therefore, the
patterns we see in jaw adductor mass scaling are a summation of the patterns seen in
PCSA and fiber length scaling. All slopes are isometric. Because the slopes for PCSA
scaling and for fiber length scaling were both high for insectivores, the slope for muscle
mass scaling is particularly high in insectivores. If there were large insectivorous
strepsirrhines (>2kg), and if they could find enough insects to live on, then their chewing
muscles would have to be extremely large to ingest and fracture the insects. Large
insectivorous mammals tend to concentrate on small insects rather than large ones, and
they ingest the insects in large numbers. The larger insectivorous strepsirrhines
(Nycticebus) tend to select larger insects, but they also feed on many other things,
including fruits and vertebrates (Nekaris 2005).
Although it is interesting that the jaw adductors of strepsirrhines scale with
geometric similarity, it is unsatisfactory. This is because there is no clear mechanical
reason for geometric isometry in the jaw adductors (Hylander 1985). Thus, isometry of
strepsirrhine jaw adductors is an empirical pattern with no theoretical explanation. It may
be that modification of the fracture scaling model to be more inclusive of other modes of
fracture might yield more accurate predictions of jaw adductor scaling in strepsirrhines.
Data on additional strepsirrhine species, such as the aye-aye (Daubentonia
madagascariensis), the greater bamboo lemur (Prolemur simus), and the specialized
gummivores Euoticus and Phaner would greatly improve this study.
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The current method of correcting for pinnation is unsatisfactory. Measurements
of the orientations of the chewing muscles (and their longitudinal tendons) as well as the
orientation of the occlusal plane, both relative to a reference anatomical plane, such as the
sagittal plane, would improve the situation immensely. Observations of fiber behavior
(i.e., shortening versus swiveling) during chewing would also provide a means to
evaluate the impact of pinnation on the performance of a chewing muscle. Sophisticated
imaging techniques, such as real-time, high resolution magnetic resonance imaging may
be beneficial in this regard.
Most of the published hypotheses about the role of the individual jaw adductors
were supported by the results of this study. The temporalis is larger (in PCSA and mass)
in ‘carnivorous’ strepsirrhines compared to ‘herbivorous’ ones (Smith and Savage 1959).
If frugivorous strepsirrhines emphasize incision compared to folivorous ones, then
Cachel’s hypothesis (that primates that emphasize incision also emphasize the
temporalis) is supported by the results of this study (Cachel 1979). However, an alternate
explanation is that the temporalis is an important muscle during processing of foods that
are ingested at wide gapes (e.g., many fruits).
The masseter to temporalis ratio is larger (in PCSA and mass) in folivorous
strepsirrhines than in frugivorous strepsirrhines; therefore, strepsirrhines conform to
expectations based on leverage patterns in platyrrhines (Anapol and Lee 1994). Davis’
prediction about distributed of muscle mass within the masseter complex was not
supported by the results of this study (Davis 1955, 1964). This may be due to differences
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between carnivorans and primates in the gross anatomy and fiber architecture of these
muscles.
The hypothesis that the medial pterygoid is emphasized (in PCSA and mass) in
folivorous and insectivorous strepsirrhines (and tarsiers) compared to frugivorous
strepsirrhines is supported by the results of this study. This suggests that the medial
pterygoid has an important role to play in generating transverse force in primates that
must process tough foods and that lack a fully-ossified mandibular symphysis.
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Chapter 5 The Effects of Body Size and Diet on
Ingested Food Size in Strepsirrhines
5.1 Introduction
5.1.1 Background: scaling of the masticatory system
There has been considerable debate on how the parts of the masticatory system
scale to body size (Antón 1999, 2000; Cachel 1979, 1984; Fortelius 1985; Garn and
Lewis 1958; Gingerich et al. 1982; Gould 1975; Henderson and Corruccini 1976; Kay
1975a, 1978; Lucas 2004; Martin 1979; Pilbeam and Gould 1974, 1975). Most studies
have focused on the postcanine teeth, but some have concentrated on the sizes of the
chewing muscles (Antón 1999, 2000; Cachel 1979, 1984; Lucas 2004; Perry and Wall in
press; Shahnoor et al. 2005).
As part of his contribution to the debate, Fortelius (1985) suggested that food
bolus volume should be isometric to body mass. Mammals must swallow food volumes
sufficient to generate their metabolic rates. Basal metabolic rate scales to the threequarter power of body mass (M0.75) in mammals (Kleiber 1947). However, large
mammals chew more slowly than small ones. Fortelius suggested that chewing rate
scales to M-0.25. From this, he calculated that food bolus volume should be isometric to
body mass (M0.75 / M-0.25 = M1).
The hypothesis that ingested food volume scales isometrically with body mass is
important for many reasons. One reason is that it has been used to generate predictions
about how the jaw adductors should scale with body mass (e.g., “fracture scaling” sensu
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Lucas 2004). Lucas reasoned that if larger mammals are masticating equally larger food
items, then larger mammals will not need to use proportionately more energy to break up
a bite of their food. This is because the energy required to crack a block of food in half is
proportional to the area of the cut surface. The ratio of this area to the volume of the food
block decreases with increasing food block volume. Therefore, larger blocks of food
should require less energy to fracture than smaller ones. If larger mammals consume
proportionately larger blocks of food, then larger mammals require less energy to fracture
their foods than do smaller ones. If less energy to break up a bite of food means less bite
force is required, then this has implications for predicting the scaling of the jaw adductors
since they provide the force for breaking down food.
Hylander (1985) argued against using body mass as the exclusive scaling variable
in studies of allometry of the facial skeleton. He said that there is “no direct or
predictable relationship between these variables” (Hylander 1985, p.324-325). Lucas’
fracture scaling model proposes such a link. However, the model assumes that (1)
ingested food volume is isometric to body mass, and (2) large blocks of food can be
fractured with less force for their volume than small ones. The present study was
designed to test the first assumption.

5.1.2 Goals and Expectations
Here I test the hypothesis that ingested food size scales isometrically with body
mass in a large sample of captive lemurs and lorises (strepsirrhines). Strepsirrhines are
appropriate models because they vary widely in body size and natural diet (Table 5.1).
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Also, they are represented in broad taxonomic diversity at a single facility, the Duke
Lemur Center (DLC). Another advantage to studying ingestive behavior at this facility is
that many of the foods given to the strepsirrhines at the DLC (large fruits and vegetables)
can be modified into near-homogeneous cubes up to 4cm along a side.
I also test the hypothesis that different types of food will be ingested at different
sizes and I discuss the effect of natural diet on ingested food size. One possible outcome
is that ingested food size will be greater for less-resistant foods (i.e., those that are more
fragile – the opposite of tough - and/or have a lower yield strength (Strait 1997)). For a
given jaw adductor muscle cross-sectional area, these foods can be broken down
effectively even when the muscle fibers are stretched far beyond their optimal length for
generating tension (Gans 1982; Gosline 1976). Therefore, mammals might be expected
to ingest these less-resistant foods at large sizes that considerably stretch their jaw
adductor fibers.
The results of this study have important implications for the predictions about
how several parts of the masticatory system scale to body mass. Following Hylander
(1985) and others (Vinyard 1999; Vinyard et al. 2003), I have also scaled ingested food
size against mandible length. If all other aspects of masticatory anatomy are equal, then
ingested food size should vary positively with mandible length. That is, if the distance
between the mandibular condyle and a given bite point along the tooth row is greater for
animal A than for animal B, then animal A should be able to accommodate a larger block
of food at that point along the tooth row.
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Table 5.1: Diets and percentage feeding times of some strepsirrhines in this study1
Other3
Reference
Species
Diet label
Fruit Leaves Insects2
Cheirogaleus
(Hladik et al.
Frugivore
74
7
19
medius
1980)
Eulemur
(Donati et al.
Frugivore 58-97
1-10
0-8
Fl. 1-30
collaris
2007)
Eulemur
(Ossi and
Frugivore
82
3
Fl. 14
coronatus
Kamilar 2006)
(Andrews and
Eulemur
Fl. & N. 0Frugivore 40-98
2-60
0-28
Birkinshaw
macaco
15
1998)
Eulemur
(Ossi and
Frugivore 62-65 17-22
Fl. 12-14
mongoz
Kamilar 2006)
Eulemur
(Overdorff,
Frugivore
81
14
3
Fl. 3
rubriventer
1993)
Galago
Insects & gum (Harcourt and Bearder 1989; Nash and
Insectivore
moholi
Whitten 1989)
Hapalemur
Bamboo
Folivore
7-25
8-32
(Grassi 2006)
griseus
56-82
Herbs 6-15, (Sussman
Lemur catta
Frugivore 34-59 24-44
Fl. 6-8
1974)
Microcebus
(Hladik et al.
Frugivore
49
13
38
murinus
1980)
Mirza
(Hladik et al.
Insectivore
30
50
Gum 20
coquereli
1980)
N. & Fl.
(Wiens et al.
Nycticebus
Insectivore
23
3
32, Sap 35,
2006)
coucang4
Gum 8
Nycticebus
Insectivore Inadequately studied (Tan and Drake 2001)
pygmaeus
Propithecus
Fl. 8, Bark (Richard
Folivore
32-46 39-46
verreauxi
3-6
1978)
Propithecus
(Lehman and
Folivore
15-20 45-55
Fl. 26-29
diadema
Mayor 2004)
Fl. 10-18,
Propithecus
(Meyers
Folivore
3-15
30-50
Seeds 30tattersalli
1993)
40
Varecia
Frugivore
88
4
Fl. 6
(Vasey 2000)
rubra
1
Where data for a study species were unavailable I included data on a closely related species.
Values are percentages of total feeding time spent on each food type.
2

Includes all types of animal prey.

3

Abbreviations: Fl. = Flowers, N. = Nectar.

4

This species does not fit well into any of the three broad dietary categories.
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What follows is an empirical test of the assumption that ingested food size scales
isometrically to body size (Fortelius 1985; Lucas 2004). This assumption has been used
to make predictions about the scaling of the jaw adductor muscles (Lucas 2004; see also
Shahnoor et al. 2005; Perry and Wall in press). I also consider the effects of food
material properties, diet, and jaw length on ingested food size.

5.2 Materials and Methods
5.2.1 Experimental Protocol
This experiment was carried out at the Duke Lemur Center, with assistance from
graduate and undergraduate colleagues1. It took a total of five weeks, and was spread out
from May to August 2006.
The goal of these experiments was to determine ingested2 food size. I reasoned
that if an animal is presented with a block of food larger than it can comfortably ingest, it
will bite the block apart and ingest only part of it. To determine the maximum food size
a strepsirrhine will ingest, it was fed successively larger blocks until it bit the block apart,
and smaller blocks until it ingested the block whole. The size interval between the largest

1

The experimental protocol was approved by the Duke University Institutional Animal Care and Use Committee
(protocol A109-06-03) and by the Duke Lemur Center Research Committee (protocol O-2-06-3). I performed this
experiment with substantial assistance from Adam Hartstone-Rose (a Duke graduate student), and Margaret Murray (a
Duke undergraduate applicant). We performed all of the experimental procedures together.
2

Ingestion in this context refers to the act of bringing food into the mouth to be placed on the postcanine teeth. This
corresponds to the ‘postcanine’ tooth use category or ‘ingestion by mastication’ (Hiiemae KM, Kay RF (1972) Trends
in the evolution of primate mastication. Nature 240:486-487, Ungar PS (1994) Patterns of ingestive behavior and
anterior tooth use differences in sympatric anthropoid primates. American Journal of Physical Anthropology 95:197219, Yamashita N (2003) Food procurement and tooth use in two sympatric lemur species. American Journal of
Physical Anthropology 121:125-133
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block ingested whole and the smallest block bitten apart was taken as the ingested food
size for each animal (IFS). We tested each individual animal until this size range was
reduced to 2mm (measured as the length of one side of a cube). Though many of the
natural foods of strepsirrhines (e.g., fruits) tend to be spheroid and not cuboid, cubes were
used because it is possible to cut food into a cube of a particular size with great precision
even at many different food sizes (~40 sizes were required).

5.2.2 Test Foods
We chose three kinds of food to test on the strepsirrhines: the flesh of North
American cantaloupes (Cucumis melo var. reticulatus), the taproots of raw carrots
(Daucus carota), and orange-centered sweet potato (Ipomoea batatas). These were
chosen because they are normal components of the diets provided to all species at the
DLC (the DLC does not permit major changes in the diets of some of the species housed)
and these foods can be cut into homogeneous blocks of a range of sizes. The material
homogeneity was of special concern because major material differences within a block
might influence how an animal processes it. The seeds of the melon were removed and
each food item was peeled and cut to cubes of precise size – each side cut within 0.5mm
of a desired length.

5.2.3 Experimental Trials
Each subject participated in four to six trials. For each trial, the subject was fed
five blocks of each kind of food. Initial food size for each animal was determined based
on the animal’s known body size. During a single trial for a single animal, the five
278

blocks of each kind of food were all the same size (though they could differ between
foods). For example, a single trial included five 2cm blocks of melon (i.e., 2cm on a
side), five 1cm blocks of carrot, and five 0.8cm blocks of sweet potato.
Each block of food was handed to the test subject individually. Usually, each
animal was fed five blocks of carrot, five blocks of sweet potato, and finally five blocks
of melon. This order was chosen because every subject tested preferred melon to carrot
and sweet potato, and most preferred sweet potato to carrot. If a subject received melon
first, it would not eat the other foods.
For each food item delivered to a test subject, it was noted whether the food item
was bitten apart during ingestion, and if so, how many ingestive bites were taken. If,
during a trial, a test subject bit all five of its blocks of melon, then for that subject’s next
trial, it would receive five smaller blocks of melon. If the subject ingested all five blocks
of melon without biting any of them, then that size was below the subject’s IFS for
melon. Therefore, the subject would receive five larger blocks of melon during its next
trial.
If, during a single trial, the subject bit some of the five blocks of melon, but
ingested whole the other blocks of melon, then it was deemed that the test subject was
close to its IFS for melon. During the next trial, the subject would receive five more
blocks of the same size of melon. Once the subject had received a total of fifteen blocks
at this size, and if the subject continued to bite some and ingest others whole, then this
size was judged to be the subject’s IFS for that food.
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5.2.4 Minimizing Confounding Variables
It may be that social pressure influences an animal to ingest larger blocks of food
than it would otherwise. This is because it is presumably easier to have food stolen from
the hand than if it is in the mouth. Perhaps also, a food item in the hand is more obvious
than one concealed within the mouth. These pressures may increase with group size. To
minimize social pressure on feeding behavior, pairs of animals - as opposed to larger
groups – were chosen as often as possible. To further minimize competition for food, all
animals in the enclosure were fed, even if we were recording data on only some of them.
Food was withheld from test animals for several hours before a trial to ensure that
they would be eager to eat all foods offered. Trial time was varied as much as possible to
attempt to rule out circadian effects on test results. However, it was necessary to test
within the time period the DLC is open to researchers (9am-4pm). Nocturnal animals at
the DLC are kept on semi-reversed light cycles (i.e., rooms darkened from 1pm on), and
as such these taxa were always tested during their DLC period of activity (1-4pm).

5.2.5 Test Subjects
The Duke Lemur Center (DLC) houses 24 species of strepsirrhines, spanning the
spectrum of body size and dietary variation within the suborder. We tested 17 species,
represented by a total of 44 individuals whose natural diet ranges from insects to fruit to
leaves, and whose body size ranges from 60g to almost 4500g (Table 5.2).
In some cases, it was only possible to obtain a single individual for study;
Propithecus diadema and Nycticebus coucang are each represented by a single individual
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at the DLC, and only one of the two Mirza coquereli individuals at the DLC would take
food from us. For all other species, we were able to test at least two individuals, usually
a male and a female. For Propithecus tattersalli, no females are currently in captivity, so
we tested two males. We tested eight individuals of Propithecus coquereli and Varecia
rubra. The DLC has a large population of each of these species, they are similar in body
size, and they eat very different foods in the wild. Propithecus is mainly folivorous
(Lehman and Mayor 2004; Meyers 1993; Richard 1978) and Varecia is mainly
frugivorous (Vasey 2000).

5.2.6 Scaling Variables
To estimate body mass for use in assessing the scaling relationship of ingested
food size, we used the most recently recorded weight for each animal. Animals are
weighed periodically (roughly once per month) at the DLC and many of our test
individuals were weighed during the course of our experiments.
The scaling relationship between ingested food size and mandible length was
investigated (Table 5.3). Mandible length was measured on cadavers of conspecifics that
had been dissected for a previous study (Perry and Wall in press). These cadavers had
been obtained from the Duke Lemur Center and were from individuals that had been
housed at the DLC and that died of natural causes. Mandible length was measured using
digital calipers. The measurement was taken from the infradentale (the top of the bony
septum between the lower central incisors (Bass 1995)) to the posterior edge of the
mandibular condyle (Vinyard 1999; Vinyard et al. 2003).
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Table 5.2: Ingested food size for all animals and foods tested.
Species
Cheirogaleus medius
Eulemur collaris
Eulemur coronatus
Eulemur macaco
flavifrons
Eulemur mongoz
Eulemur rubriventer
Galago moholi
Hapalemur griseus
Lemur catta
Microcebus murinus
Mirza coquereli
Nycticebus coucang
Nycticebus pygmaeus

Propithecus coquereli

Propithecus diadema
Propithecus tattersalli

Varecia rubra

Individual

Sex

Oriole
Jonas
Geraldine
Jules
Nefertari
Seker
Lange
Olivier
Mercedes
Piedad
Fox
Iroquois
Milkplum
Kepenzi
Benevolent
Beavis
Cleomanis
Philocles
Arnica
Alfalfa
Kikimova
Buddha
Doodlebug
Luna
Antonia
Anastasia
Rupilia
Phillip
Gratian
Lucius Verus
Maximus
Nero
Romeo
Titus
Valens
Carina
Antlia
Dembowska
Galaxy
Nunki
Alphard
Borealis
Comet

f
m
f
m
f
m
f
m
f
m
f
m
f
m
f
m
f
m
f
m
m
m
f
m
f
f
f
m
m
m
m
m
m
m
m
f
f
f
f
f
m
m
m

Body
Mass1
260
290
2661
1959
1459
1742
2723
2018
1698
1500
2286
2178
150
135
1180
1099
2280
2582
85
65
255
914
491
490
4335
3199
3639
4102
3243
2438
3802
3221
4256
3083
3319
3540
3396
3459
3508
3899
3319
3999
3936

Carrot
IFS2
0.22
0.13
4.91
2.74
2.20
2.74
6.32
2.74
2.20
2.74
4.10
3.38
0.13
0.34
1.00
2.20
2.74
0.13
0.34
0.34
1.00
1.00
1.73
1.00
1.73
1.00
1.00
1.73
1.00
17.58
8.00
12.97
15.63
10.65
4.91
4.10
10.65

1

Body mass is expressed in grams.

2

IFS is expressed as the volume of a cube of food in cubic centimeters.
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Melon
IFS
1.00
1.00
15.63
15.63
8.00
12.15
19.70
8.00
8.00
8.00
10.65
8.00
0.22
1.73
2.20
9.25
9.94
0.34
0.34
1.00
3.37
1.73
1.73
2.74
2.20
3.37
1.95
3.37
2.20
2.20
3.37
2.20
1.16
32.73
24.41
46.72
44.67
54.95
32.73
26.98
44.67

Sweet
Potato IFS
0.51
0.42
4.91
3.37
0.27
0.73
1.00
4.09
4.09
0.09
0.13
0.34
0.73
0.51
1.73
1.00
2.20
1.00
2.20
1.33
1.33
2.20
1.73
1.16
15.63
8.00
10.65
15.63
12.15
8.00
4.09
15.63

5.2.7 Statistical Analysis
The relationship between IFS (as the volume of a cube of food, in cm3) and body
mass (g) or mandible length cubed (cm3) was investigated using reduced major axis
(RMA) linear regression on log transformed values. Mandible length was cubed so that
all variables could be compared at the same exponent, yielding universal expectations of
a slope of 1.0 for all bivariate regressions. The RMA model was used (as opposed to
least-squares) because body mass may have measurement error and because the results
are being used to study the biomechanical relationship between the two variables, and not
for prediction of one from the other (Smith 1994b). RMA regression assumes error
variance proportional to sample variance. Regressions were performed in JMP 7.0 (JMP,
Version 7. SAS Institute Inc., Cary, NC, 1989-2007) using the “Fit Orthogonal”
command, followed by the “Univariate Variance” option. P-values were calculated for
the regression coefficients using (S)MATR (Version 1, Falster DS, Warton DI & Wright
IJ, http://www.bio.mq.edu.au/ecology/SMATR).

5.2.8 Fiber length and ingestive gape
To better understand the relationship between ingestive gape and jaw adductor
fiber length, I compared the IFS results to mean jaw adductor fiber length. I also
compared IFS to mean fiber length in just the anterior half of the superficial masseter
muscle – a region of fibers thought to be particularly vulnerable to damage from
stretching (Herring and Herring 1974).
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Table 5.3: Mean mandible length for strepsirrhines dissected.

Species

1

Cheirogaleus medius
Eulemur collaris
Eulemur coronatus
Eulemur macaco flavifrons
Eulemur mongoz
Eulemur rubriventer
Galago moholi
Hapalemur griseus
Lemur catta
Microcebus murinus
Mirza coquereli
Nycticebus coucang
Nycticebus pygmaeus
Propithecus coquereli
Propithecus diadema
Propithecus tattersalli
Varecia rubra

Mandible
Length1
2.65
6.49
5.95
5.83
5.70
5.58
2.18
4.48
5.51
2.13
3.10
4.03
3.24
5.60
6.08
6.13
7.32

Body
Mass2
354
2300
1440
2120
1560
2000
141
985
2207
61
320
679
307
3240
4270
3620
3865

n
1
1
1
1
1
1
1
2
1
2
1
1
1
2
1
1
2

Mandible length in centimeters, measured from infradentale to posterior edge of mandibular
condyle.

2

Body mass expressed in grams.
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Fascicle length was measured in ten separate parts of the chewing musculature in
conspecific individuals of all taxa used in the IFS experiment. In most cases, the
cadavers used for dissection were obtained from the DLC.
The procedure used for extracting and measuring muscle fascicles is described in
Chapter 4.
To assess the relationship between IFS and fiber length independently of the
effects of body size, IFS of each food was plotted in log space against body mass (for
experimental animals). The values plotted were species means. A least-squares line was
fitted to the scatter. Residuals were calculated from the line of fit. Log fiber length was
then plotted against log body mass (for dissected animals) and the residuals were
calculated from that line of fit. Again, the values were species means. Lastly, the
residuals for the IFS comparison were plotted against the residuals for the fiber length
comparison and generated a RMA line. This is essentially a partial regression method
that assesses the degree to which IFS and fiber length vary with each other over and
above each’s variation with body mass (Smith 1999). RMA regressions were also run in
(S)MATR to obtain p-values for the regression coefficients.
Because the line of fit in each of the first step comparisons is statistically
isometric, taking residuals from the line of fit is much like taking residuals from the line
of geometric isometry. A simple plot of IFS and fiber length yields an extremely high
correlation, but this is because both vary with body size. Therefore, it was important to
test whether fiber length varied with IFS, independent of the effects of body size.
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I performed the same comparison of residuals using mandible length (from
infradentale to posterior edge of condyle, see Table 5.3) as the independent scaling
variable in the original least-squares regressions. Because I do not have mandible length
data for the experimental animals, I used the mandible lengths of cadavers for both
comparisons. This introduces an additional source of error because of the body size
difference between experimental and cadaveric animals for some species (e.g.,
Nycticebus pygmaeus and Nycticebus coucang), particularly problematic when using
least-squares regressions.

5.3 Results
In all cases, melon was ingested at a larger size than the other foods. In most
cases, sweet potato was ingested at larger sizes than carrot, though the difference was
small (Table 5.2).
The RMA regression of IFS on body mass yields a significant correlation for all
three kinds of food (Table 5.2; Figures 1, 2, and 3). The relationship between IFS and
body mass varies slightly by food type (carrot: slope = 1.123, r-squared = 0.754, 95% CI
= 0.771-1.635, p = 0.0001; melon: slope = 1.160, r-squared = 0.551, 95% CI = 0.6732.000, p = 0.0006; sweet potato: slope = 0.950, r-squared = 0.749, 95% CI = 0.616-1.465,
p = 0.0003). The low r-squared likely reflect the influence of dietary preference. The
scaling of IFS to body mass is isometric. For no food is the RMA slope significantly
different from 1 (carrot p = 0.43, melon p = 0.40, sweet potato p = 0.75).
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V.r.

E.r.
0.5

Log IFS
carrot (cm3)

E.cor. E.m.

E.m.f.
E.col.
L.c.

P.c.
0

P.d.
H.g.

N.p.

-0.5

C.m.
M.m.

G.m.

-1
2

2.5

3

3.5

Log Body Mass (g)

Figure 5.1: RMA regression of carrot IFS and body mass.
The line is fitted to the data (slope = 1.123, r-squared = 0.754, 95% CI = 0.771-1.635, p =
0.0001). Broad dietary categories are coded as follows: triangles for folivores, asterisks for
insectivores, black squares for frugivores. Species abbreviations are: C.m., Cheirogaleus medius;
E.col., Eulemur collaris; E.cor., Eulemur coronatus; E.f., Eulemur macaco flavifrons; E.r.,
Eulemur rubriventer; G.m., Galago moholi; H.g., Hapalemur griseus; L.c., Lemur catta; M.c.,
Mirza coquereli; M.m., Microcebus murinus; N.c., Nycticebus coucang; N.p., Nycticebus
pygmaeus; P.c., Propithecus coquereli; P.d., Propithecus diadema; P.t., Propithecus tattersalli;
V.r., Varecia rubra. Species names follow Mittermeier et al. (2006) for Malagasy lemurs and
Sussman (1999) for lorises and galagos. Data are species means and are log10-transformed.
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E.m. E.r.

N.c.
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Figure 5.2: RMA regression of melon IFS and body mass.
The line is fitted to the data (slope = 1.160, r-squared = 0.551, 95% CI = 0.673-2.000, p =
0.0006). Symbols and abbreviations are the same as in Figure 5.1.
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Most of the scatter around each regression line occurs at the upper end of the
body mass range. The folivorous members of the genus Propithecus have very low IFS
for all foods relative to body mass3. By contrast, the frugivorous lemurids, especially
Varecia, have high IFS relative to body mass. These frugivores have especially high IFS
for melon. The frugivorous lemurids in this sample ingest much larger blocks of food for
their body mass than do the folivorous indriids and the folivorous lemurid, Hapalemur
griseus. This difference is especially great with melon. For example, a 3.3kg Varecia
rubra male ingested a block of melon that measured 3cm along a side, while a 3.3kg
Propithecus tattersalli male was unwilling to ingest blocks of melon larger than 1cm.
The scaling pattern is little changed when mandible length cubed is used as the xvariable (Figures 4, 5, and 6). All regressions are significant (carrot: slope = 1.135, rsquared = 0.890, 95% CI = 0.906-1.421, p < 0.0001; melon: slope = 1.166, r-squared =
0.890, 95% CI = 0.786-1.730, p < 0.0001; sweet potato: slope = 1.000, r-squared = 0.813,
95% CI = 0.703-1.421, p = 0.0001). Points cluster more tightly around the line of fit
when mandible length is the scaling variable. Large-bodied folivores have short jaws for
their body mass and large-bodied frugivores have long jaws for their body mass.
However, IFS for large-bodied folivores is low relative to mandible length and IFS for
large-bodied frugivores is high relative to mandible length.

3
Because all slopes are isometric, the position of a datum point relative to the line of fit is described as IFS in relation
to body mass (or mandible length).
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Figure 5.3: RMA regression of sweet potato IFS and body mass.
The line is fitted to the data (slope = 0.950, r-squared = 0.749, 95% CI = 0.616-1.465, p =
0.0003). Symbols and abbreviations are the same as in Figure 5.1.
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Figure 5.4: RMA regression of carrot IFS and mandible length cubed.
The line is fitted to the data (slope = 1.135, r-squared = 0.890, 95% CI = 0.906-1.421, p <
0.0001). Symbols and abbreviations are the same as in Figure 5.1.
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Figure 5.5: RMA regression of melon IFS and mandible length cubed.
The line is fitted to the data (slope = 1.166, r-squared = 0.890, 95% CI = 0.786-1.730, p <
0.0001). Symbols and abbreviations are the same as in Figure 5.1.
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Figure 5.6: RMA regression of sweet potato IFS and mandible length cubed.
The line is fitted to the data (slope = 1.000, r-squared = 0.813, 95% CI = 0.703-1.421, p =
0.0001). Symbols and abbreviations are the same as in Figure 5.1.

293

A diet-related pattern was not detected in the small-bodied strepsirrhines in this
sample. Poor species sampling might explain the lack of a diet-related pattern in IFS of
small-bodied strepsirrhines. Although the Duke Lemur Center has the greatest diversity
of strepsirrhines in captivity, relatively few small-bodied species are represented.

5.3.1 Ingested Food Size and Jaw Adductor Fiber Length
Fiber length data are presented in Table 5.4. When body mass is used as the xvariable, the IFS residuals are somewhat correlated with the total jaw adductor fiber
length residuals. IFS for carrot has a significant relationship to total jaw adductor fiber
length independent of body mass (Figures 5.7; r2 = 0.521, p = 0.004). IFS for melon has
a significant relationship to total jaw adductor fiber length independent of body mass
(Figures 5.8; r2 = 0.366, p = 0.010). IFS for sweet potato has a significant relationship to
total jaw adductor fiber length independent of body mass (Figures 5.9; r2 = 0.510, p =
0.009).
IFS residuals are poorly correlated with anterior superficial masseter fiber length
(carrot: Figure 5.10, r2 = 0.345, p = 0.057; melon: Figure 5.11, r2 = 0.176, p = 0.153;
sweet potato: Figure 5.12, r2 = 0.080, p = 0.461).
In all cases, folivores ingest foods at small sizes and possess short jaw adductor
fibers. Frugivores tend to have high values for both variables.
Sample sizes were lower for the comparison using anterior superficial masseter
fibers. For some species, I was not able to collect data on the position of measured fibers
within the superficial masseter muscle.
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Table 5.4: Fiber Length for some Strepsirrhines

Species
Cheirogaleus medius
Eulemur collaris
Eulemur coronatus
Eulemur macaco flavifrons
Eulemur mongoz
Eulemur rubriventer
Galago moholi
Hapalemur griseus
Lemur catta
Microcebus murinus
Mirza coquereli
Nycticebus coucang
Nycticebus pygmaeus
Propithecus coquereli
Propithecus diadema
Propithecus tattersalli
Varecia rubra

Mean Fiber
Length for all Jaw
Adductors (cm)
0.44
1.19
0.80
0.92
0.71
0.77
0.46
0.75
0.95
0.35
0.39
0.80
0.50
0.71
0.66
0.82
1.14
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Mean Fiber Length
for the Anterior Half of the
Superficial Masseter (cm)
0.47
1.46
0.86
1.05
1.15
1.03
0.43
0.90
0.45
1.13
0.76
1.16
1.49

0.6

V.r.
0.4

E.m.

Residuals Log IFS carrot
(cm3) vs. Log Body Mass (g)
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E.r.
M.m.

E.cor.
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N.p.
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E.m.f.

H.g.
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P.d.

-0.8
-0.4

-0.2

0

0.2

0.4

Residuals Log Jaw Adductor Fiber Length
Cubed (cm3) vs. Log Body Mass Cadaver (g)

Figure 5.7: RMA regression of residuals: IFS carrot vs. body mass and total jaw adductor
fiber length vs. body mass.
The line is fitted to the data (slope = 1.230, r-squared = 0.521, p = 0.004). Symbols and
abbreviations are the same as in Figure 5.1.
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Figure 5.8: RMA regression of residuals: IFS melon vs. body mass and total jaw adductor
fiber length vs. body mass.
The line is fitted to the data (slope = 1.554, r-squared = 0.366, p = 0.010). Symbols and
abbreviations are the same as in Figure 5.1.
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Figure 5.9: RMA regression of residuals: IFS sweet potato vs. body mass and total jaw
adductor fiber length vs. body mass.
The line is fitted to the data (slope = 1.206, r-squared = 0.510, p = 0.009). Symbols and
abbreviations are the same as in Figure 5.1.
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Figure 5.10: RMA regression of residuals: IFS carrot vs. body mass and anterior superficial
masseter fiber length vs. body mass.
The line is fitted to the data (slope = 0.976, r-squared = 0.345, p = 0.057). Symbols and
abbreviations are the same as in Figure 5.1.
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Figure 5.11: RMA regression of residuals: IFS melon vs. body mass and anterior superficial
masseter fiber length vs. body mass.
The line is fitted to the data (slope = 1.385, r-squared = 0.176, p = 0.153). Symbols and
abbreviations are the same as in Figure 5.1.
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Figure 5.12: RMA regression of residuals: IFS sweet potato vs. body mass and anterior
superficial masseter fiber length vs. body mass.
The line is fitted to the data (slope = 0.869, r-squared = 0.080, p = 0.461). Symbols and
abbreviations are the same as in Figure 5.1.
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When jaw length is used as the x-variable, the IFS residuals for carrot and melon
are poorly correlated with the total jaw adductor fiber length residuals (carrot r2 = 0.267,
p = 0.059; melon r2 = 0.108, p = 198). The relationship for sweet potato is barely
significant (r2 = 0.351, p = 0.043). The relationships of IFS to anterior superficial master
fiber length are even worse (carrot p = 0.409, melon p = 0.653, sweet potato p = 0.998).
Because folivorous strepsirrhines have shorter jaws for their body size than do
frugivorous ones, the residuals in the regressions of both IFS and fiber length against jaw
length are less than when body mass is used as the x-variable. Data in the regressions
against jaw length deviate very little from the line; therefore, the points in the residuals
regressions cluster into a cloud.

5.4 Discussion
5.4.1 Scaling
In his model of the forces generated by the chewing muscles, Lucas (2004)
assumed that the size of ingested items of food is isometric to the body mass of the food
consumer. He based this assumption on work by Fortelius (1985) about sizes of the
components of the oral cavity (see above).
We could not rule out isometry for Ingested Food Size of carrot, melon, or sweet
potato relative to body mass in strepsirrhines. The scaling pattern of IFS is also
important because Lucas assumed isometry of bite size to generate predictions about
chewing muscle force and chewing muscle dimensions (Lucas 2004; Perry and Wall in
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press). The size of the food being broken influences how much force is needed to
fracture it, and the size of the animal consuming the food influences how much force is
available from the chewing muscles. Using a three-point bending model, Lucas predicted
that chewing muscle force (and physiological cross-sectional area) would scale with
strong negative allometry to body mass4. However, Perry and Wall’s data on chewing
muscle cross-sectional area do not support this prediction (Perry and Wall in press).
Perry and Wall reasoned that if ingested food size does not scale isometrically with body
mass, then the prediction of negative scaling for chewing muscle force and crosssectional areas could be wrong.
The results of the present study suggest that ingested food size does scale
isometrically to body mass, at least for those animals and foods tested. However, the
somewhat poor relationship between IFS and body mass (r-squared values less than 0.8)
suggests that factors other than body mass influence IFS in strepsirrhines. Food
consistency and dietary adaptations also influence IFS.
The influence of diet on IFS suggests that isometry in the relationship between
bite size and body mass might not be the pattern for all groups of mammals. A sample of
mammals that covary in body mass and diet may show strong allometry of IFS to body
mass.

4

It is important to note that this model refers to a single food fracture event and does not take into account the number
of times a food must be fractured to achieve optimal digestive efficiency. See work by Sheine and Kay for more on
food breakdown and optimal digestive efficiency: Sheine WS, Kay RF (1982) A model for comparison of masticatory
effectiveness in primates. Journal of Morphology 172:139-149
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IFS has a strong relationship with mandible length. That is, strepsirrhines that
have longer jaws ingest larger blocks of food. This is unsurprising considering the
geometry of the mouth. However, even relative to mandible length, large-bodied
folivores ingest smaller blocks of food than do large-bodied frugivores. Mandible length
may be a more biomechanically-relevant scaling variable for aspects of the masticatory
system (Hylander 1985). Reduction in mandible length often may be an adaptive
response to resistant foods; in general, a short mandible has a shorter load arm and thus
provides greater leverage for bite force.

5.4.2 Ingestion
We found that strepsirrhines fragment food during ingestion in two ways. The
first way is via their anterior dentition (tooth combs). Here, the food object is reduced as
its edges are nipped off. We observed this behavior relatively rarely. Only Propithecus
and Microcebus did this frequently – though it was still an uncommon form of ingestion
for these species. The second way is via the premolars (“ingestion by mastication”)
(Hiiemae and Crompton 1971). In this most common method of ingestion, food is
positioned just behind the canines and cleaved using the premolars and anterior-most
molar (Fig. 4).
Yamashita (2003) found that both tougher foods and heavier foods were ingested
more posteriorly in wild Lemur catta and Propithecus verreauxi. In our experiment, we
observed very few occurrences of ingestion at the incisors. This may be because all of
the study food items were very large (indeed, IFS is a proxy for the largest food item an
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animal will ingest without biting it). When we did observe ingestion at the incisors, this
was usually with melon, the least resistant food in our sample (see Table 5.5).
It is possible to incorporate IFS into a geometric model to determine the extent to
which chewing muscle fibers are stretched during ingestion (Figure 5.13). One can refer
to the degree to which the mouth opens during ingestion as ‘ingestive gape’. Ingestive
gape is smaller than maximum gape; the latter is usually considered the degree to which
the mouth can be opened before the tissues of the mouth are damaged (Herring and
Herring 1974; Taylor and Vinyard 2004). There is no necessary relationship between
maximum gape and ingestive gape; each kind of gape is likely related to entirely separate
behaviors (yawns / displays versus ingestion).
The width of a block of food, placed at any given position along the tooth row,
can be used to determine the ingestive gape of a primate. The results of this experiment
can be used as a measure of the ingestive gape for each strepsirrhine during the ingestion
of each kind of food tested. Quantitative observations on the placement of food along the
tooth row were not made during this experiment. However, strepsirrhines appear to place
food items at the premolar-molar junction more often than anywhere else. This lends
support to the use of this particular tooth position as the bite point in future models of
ingestive gape.
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Table 5.5: Estimates of Young’s modulus for foods relevant to this study.

1

Food
Sweet potato
Raw carrot
North American
cantaloupe (Cucumis melo
var. reticulatus)

Young’s elastic modulus1
9.4-18.4 MPa
4.57 MPa

Reference
(Finney and Norris 1967)
(Agrawal 1999)

“Half ripe”: 2.77 MPa
“Ripe”: 2.10 MPa

(Ozer et al. 1998)

In all cases (except for cantaloupe) this is derived from a compression test using a cylindrical
plug of food. For cantaloupe, the authors tested the whole fruit in compression.
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Figure 5.13: Ingestive gape in two strepsirrhines.
Comparison of the skull of Propithecus coquereli (left) and Varecia rubra (right) opened to
accommodate the mean IFS for melon for each species (1.38cm and 3.35cm long respectively) at
the paracone and protoconid. Scale bar = 1cm. Clearly the difference in jaw length does not
account for the entire difference in ingested food size. Drawings by Adam Hartstone-Rose and
reproduced with his permission.
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The elasticity of the soft tissues of the mouth is probably related to some extent to
maximum gape because damage to these tissues during maximum gape (e.g., during a
yawn or threat display) could be maladaptive for the animal. However, before any
damage to soft tissues (including muscle fibers) occurs, the fibers of the jaw adductors
will be stretched beyond their ability to produce maximum tension (fibers lose the ability
to generate tension when stretched beyond resting length (Close 1972; Dechow and
Carlson 1986; Dechow and Carlson 1990; Gordon et al. 1966)). Thus, I hypothesize that
fiber length is modulated to ingestive gape. If the foods normally ingested by a
strepsirrhine are large, then it would be advantageous for the strepsirrhine to have long
jaw adductor fibers, particularly in the anterior parts of the masseter complex (Herring
and Herring 1974). Longer fibers would allow the muscle to stretch more without a
major decrease in the tension produced by the muscle fibers. Therefore, I expected there
to be a relationship between ingestive gape and jaw adductor fiber length.
A comparison of IFS and fiber length with the effects of body size removed
demonstrates a correlation between ingested food size and fiber length. Strepsirrhines
that ingest large blocks of food relative to their body mass also have long jaw adductor
fibers relative to their body mass; strepsirrhines that ingest small blocks of food relative
to their body mass also have short jaw adductor fibers relative to their body mass. This
relationship is weaker with melon than with the other foods, suggesting that the control
on ingestive gape may be relaxed for less-resistant foods.
The size-independent relationship between IFS and fiber length in the anterior
half of the superficial masseter is weaker than the relationship between IFS and mean
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fiber length for the entire jaw adductor complex. This suggests that the fibers in the
anterior superficial masseter are not a better indicator of adaptation for ingestive gape
than are jaw adductor fibers as a whole. This was contrary to prior expectations. The a
priori expectation is that the mean length of the anterior fibers of the superficial masseter
would be a better signal of adaptation to ingestive gape than is the mean jaw adductor
fiber length. This expectation follows from the suggestion by Herring and Herring
(1974), that the anterior fibers of the superficial masseter are the fibers most vulnerable to
damage during wide gapes because they are the most anteriorly placed fibers in the jaw
adductor system. It may be that because of their positional vulnerability, adaptation for
resisting tearing at maximum gape outweighs adaptation for maintaining tension at
ingestive gape for these fibers.
A competing hypothesis is that the anterior fibers of the temporalis are those most
vulnerable to stretching during wide gapes. This has been suggested for anthropoids
(Wall 1995) but is also possible for strepsirrhines. The coronoid process is large in many
strepsirrhines and the fibers inserting on it, particularly the anterior fibers of the
superficial temporalis, are far from the mandibular condyle. Residual IFS was regressed
against residual mean length of the anterior fibers of the superficial temporalis (all log
data, both sets are residuals against log body mass). For all three foods, the regression of
residuals was significant (Figures 5.14 to 5.16). This suggests that, at the very least, the
anterior fibers of the superficial temporalis are more strongly related to ingested food size
than are the anterior fibers of the superficial masseter. These results provide better
support for Wall’s hypothesis than for Herring and Herring’s hypothesis.
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When jaw length is used as the scaling variable, residual IFS and residual fiber
length are poorly correlated. This suggests that the dietary signal (as seen in the
residuals) is lost when IFS and fiber length are compared to jaw length. I examined the
effect of jaw length on fiber length over and above the effect of body mass on fiber
length by performing a comparison of residuals similar to that described above. I
compared residual fiber length (from a plot of fiber length against body mass) to residual
jaw length (from a plot of jaw length against body mass). The two variables are barely
significantly correlated (RMA r-squared value = 0.167, p = 0.474). This suggests that
jaw length has some effect on fiber length over and above the effect of body mass.
A similar comparison of residuals yields the result that jaw length has an effect on
Ingested Food Size over and above the effect of body mass. The relationship is very
strong for carrot (r2 = 0.568, p = 0.0018), for melon (r2 = 0.478, p = 0.0021), and for
sweet potato (r2 = 0.740, p = 0.0014). This suggests that jaw length has a significant
effect on IFS. This is not very surprising; if the distance from the condyle to the point of
ingestion is increased, then a larger block of food can be ingested at the same gape angle.
The covariation of fiber length, IFS, and jaw length with respect to body mass is
likely a result of adaptation to diet. Tough and/or stiff foods likely favor short fibers,
small size of ingestion, and short jaws. Weak and/or pliant foods likely favor long fibers,
large size of ingestion, and long jaws. The following section explores the justification for
these hypotheses.
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5.4.3 Diet and Masticatory Trade-Off
In strepsirrhines, variation in the natural diet appears to account for much of the
variation in ingested food size. Large-bodied more folivorous species have smaller
ingested food size and large-bodied more frugivorous species have larger IFS.
Folivorous species have short-fibered, highly pinnate jaw adductors; more frugivorous
species have long-fibered, less pinnate jaw adductors (Perry and Wall in press).
The large-bodied folivores probably never need to open their mouths widely in
the wild; most of their food consists of leaves and stems (Grassi 2006; Lehman and
Mayor 2004; Meyers 1993; Richard 1978). Propithecus and Hapalemur eat large
quantities of fruit too; nonetheless, their ingestive gapes seem tailored to ingsting small
blocks of food: even when eating melon, their bites are relatively small.
Folivores must chew many times to fragment the tough leaves in their diets. This
energy expenditure depends on the total number of muscle sarcomeres that make up a
muscle. Because longer fibers have more sarcomeres, it is more energetically expensive
to contract a long-fibered muscle than to contract a short-fibered muscle the same number
of times. This suggests that for animals that must chew often, chewing muscle fibers are
likely to be as short as possible (in other words, more are per unit of muscle volume).
Because leaves are sheet-like, it is possible for folivores to have very narrow ingestive
gapes.
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Figure 5.14: RMA regression of residuals: IFS carrot vs. body mass and anterior superficial
temporalis fiber length vs. body mass.
The line is fitted to the data (slope = 1.218, r-squared = 0.531, p = 0.0071). Symbols and
abbreviations are the same as in Figure 5.1.
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Figure 5.15: RMA regression of residuals: IFS melon vs. body mass and anterior superficial
temporalis fiber length vs. body mass.
The line is fitted to the data (slope = 1.575, r-squared = 0.545, p = 0.0026). Symbols and
abbreviations are the same as in Figure 5.1.
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Figure 5.16: RMA regression of residuals: IFS sweet potato vs. body mass and anterior
superficial temporalis fiber length vs. body mass.
The line is fitted to the data (slope = 1.361, r-squared = 0.673, p = 0.0067). Symbols and
abbreviations are the same as in Figure 5.1.
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0.3

Varecia and Eulemur are highly frugivorous in the wild (Donati et al. 2007;
Overdorff 1993; Vasey 2000). It is likely that many of the fruits they ingest are large. It
may be optimal for these frugivorous strepsirrhines to take large bites of their food to
minimize feeding time. Also, they are less likely to lose a food item to a conspecific if it
is already in the mouth, and every bite taken out of a juicy fruit causes juice to be lost.
This disadvantage to taking a large bite is that it is likely to stretch out the jaw adductor
fibers. Therefore, a frugivorous strepsirrhine is more likely to take a large bite out of a
less-resistant food, because less tension is demanded of the jaw adductor fibers when
mastication commences. This may explain why the large-bodied frugivores take much
larger bites of melon than of carrot or sweet potato. If they stretch the chewing muscles
to accommodate very large pieces of the more resistant foods, then they may not be in an
optimal range of the length-tension curve for their muscles to produce the force necessary
to cause fragmentation. Although sweet potato is by some measures more resistant to
deformation than carrot (see Young’s modulus comparison in Table 5.5), carrot is
probably tougher5 when cut across the grain. This may be why carrot is often bitten into
smaller pieces than is sweet potato during ingestion – ingesting a small bite of carrot may
be insurance in case the animal masticates it across the grain.
Following from Lucas’ (2004) fracture scaling model, a mammal saves on bite
force per bite by ingesting as large a block of food as possible. Therefore, mammals
should ingest sufficiently large foods for their metabolic need (itself scaled to body

5

Note that Young’s modulus is not a measure of toughness, but rather a measure of a material’s response to stress.
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mass), but they also need to modulate ingested food size based on the amount of force
needed to break down the food item once it is ingested. This explains why strepsirrhines
that are adapted for processing tough, stiff foods ingest small blocks of food for their
body mass.
Strepsirrhines that specialize on ripe fruits use larger bites, have long jaw
adductor fibers (to produce maximal tension at large gapes), and have long jaws (to
position the postcanine teeth far enough forward such that the ingested food fits between
them without over-stretching the jaw adductor fibers).
By contrast, strepsirrhines that specialize on tough leaves and/or stiff seeds use
small bites, have short jaw adductor fibers, and have short jaws. By reducing jaw length,
folivorous and/or graminivorous strepsirrhines can position the bite point closer to the
mandibular condyle, thus increasing the leverage of the jaw adductors. By shortening the
adductor fibers, these strepsirrhines can increase the number of fibers (and therefore the
muscle tension) for a given volume of jaw adductor muscle.
This dichotomy between strepsirrhines that eat resistant foods and strepsirrhines
that eat non-resistant foods is apparent in the architecture of the jaw adductors, in the
anatomy of the skull, and in ingested food size. This study, along with the dissection
study in Chapter 4, highlights the important evolutionary interactions among these
masticatory variables.
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5.5 Summary
Ingested food size scales isometrically with body mass and with mandible length
in strepsirrhine primates for all foods tested. These data suggest that isometry of IFS is a
reasonable assumption when generating predictions about jaw adductor size. However,
diet appears to have a strong influence on IFS and mammalian groups that feed on
different kinds of food are likely to show different scaling patterns of IFS.
Large-bodied folivorous strepsirrhines ingest all foods at small sizes. Largebodied frugivores ingest all foods at large sizes, and their IFS is much greater for melon
than for carrot and sweet potato. Unfortunately, I could detect no dietary signal among
the small-bodied strepsirrhines.
Ingested food size is positively correlated with jaw adductor fiber length above
and beyond the correlation of each variable with body mass. Ingested food size is also
correlated with jaw length (as is fiber length – see also Chapter 4). Ingested food size,
fiber length, and jaw length have biomechanical relationships to food properties and
likely covaried as diet changed during primate evolution.
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Chapter 6 Masticatory Leverage and Bite Force
6.1 Introduction
Many biomechanical analyses of masticatory systems pertain specifically to
primates or attempt to answer questions that are important to primatologists (Demes and
Creel 1988; Greaves 2000; Herring and Herring 1974; Hylander 1975a; Spencer 1999).
The goal of this study is to refine a model of masticatory biomechanics by incorporating
soft-tissue data on strepsirrhines (and tarsiers). I will endeavor to compare the results to a
few of the hypotheses in the literature.
According to Gysi (1921), most early workers analyzed mammalian mastication
with reference to a single jaw in only the sagittal plane. Since that time, many studies
have continued to reduce the action of the jaws to a single plane, usually the sagittal
plane (Bargo 2001; Davis 1955; Smith and Savage 1959; Turnbull 1970), but see
Hylander (1977) and Smith (1978). Hylander (1975a) advocated analyses of jaw
function in the coronal plane and demonstrated how load is distributed to the workingside and balancing-side mandibular condyles. Studies of masticatory geometry in the
transverse plane have yielded important predictions about the locations of the teeth,
masticatory muscle resultant vector, and the bite vector (Greaves 1978, 1988b; Spencer
1998, 1999; Spencer and Demes 1993). Analyses of loads in all three-dimensions have
yielded inferences about the selective regime for symphyseal fusion in different
mammals (Hylander 1979a, 1985). Most of these studies make a number of assumptions
318

about the locations of, orientations of, and/or the forces generated by the muscle of
mastication.
Here, I incorporate data on locations, orientations, and physiological crosssectional areas of masticatory muscles into a biomechanical model of mastication. The
primary questions driving this analysis are the following. What are the leverages of the
muscles of mastication? How does leverage affect the load that each muscle can apply at
various bite points? Based on muscle dimensions and osteological anatomy, what is the
predicted bite force for each strepsirrhine species? What are the relationships of
masticatory muscle moment to body size and to diet? What are the relationships of
predicted bite force to body size and to diet?
I have endeavored to answer these questions using a broad sample of
strepsirrhines and Tarsius. I calculated leverage and the muscle resultant vector for the
temporalis group, the masseter group, and the medial pterygoid. All calculations were
performed in the sagittal plane; it is impractical to analyze the actions of masticatory
muscles in the coronal or transverse plane without access to many serial sections in those
planes. All forces referred to in this analysis are static loads; the mandible is modeled as
an immobile structure in centric occlusion with the cranium.
The model generated here is a vast simplification of masticatory mechanics with
many assumptions. The advantage of the model is that it makes many fewer assumptions
with regard to the chewing muscles themselves. I hope that the results of this study will
serve as hypotheses to be tested by gathering empirical data on bite force in
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strepsirrhines. Bite force has ecological significance if it is related to the material
properties of foods in the diet.

6.2 Materials and Methods
6.2.1 Physiological Cross-sectional Area
Data on the physiological cross-sectional areas (PCSAs) of the masticatory
muscles were obtained by dividing wet muscle weight by fascicle length, correcting for
muscle density. This procedure was described in detail in Chapter 4. The sample
included strepsirrhines belonging to 21 species, as well as two specimens of Tarsius
syrichta. PCSA data were not reduced for pinnation.
Seven parts of the jaw adductor complex were analyzed separately: superficial
masseter, deep masseter, zygomatico-mandibularis, zygomatic temporalis, superficial
temporalis, deep temporalis, and medial pterygoid. The anatomy and nomenclature of
these muscles are described in Chapter 3. In some cases, these muscles were treated as
three groups: the masseter group (superficial masseter, deep masseter, and zygomaticomandibularis), the temporalis group (zygomatic temporalis, superficial temporalis, and
deep temporalis), and the medial pterygoid (made up of four lamina that were not
analyzed separately). These jaw adductor muscles are essentially sheets of fibers that are
stacked in the sagittal plane. That is why it is much easier to analyze their vectors in the
sagittal plane than in any other plane.
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6.2.2 Muscle Orientation
During dissection, I measured the fiber orientation for each of the seven jaw
adductor muscles. In all cases, specimens were preserved with a small degree of gape
(<5 degrees) with the tip of the tongue interposed between the upper and lower incisors.
Orientation was measured from the Frankfort Horizontal Plane1 (FH = porion to
orbitale) using a transparent protractor. In some cases, I found it useful to insert pins into
the superficial surface of the muscle to define fiber orientation prior to measuring with a
protractor. Orientation measurements were confirmed by examining dissection
photographs that were taken normal to the sagittal plane.
I measured fiber orientation on only the lateral surface of each muscle because it
was necessary to keep the muscle intact for measuring fiber lengths (see Chapter 4). I
sampled from the anterior, posterior, and middle parts of each muscle’s lateral surface.
Because all of the jaw adductors are fan-shaped (to different degrees), this middle fiber is
approximately the median fiber orientation for each muscle. Therefore, all analyses are
performed on the middle fiber orientation. This means of measuring median fiber
orientation is different from joining the centroids of the attachment areas for each muscle.
My median fiber orientation is measured directly on the muscle.

Actually, I used a slight variation on the true Frankfort Horizontal (a plane defined by right porion, left porion, and
left orbitale (Bass 1995)). I used the plane - orthogonal to the sagittal plane - that is defined by the porion and orbitale
on the side I was dissecting. The modification is necessary for working with a two-dimensional view.
1
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6.3.3 Calculating Resultant Vectors
Consider the jaw adductors in the sagittal plane. Each of the seven jaw adductors
pulls principally vertically (normal to the Frankfort Horizontal, i.e., from the mandible,
toward the cranium), but each pulls in a slightly different direction in the horizontal
plane. Therefore, the amount of force produced by two jaw adductors acting together
cannot simply be added up to obtain total jaw adductor force. Instead, a resultant vector
must be computed and the orientations of the muscle forces must be considered.
To compute a total sagittal component vector of the jaw adductor force
(henceforth: resultant vector), first, each muscle’s vector was broken up into a vertical
component (perpendicular to the FH) and a horizontal component (parallel to the FH).
For the magnitude of the vector, PCSA was used. PCSA does not correspond directly to
muscle force, so in the end, estimated bite force was multiplied by a constant that gives
force per cross-section of muscle. The magnitude of the vertical component of the vector
is given by the following.
v = r (sin α)

(6.1)

where v is the magnitude of the vertical component of the muscle vector, r is the
magnitude of the vector for the individual muscle (=PCSA of the muscle), and α is the
median fiber orientation relative to the FH (see Figure 6.1).
The magnitude of the horizontal component of the muscle vector is given by the
following.
h = r (cos α)

(6.2)

where h is the magnitude of the horizontal component of the muscle vector.
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I added together the vertical components of all seven muscles to obtain the
magnitude of the vertical vector for the jaw adductor complex. I added together the
horizontal components for all seven muscles to obtain the magnitude of the horizontal
vector for the jaw adductor complex.
The resultant vector for the jaw adductor complex is the hypotenuse of the rightangled triangle defined by the sum of all seven vertical vectors and sum of all seven
horizontal vectors (Figure 6.1). The magnitude and orientation of this vector are given by
the following equations.
MagR = √(vsum2 + hsum2)

(6.3)

where MagR is the magnitude of the vector.
Tan(OrR) = vsum / hsum

(6.4)

where OrR is the orientation of the vector above the FH2.
Note that this resultant vector is only the jaw adductor resultant in the sagittal
plane. It does not take into account the transverse components of the jaw adductors,
which are arguably quite substantial and important for understanding feeding ecology.

2

It would be more biologically meaningful to calculate this in relation to the occlusal plane. However, the occlusal
plane is not flat in primates. The most biologically meaningful planes would be individual surfaces on the teeth (e.g.,
Phase I facets). However, I currently lack data on the orientations of these surfaces in the strepsirrhines tested.
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Figure 6.1: Calculating Muscle Resultants.
a. The black line represents the Frankfort Horizontal (here, the drawing is oriented such that FH
is horizontal on this page), the red arrow represents the vector for one muscle, the blue arrow
represents the vector for another muscle (both in the sagittal plane). b. Each vector (r) can be
broken up into a vertical (v) and a horizontal (h) force, the magnitudes of which can be calculated
if you know the angle of vector r relative to the FH (α). c. the sum of the vertical vectors for both
muscles (vsum), and the sum of the horizontal vectors for both muscles (hsum), allow for calculation
of the magnitude and orientation of the resultant vector (R). The skull belongs to Hapalemur
griseus.
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6.3.4 Graphical Methods
For each strepsirrhine species, the jaw adductor resultant vector was plotted onto
a photograph of the skull in articulation, with the teeth in the closed-jawed position3. In
some cases, I used post-dissection photographs of the dissected specimens. In other
cases, I used photographs of the skulls of conspecifics that matched in size (see Table
6.1).
When the primate mandible is analyzed as a lever (Hylander 1975a), it is
important to adjust the jaw adductor resultant by its lever arm length in any calculation of
bite force. Because the mandible is a third-class lever, this adjustment is a reduction: in a
third-class lever, the lever arm is, by definition, shorter than the load arm. For a static
bite, as in this analysis, the mandibular condyle can be taken as the fulcrum of the lever.
Although the above calculations provided the magnitude and orientation of the resultant
vector, they do not help to determine the position of the resultant vector relative to the
mandibular condyle.
Onto each skull photograph, I traced the outline of the insertion area for each jaw
adductor. Because the medial pterygoid and the deep temporalis insert on the medial side
of the jaw, it was necessary to supplement each lateral skull photograph with a
photograph of the medial side of the jaw at the same scale. I then added together all

3

I decided to use this position because I could achieve it consistently for all skulls. This position differs slightly from
the jaw posture of the cadavers when they were being dissected (tip of tongue between teeth). Furthermore, the degree
of jaw closure (or gape) in articulated skulls differs depending on tooth wear: the mandible is closer to the maxilla in a
specimen with heavy tooth wear than in one with light tooth wear. Lastly, this closed position is not true centric
occlusion because that term refers to a position during chewing on one side; there is a difference between the two
positions because strepsirrhines (and most mammals) are anisodontic.
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insertion areas and plotted the centroid of the total area. All of these procedures were
carried out using the software ImageJ (Rasband WS, ImageJ, U. S. National Institutes of
Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2007.).
I drew the resultant jaw adductor vector such that the vector originated at the
centroid (Figure 6.2). The lever arm for the muscle vector is then a perpendicular line
from the condyle to the jaw adductor vector. To define the point of rotation, I used the
posterior-most point on the condyle’s articular surface that was visible in the lateral view.
The jaw adductor muscle moment can be calculated using the following equation.
MuM = (MagR x ß x Lever ArmR)

(6.5)

where MuM is the jaw adductor muscle moment (in kilograms4), MagR is the
magnitude of the jaw adductor resultant vector (in mm2 because it is a measure of PCSA),
ß is a constant for the tension produced by a given area of muscle (3 kg/mm2), and Lever
ArmR is the length (in mm) of the lever arm (or muscle moment arm) for the jaw
adductor resultant. The constant ß is a maximum value selected from among several
experiments on the tension generated by unstretched fibers (Close 1972).
The muscle moment is balanced during a static bite by a force at the bite point
(the bite moment) and by a force at the temporomandibular joint (joint reaction moment)
(Hylander 1975a). If we calculate moments about the mandibular condyle, we can ignore
the joint reaction moment (Hylander 1975a; Stern 1974) and calculate bite force using
Equation 6.6.

4

Here, because it is a static load, force is in kilograms rather than Newtons.
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Table 6.1: Individual Muscle Orientation
DT MP SM
ST ZM
ZT FH/OP3
Species
Specimen1 DM2
Avahi laniger
Dry
45 135 65 42 150
62
95
0
Cheirogaleus medius
Dry
53 160 35 30 151
85 125
2
Eulemur collaris
Wet
50 145 53 20 130
70 130
12
Eulemur coronatus
Wet
75 150 50 18 155
85 145
4
Eulemur macaco
Dry
45 155 60 18 145
65 135
1
flavifrons
Eulemur mongoz
Wet
56 155 48 21 146
73 126
6
Eulemur rubriventer
Wet
45 155 48 15 140
50 130
12
Galago moholi
Dry
50 152 55 25 140
82 120
-15
Hapalemur griseus
Dry
65 148 53 33 135
84 125
8
Lemur catta
Dry
51 137 52 27 136
82 155
1
Lepilemur leucopus
Wet
40 132 69 23 138
55 140
3
Microcebus murinus
Dry
50 168 40 18 148
85 125
5
Mirza coquereli
Dry
56 136 45 21 150
85 142
3
Nycticebus coucang
Dry
62 146 60 36 130
89 158
6
Nycticebus pygmaeus
Dry
60 150 38 30 150
88 150
5
Otolemur crassicaudatus
Dry
60 135 55 28 137
80 130
2
Perodicticus potto
Dry
52 135 50 25 145
55 160
8
Propithecus coquereli
Dry
58 128 64 44 137
64 134
1
Propithecus diadema
Dry
55 140 50 45 125
70 140
1
Propithecus tattersalli
Wet
60 140 52 45 125
65 125
0
Varecia rubra
Dry
48 153 33 24 145
60 155
4
Tarsius syrichta
Wet
71 148 55 65 118
83 140
-2
1
Indicates whether the photograph used to trace resultants was the dissected cadaver (“Wet”) or a
similar-sized dry skull (“Dry”). All angles for muscles were measured directly from dissected
specimens.
2

All angles are relative to the Frankfort Horizontal, with anterior as 0 degrees. DM is the deep
masseter, DT is the deep temporalis, MP is the medial pterygoid, SM is the superficial masseter,
ST is the superficial temporalis, ZM is the zygomatico-mandibularis, ZT is the zygomatic
temporalis.
3

This is the angle of the FH above the occlusal plane. Negative values are for specimens in which
the FH intersects the occlusal plane anteriorly; in all other cases, the FH intersects the occlusal
plane posteriorly. This angle was measured on photographs, not during dissection.
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Figure 6.2: Calculating Leverage.
The orange arrow is the resultant of all jaw adductor vectors, anchored to the centroid (blue dot)
of the total jaw adductor insertion area in the sagittal plane. The point of rotation at the condyle
is represented by a white dot and a hypothetical bite point is represented by a black dot. The bite
force is represented by a green arrow that is parallel to the orange arrow. The lever arm of the
jaw adductor muscles is the length of the white line and the load arm at the bite point indicated is
the length of the white line plus the length of the black line.
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BFi = MuM / Load Armi

(6.6)

where BFi is the bite force (in kilograms) at a particular point I along the tooth
row, MuM is the jaw adductor muscle moment calculated using Equation 6.5, and Load
Armi is the length of the load arm at point i along the tooth row (in mm).
The length of the load arm (or bite moment arm) was determined at three points
along the tooth row: the posterior edge of the occlusal surface of the last lower molar
(m3), the tip of the protoconid on the first lower molar (m1), and the tip of the protoconid
of the anterior-most lower premolar (p3 in indriids, p2 in all other strepsirrhines and in
Tarsius). The first of these points represents the most posterior bite point possible and
the last of these points represents the most anterior bite point of the postcanine dentition.
Because the potential bite force attenuates from the back of the mouth forward, with a
maximum predicted bite force at the posterior edge of the dentition5, these two bite points
represent estimates for a maximum and a minimum postcanine bite force.
Load arms for the three bite points were measured in the following manner. A
line was drawn through the bite point on the lower tooth, parallel to the jaw adductor
resultant. The perpendicular distance from this line to the mandibular condyle is the load
arm length (Figure 6.2). In this method, cranial pictures are needed only for the
establishment of the Frankfort Horizontal: everything else can be traced on pictures of the
mandible alone. To view the bite points on the lower dentition, it was usually necessary

5 Spencer (1998) found that humans bite maximally at the m1 and he attributed this to safety factors for preventing
dislocation of the temporomandibular joint.
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to paste a picture of the mandible onto the picture of the cranium as the upper molars and
premolars conceal the crowns of the lower molars and premolars in occlusion.
One prediction regarding leverage in the masticatory system is that the temporalis
should have greater leverage than the masseter at more anterior bite points (if leverage is
defined as the length of the lever arm (muscle moment arm) divided by the length of the
load arm (bite moment arm)). This prediction follows from the hypothesis that the
temporalis has an important role in anterior tooth use (Cachel 1979). The alternate
hypothesis, which is supported by the electromyographic data, is that the masseter is at
least as important as the temporalis during anterior tooth use (Hylander and Johnson
1985; Møller 1966). The prediction from the latter hypothesis is that masseter leverage
will be as least as good as temporalis leverage at more anterior bite points.
To test these competing hypotheses, I calculated the decrease in temporalis
leverage from a bite point at the posterior edge of the m3 to a bite point at the tip of the
anterior-most lower premolar. I compared this decrease to the decrease in leverage of the
masseter across the same distance. I used the following equation.
((LevTp - LevTa) / LevTp) / ((LevMp - LevMa) / LevMp)

(6.7)

where LevTa is the leverage of the temporalis at the tip of the anterior-most
premolar, LevMa is the leverage of the masseter at the tip of the anterior-most premolar,
LevTp is the leverage of the temporalis at the posterior edge of the m3, and LevMp is the
leverage of the masseter at the posterior edge of the m3. The equation provides the ratio
of temporalis leverage attenuation to masseter leverage attenuation, where each measure
of attenuation is scaled to the value for posterior leverage.
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6.3.5 Statistical Analyses
Variation in muscle moments and predicted bite force were evaluated in relation
to body mass and in relation to jaw length (condylare to inferior alveolare). In all
comparisons, I assessed whether or not additional variation in muscle moment or bite
force could be explained by diet.
Data were logged (base ten) prior to the analysis. Bivariate plots were generate in
JMP 7.0 (JMP, Version 7. SAS Institute Inc., Cary, NC, 1989-2007) and Reduced Major
Axis (RMA) regressions were performed in JMP 7 and in (S)MATR (Version 1, Falster
DS, Warton DI & Wright IJ, www.bio.mq.edu.au/ecology/SMATR). For most analyses,
species were grouped by diet (see Table 4.1 for diet labels).
For some comparisons, I performed analyses of variance (ANOVAs) to determine
whether dietary category had an effect on variation in a measured variable. These
analyses were performed using JMP 7.0.

6.3.6 Potential Sources of Error
In this kind of study, as in all biomechanical modeling, there are many potential
sources of error. Some error is due to imprecise measurement techniques; some can be
blamed on the short-cuts we take to simulate biology in our models.
Sources of measurement error in this study may include the following.
Photographs often include distortion and parallax may cause measurement error. To
verify that this error was minimal, I included a scale bars in each photograph and
confirmed the scale against measurements I had taken on the skull itself. Some of the
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photographs may not be precisely in the parasagittal plane. In some cases, I used
photographs of dry skulls rather than the denuded skulls of my cadavers. When this was
necessary, I chose a dry skull that was similar in size to the skull of the dissected animal.
There may be considerable error in making traces of muscle insertions onto photographs.
The chance of this kind of error is reduced with practice dissecting strepsirrhine chewing
muscles.
Error from a poor correspondence between model and biological reality may arise
from the following sources. The centroid of the area of insertion of a muscle may be a
poor proxy for the starting point of its line of action. This is because muscles pull in
complex ways and fibers within muscles pull in all different directions. Also, the
distribution of fiber attachment sites across that area of insertion may not be uniform. In
fact, many fibers insert on tendons, which themselves insert on deceptively small areas of
bone. Lastly, the centroid calculated here is not the true centroid of the area of insertion,
but rather it is the centroid of the two-dimensional insertion area as seen in the lateral
view.
I have not considered any muscle action that occurs in the transverse plane. This
is an important source of error because many of the jaw adductors are likely to have
considerable transverse component, and this may differ with diet. Any muscle that has a
strong transverse component to its pull will have a conflated moment in my analysis of
forces in the sagittal plane because I used PCSA values (not corrected for fiber
orientation) as my proxies for muscle vector magnitude.
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This model assumes that all jaw adductors are simultaneously and maximally
active during an incisal bite or a chew. This is clearly not the case in during real feeding
behavior (Hylander et al. 1987; Hylander et al. 2000; Hylander et al. 2005; Wall et al.
2006). However, there is not enough information on jaw adductor activity in a large
enough number of strepsirrhines to calibrate my muscle vectors by activity patterns;
published data are available for only Lemur catta, Otolemur crassicaudatus, and
Propithecus coquereli (Hylander et al. 2000; Hylander et al. 2003; Hylander et al. 2005;
Vinyard et al. 2006). Also, the relationship between peak muscle activity and maximum
possible activity is unknown.
The use of the Frankfort Horizontal Plane as a reference plane for muscle fiber
orientation is rather arbitrary. This plane has no biological significance to mastication
(that I know). However, it is useful because it can be spotted in photographs of
strepsirrhine skulls and it can be detected in a skinned strepsirrhine head. The occlusal
plane has much more significance for understanding masticatory mechanics; however, it
is hard to define in practice. I have defined the occlusal plane in lateral pictures as a line
connecting the tip of the m1 protoconid to the tip of the m3 hypoconid6. The FH plane is
usually offset from this occlusal plane, and this offset differs between individual
specimens. The degree of offset is presented for each photographic specimen in Table
6.1. Estimates of bite force might be excessively high for taxa that have more offset
between the FH and the occlusal plane. However, the estimate of the occlusal plane

6

As with any meaningful occlusal plane, this occlusal plane may change as the teeth wear.
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orientation used here is not the perfect plane for understanding bite forces. It would be
much better to use the orientation of an individual tooth surface (e.g., a Phase I facet).
The bite points selected for analysis may or may not have equivalent biological
significance across species. Equivalence is particularly questionable with regard to the
anterior premolar bite point simply because this point is on the p3 in indriids, but on the
p2 in all other taxa. I could have chosen to analyze p3’s for all taxa; however, I preferred
to use a criterion of ‘functional equivalence’ over strict positional homology.

6.4 Results
6.4.1 Muscle Moments
The resultant vector magnitudes and orientations for the jaw adductors are
presented in Table 6.2. Muscle moment data are presented in Table 6.3.
Muscle moment, or the product of the magnitude of the muscle resultant and the
length of the muscle resultant lever arm, varies with body mass in a way that strongly
echoes PCSA itself. Slopes are higher (but not significantly so) for insectivores and
folivores than for frugivores, but none is significantly different from the slope of isometry
(Figure 6.3). The distribution of the data points around the lines of fit is very similar to
the distribution seen when PCSA was plotted against body mass (see Chapter 4).
Large-bodied folivores have large muscle moments for their body mass compared
to large-bodied frugivores. Small folivores and frugivores plot near to each other and
there is no clear dietary pattern for the small strepsirrhines.
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Table 6.2: Muscle Resultants
Species

Masseter
Group
Resultant1
5.32
49
2.40
48
8.20
36
12.26
44

Temporalis
Group
Resultant
3.67
133
2.45
153
12.19
140
14.01
150

Medial
Pterygoid
Resultant
2.72
65
0.98
35
2.29
53
3.62
50

Total Jaw
Adductor
Resultant
9.42
77
3.49
86
14.61
95
18.24
93

Avahi laniger
Cheirogaleus medius
Eulemur collaris
Eulemur coronatus
Eulemur macaco
7.61
37 11.40
150
3.39
60 13.34
99
flavifrons
Eulemur mongoz
7.62
45
9.78
144
3.67
48 13.87
90
Eulemur rubriventer
11.58
30 15.72
149
5.35
48 18.00
89
Galago moholi
1.23
40
1.99
141
1.77
55
3.52
83
Hapalemur griseus
6.26
51
7.04
140
3.95
53 12.77
87
Lemur catta
6.80
40
9.75
144
3.55
52 12.93
92
Lepilemur leucopus
3.62
38
3.95
136
1.64
69
6.53
85
Microcebus murinus
1.44
29
1.92
156
0.52
40
1.83
93
Mirza coquereli
2.13
44
2.50
142
0.67
45
3.51
90
Nycticebus coucang
5.57
55
8.14
142
2.65
60 12.03
99
Nycticebus pygmaeus
3.69
53
5.21
150
2.65
38
7.17
92
Otolemur
16.71
40 25.24
135
9.17
55 35.90
90
crassicaudatus
Perodicticus potto
4.72
39
5.92
144
2.13
50
8.11
88
Propithecus coquereli
13.55
56 13.70
132
7.98
64 28.87
88
Propithecus diadema
29.19
57 29.95
135 14.09
50 56.61
86
Propithecus tattersalli
22.64
56 23.35
132 11.03
52 44.92
85
Varecia rubra
10.38
42 14.05
151
3.74
33 15.79
95
Tarsius syrichta
2.25
72
2.25
136
1.61
55
5.01
90
1
For each resultant, the number on the left is the magnitude in kilograms and the number on the
right is the orientation in degrees (with zero at the anterior end of the Frankfort Horizontal).
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Table 6.3: Muscle Moments and Body Size Estimators
Species
Jaw Length (mm)
Muscle Moment (kg· mm)1 Body Mass (g)
Avahi laniger
91
1178
34
Cheirogaleus medius
22
268
29
Eulemur collaris
189
2300
64
Eulemur coronatus
235
1440
59
Eulemur macaco flavifrons
126
2120
60
Eulemur mongoz
154
1580
53
Eulemur rubriventer
211
1940
61
Galago moholi
20
141
24
Hapalemur griseus
155
984
46
Lemur catta
180
2207
59
Lepilemur leucopus
64
742
33
Microcebus murinus
9
60
21
Mirza coquereli
21
320
30
Nycticebus coucang
111
679
38
Nycticebus pygmaeus
59
318
32
Otolemur crassicaudatus
350
1386
48
Perodicticus potto
76
1100
43
Propithecus coquereli
425
2800
57
Propithecus diadema
616
4270
64
Propithecus tattersalli
604
3620
63
Varecia rubra
269
3756
75
Tarsius syrichta
26
117
24
1
This is a measure of torque, normally expressed as N·m. Here, because it is a static load, it is
expressed as kilograms rather than Newtons, and for simple ease of reading is expressed in
millimeters instead of meters.
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Larger insectivores have especially large muscle moments; however, Nycticebus
miscategorized as an insectivore (Wiens et al. 2006). Tarsius was included in the plots
for the sake of interest, though it was not included in the regression calculations. Tarsius
has a large muscle moment for its body mass compared to the strepsirrhines.
When muscle moment is assessed against jaw length, the pattern is somewhat
different (Figure 6.4). All slopes are isometric. There is little change for the
insectivores, but the small-bodied folivores have much larger muscle moments for their
jaw length than for their body mass. This causes a drop in the slope of the line of fit for
folivores and is due mainly to the fact that the small-bodied folivores have especially
short jaws for their body mass (see also Chapter 4). There is also good separation
between data points for folivores and frugivores in this plot: the folivores have large
muscle moments for their jaw length compared to the frugivores. One notable exception
among the frugivores is Otolemur crassicaudatus which consistently shows evidence for
forceful bites. This may be related to their habit of harvesting and masticating dry Acacia
gum (Bearder and Doyle 1974). However, other gouging primates do not use especially
large forces to gouge (Vinyard et al. 2003).

6.4.2 Bite Forces
Bite force was calculated by dividing the muscle moment by the length of the load
arm at several points along the tooth row. Here I present data for two points: the
posterior edge of the m3 and the tip of the anterior premolar (Table 6.4). Bite force data
were plotted against body mass and jaw length.
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Figure 6.3: Muscle Moment and Body Mass
Reduced major axis regressions of log10 total jaw adductor moment by log10 body mass, grouped
by dietary category. Frugivores are represented by square dots, insectivores by asterisks, and
folivores by triangles. Tarsius is represented by a diamond and was not included in the
regressions. The solid line is fitted to the frugivores (slope = 0.957, r2 = 0.867, 95% CI = 0.706 –
1.297), the dotted line is fitted to the insectivores (slope = 1.294, r2 = 0.688), and the dashed line
is fitted to the folivores (slope = 1.334, r2 = 0.934, CI = 0.904-1.967). See Table 4.4 for
abbreviations of species names. CI’s cannot be calculated for insectivores because the sample is
too small.
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Figure 6.4: Muscle Moment and Jaw Length
RMA regression of log muscle moment and log cubed jaw length, grouped by diet. Frugivore
line (solid): slope = 0.983, r2 = 0.858, CI = 0.716-1.350. Insectivore line (dotted): slope = 1.400,
r2 = 0.801. Folivore line (dashed): slope = 1.124, r2 = 0.979, CI = 0.913-1.383.
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Table 6.4: Estimated Bite Force at Three Locations along the Mandibular Tooth Row
Species
Avahi laniger
Cheirogaleus medius
Eulemur collaris
Eulemur coronatus
Eulemur macaco flavifrons
Eulemur mongoz
Eulemur rubriventer
Galago moholi
Hapalemur griseus
Lemur catta
Lepilemur leucopus
Microcebus murinus
Mirza coquereli
Nycticebus coucang
Nycticebus pygmaeus
Otolemur crassicaudatus
Perodicticus potto
Propithecus coquereli
Propithecus diadema
Propithecus tattersalli
Varecia rubra
Tarsius syrichta

Posterior edge of
m3 (kg)
5.75
1.61
6.99
8.45
5.23
6.40
9.62
1.69
6.55
5.97
3.32
0.99
1.53
6.71
3.54
18.28
3.80
13.99
30.70
22.04
7.90
2.32
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m1 protoconid
(kg)
3.26
1.05
4.71
5.71
3.26
4.17
5.79
1.14
3.79
3.89
2.09
0.59
0.93
4.31
2.37
11.49
2.68
7.90
15.74
14.02
4.75
1.38

Anterior premolar
protoconid (kg)
2.50
0.81
3.37
4.16
2.23
2.89
3.95
0.85
3.04
2.86
1.60
0.44
0.70
3.26
1.87
8.76
2.09
6.27
12.60
11.02
3.41
1.11

Bite force at m3 and muscle moment plot similarly against body mass. However,
the scaling differences between dietary groups are exaggerated in the former (Figure 6.5).
The slope for frugivore bite force is isometric. The slope for folivores and the slope for
insectivores are positively allometric.
The plot of bite force at the anterior premolar relative to body mass is almost
identical to the plot in Figure 6.5, except that the former is transposed downward because
the load arm is longer at the anterior premolar than at the m3 for all species (Figure 6.6).
The slope for frugivore bite force is isometric. The slope for folivores and the slope for
insectivores are positively allometric. The fact that little else is different between the bite
force plots at different bite points suggests that bite force attenuates anteriorly to roughly
the same degree in all sampled species. There is a small difference with respect to the
relative vertical positions of Eulemur rubriventer and Eulemur coronatus, but I am
inclined to attribute this to measurement error.
When bite force at the anterior premolar is plotted against bite force at the m3, the
correlation is extremely high, the slope is isometric, and there is little scatter around the
line of fit (Figure 6.7).
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Figure 6.5: Posterior Bite Force and Body Mass
RMA regression of log bite force at the posterior edge of the m3 and log body mass, grouped by
diet. Frugivore line (solid): slope = 0.692, r2 = 0.705, CI = 0.406-1.179. Insectivore line (dotted):
slope = 1.087, r2 = 0.635. Folivore line (dashed): slope = 1.158, r2 = 0.964, CI = 0.879-1.525.
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Figure 6.6: Anterior Bite Force and Body Mass
RMA regression of log bite force at the tip of the anterior premolar and log body mass, grouped
by diet. Frugivore line (solid): slope = 0.689, r2 = 0.697, CI = 0.399-1.188. Insectivore line
(dotted): slope = 1.111, r2 = 0.568. Folivore line (dashed): slope = 1.134, r2 = 0.964, CI = 0.8601.494.
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Figure 6.7: Anterior Bite Force and Posterior Bite Force
RMA regression of log bite force at the posterior edge of the m3 and log bite force at the tip of
the anterior premolar, ungrouped. Slope = 0.982, r2 = 0.993.
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The plots of bite force against jaw length are very similar to the plots of muscle
moment against jaw length (Figures 6.8, 6.9). All slopes are isometric. There is good
separation between folivores and frugivores. In fact, a one-way analysis of variance
(Figure 6.10) shows that residual bite force at m3 is significantly greater for folivores
than for frugivores7 (p < 0.0001), is significantly greater for insectivores than for
frugivores (p = 0.010), but is not significantly different for folivores and insectivores (p =
0.134). Thus, for their jaw length, folivores and insectivores have significantly more bite
force than frugivores. This is not an effect of pure jaw length; jaw length is no different
for folivores and frugivores (p = 0.967), though frugivores and folivores have longer jaws
than insectivores (p = 0.0015, p = 0.0020). Nor is it an effect of pure bite force; posterior
bite force is no different for folivores and frugivores (p = 0.141), and no different for
frugivores and insectivores (p = 0.120). Folivores have more bite force than insectivores
at the m3 (p = 0.0172), but this may be owing to a difference in overall body size.
The least-squares line of fit for the plot that was used to generate the residuals is
not an isometric line (slope = 0.643, 95% CI = 0.439-0.846). Residuals from an
allometric line are not good measures of shape (Jungers et al. 1995); however, the
position of a datum point relative to other data points in a natural biological group has
biological meaning. If an isometric line (slope = 1) had been used, the residuals for the
large animals would have been lower and the residuals for the small animals higher.

7

Otolemur crassicaudatus was left out of this analysis as it is an extreme outlier among the frugivores. This may be
due to its habit of feeding on dried tree exudates, as noted above.
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Because the folivores and frugivores have small and large representatives, the mean for
each dietary category would be little changed.

6.4.3 Leverage
One possible mechanism for increasing bite force is to increase the leverage of the
jaw adductors. During the course of estimating bite force, I also calculated leverage for
the adductor complex and for each muscle group within it (Tables 6.5 and 6.6).
There is no relationship between adductor leverage and body mass (p = 0.993) at
m3. Nor is there a relationship with body mass when the muscle groups are considered
separately (masseter p = 0.702, temporalis p = 0.382, medial pterygoid p = 0.737, all at
m1). Furthermore, there is no relationship between adductor leverage and jaw length
(Figure 6.11, p = 0.593). The latter is somewhat surprising because jaw length is often
used as a short-hand for discussing jaw adductor leverage. There is also no clear dietary
pattern in the distribution of data for any plot of leverage against body mass or jaw
length. However, there is a clear dietary pattern to jaw length in strepsirrhines: folivores
have shorter jaws for their body mass than do frugivores (Figure 4.20). This dietary
difference in jaw length should have an effect on leverage. One possible explanation is
that the distance from the condyle to the muscle reasultant is in proportion to the distance
from the condyle to the bite vector regardless of overall jaw length. In other words, the
jaws of frugivores are long in the ramus as well as in the tooth row; the jaws of folivores
are short in the ramus as well as in the tooth row.
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Figure 6.8: Posterior Bite Force and Jaw Length
RMA regression of log bite force at the posterior edge of the m3 and log cubed jaw length,
grouped by diet. Frugivore line (solid): slope = 0.711, r2 = 0.686, CI = 0.405-1.250. Insectivore
line (dotted): slope = 1.176, r2 = 0.739. Folivore line (dashed): slope = 0.975, r2 = 0.904, CI =
0.599-1.587.
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Figure 6.9: Anterior Bite Force and Jaw Length
RMA regression of log bite force at the tip of the anterior premolar and log cubed body mass,
grouped by diet. Frugivore line (solid): slope = 0.708, r2 = 0.662, CI = 0.388-1.293. Insectivore
line (dotted): slope = 1.201, r2 = 0.684. Folivore line (dashed): slope = 0.955, r2 = 0.924, CI =
0.626-1.458.
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Figure 6.10 Residual of Bite Force at m3 by Jaw Length Cubed: Diet Differences
Analysis of variance of residual log bite force (relative to log cubed jaw length) with diet groups
shown. There is a significant difference between the values for folivores and frugivores (p <
0.0001, Wilcoxon non-parametric p = 0.0011) and for insectivores and frugivores (p = 0.010,
Wilcoxon p = 0.0373). There is no difference between the values for folivores and for
insectivores (p = 0.134. Wilcoxon p = 0.1441). The top and bottom of each diamond are the
upper and lower 95% confidence limits. Otolemur crassicaudatus is a strong outlier and was
excluded from this analysis (though it is shown); this animal may be misclassified as a frugivore
as it includes a large proportion of dried exudates in its diet. Its value for the y-axis is 0.432.
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Table 6.5: Leverage of the Masseter and Temporalis at Three Bite Points
Masseter Leverage
Lever
At
At
arm1
m32
m1
Avahi laniger
1.28
0.82
0.52
Cheirogaleus medius
0.71
0.57
0.39
Eulemur collaris
1.64
0.59
0.45
Eulemur coronatus
1.38
0.58
0.41
Eulemur macaco flavifrons
1.20
0.59
0.41
Eulemur mongoz
1.34
0.59
0.41
Eulemur rubriventer
1.31
0.75
0.48
Galago moholi
0.63
0.77
0.59
Hapalemur griseus
1.72
0.74
0.50
Lemur catta
1.61
0.64
0.46
Lepilemur leucopus
1.02
0.71
0.48
Microcebus murinus
0.56
0.79
0.57
Mirza coquereli
0.66
0.56
0.37
Nycticebus coucang
1.13
0.71
0.48
Nycticebus pygmaeus
1.02
0.65
0.45
Otolemur crassicaudatus
1.19
0.78
0.52
Perodicticus potto
1.17
0.73
0.53
Propithecus coquereli
2.30
0.72
0.45
Propithecus diadema
1.38
0.69
0.39
Propithecus tattersalli
1.94
0.76
0.51
Varecia rubra
1.98
0.76
0.47
Tarsius syrichta
0.57
0.50
0.32
1
Length of the lever arm in centimeters.
Species

2

At
pm
0.41
0.32
0.34
0.33
0.31
0.31
0.37
0.41
0.38
0.39
0.35
0.44
0.29
0.38
0.36
0.38
0.45
0.37
0.32
0.41
0.36
0.26

Temporalis Leverage
Lever
At
At
At
Arm
m3
m1
pm
0.52
0.84
0.34 0.24
0.39
1.07
0.61 0.40
0.98
1.13
0.62 0.39
0.94
1.10
0.63 0.38
0.66
0.94
0.43 0.25
0.68
1.03
0.50 0.29
0.88
1.51
0.92 0.49
0.47
0.66
0.38 0.30
1.04
0.94
0.51 0.36
1.15
0.93
0.53 0.33
0.79
0.86
0.50 0.34
0.27
1.51
0.82 0.46
0.52
0.84
0.47 0.32
0.78
0.93
0.59 0.41
0.68
1.28
0.77 0.56
0.83
0.82
0.49 0.38
0.63
0.77
0.52 0.35
2.21
1.44
0.41 0.34
0.93
0.95
0.39 0.29
1.19
0.81
0.43 0.31
1.75
1.23
0.50 0.39
0.43
0.71
0.36 0.27

Leverage at the posterior edge of the m3, a ratio of lever arm length to the length of the load arm
at the posterior edge of the m3.
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Table 6.6: Leverage of the Medial Pterygoid and the Jaw Adductor Resultant
Medial Pterygoid Leverage
Lever
At
At
At
arm1
m32
m1
pm
Avahi laniger
1.09
0.68
0.40
0.31
Cheirogaleus medius
0.55
0.52
0.38
0.31
Eulemur collaris
1.46
0.48
0.35
0.26
Eulemur coronatus
1.34
0.52
0.36
0.28
Eulemur macaco flavifrons
1.08
0.42
0.28
0.19
Eulemur mongoz
1.25
0.53
0.37
0.27
Eulemur rubriventer
1.17
0.54
0.35
0.25
Galago moholi
0.62
0.63
0.45
0.32
Hapalemur griseus
1.64
0.70
0.46
0.35
Lemur catta
1.52
0.54
0.37
0.30
Lepilemur leucopus
0.82
0.46
0.29
0.21
Microcebus murinus
0.55
0.63
0.44
0.33
Mirza coquereli
0.61
0.51
0.33
0.26
Nycticebus coucang
1.04
0.62
0.42
0.33
Nycticebus pygmaeus
1.03
0.79
0.55
0.45
Otolemur crassicaudatus
1.00
0.57
0.38
0.28
Perodicticus potto
1.08
0.59
0.43
0.36
Propithecus coquereli
1.34
0.41
0.41
0.31
Propithecus diadema
1.59
0.84
0.48
0.41
Propithecus tattersalli
2.03
0.79
0.54
0.44
Varecia rubra
1.32
0.60
0.55
0.34
Tarsius syrichta
0.58
0.53
0.35
0.28
1
Length of the lever arm in centimeters.
Species

2

Resultant Leverage
Lever
At
At
Arm
m3
m1
0.97
0.61
0.35
0.64
0.46
0.30
1.29
0.48
0.32
1.29
0.46
0.31
0.95
0.39
0.24
1.11
0.46
0.30
1.17
0.53
0.32
0.57
0.48
0.32
1.21
0.51
0.30
1.39
0.46
0.30
0.99
0.51
0.32
0.49
0.54
0.32
0.60
0.44
0.27
0.92
0.56
0.36
0.82
0.49
0.33
0.98
0.51
0.32
0.94
0.47
0.33
1.47
0.48
0.27
1.09
0.54
0.28
1.35
0.49
0.31
1.71
0.50
0.30
0.51
0.46
0.28

At
pm
0.27
0.23
0.23
0.23
0.17
0.21
0.22
0.24
0.24
0.22
0.24
0.24
0.20
0.27
0.26
0.24
0.26
0.22
0.22
0.25
0.22
0.22

Leverage at the posterior edge of the m3, a ratio of lever arm length to the length of the load arm
at the posterior edge of the m3.
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To assess this hypothesis, I plotted lever arm length against load arm length for all
taxa. These two variables are highly correlated with very little scatter around the line
(plot of load at m3 r2 = 0.926, plot of load at anterior premolar r2 = 0.936). Therefore,
leverage bears no relationship to jaw length: the length of the jaw that corresponds to the
lever arm is proportional to the length of the jaw that corresponds to the load arm.
Leverage for all the jaw adductors decreases or attenuates anteriorly on the
mandible. This is because, whereas the jaw adductor lever arm remains the same for all
bite points, the load arm increases at progressively more anterior bite points. Contrary to
Cachel’s hypothesis that the temporalis is important in anterior tooth use, temporalis
leverage attenuates more than masseter leverage in every species in this sample. There is
no difference between folivores and frugivores in this pattern of attenuation (Figure 6.12,
p = 0.282), nor is there a difference between folivores and insectivores (p = 0.147).
However, insectivores attenuate less than frugivores (p = 0.0249). This suggests that
although the temporalis muscles are not especially efficient during anterior tooth use
compared to the masseter muscles, this difference is less for insectivores.
When leverage is considered separately for the three adductor groups, only one
dietary signal is apparent. Temporalis leverage is significantly greater for frugivores than
for folivores (p = 0.0211). Perhaps frugivores have higher coronoid processes (see
below). I detected no significant differences between dietary categories for total
leverage, masseter leverage, or medial pterygoid leverage. Temporalis leverage for
insectivores is statistically indistinguishable from that of frugivores (p = 0.338) and
folivores (p = 0.289).
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Figure 6.11: Posterior Leverage and Jaw Length
RMA regression of leverage at the posterior edge of the m3 and log cubed jaw length, ungrouped.
Slope = -0.093, r2 = 0.0145.
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Figure 6.12: Attenuation of Temporalis and Masseter Leverage
One way ANOVA of the attenuation of temporalis leverage relative to the attenuation of masseter
leverage, grouped by diet. Key as for Figure 6.10. Otolemur crassicaudatus was included in this
analysis. Its exclusion only strengthens the difference between frugivores and the other dietary
groups.
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6.5 Discussion
6.5.1 Bite Force
Muscle moments and bite force scale to body mass and jaw length in much the
same way as physiological cross-sectional area does. Marrying the leverage dataset and
the PCSA dataset exaggerates the differences between frugivores and folivores in many
cases, particularly for the small-bodied species. This suggests that muscle tissue and
skull morphology may be under selection simultaneously as diet changes over
evolutionary time. Both PCSA and muscle leverage contribute to a difference in bite
force between folivores and frugivores. Relative to jaw length, insectivores are
intermediate in their capacity for bite force.
The only in vivo data on strepsirrhine bite forces are from Hylander’s work on
Otolemur crassicaudatus (Hylander 1977, 1979b). For five individuals, maximum bite
forces ranged from 6.2 kg to 22.0 kg, with a mean of 12.74 kg (n=5). The transducer was
placed in the p4-m1 region. My predicted maximum bite force at the m1 protoconid for
Otolemur crassicaudatus is 11.49 kg, a value that conforms quite well to Hylander’s data.
Hylander also presented data on bite force at p2 for one animal: here, maximum bite
force was 6.0 kg. My predicted bite force for the tip of the p2 protoconid was 8.76 kg.
Body size differences may account for the differences between Hylander’s bite
force data and my predictions. No body size data are given for Hylander’s experimental
subjects, but all were adults and at least four of the five discussed above were males. The
greater galago I dissected was a relatively large adult male (1684 g).
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Another complicating factor is that the bite force transducer was 1 cm thick.
Therefore, the animal’s mouth was significantly gaped during biting. The jaw adductor
fibers of Otolemur crassicaudatus are only roughly 7 mm long (Chapter 4) and a linear
gape of 1 cm at the m1 constitutes about a 10% increase in temporalis fiber length and a
40% increase in masseter fiber length (over their length at occlusion). Peak tension in
muscle fibers occurs between about 100% and 120% of resting length, with a drop-off in
tension from about 135% of resting length (Close 1972). Therefore, although the
temporalis fibers in Hylander’s experiments are likely generating near-peak tension, the
masseter fibers are probably generating slightly less than peak tension. This suggests that
there may be a relationship between gape and the relative importance of the temporalis
versus the masseter.
Because the force transducer was the same size at all bite points, the jaw
adductors were stretched slightly less during transducer biting at the p2. Given this, I
would expect the bite force attenuation from m1 to p2 to be less in Hylander’s Galago 4
(compare his ~16 kg at m1 and 6 kg at p2 to my predicted 11.49 kg at m1 and 8.76 at p2).
More experimental bite force data on a wider range of strepsirrhines are needed before
these differences are fully understood.
It is reasonable to expect a very strong influence of food properties on bite force
as most of the forces produced by the jaw adductors are used to break up food. Relative
to body size, folivorous strepsirrhines are predicted to be capable of producing higher bite
forces than frugivorous ones. This is not surprising given the difference in material
properties between leaves and fruit. For example, Lucas (2004) provided measures of
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leaf toughness ranging from about 215 to 9000 Joules per square meter; whereas, fruit
flesh is only about 10 J/m2 and fruit peel is 642-1485 J/m2. This suggests that, if all else
is equal, folivores must devote considerably more metabolic energy to food breakdown
than frugivores. One means of increasing the work of the masticatory system is to
increase static bite force. From my data, it appears that folivorous strepsirrhines achieve
the potential for large bite force by simultaneously increasing jaw adductor crosssectional area and decreasing jaw length relative to body mass. The smaller folivores
(especially Avahi and Lepilemur) have accomplished this owing more to the latter
mechanism.
One factor not considered by this analysis is dental morphology. For a given bite
force, the shapes and sizes of the teeth determine the masticatory pressures that results in
food breakdown. In strepsirrhines with considerable molar relief, the contact area
between tooth and food is likely to be small early in mastication (e.g., during puncturecrushing). Here, masticatory pressures (bite force divided by contact area) are likely to
be high. In a flat tooth, the same bite force might translate to relatively low pressure
because of a large area of contact between tooth and food. Therefore, the observed
difference in bite force between folivores and frugivores probably translates to an even
larger difference in bite pressure (force divided by contact area). This remains to be
tested.
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6.5.2 The Jaw Adductor Resultant Vector
There is speculation in the biomechanical literature as to the orientation of the jaw
adductor resultant force (Greaves 2000). I am somewhat surprised to report that there
appears to be little variation in this orientation among strepsirrhines and that the vector is
almost always vertical relative to the Frankfort Horizontal plane (mean = 90 degrees).
Because the FH is normally inclined a little above the occlusal plane anteriorly (mean = 3
degrees, standard deviation = 5.5 degrees), the jaw adductor resultant vector is slightly
posterior to the vertical (by about 3 degrees). Considering the amount of error likely
present in the identification of the FH plane and the occlusal plane, this result suggests
that the use of a vertical muscle resultant is well within acceptable margins of error for
models of mastication in strepsirrhines. Mammals that differ from strepsirrhines in how
the jaw adductor musculature is divided up between the various muscles will be different
in this regard. For example, lagomorphs have an extremely reduced temporalis group
(Saban 1968; Turnbull 1970) and likely have an anteriorly-inclined jaw adductor vector.
Greaves predicted jaw adductor resultant orientation for several mammals based
on osteology and optimization of bite force (while minimizing tensile forces at the
condyle) (Greaves 2000). He predicted that the resultant would lie in a posterior
orientation (relative to the occlusal plane) for all primates he examined. The only
strepsirrhine in his study was Perodicticus potto. My value of 4˚ posterior of vertical is
not far from his value of 1˚, particularly considering his values for primates range from 1
to 41 degrees, and considering the substantial measurement error that is likely associated
with these methods of estimating vectors.
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Greaves also predicted that the resultant vector would cross the occlusal plane
immediately posterior to the m3. This would maximize adductor leverage while limiting
tension at the condyle (Greaves 1982, 1998, 2000). Following from this prediction, jaw
adductor leverage at the posterior edge of the m3 should be nearly equal to one. My data
show that the distance from the condyle to the resultant is always smaller than the
distance from the condyle to the posterior edge of the tooth row. Otherwise, jaw
adductor leverage at m3 (Table 6.6) would be equal to or greater than one.
Greaves also predicted that the resultant would cross a line from the working-side
condyle to the tip of the lower central incisor (drawn perpendicular to the resultant
vector) at 30% of its length. In my sample, the resultant intersects this line at an average
of 21% along its length (Table 6.7). Therefore, the resultant is posterior to the location
predicted by Greaves. This suggests that the resultant is unlikely to leave the ‘triangle of
support’ framed by the condyles and the bite point, even if there is considerable input
from the balancing-side jaw adductors. It also suggests that strepsirrhines (and Tarsius)
may sacrifice some jaw adductor leverage and bite force to minimize tensile forces at the
condyle. This dovetails with the hypothesis presented by Spencer (1999) to explain why
some anthropoids bite more forcefully at the m1 than at the m3.
It is important to note that strepsirrhines could locate the jaw adductor vector at
Greaves’ 30% point by increasing activity in the anteriorly oriented parts of the adductor
musculature relative to the posteriorly oriented parts (e.g., masseter and medial pterygoid
versus temporalis). Also, if the fibers of the jaw adductors are not evenly distributed
across the area of insertion, then my predictions for the resultant location will be
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inaccurate. The resultant could cross Greaves’s 30% point if more fibers are anchored to
the anterior parts of the insertion area than to the posterior parts. In fact, there are more
tendinous insertions in the anterior part of this area; therefore, it might be reasonable to
shift the resultant forward. However, this shift would have to be substantial to bring the
resultant into contact with the posterior edge of the m3. My data do not invalidate
Greaves’ model, they simply highlight the importance of mimizing distractive joint
forces.

6.5.3 Leverage
Given the data in this study, there is no simple relationship between jaw adductor
leverage and jaw length. Jaw length is often considered a proxy for leverage because
longer jaws ought to have longer bite moment arms. However, in this sample of
primates, longer jaws have not only longer bite moment arms, but also longer muscle
moment arms. Therefore, leverage does not change in a predictable way with jaw length.
Also, jaw length is measured from the condyle to the incisors. The orientation of
this measurement is oblique to the orientation of the moment arms in species that have
high condyles (e.g., most of the folivores). The moment arms are oriented nearly parallel
to the occlusal plane in most cases because the jaw adductor resultant vector is nearly
vertical.
Leverages differ little among species with different diets, whether the entire jaw
adductor complex is considered as a whole, or whether the muscle groups are considered
separately. The one dietary signal may lie in leverage of the temporalis group; this can
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be used to distinguish frugivores from folivores. This begs the question, why do
frugivores have more temporalis leverage than folivores? The height of the coronoid
process above the condyle should be related to temporalis lever arm length. Perhaps,
then, frugivores have higher coronoid processes above the condyle. A comparison of
coronoid height to condyle height shows that frugivores do have higher coronoid
processes than folivores (p = 0.0458).
What is the ecological explanation for a high coronoid process (and therefore,
great temporalis leverage) in frugivores? This is likely related to the observation
(Hartstone-Rose and Perry, unpublished data) that the position of the masseter muscle
(and also that of the medial pterygoid) makes its fibers very vulnerable to being overstretched at wide gapes. At any given gape, the fibers of the masseter and medial
pterygoid (except for the extreme posterior fibers) are more stretched than those of the
temporalis. Because frugivores tend to ingest large blocks of food, especially soft fruit,
they should be adapted to produce muscle tension at gape. Frugivores should, therefore,
emphasize leverage for the muscle group that is most likely to retain the ability to
produce tension at gape: the temporalis group.
Folivores and insectivores, by contrast, might emphasize the masseter and medial
pterygoid if these muscles have significant transverse components of force; these would
be useful in processing leaves and insect cuticles. However, the results of this study
suggest that the folivores and insectivores do not have significantly better leverage (or
greater PCSA) for these muscles. It is important to note that this analysis is confined to
leverage in the sagittal plane; without analyzing leverage in the coronal plane or
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transverse plane, I cannot comment on the importance of the masseter and medial
pterygoid for producing transverse chewing force.
Analysis of forces in other planes would be extremely helpful in understanding
the forces at work during chewing. However, the attachment sites of the muscle and the
orientation of fibers are extremely hard to measure in the coronal or transverse plane
either in dissection or in photographs. It is possible to measure these variables in serial
thin sections of heads; however, I was not permitted to damage my study specimens so
extensively. A preferred alternative would be to make high-resolution computed
tomography scans or magnetic resonance images of cadaveric specimens. This would
enable fiber orientation and attachment location to be recorded in any plane.

6.6 Summary and Future Work
Bite force and jaw adductor moment arms scale to body mass and jaw length in a
similar manner to the scaling patterns seen for jaw adductor physiological cross-sectional
area. Scaling tends to be more positively allometric for folivores and insectivores than
for frugivores when body mass is the scaling denominator. Folivores, but not
insectivores, segregate from frugivores when jaw length is used as the scaling
denominator; folivores lie above a common reduced major axis line, while frugivores lie
below it. Given the cross-sectional areas, orientations, and locations of the jaw adductor
muscles, folivores should be able to generate a greater maximum bite than frugivores for
their jaw length. However, for their body mass, small folivores like Avahi and Lepilemur
do not have especially great estimated bite force.
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Table 6.7: Greaves Variables for the Jaw Adductor Resultant
Distance from Where the resultant
crosses (%)2
resultant to m3 (cm)1
Avahi laniger
0.62
24
Cheirogaleus medius
0.75
22
Eulemur collaris
1.41
20
Eulemur coronatus
1.49
19
Eulemur macaco flavifrons
1.47
14
Eulemur mongoz
1.29
19
Eulemur rubriventer
1.02
20
Galago moholi
0.62
22
Hapalemur griseus
1.15
21
Lemur catta
1.63
19
Lepilemur leucopus
0.95
22
Microcebus murinus
0.41
22
Mirza coquereli
0.78
18
Nycticebus coucang
0.73
26
Nycticebus pygmaeus
0.84
24
Otolemur crassicaudatus
0.94
21
Perodicticus potto
1.06
23
Propithecus coquereli
1.57
19
Propithecus diadema
0.92
19
Propithecus tattersalli
1.40
21
Varecia rubra
1.70
19
Tarsius syrichta
0.59
19
1
The distance from the jaw adductor muscle resultant to the m3, measured perpendicular to the
jaw adductor resultant.
Species

2

Measured along a line from the condylare to the tip of the lower central incisor, perpendicular to
the resultant. The value given here is the proportion of the line, expressed as a percentage, that is
represented by the distance from condylare to resultant vector.
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Insectivores also have a greater potential maximum bite force than frugivores
relative to jaw length. This great bite force in folivores and insectivores is likely related
to the amount of energy required to process leaves and insect cuticle compared to the
amount of energy needed to process fruits. Increasing bite force may be one way of
saving masticatory energy.
Predicted bite force is within the range of the only published data on bite force in
strepsirrhines (Hylander 1977, 1979b). However, there is a difference in the pattern of
anterior bite force attenuation. More in vivo data are necessary before my bite force
model can be validated. It may be useful to design a test to determine the relationship
between maximum observed bite force (the nature of in vivo data) and maximum possible
bite force (the nature of model data) and to adjust for the effects of gape on muscle force
(Olmsted et al. 2005).
Jaw adductor leverage seems to have no relationship to jaw length, contrary to
expectations. Furthermore, temporalis leverage does not increase in relation to masseter
leverage at progressively more anterior bite points, contrary to the hypothesis that the
temporalis is well-suited to producing force during anterior tooth use. In fact, the
masseter consistently gains leverage relative to the temporalis as the bite point moves
anteriorly. This is less true for the insectivores than for the other taxa, suggesting that the
temporalis may play a role in prey capture and restraint with the anterior teeth in
insectivores.
Temporalis leverage is better in frugivores than in folivores. This may be related
to the size of food items ingested by frugivores versus folivores: the temporalis fibers are
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less stretched at wide gapes (assuming, as a matter of simplification, that the center of
rotation is located the top of the mandibular condyle) and can likely maintain their
tension better than the fibers of the masseter or medial pterygoid.
Taken together with the information of anterior attenuation of temporalis
leverage, a new role can be proposed for this muscle. Cachel (1979) proposed a
dominant role for the temporalis in anterior tooth use. Smith and Savage (1959)
suggested that the temporalis is important in carnivores because it resists the movement
of struggling prey. This may apply to some small degree in insectivorous strepsirrhines
(and Tarsius). Frugivorous strepsirrhines seldom must deal with struggling prey (though
they probably need to prevent attached fruit from swinging out of the mouth); therefore,
this is probably not the function of temporalis in frugivorous strepsirrhines. Instead, I
propose that the temporalis serves an important role during the processing of large food
items that cause the mouth to be gaped considerably – gaped to the point where the
masseter and medial pterygoid fibers are overstretched and can produce only a fraction of
their normal tension. This hypothesis may be extended beyond primates: for example,
grazers tend to reduce the temporalis because they eat small, flat foods. This hypothesis
applies mainly to the central and posterior parts of the temporalis which pull more
parallel to the tooth row; the anterior parts of the temporalis are much more vulnerable to
stretch (see also Chapter 5).
Future improvements to the bite force model generated here include reference to
the occlusal dimensions of the teeth and the area of contact between tooth and food. Bite
pressure is of more interest than bite force for some aspects of food breakdown and may
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ultimately provide a better signal of food material properties. Another improvement
would be the incorporation of jaw adductor vectors in the transverse plane. Much of the
difference in how leaves or insects are processed versus how fruits are processed is
probably reflected in the transverse components of mastication. These data are most
accurately gathered from digital sections of cadaveric specimens.
The most reliable test of the validity of this bite force model is empirical data on
bite force in strepsirrhines. Hylander demonstrated that it is possible to gather these data.
It would also be beneficial to vary the width of the transducer block and to vary the
location of the bite to evaluate the effects of gape and bite point on bite force, as has been
done for human subjects (Olmsted et al. 2005). A natural next step would be to gather
these data on a sample of living strepsirrhines.
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Chapter 7 Craniomandibular Signals of Diet in Adapines
7.1 Introduction
7.1.1 Where to Find Adapine Skulls
The most complete specimens of adapines were collected opportunistically during
commercial phosphate mining in the Quercy region of southwestern France. Most were
collected in the late 1800s and sold to various natural history museums. Therefore, these
old collections lack stratigraphic information and any inferences of temporal distribution
must be derived from more recent, stratigraphically controlled collections. Gingerich
(Gingerich 1977a, 1980, 1981; Gingerich and Martin 1981) provided a stratigraphic
ordering of adapines.
Dental specimens are housed in museums all over the world; however, relatively
complete crania and jaws are found at only a few institutions. Many specimens are
housed at the Muséum National d’Histoire Naturelle in Paris as part of the “Anciennes
Collections” (old collections). This collection includes the two most complete of the six
associated skull (cranium plus mandible) specimens: the larger QU 10870/1 and the very
small QU 10873. As well, the MNHN has the largest sample of large adapine crania in
the world. The third associated skull is a large specimen with considerable damage to the
braincase and upper face; it is also housed at the MNHN and is catalogued as QU
11035/6. The fourth is another large specimen with very extensive damage to the
braincase and upper face, housed at the Harvard Museum of Comparative Zoology. The
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fifth is medium-sized; the cranium is crushed slightly in the dorsoventral plane and it is
crushed considerably in the mediolateral plane; it is housed at the Naturhistorishes
Museum in Basel, Switzerland; it is labeled QW 1, Adapis parisiensis var. bruni. The
last associated skull specimen is in the collections of the University Geological Museum
in Moscow (Pavlova 1910). Although I have not seen this specimen, it appears from the
figure to resemble the larger adapines (e.g., QU 10870/1) and it is missing much of the
braincase, though it appears to be relatively complete anterior to the orbits.
Most of the nearly-complete crania and mandibles of adapines are housed at the
MNHN in Paris, the Naturhistorisches Museum in Basel, the Museum d’Histoire
Naturelle in Montauban (France), or the Université des Sciences et Techniques du
Languedoc in Montpellier (France). Each of the following institutions has one or two
nearly-complete adapine crania: the Yale Peabody Museum in New Haven (USA), the
Geologisch Instituut der Katholieke Universiteit in Leuven (Belgium), the Natural
History Museum in London (UK), the University Museum of Zoology in Cambridge
(UK), the Institut für Paläontologie un Historisches Geologie der Universität in Munich
(Germany), the Muséum d’Histoire Naturelle in Bordeaux (France), and the Faculté des
Sciences in Marseille (France). See also Table 7.1 for a list of these specimens. I was
able to photograph and measure most of these (casts, in some cases), though the
incompleteness of many specimens excluded them from some parts of this study.
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7.1.2 A Note on Nomenclature
Formerly, most of the large adapine specimens were labeled Leptadapis magnus
(or Adapis magnus) and most of the small ones were labeled Adapis parisiensis (Gregory
1920). Stehlin (1912) described several varieties within Adapis (including specimens
now regarded as Leptadapis) mainly based on cranial morphology, but he balked at
formally describing new species.
Stehlin did name a new species for the smallest of the Adapis specimens: Adapis
sciureus, later renamed Microadapis sciureus (Szalay 1974). Cryptadapis tertius was
described in 1984 (Godinot 1984). Microadapis and Cryptadapis are known from teeth
and jaws only. Godinot revived the Delfortrie’s name Palaeolemur betillei for the small
cranium in Bordeaux (Delfortrie 1873; Godinot 1998). Other than the relatively few
specimens belonging to Microadapis, Cryptadapis, and Palaeolemur, all of the adapines
are generally considered to be either Adapis or Leptadapis.
The smaller well-preserved adapine skulls are generally allocated to Adapis
parisiensis and the larger ones are allocated to Leptadapis magnus. However, recent
revisions of the systematics of adapines suggest that they were more toxically rich in the
Eocene of Europe (Godinot and Couette in press; Lanèque 1992, 1993). As many as
seven species are now recognized for the crania once contained in the single species
Leptadapis magnus. Formal splitting of Adapis parisiensis into several new species is
anticipated for the near future (Marc Godinot, pers. comm.).
Gingerich explained the variation within the larger Leptadapis magnus (=their
Adapis magnus) crania and the variation within the smaller Adapis parisiensis as
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consequences of sexual dimorphism (Gingerich 1981). He observed that the crania for
each species could be divided into two groups based on overall size and canine size. In
later studies, Lanèque found that neither species could be subdivided into two discrete
groups based on orbital morphology or palate morphology (Lanèque 1992). She found
that the variation in each of Adapis parisiensis and Leptadapis magnus exceeded the
variation observed in the same traits for several species of extant primates. It is unlikely
that sexual dimorphism explains the variation in skulls of Adapis and Leptadapis
(Godinot and Couette in press). It appears, instead, that there is a continuum of variation
in several craniomandibular traits; this suggests that there are several adapine species.
Owing to this uncertainty, I have elected to treat the adapines as separate specimens with
no species allocation. Sometimes, I refer to Adapis and Leptadapis; in these instances,
Adapis is the name given to the smaller adapines and Leptadapis is the name given to the
larger ones.

7.2 Dental Evidence of Dietary Preference
Many have noted the resemblance between adapine molars and those of some
ungulates (Gregory 1920). Cuvier apparently thought that the posterior teeth of Adapis
resembled those of hedgehogs (Filhol 1877), despite the reference to the sacred bull in
the genus name. Working with more fossil material, Filhol noted resemblances in the
postcanine teeth to both lemurs and pachyderms (Filhol 1874, 1877). Modern researchers
consider adapines to be primates, but their molar teeth and posterior premolars do
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strongly resemble those of some ungulates because of the great development of sharp
crests.
In Chapter 2, I described the relevance of shearing quotients to the inference of
diet in extinct primates. There are two published studies of shearing quotients that
include adapines (Covert 1986; Kay et al. 2004a). The results of these studies differ
somewhat because a slightly different method was used to calculate the regression line.
Covert used all extant strepsirrhines (plus tarsiers) to fit the line; whereas Kay and
colleagues fitted the line to the extant frugivorous and gummivorous strepsirrhines.
It is not entirely unexpected, then, that these studies list very different values for
the shearing quotients of Leptadapis and Adapis. However, the use of a different linefitting sample does not account for this difference. When the line is fitted to the whole
extant sample, the SQ for Leptadapis is 11.06 and the SQ for Adapis is 8.94. These
values differ from those reported by Covert (1986) for the same species.
Covert does not list the catalogue numbers for the specimens he measured. Nor,
in fact, do Kay and colleagues; however, I happen to know what specimens were
measured in the latter study (see Table 7.2). The sample for Leptadapis was quite small
in the Kay et al. study and the major discrepancy between Kay et al.’s and Covert’s
results for that species may be due to inadequate sampling in the former study. I have
increased the sample size of shearing measurements for both Leptadapis and Adapis
(Table 7.2).
With the addition of measurements from seven more specimens of Leptadapis, the
shearing quotient for that species dropped considerably from the value reported by Kay
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and colleagues (from 19.20 to 11.04). This approaches Covert’s value of 6.60. With the
addition of measurements from eleven more specimens of Adapis, the shearing quotient
for that species dropped from 18.64 to 15.28. Covert’s valus for Adapis is 11.01.
Nonetheless, the values for my increased sample are still comfortably within the range of
extant folivorous strepsirrhines (Figures 7.1 and 7.2). Leptadapis is within the range for
folivores but overlaps the range for frugivores. On a natural log plot of m2 shear against
m2 length, Leptadapis magnus plots close to Indri indri and Propithecus diadema.
Adapis parisiensis plots close to Hapalemur griseus and Lemur catta.
When other European adapids are plotted with the adapines, it becomes clear that
most have well developed shearing on the second lower molar. Compared to extant
strepsirrhines and compared to many North American notharctids, adapids had
considerable capacity for shear (Covert 1986). Shear quotients for European adapids also
are high compared to those for Asian amphipithecids (Kay et al. 2004a). European
adapids, including Adapis and Leptadapis likely included a high proportion of tough,
fibrous foods in their diet. Because inferred body size is at least 700g for most European
adapids, they probably fed on a high proportion of leaves.
To my knowledge, there are no published studies of dietary wear for Adapis or
Leptadapis. Furthermore, no other attempts have been made to quantify their molar
morphology with reference to diet (e.g., cusp acuity, molar relief indices). Until these
studies are performed, our inferences of diet based on the teeth must remain preliminary.
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Table 7.1: Well-Preserved Adapine Crania
Species/variant allocation Institution2
by Lanèque or Godinot &
Couette1
QU 10870/1
Magnadapis intermedius
MNHN
QU 10872
Magnadapis laurenceae
MNHN
QU 10875
Magnadapis quercyi
MNHN
QU 11002
Leptadapis magnus type
MNHN
Magnadapis intermedius
MNHN
Leptadapis QU 11035/6
MaPhQ 210
Magnadapis fredi
MHNM
magnus
MaPhQ 211
Leptadapis magnus
MHNM
ACQ 209
Leptadapis filholi
USTLM
PU 11484
Leptadapis leenhardti
YPM
No871/872
Magnadapis intermedius?
UGMM
QU 10873
68.40
Adapis n. sp.
MNHN
MaPhQ 221
69.70
Adapis bruni
MHNM
MaPhQ 229
76.25
Adapis c.f. schlosseri
MHNM
MaPhQ 334
79.59
Adapis parisiensis
MHNM
MaPhQ 339
77.65
Adapis parisiensis
MHNM
MaPhQ 344
83.94
Adapis schlosseri
MHNM
MaPhQ 345
83.50
Adapis parisiensis
MHNM
ACQ 208
73.55
Adapis parisiensis
USTLM
ACQ 211
70.75
Adapis parisiensis
USTLM
PQ
1700
88.45
Adapis
parisiensis
FSM
Adapis
89.07
Adapis parisiensis
FSM
parisiensis PQ 1701
Bordeaux
65.00
Palaeolemur beteillei
MHNB
QW 1
74.90
Adapis bruni
NMB
PLV 14
61.59
Adapis parisiensis
GIKU
M538
83.87
Adapis parisiensis
UMZ
M1345
Adapis schlosseri
NHM
M1633
Adapis parisiensis
NHM
MCZ8886
Adapis parisiensis
MCZ
1879XV2
Adapis schlosseri
IPHGU
1879XV649
Adapis schlosseri
IPHGU
1
New species names for Leptadapis magnus are from Godinot and Couette (in press) and those
for Adapis parisiensis are from Lanèque (1992).
Species
designation
used here

2

Specimen

Cranium
length
(mm)
118.10
102.15
105.00
109.80
119.45
123.90
110.40
101.10

FSM: Faculté des Sciences de Marseille; GIKU: Geologisch Instituut der Katholieke
Universiteit, Leuven; IPHGU: Institut für Paläontologie und Historisches Geologie der
Universität, Munich; MCZ: Museum of Comparative Zoology, Harvard University; MHNB:
Museum d’Histoire Naturelle, Bordeaux; MHNM: Museum d’Histoire Naturelle, Montauban;
MNHN: Museum National d’Histoire Naturelle, Paris; NHM: The Natural History Museum,
London; NMB: Naturhistorisches Museum, Basel; UGMM: University Geological Museum,
Moscow; UMZ: University Museum of Zoology, Cambridge; USTLM: Université des Sciences et
Techniques du Languedoc, Montpellier; YPM: Yale Peabody Museum.
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Table 7.2: Adapid Specimens in Shearing Crest Analysis
Species1

Leptadapis magnus

Adapis parisiensis

Caenopithecus
lemuroids
Cercamonius
brachyrhynchus
Periconodon lemoinei
Pronycticebus
gaudryi
Protoadapis
recticuspidens
Protoadapis klatti

Specimen2
QU 10951
QU 11103
QU 10947
QU 11115
AC 2003-1
QU 11100
QU 11099
QU 11023
QU 11036
QU 10870
QU 10915
QU 11092
QU 11121
QU 11128
QU 11134
QU 11135
QU 11138
QU 11139
QU 11142
QU 11144
QU 11146
QU 11046
QU 11045
QU 10966
QU 11077
QU 10952
QU 11167
QU 10945
QU 11055
QU 10873
QU 11174
QU 11109

m2 length3
7.63
7.81
7.18
7.59
6.52
6.02
6.02
7.01
7.10
7.01
4.13
4.31
4.50
4.44
5.00
4.38
5.13
4.38
4.44
4.81
4.94
5.03
5.12
4.87
4.95
4.70
4.95
4.54
4.29
3.88
4.62
4.54

Crest 1
2.63
3.13
1.73
1.57
1.65
1.65
1.73
1.49
1.90
1.49
1.56
1.38
1.69
1.63
2.19
1.69
2.19
1.56
1.56
1.94
1.94
1.32
1.32
1.24
1.32
1.32
1.16
1.32
1.24
0.99
1.24
0.99

2
2.63
2.38
2.31
2.06
1.90
2.06
1.73
1.65
2.06
1.73
1.19
1.25
1.31
1.25
1.38
1.31
1.56
1.31
1.31
1.31
1.63
1.40
1.65
1.24
1.24
1.07
1.24
1.24
1.07
1.07
1.16
1.40

3
2.88
3.06
2.89
2.97
2.81
2.81
2.81
2.89
2.89
2.81
1.56
1.63
1.88
1.75
1.88
1.81
2.06
1.69
1.94
1.94
2.00
2.15
1.98
2.06
2.06
2.15
2.06
1.65
1.90
1.65
2.15
2.06

4
2.81
2.44
2.06
2.39
2.39
2.23
1.82
2.31
2.23
1.82
1.25
1.19
1.69
1.13
1.56
1.38
1.63
1.25
1.56
1.50
1.25
1.65
1.65
1.24
1.65
1.49
1.40
1.49
1.49
1.24
1.65
1.16

5
3.44
3.88
3.38
3.22
2.64
2.81
2.97
2.89
2.97
2.89
2.06
1.69
2.00
2.00
2.38
2.25
2.44
1.88
2.50
2.38
2.50
2.15
2.15
2.48
2.81
2.15
2.39
2.23
2.23
2.06
2.48
2.48

6
2.25
1.88
1.82
1.65
1.82
1.82
1.90
1.65
1.65
1.98
1.06
1.19
1.44
1.25
1.31
1.38
1.25
1.56
1.25
1.38
1.25
1.24
1.24
1.07
1.24
1.32
1.32
1.32
1.16
1.16
1.16
0.99

Eh 728

5.81

1.31

1.88

2.25

2.19

3.00

1.56

Qv 619

5.81

1.38

1.56

2.25

1.69

2.25

1.38

L 114

3.45

0.87

0.93

1.68

1.20

1.50

0.96

QU 11027

3.68

0.91

1.22

1.52

1.52

1.61

1.00

AL 5181
L 15
HAL

4.56
4.50
4.31

1.44
1.19
1.19

1.38
1.31
1.38

1.94
1.63
1.88

1.56
1.69
1.63

2.00
1.88
1.88

1.13
1.44
1.31
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1

For Adapis and Leptadapis, species allocation was based on size alone. Many tags had no
specific designation. QU 11109 and 11174 were labeled Adapis duvernoyi and were grouped in
Adapis parisiensis based on size.

2

Specimens first measured here are listed in bold. Catalogue number abbreviations are from the
following institutions. AC, AL, L, QU: MNHN (Paris); Eh, Qv: Naturhistorisches Museum
(Basel).

3

This is mesiodistal length. All measurements are shown in millimeters. For identities of the
crests, see Kay (1977).

375

Figure 7.1: LS Regression of ln m2 shear against ln m2 length.
Length of the m2 is mesiodistal length. Shear is the sum of the lengths of six shearing crests.
Extant strepsirrhines: folivores are represented by triangles, frugivores by small dashes,
gummivores by plus-signs (with a dash superimposed), insectivores by asterisks. Adapids:
Adapis and Leptadapis are represented by squares, other adapids are represented by circles. The
equation for the line is y = 1.004x + 0.584. R-squared = 0.976. All original data are in
millimeters.
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Figure 7.2: Shearing Quotients by Dietary Category
Key as for Figure 7.1. The central horizontal line in each diamond represents the mean. The
upper and lower points of each diamond represent the upper and lower 95% confidence limit.
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7.3 Inferring the Sizes of the Jaw Adductors
Cursory inspection of the skulls of adapines suggests that these early primates
must have had enormous jaw adductors compared to the size of the head (Figures 7.3 and
7.4), and this may, in fact, have been the case. An alternate hypothesis is that the small
brain size of these primates causes the illusion that the jaw adductors were large. That is,
that the space for the temporalis muscles appears larger than it is due to a small braincase
or that one might underestimate head size in these animals if the braincase is considered
an important component of head size. If true, a logical consequence of this hypothesis is
that the temporalis muscles were only modest in size, and must have, therefore appeared
sunken-in along the small braincase. This would, presumably, have caused the head of
adapines to appear like the hull of an upturned boat (with the sagittal crest acting as the
keel) in coronal view. To my knowledge, however, in no mammal that has a sagittal
crest (so long as it is reasonably healthy) can the crest be seen when looking at the
animal’s intact head. In fact, in most mammals that have a sagittal crest, the temporalis
muscles bulge quite obviously above the dorsal extent of the crest.
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Figure 7.3: Skull of Adapis parisiensis, QU 10873
This specimen is on display at the Muséum National d’Histoire Naturelle in Paris, France. It is
much smaller than other Adapis specimens and may represent a new species.
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Figure 7.4: Skull of Leptadapis magnus, QU 10870/1
This specimen is on display at the Muséum National d’Histoire Naturelle in Paris, France.
Godinot and Couette have assigned it to a new species (Godinot and Couette in press).
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To answer questions about muscle size and force-producing ability in adapines, I
have endeavored to reconstruct their jaw adductor mass and cross-sectional areas. I have
relied on osteological features that are highly correlated with jaw adductor mass or crosssectional area in extant strepsirrhines. Some adapines lie beyond the upper size limit of
extant strepsirrhines for some osteological features of interest. Nevertheless, most of the
adapine specimens in this study actually lie well within the range of extant strepsirrhines
for most of the features of interest. For the others, my inferences, because they are
extrapolations from a strepsirrhine line of fit, must remain suspect (Jungers et al. 2002).
Given that jaw adductor cross-sectional area and fiber length are related to diet
independent of the effects of body size (see Chapter 4), jaw adductor dimensions in
adapines may be another source of dietary inference. We saw in Chapter 4 that the
scaling variable of choice had an effect on the observed relationship between jaw
adductor dimensions and diet. However, in all cases, large-bodied folivorous
strepsirrhines have jaw adductors with great cross-sectional areas and short fibers
compared to large-bodied frugivorous strepsirrhines. This is relevant to Adapis and
Leptadapis because they are relatively large-bodied (Runestad 1994).
If Adapis and Leptadapis prove to have large inferred jaw adductor crosssectional areas, this is evidence in support of a folivorous diet (in agreement with the
shearing crest data). Short inferred jaw adductor fibers would be further evidence of the
same. Muscle mass is, as we saw in Chapter 4, not a clear indicator of diet in
strepsirrhines. Muscle mass is a function of both cross-sectional area and fiber length, so
a massive muscle may have great cross-sectional area, long fibers, or both. Because
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large-bodied folivorous strepsirrhines have great cross-sectional areas but short fibers and
large-bodied frugivorous strepsirrhines have small cross-sectional areas but long fibers,
muscle mass is a poor signal for diet in these primates. Truly massive jaw adductors are
expected if a primate must ingest large objects (stretching the fibers, promoting fiber
length) that are also very resistant to breakage (promoting forceful adductors with great
cross-sectional areas).

7.3.1 Osteological Correlates of Muscular Anatomy
Several osteological dimensions were selected that have a functional and
geometric relationship to muscle mass, cross-sectional area, or fiber length. These are
listed in Table 7.3. I took measurements on as many of the dissected strepsirrhines as
were available. Then I regressed the osteological proxy against the soft-tissue variable of
interest (in based-ten log space). I rejected the osteological proxies that yielded poor rsquard values (< 0.6). I also plotted the residuals (from a regression against a geometric
mean of cranial measurements) for the osteological proxy against the residuals (from the
same geometric mean) for the soft-tissue variable. If the regression of residuals was nonsignificant (p > 0.05), I rejected the osteological proxy. In all cases, least squares
regressions were used because I was calculating residuals and because I would be making
predictions from the regression equation (Smith 1994b). Because of uncertainty about
species-level allocation of adapine specimens, all data points for the regressions are
specimen data rather than species means.

382

Some osteological measurements correlated well with jaw adductor mass, crosssectional area, or fiber length (Table 7.3). I took these measurements on all specimens of
Adapis and Leptadapis that were available to me and that preserve the relevant
anatomical parts (Table 7.4).
Last, I plotted true muscle dimensions for extant strepsirrhines and inferred
muscle dimensions for adapines against a geometric mean of cranial measurements
and/or against a geometric mean of mandibular measurements. In no case was an
osteological proxy itself used as a component of the geometric mean.

7.3.2 Jaw Adductor Dimensions Inferred in Adapines
Table 7.3 lists the osteological proxies that correlate best with muscle dimensions,
along with r-squared values for the bone-muscle least-squares regression. It also lists pvalues for the regression of residuals (each against the cranial geometric mean).
Muscle dimensions were predicted for muscle groups (temporalis, masseter, and
medial pterygoid) because it is difficult (or impossible) to find osteological signs of the
boundaries between individual muscles.
7.3.2.1 Cross-Sectional Areas

The physiological cross-sectional area (PCSA) of the temporalis muscle group
correlates well with two osteological proxies in strepsirrhines.

383

Table 7.3: Osteological Proxies for Muscle Dimensions
Muscle dimension
Temporalis PCSA
Masseter PCSA
Medial Pterygoid PCSA
Temporalis & Masseter
Mass
Temporalis Mass
Masseter Mass
Medial Pterygoid Mass
Temporalis Fiber Length
Masseter Fiber Length
1

Osteo proxy1
Temporalis Insertion Area
Temporalis Origin Area
Masseter Insertion Area
Medial Pterygoid Insertion
Area
Ellipsoid Volume
Temporalis Insertion Area
x Mean Temporalis Fiber
Length Proxy
Masseter Insertion Area x
Mean Masseter Fiber
Length Proxy
Medial Pterygoid Bicone
Volume
Mean Temporalis Fiber
Length Proxy
Mean Masseter Fiber
Length Proxy

Short
Form
TIA
TOA
MIA

R-squared2

P-value3

0.827
0.839
0.800

0.0091
0.0044
0.0206

MPIA

0.720

0.0159

EV

0.906

<0.0000

TIF

0.929

0.0003

MIF

0.908

0.0008

BIC

0.865

0.0001

TF

0.659

0.1088

MF

0.652

0.0887

See text for details.

2

This value is from a least squares regression of the osteological proxy against the muscle
dimension.

3

This value is from a reduced major axis regression of residual osteo proxy versus residual
muscle dimension, both from a least squares regression against a cranial geometric mean (see text
for details).
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Table 7.4: Osteological Proxy Values for Adapine Specimens
Specimen

TIA

1

TOA

MIA

MPIA

EV

TIF

MIF

TF

MF

GM
m2
1.37
1.13

GM
c
1.74
1.54
1.70
1.62
1.77
1.49

QU 10870/1 3.16
1.32
1.07
0.76 4.42
4.74
4.63 1.59 1.56
QU 10873
2.40
0.89
0.64
0.37 3.33
3.81
3.99 1.42 1.35
QU 10875
1.17
4.13
QU 11002
1.20
QU 11035/6 2.94
1.15
0.79
4.58
1.37
QU 11056
0.76
QD 101a
3.05
1.20
QW 1
2.54
3.92
1.38
1.18 1.47
QW 619a
2.95
1.14
QW 620a
0.89
0.58
1.18
ACQ 208
1.01
3.47
1.55
ACQ 209
1.23
4.18
1.65
PQ 1700
1.05
3.86
1.56
PQ 1701
3.43
Bordeaux
0.90
1.53
MaPhQ 210
1.44
1.71
MaPhQ 211
1.20
1.66
MaPhQ 221
0.89
3.28
1.53
MaPhQ 229
0.83
3.48
1.53
MaPhQ 334
3.42
1.53
MaPhQ 339
3.62
1.56
MaPhQ 344
1.10
3.85
1.59
MaPhQ 345
1.09
1.57
PLV 14
3.34
1.56
1
See Table 7.3 for explanation of abbreviations. All values are base-ten logarithms. Raw values
are in millimeters for linear measurements (fiber length proxies), mm2 for areas (cross-sectional
area proxies), or mm3 for volumes (muscle mass proxies). Where a given cell is blank, the
specimen does not preserve the required anatomy.
2

Geometric mean of mandibular measurements. GMc is the geometric mean of cranial
measurements. The measurements that are used in both geometric means are listed in Table 7.5.
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The first proxy is a measure of temporalis insertion area. It is the length of the
anterior edge of the coronoid process from the process’s dorsal-most extent to the
tubercle that accommodates the tendon of insertion of the zygomatic temporalis
multiplied by the height of the coronoid process above the deepest part of the mandibular
notch (Figure 7.5). This proxy models the insertion of the temporalis as two identical
triangles, one on the lingual surface of the coronoid process and one on the labial surface.
The second proxy for temporalis PCSA is the area of the origin scar of temporalis
(Figure 7.6). Because this surface is a complex three-dimensional shape, it was necessary
to make a silicone peel of the area. The dried silicone peel was then cut into several
smaller pieces, scanned into a computer, and measured using ImageJ (Rasband WS,
ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA,
http://rsb.info.nih.gov/ij/, 1997-2007.).
The best osteological proxy for masseter PCSA is the area of insertion of the
masseter group as delineated by the scar left on the mandible (Figure 7.7). Again, this
was measured from silicone peels, but it may be possible to devise linear measurements
to capture this area as it is relatively flat. Unfortunately, a much easier measurement,
length of zygomatic arch multiplied by height of masseter origin scar on the zygomatic
arch, correlates less well with masseter PCSA in strepsirrhines.
The best proxy for medial pterygoid PCSA is the area of insertion of the medial
pterygoid as delineated by the scar left on the mandible (Figure 7.8). This was measured
from silicone peels. Linear measurements of origin areas for this muscle failed to
correlate with PCSA in strepsirrhines and were difficult to measure in cadavers.
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Figure 7.5: Temporalis Insertion Area
The product of the yellow line and the blue line gives TIA. Propithecus coquereli. The scale bar
is 1 cm long.
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Figure 7.6: Temporalis Origin Area
This measurement is taken from a scan of a silicone peel. Hapalemur griseus. The scale bar is 1
cm long.
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7.3.2.2 Fiber Lengths

No proxy for fiber length was successful at estimating true fiber length given the
above criteria. In all cases, regressions of residuals were non-significant. Therefore, no
proxy can be used to predict fiber length independent of body size variation. Here, I
present the results for those proxies that came the closest to predicting fiber length.
To estimate fiber length in the temporalis group, I selected three measurements to
capture the range of fiber length across the muscle group (Figure 7.9). The mean of these
three measurements constitutes the fiber length proxy for the temporalis. The first
measurement is the distance from the anterior-most point of origin of the temporalis to
the retromolar pit on the mandible that accommodates the tendon of insertion of the
superficial temporalis. The second is the distance from the posterior-most point of origin
of the temporalis (the junction of the sagittal crest with the nuchal crest) to the dorsalmost point on the coronoid process. The third is the distance from the ventral-most point
of origin of the temporalis behind the external auditory meatus to the posterior-most point
on the coronoid process.
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Figure 7.7: Masseter Origin Area
This measurement is taken from a scan of a silicone peel. Propithecus coquereli. The scale bar is
1 cm long.

390

Figure 7.8: Medial Pterygoid Origin Area
This measurement is taken from a scan of a silicone peel. Propithecus coquereli. The scale bar is
1 cm long.
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Because it was necessary to use both cranium and mandible to estimate fiber
length via this method, the adapine sample is limited to three specimens that have
associated cranium and mandible and all of the relevant anatomical landmarks.
Fiber length in the masseter was estimated in a similar manner (Figure 7.10).
Three linear measurements were chosen. The first is the distance from the anterior
zygomatic point on the zygomatic arch to the anterior-most point on the masseter
insertion scar. The second is the distance from the dorsal-most extent of the masseter
origin scar on the zygomatic arch to the ventral-most point on the masseter insertion scar.
The third is the distance from the posterior zygomatic point on the zygomatic arch to the
posterior-most point on the masseter insertion scar.
I found no satisfactory proxy for estimating medial pterygoid fiber length.
7.3.2.3 Muscle Mass

To estimate the mass of the jaw adductors, I chose several measurements to
capture the volume described by the temporal fossa, a passage through which most of this
musculature passes. The most successful of these measurements is the volume of an
ellipsoid with the following three axes: the length of the zygomatic arch from the anterior
zygomatic point to the posterior zygomatic point, the horizontal distance from the medial
edge of the zygomatic arch to the lateral edge of the braincase (taken at the top of the
zygomatic arch and the back of the coronoid process), and facial height. Facial height is
the vertical distance from nasion to alveolare, using the Frankfort Horizontal to define
vertical.
392

Figure 7.9: Temporalis Fiber Length Proxies
These are true distance measurements, that is, they were taken on the skull, not taken from a
lateral photograph. Hapalemur griseus. The scale bar is 1 cm long.
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Figure 7.10: Masseter Fiber Length Proxies
These are true distance measurements. Hapalemur griseus. The scale bar is 1 cm long.
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The size of this ellipsoid is highly correlated with the mass of the temporalis and
masseter groups combined (Figure 7.11, r-squared = 0.906). RMA regression of ellipsoid
volume residuals (against the cranial geometric mean) against temporalis plus masseter
volume residuals (also against the cranial geometric mean) is highly significant (p <
0.0001). This signifies that the strepsirrhines with large jaw adductors for their skull size
also have large ellipsoid volumes.
Many adapine specimens preserve the relevant anatomy for the ellipsoid
measurement.
The mass of the temporalis group can be approximated by multiplying the
temporalis insertion area (already described under PCSA) by the mean of the three
temporalis fiber length proxies (already described under fiber lengths). This temporalis
mass proxy is highly correlated with temporalis mass (Figure 7.12, r-squared = 0.929).
The RMA regression of residuals is significant (p = 0.0003).
Because this temporalis mass proxy requires both cranium and mandible,
including an intact coronoid process, it can be measured on only four adapine specimens.
The masseter group mass proxy is similar to that for the temporalis group. It is
the product of the masseter insertion area and the mean of the three masseter fiber length
proxies. This masseter mass proxy is highly correlated with masseter mass (Figure 7.13,
r-squared = 0.908). The RMA regression of residuals is significant (p = 0.0008).
Because this masseter mass proxy requires both cranium and mandible, including
an intact angular process, it can be measured on only two adapine specimens.
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Figure 7.11: Regression of Temporalis and Masseter Mass against Ellipsoid Volume
This is a least squares regression and all data depicted are for extant strepsirrhines. All data are
base-ten logarithms.
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It is very difficult to find osteological proxies for the medial pterygoid muscle
because this region is difficult to access with calipers. Furthermore, it is difficult to apply
such proxies to fossil primates because the pterygoid plates are often broken. One proxy
that correlates well with medial pterygoid mass (Figure 7.14, r-squared = 0.865, residual
p = 0.0001) is the volume represented by the following equation.
Vol = 0.5 x ((APLpf x DVLpf) + (APLof x DVLof)) x (AntFL + PostFL)

(7.1)

where APLpf is the maximum anteroposterior length of the pterygoid fossa, DVLpf
is the maximum dorsoventral length of the pterygoid fossa. APLof is the maximum
anteroposterior length of the fossa for the origin of the medial pterygoid (on the medial
surface of the orbit) and DVLof is the maximum dorsoventral length of the same fossa.
AntFL and PostFL are the anterior and posterior fiber length proxies for the medial
pteryoid. Therefore, this volume is the volume of a rectangular prism for which the area
of one end is the average of the two origin areas for the medial pterygoid muscle, and for
which the height is the average of the anterior and posterior fiber length proxies.

7.4 Inferred Sizes of the Jaw Adductors in Adapines
I regressed each muscular dimension against the osteological proxy selected to
represent it. Using a least-squares model I fitted a line to each. The equation for the line
of fit between a muscle dimension and its osteological proxy was used to predict that
muscle dimension in adapines.
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Figure 7.12: Regression of Temporalis Mass against TIF.
This is a least squares regression and all data depicted are for extant strepsirrhines. All data are
base-ten logarithms.
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Figure 7.13: Regression of Masseter Mass against MIF
This is a least squares regression and all data depicted are for extant strepsirrhines. All data are
base-ten logarithms.
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Figure 7.14: Regression of Medial Pterygoid Mass against Bicone Volume
This is a least squares regression and all data depicted are for extant strepsirrhines. All data are
base-ten logarithms.
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Once estimated muscle dimensions had been calculated by this method, I
compared these estimates for adapines to the true muscle dimensions for strepsirrhines.
To do so, I plotted measured muscle dimensions (for extant strepsirrhines) and estimated
muscle dimensions (for adapines) against a geometric mean. I used both a cranial
geometric mean and a mandibular geometric mean. Because many adapine skulls are
incomplete, these geometric means are composed of only a few measurements. I used
geometric means as the x-variable for this comparison because I wanted to make
statements of the form of “this adapines has a large inferred temporalis mass for the size
of the animal compared to extant strepsirrhines”. For this reason, it is best to use a size
variable that can be applied to both extant and extinct taxa (e.g., not body mass).

7.4.1 Adapine PCSA
Temporalis PCSA was estimated from temporalis insertion area for six adapine
specimens and from temporalis origin area for fifteen adapine specimens. Table 7.4 is a
list of adapine specimens in this study. More than half of the adapines exceed the range
for extant strepsirrhines in temporalis insertion area, but only three of the fifteen adapines
exceed the extant range in temporalis origin area. Based on both osteological proxies,
most of the adapine specimens have very great (estimated) temporalis PCSA for their
mandible size compared to extant strepsirrhines (Figure 7.15). This result is more
striking when a cranial GM is used as the scaling variable (Figure 7.16).
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Figure 7.15: RMA Regression of Temporalis PCSA from TIA or TOA by Mandibular GM
When a specimen was sufficiently complete for both TIA and TOA to be calculated, the mean of
the two is shown. Insectivores are represented by asterisks, frugivores by dots, folivores by
triangles, Adapis specimens (A.p.) by filled black squares, and Leptadapis specimens (L.m.) by
filled black diamonds. Ellipses are 95% confidence ellipses for the data. The solid line is a RMA
line fitted to the extant strepsirrhine data.
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Figure 7.16: RMA Regression of Temporalis PCSA from TIA or TOA by Cranial GM
Key as for Figure 7.15.
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Figure 7.17: RMA Regression of Masseter PCSA from MIA by Mandibular GM
Key as for Figure 7.15.
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Figure 7.18: RMA Regression of Masseter PCSA from MIA by Cranial GM
Key as for Figure 7.15.
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Masseter PCSA follows a similar pattern. I measured masseter insertion area, the
proxy for masseter PCSA, for only four adapine specimens. Three of these exceed the
range for extant strepsirrhines for masseter insertion area. Based on masseter insertion
area, estimated masseter PCSA relative to jaw size and relative to cranial size is great for
adapines compared to most extant strepsirrhines (Figure 7.17, 7.18).
Much as for the masseter, the medial pterygoid insertion area was measured on
only four adapine specimens. Three of these exceed the range of extant strepsirrhines for
the osteological proxy. Based on medial pterygoid insertion area, the adapines have great
estimated medial pterygoid PCSA relative to jaw size and cranial size compared to most
extant strepsirrhines (Figure 7.19, 7.20).

7.4.2 Adapine Fiber Length
The temporalis fiber length proxy could be measured for three adapines, one of
which lay beyond the range of extant strepsirrhines. Based on this proxy, adapines plot
among the extant strepsirrhines for temporalis fiber length (Figure 7.21, 7.22). Adapines
plot higher against a cranial GM is used than against a mandibular GM. Because of the
uncertain relationship between these proxies and true fiber length in strepsirrhines, little
significance should be attached to this result.
The masseter fiber length proxy could be measured in two adapines specimens,
one of which lies beyond the range of extant strepsirrhines. Based on this proxy,
adapines plot among extant strepsirrhines for masseter fiber length (Figure 7.23, 7.24).
Adapines plot higher with a cranial GM than with a mandibular GM. Again, because of
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the uncertain relationship between these proxies and true fiber length in strepsirrhines,
little significance should be attached to these results.
No osteological proxy could adequately estimate medial pterygoid fiber length.

7.4.3 Adapine jaw adductor mass
Temporalis plus masseter mass was estimated for fourteen adapine specimens,
five of which exceed the strepsirrhine range for the ellipsoid osteological proxy. Based
on this proxy, estimated temporalis plus masseter mass relative to cranial size is very
great in adapines compared to the values for extant strepsirrhines (Figure 7.25). The
estimated temporalis and masseter mass for QU 10873 is not particularly high when the
mandibular GM is used as the scaling variable; however, the value for QU 10870/1 is
extremely high (Figure 7.26). In most of these plots of estimated muscle dimensions, the
adapines score lower with a mandibular GM, likely because the mandible is very long in
these fossils. The very high score for QU 10870/1 in Figure 7.25 may be partly due to
error in estimating a value for a specimen that lies well beyond the range of the
comparative sample for the trait of interest.
Temporalis mass was estimated for four adapine specimens, two of which are
beyond the range for strepsirrhines. Based on this proxy, relative to mandible size,
estimated temporalis mass is high for Leptadapis, but only average for Adapis (Figure
7.27). Estimated temporalis mass relative to cranial size is very great in adapines
compared to the values for extant strepsirrhines (Figure 7.28).
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Figure 7.19: RMA Regression of Medial Pterygoid PCSA from MPIA by Mandibular GM
Key as for Figure 7.15.
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Figure 7.20: RMA Regression of Medial Pterygoid PCSA from MPIA by Cranial GM
Key as for Figure 7.15.
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Figure 7.21: RMA Regression of Temporalis Fiber Length from Proxies by Mandibular
GM
Key as for Figure 7.15.
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Figure 7.22: RMA Regression of Temporalis Fiber Length from Proxies by Cranial GM
Key as for Figure 7.15.
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Figure 7.23: RMA Regression of Masseter Fiber Length from Proxies by Mandibular GM
Key as for Figure 7.15.
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Figure 7.24: RMA Regression of Masseter Fiber Length from Proxies by Cranial GM
Key as for Figure 7.15.
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Masseter mass was estimated for two adapine specimens, one of which is beyond
the range for strepsirrhines. Compared to mandible size, estimated masseter mass is only
modestly high in adapines (Figure 7.29). Estimated masseter mass relative to cranial size
is very great in adapines compared to the values for extant strepsirrhines (Figure 7.30).
Because of the extreme rarity of intact pterygoid plates among adapines, medial
pterygoid mass was estimated for only one adapine specimen. Based on this proxy,
estimated medial pterygoid mass relative to mandible size and relative to cranial size is
very great in that adapine specimen (QU 10873) compared to the values for extant
strepsirrhines (Figure 7.31, 7.32).

7.5 Estimated Bite Force in Adapines
The calculation of bite force incorporates four measured elements: PCSA as an
estimate of the force-producing capability of the jaw adductors muscles, the orientations
of the muscles, the moment arm of the muscles, and the moment arm of the bite force
(see also Chapter 6).
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Figure 7.25: RMA Regression of Temporalis and Masseter Mass from Ellipsoid by
Mandibular GM
Key as for Figure 7.15.
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Figure 7.26: RMA Regression of Temporalis and Masseter Mass from Ellipsoid by Cranial
GM
Key as for Figure 7.15.
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Figure 7.27: RMA Regression of Temporalis Mass from TIF by Mandibular GM
Key as for Figure 7.15.
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Figure 7.28: RMA Regression of Temporalis Mass from TIF by Cranial GM
Key as for Figure 7.15.
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Figure 7.29: RMA Regression of Masseter Mass from MIF by Mandibular GM
Key as for Figure 7.15.
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Figure 7.30: RMA Regression of Masseter Mass from MIF by Cranial GM
Key as for Figure 7.15.
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Figure 7.31: RMA Regression of Medial Pterygoid from BIC by Mandibular GM
Key as for Figure 7.15.
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Figure 7.32: RMA Regression of Medial Pterygoid from BIC by Cranial GM
Key as for Figure 7.15. MP BIC for QU 10873 is 0.191.
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7.5.1 Materials and Methods
Bite force was estimated for the two most complete adapine specimens: QU
10873, the very small skull on display at the Museum National d’Histoire Naturelle
(Paris), and QU 10870/1, the very large skull on display at the MNHN. I used lateral
photographs of articulated skulls to estimate the muscle moments, bite force moments,
and lines of action for the muscles (Figures 7.33 and 7.34). All graphical measurements
were taken in ImageJ (Rasband WS, ImageJ, U. S. National Institutes of Health,
Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2007.).
To calculate the jaw adductor force vector for each adapine specimen, I summed
the vector for the temporalis group, the masseter group, and the medial pterygoid.

By

definition, each muscle group’s vector (e.g., the temporalis vector) has a magnitude and
an orientation. The magnitude was estimated by multiplying estimated PCSA for the
muscle group by a constant that represents the muscle tension per millimeter-squared of
muscle cross-section (see Chapter 6). The orientation of each muscle group’s vector was
determined from the orientation of the line of action of the muscle group relative to the
Frankfort Horizontal. Because I could not measure muscle orientation directly for
adapines, I used the centroid of the estimated muscle insertion area and the centroid of
the estimated muscle origin area to determine the line of action of each muscle.
The result of summing together the vector for the temporalis group, the masseter
group, and the medial pterygoid is a jaw adductor resultant vector that is a simplified
representation of the jaw adductor force on the lower jaw. Chapter 6 provides a detailed
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description of this procedure. To trace the attachment sites for the medial pterygoid
muscle, it was necessary to refer to different views of the specimens (medial views for
the insertion, ventrolateral and dorsolateral views for the origin). The jaw adductor
resultant vector was anchored to the centroid of the common area of insertion for the jaw
adductors on the ramus of the mandible.
The moment arm for the jaw adductors (lever arm) was measured as the
perpendicular distance from the posterior edge of the mandibular condyle to the jaw
adductor resultant vector. The moment arm for the bite force (load arm) was measured as
a perpendicular distance from the posterior edge of the mandibular condyle to the bite
vector. This load arm was calculated at two points for the adapines: the posterior edge of
the posterior lower molar and the tip of the protoconid of the lower second premolar1.
Bite force was, therefore, calculated at these same two points along the tooth row.
Adapine bite force at these points was compared to bite force in strepsirrhines.

1
In Chapter 6, I stated that I used the anterior premolar for all strepsirrhines, despite the fact that this is p3 in indriids
but p2 in all other strepsirrhines sampled. Then, I argued for ‘functional equivalence’ over homology. Both Adapis
and Leptadapis usually possess four lower premolars. For these adapines, I chose to measure bite force at the p2 rather
than at the p1 because the p1 is usually very small and peglike, probably not functionally equivalent to the p3 of
indriids or the p2 of other strepsirrhines.
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Figure 7.33: Leverage Analysis for QU 10873
Jaw adductor resultant represented by the red arrow, anchored at the centroid of the total area of
jaw adductor insertion, magnitude determined by estimated PCSAs, and orientation determined
by summation of vectors. Three bite points are indicated by blue dots. The condyle (fulcrum) is
indicated by the yellow dot. The red bracket shows the length of the lever arm. The length of the
load arm at the posterior edge of m3 is the red bracket plus the blue bracket.
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Figure 7.34: Leverage Analysis for QU 10870/1
Key as for Figure 7.33.
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Because the lever arm and load arm were calculated during the calculation of bite
force, it was also possible to compare masticatory leverage in adapines to that in
strepsirrhines. Recall that one hypothesis to explain the very large inferred size of the
jaw adductors in adapines was that they had to compensate for very poor masticatory
leverage (presumably owing to their long skulls). I was able to test this hypothesis using
my data. I used the jaw adductor resultant vector to calculate leverage rather than
computing leverage for each individual jaw adductor.

7.5.2 Results
Three different scaling variables were used to examine the bite force of adapines
relative to that of extant strepsirrhines. These were jaw length (from posterior edge of
mandibular condyle to anterior edge of mandibular symphysis), skull length (greatest
length in sagittal plane), and a geometric mean of ten cranial and mandibular
measurements (Table 7.5). Skull length was chosen in response to a suggestion in a
recent paper on bite force in bats (Herrel et al. 2008).
Bite forces for the two adapine specimens lie within the 95% confidence ellipse
for extant strepsirrhine bite forces no matter which scaling variable or bite point is used
(Figures 7.35 through 7.40). In all plots, bite force for the adapines is high relative to the
scaling variable. In most cases, the adapines plot within the 95% confidence ellipse for
folivores.
Because masticatory leverage does not scale with body size (see Chapter 6), no
scaling variable was used in the comparison of adapine leverage to extant strepsirrhine
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leverage. Instead, the raw data were simply plotted and an analysis of variance was
performed.
The two adapine specimens have relatively great masticatory leverage (lever arm
divided by load arm) for both the posterior and the anterior bite point (Figures 7.41 and
7.42). Anterior leverage seems especially great for adapines, however, this is partly a
result of the position of the p2 in adapines (see footnote on dental homologies); the
postcanine tooth row in adapines might be relatively shorted than in extant strepsirrhines.

7.5.3 Conclusions
Estimated bite force is great in adapines, but only slightly greater than the bite
forces estimated for similar-sized folivorous strepsirrhines. Great bite force in adapines
is consistent with a diet of resistant foods that require either a considerable force or
repeated forces before they will fracture.
Estimated bite force is high due to both great PCSA and good leverage. Total jaw
adductor leverage for the adapines is no worse than that of extant strepsirrhines. This is
evidence against the hypothesis that adapines had large chewing muscles only to
compensate for poor leverage. Relatively good anterior leverage in adapines (compared
to extant strepsirrhines) might be an adaptation for distributing bite force across the
molars and posterior premolars. The posterior premolars (especially p4) are molarized in
adapines. It is also noteworthy that adapines in general have deep mandibular corpora;
deep mandibular corpora in adapines might be an adaptation to minimize bending strain
under great bite forces.
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Figure 7.35: Posterior Bite Force and Jaw Length Cubed
RMA regression of log values. Key as for Figure 7.15, but pink square is QU 10873 and pink
diamond is QU 10870/1. The small black diamond with the white center is Tarsius syrichta.
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Figure 7.36: Anterior Bite Force and Jaw Length Cubed
RMA regression of log values. Key as for Figure 7.15, but pink square is QU 10873 and pink
diamond is QU 10870/1. The small black diamond with the white center is Tarsius syrichta.

430

Log Bite Force
at Post Edge of m3

1.5

1

0.5

0
1

1.1

1.2

1.3

1.4

Log BIG GM

Figure 7.37: Posterior Bite Force and the Large Geometric Mean
Key as for Figure 7.35.
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Figure 7.38: Anterior Bite Force and the Large Geometric Mean
Key as for Figure 7.35.
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Figure 7.39: Posterior Bite Force and Skull Length
Key as for Figure 7.35.

433

1.9

2

2.1

1.5

Log Bite Force
at Tip of Ant pm

1

0.5

0

-0.5
1.5

1.6

1.7

1.8
Log Skull Length

Figure 7.40: Anterior Bite Force and Skull Length
Key as for Figure 7.35.
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Figure 7.41: Jaw Adductor Resultant Leverage at Posterior Edge of m3
Extant strepsirrhines (and Tarsius syrichta) grouped by diet. QU 10873 is shown as a pink
square. QU 10870/1 is shown as a pink diamond. The brown diamond shows the mean for the
group (middle horizontal line) and the 95% confidence limits (upper and lower points).
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Figure 7.42: Jaw Adductor Resultant Leverage at Tip of p2 protoconid
Key as for Figure 7.41.
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n/a

Table 7.5: Measurements that Contribute to Three Geometric Means

Geometric Measurements
Mean
Mandibular length from angle to symphysis
Mandibular
Greatest labiolingual width of lower postcanine tooth row
Maximum anteroposterior skull length in sagittal plane
Cranial
Maximum bizygomatic breadth at postorbital bars
Mimimum width of braincase at postorbital constriction
Mandibular length from angle to symphysis
Greatest labiolingual width of lower postcanine tooth row
Maximum anteroposterior skull length in sagittal plane
Maximum bizygomatic breadth at postorbital bars
Mimimum width of braincase at postorbital constriction
Skull
Mandibular length from condyle to symphysis
True length of lower postcanine tooth row
True distance from nasion to alveolare
Dorsoventral height of zygomatic arch at mid temporozygomatic suture
Maximum dorosventral height of articulated skull at jaw angle
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In a third class lever, the lever arm is always shorter than the load arm.
Therefore, with a given lever arm to load arm ratio, to increase bite force, the force of the
muscles (i.e., PCSA) must increase in greater proportion. This phenomenon may explain
why adapines exceed extant strepsirrhines so much more for estimated PCSA than for
estimated bite force.

7.5.4 Caveats
Although methods like this one are common in biomechanics (Bargo 2001;
Demes and Creel 1988; Herrel et al. 2008), considerable error may be involved. First, the
tracings of the attachment areas may be inaccurate. To limit this kind of error, I traced
the attachments of entire muscle groups (temporalis, masseter, and medial pterygoid)
rather than of individual muscles (e.g., superficial temporalis, deep temporalis). The
edges of the attachment areas of individual muscles are difficult to discern; whereas, the
edges of the attachment areas of muscle groups are usually visible. Second, the
distribution of fibers across the attachment area may be uneven, such that the centroid
gives an inappropriate estimate of the line of action. Third, the muscle may not be fully
active at all times, such that a single line of action does not accurately represent the line
of action of a muscle. Last, this method considers actions in only the sagittal plane. An
important fraction of jaw adductor action occurs out of the sagittal plane. Unfortunately,
it is very difficult to identify jaw adductor attachment markings in the coronal and
transverse planes.
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7.6 Adaptations for Gape
7.6.1 Hypothesis
In two separate publications, Gingerich (1977b; 1980) suggested that Adapis
parisiensis was probably an exudate feeder, at least in the dry season. The basis for this
suggestion was the fact that the lower incisors and canines in this species are of a similar
height and form a uniform, horizontal cutting edge. He noted the similarity between this
anterior dental morphology and that of some exudate-harvesting callitrichids.
Since that time, much has been published on the adaptations of callitrichids for
exudate feeding (Taylor and Vinyard 2004; Vinyard et al. 2003; Vinyard et al. 2001).
Among extant primates, exudate-feeders tend to have one thing in common: their skulls
show evidence of adaptation for considerable gape, compared to non-exudate-feeding
relatives. Therefore, one suitable test for the hypothesis that Adapis was an exudate
feeder is to examine its skull for evidence of gape adaptations.

7.6.2 The Bony Anatomy of Gape
Herring and Herring (1974) published a model relating skull geometry to the
potential for gape in mammals. In this model, they focused on the superficial masseter,
and others have followed suit (Taylor and Vinyard 2004; Vinyard et al. 2003). They
suggested that the included angle from the origin of the superficial masseter and the
insertion of the superficial masseter to the mandibular condyle can be used to predict the
degree of adaptation to wide gape in a mammalian skull (Figure 7.43). The greater the
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angle, the more gape-adapted is the skull. One way to achieve an increase in this angle is
to lower the condyle relative to the tooth row. The hypotenuse to this angle represents a
single anterior-most fiber of the superficial masseter which lengthens at wider gapes.
Herring and Herring (1974) demonstrated that this model has predictive power for
mammals.
One flaw of the Herring and Herring study is that the authors incorrectly assumed
that the insertion of the superficial masseter is aerially restricted to a small point on the
angular process. In fact, they used a drawing of a lemur skull to illustrate this point. The
superficial masseter of strepsirrhines actually inserts along the ventrolateral border of the
jaw ramus from the most posterior point of the angular process to an anterior point below
the last lower molar (Figure 7.43 and see Chapter 3). Therefore, the representative
anterior fiber in Herring and Herring’s model is actually at a very different angle and is of
a different length than a true anterior fiber of superficial masseter.
Vinyard and colleagues (2003) modified the Herring and Herring measurements
to better reflect the true insertion area of the superficial masseter. Their version of the
masseter insertion line was measured from condyle to the “anteroinferior extent of
masseter attachment on mandible” (p. 157, Table 2). In both the original Herring and
Herring model and Vinyard and colleagues’ modification of the model, lowering the
condyle produces an increase in the included angle (superficial masseter origin to condyle
to superficial masseter insertion). Unfortunately, the anteroinferior extent of masseter
attachment is an ill-defined landmark on most strepsirrhine mandibles. Therefore, I
elected to use a more readily-identifiable landmark that is, nonetheless, very close to that
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point. I used the point of the v-shaped ridge that marks the anterior extent of the insertion
of the superficial masseter (Figure 7.43).
Vinyard and colleagues (2003) reported that the ratio of origin length to insertion
length for the superficial masseter is significantly greater for exudate gougers than for
non-gougers in some comparisons. This is consistent with gougers having low condyles;
lowering the condyle increases the distance from the condyle to the masseter origin while
decreasing the distance from the condyle to the masseter insertion. I was able to measure
the ratio of superficial masseter origin length to insertion length on only three adapine
specimens because it requires associated cranium and mandible. Two of these likely
belong to Leptadapis, and one to Adapis. Following Gingerich’s dietary inference, the
origin to insertion ratio should be significantly greater in Adapis than in Leptadapis.
Because lowering the mandibular condyle facilitates gape, Vinyard and
colleagues (2003) also measured relative condyle height directly. This feature was the
most effective for distinguishing exudate gougers from their non-gouging relatives.
Relative condyle height is the height of the condyle above the lower tooth row divided by
the length of the jaw (posterior edge of condyle to anterior edge of symphysis). Those
primates that gouge for exudates have significantly lower condyles than do closelyrelated non-gougers. I measured the same dimensions on several adapine skulls and
several extant strepsirrhines. Following Gingerich’s hypothesis of gouging for Adapis,
specimens belonging to this species were expected to have low condyles, but low
compared to what?
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I chose to compare condyle height across adapines and strepsirrhines broadly, but
I also compared Adapis to Leptadapis. Presumably, these two adapine species are close
relatives (Godinot 1998), and Gingerich did not infer gouging for Leptadapis. If Adapis
was a gouger, then it might have a low condyle relative to strepsirrhines in general, and it
should have a significantly lower condyle than its close relative Leptadapis.
Vinyard and colleagues (2003) found a third measurement to be of some value in
sorting gougers from non-gougers. That is, the relative anteroposterior length of the
articular surface on the mandibular condyle. The length of this surface was divided by
jaw length to obtain relative length. Anteroposterior length of the joint surface is an
estimate of the mandible’s rotational excursion. I compared relative anterioposterior
length of the condyle in specimens of Adapis and Leptadapis. If Gingerich’s hypothesis
is correct, then this value should be significantly greater in the former than in the latter.

7.6.3 Results
The origin to insertion ratio for the superficial masseter could only be measured in
two Leptadapis specimens (QU 10870/1 and QU 11035) and one Adapis specimen (QU
10873). This is a poor sample for testing the significance of a difference in means.
Nevertheless, the value for the Adapis specimens (1.02) is actually less than the value for
QU 10870/1 (1.07) and the value for QU 11035 (1.03). This is contrary to the prediction
that Adapis should have a high origin to insertion ratio as a hypothetical gouger.
However, because of the very small sample size, little significance should be attached to
this result.
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a.

b.
Figure 7.43: Illustration of the Herring Estimate of Gape
Both pictures are depictions of the skull of Varecia rubra. The yellow point is the condyle, the
red point on the zygomatic arch marks the origin of the fibers most distant from the condyle in the
sagittal plane, and the red point on the mandible marks the insertion of the fibers most distant
from the condyle. Thus, the black line marks roughly the location and orientation of the fibers
most vulnerable to stretch at wide gapes. a.: modification of the original figure (Herring and
Herring 1974) with the mandibular dot on the angular process. b.: here, the area of origin of the
masseter is shown in blue and the insertion in pink; the black line is redrawn to reflect the actual
location and orientation of the fibers farthest from the condyle.
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Adapines plot among or above folivorous strepsirrhines in having the greatest
relative condyle heights (Figure 7.44). Relative condyle height is also significantly
greater for Adapis than for Leptadapis (one-way nonparametric Chi-square test, p =
0.0404). This is contrary to the prediction based on a gouging habit for Adapis.
Vinyard (1999) performed a similar analysis of condyle height in several adapids
and found that adapines in general have high condyles relative to extant strepsirrhines
and omomyids. Furthermore, he found that Adapis has especially high condyles among
adapines – a fitting trait for a folivore.
Relative condyle length in Adapis is greater than, but not significantly different
from that in Leptadapis (one-way nonparametric Chi-square test, p = 0.0662). Again,
this is contrary to the prediction based on the inference of exudate gouging.
Vinyard (1999) made similar measurements of condyle length. His data show
that adapines do not have especially long condyles relative to extant strepsirrhines and
other Eocene primates.

7.6.4 Conclusions
Of the several measurements taken by Vinyard and colleagues (2003), the three
considered here are the most reliable for sorting exudate gougers from non-gouging
relatives. Based on my application of these measurements, there is no evidence from the
configuration the skull to support the hypothesis that Adapis was a gouger.
I cannot rule out the possibility that Adapis gouged in a different way from extant
primates. For example, it may be that Adapis did not require wide gapes to gouge.
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Though there may be resemblances between Adapis and callitrichids in the anterior
dentition, those resemblances do not extend to the configuration of the jaw joint that
favors wide gapes in some callitrichids. It is likely from this analysis that Adapis did not
use its anterior dentition in gouging. Rather, those teeth were probably used in cropping
leaves or in separating fruits from stalks, much as in many grazing and browsing
mammals (e.g., sheep).

7.7 Summary of Dietary Adaptations in Adapis and Leptadapis
7.7.1 Previous Work on Adapine Diets
Despite the amount of effort spent on describing adapine relationships,
stratigraphy, and paleobiology, few have tested hypotheses pertaining to their diets.
Gregory (1920) inferred based on dental morphology and the development of cranial
crests that Adapis fed on small fruits with a tough rind and that Leptadapis fed on larger
fruits with a fragile rind.
Gingerich published extensively on adapines (Gingerich 1972, 1975, 1977a, b,
1980, 1981; Gingerich and Martin 1981). He suggested that Adapis and Leptadapis were
mainly folivorous, but that the former probably harvested tree exudates in the dry season
(based mainly on incisor and canine morphology).
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Figure 7.44: Relative Condyle Height in Extant Strepsirrhines and Adapines
Frugivores represented by dots, insectivores by asterisks, folivores by triangles, Adapis specimens
by squares, and Leptadapis specimens by circles. In each diamond, the central line is the mean
and the upper and lower points are the upper and lower 95% confidence limits. Compare these
distributions with those for shearing quotients (Figure 7.2).
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Szalay and Delson (1979) inferred a folivorous habit for Leptadapis based on the
sizes of the cranial crests and the inferred masses of the temporalis and masseter. No
inference was made for Adapis except that its anterior dentition was used for cropping
and that the mechanical function of these teeth was different from the function of the
homologous teeth in Leptadapis.
Covert published the first tests of adapine dietary hypotheses (Covert 1985,
1986). He found that Adapis and Leptadapis have extremely high shearing quotients,
placing them among extant strepsirrhine folivores. He also found that Adapis has longer
shearing crests than Leptadapis. Contrary to Szalay and Delson (1979), he felt that the
large cranial crests were no clear indication of folivory because hard-object feeders (e.g.,
seed-eaters) can also have massive temporalis and masseter muscles; instead, he relied on
the shearing crest measurements to infer a folivorous habit for these adapines (Covert
1985). Using a similar method, Kay and colleagues inferred a folivorous habit for both
species of adapine (Kay et al. 2004a)
Lanèque suggested that although Leptadapis was likely a folivore, the greater
degree of orbital convergence in Adapis might be a signal of facultative insectivory
(Lanèque 1993).
In comparing the three-dimensional geometry of the lower molars of adapines to
of that extant strepsirrhines, White found that Adapis and Leptadapis most closely
resemble extant folivores (White 2006). This was particularly true with respect to the
orientations and sizes of the talonid and trigonid basins.
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Most studies of the diet of Adapis and Leptadapis have inferred folivory for these
extinct primates. The anatomy of the posterior dentition unambiguously suggests a diet
of leaves. However, other parts of the cranium, including the anterior teeth, the cranial
crest morphology, and orbital dimensions fail to provide such clear dietary indications.
Contrary to Lanèque (1993), body mass estimates in excess of 1100g for Adapis2
(Runestad 1994) likely rule out a diet of mainly insects for that genus. That is not to say
that Adapis did not supplement its diet with insects.
This study is an attempt to address the effects of masticatory morphology on
dietary inferences for Adapis and Leptadapis. Because the molar teeth of these adapines
resemble those of extant folivorous strepsirrhines in possessing long shearing crests, and
because folivorous strepsirrhines do not show anywhere near the same degree of
development of cranial crests that we see in adapines, it is necessary to attempt to explain
why adapines must had enormous chewing muscles.

7.7.2 This Study
The results of this study corroborate those of previous studies of adapine shearing
quotients (Covert 1985, 1986; Kay et al. 2004a). Adapines have long m2 shearing crests
compared to m2 length and they plot among extant folivorous strepsirrhines. Adapis has
a greater shearing quotient than Leptadapis, suggesting it was more folivorous.
Furthermore, body masses for Adapis and Leptadapis are reconstructed as well above one
kilogram, suggesting that insects did not make up a large part of the diet in either case.

2

For comparison, body mass estimates for the largest specimens of Leptadapis are roughly 8 – 10 kg.
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Reconstructed jaw adductor cross-sectional areas are very large for all adapine
specimens examined, relative to extant strepsirrhines of similar cranium and jaw sizes.
This suggests that the jaw adductors were capable of generating great force. The
estimated leverage of the jaw adductors (at least in the sagittal plane) was not poor in
Adapis and Leptadapis relative to extant strepsirrhines. Therefore, these adapines were
probably capable of generating very forceful bites, all along the tooth row, relative to
extant strepsirrhines. Because the mandibular symphysis is fused in most adult
specimens of Adapis and Leptadapis (Ravosa 1996), these animals were probably capable
of even greater bite forces than I have estimated. This is because they could have
received considerable force contributions from the balancing side jaw adductors with
little risk of damaging the mandibular symphysis. An analysis of bite force in the coronal
projection could be used to estimate bite force with contributions from the balancing side
muscles.
Reconstructed jaw adductor mass is also great for the adapines studied, relative to
that of extant strepsirrhines, but less so when scaled against mandible size. Fiber length
of extant strepsirrhines is difficult to predict accurately from osteological markers. The
reconstructed fiber lengths of adapines for the temporalis and masseter are rather modest
(relative to strepsirrhines) when compared to mandible size, but are fairly great when
compared to cranial size. The selection of the scaling variable has a great influence on
the ultimate result. Adapines have very long jaws relative to extant strepsirrhines. In
judging the cranial GM, it is important to note that postorbital constriction in adapines is
very marked; however, bizygomatic breadth is extremely great. These two measurements
449

should offset one another. The cranial GM is probably a somewhat better estimate of
overall size than is the mandibular GM.
The skull features that characterize exudate-gouging primates are not present in
Adapis or Leptadapis. In fact, the adapines measured have high, anteroposteriorly short
condyles and their masseter origin to insertion ratios are very near to one. Adapis is no
more gaped-adapted in these features than is Leptadapis. In fact, based on skull
morphology, Adapis appears to have been more gape-restricted than Leptadapis. My
results fail to support Gingerich’s hypothesis of gouging gummivory for Adapis.
Furthermore, extant strepsirrhines that show these osteological signs of gape-adaptation
tend to be frugivores, while folivores have short, high condyles, indicative of gape
restriction (insectivores lie in between). It is unlikely then, that Adapis or Leptadapis fed
on large fruits.
There is little evidence to suggest that adapines required especially massive jaw
adductors due to a combination of great cross-sectional area and long fibers. Adapine
jaw adductor fibers were probably not especially long, though this is very difficult to
judge because the osteological proxies for fiber length are inaccurate. There is no
evidence to suggest that adapines required very massive jaw adductors with great crosssectional areas because they suffered from poor masticatory leverage. Furthermore, there
is no evidence to suggest that adapines were adapted for very wide gapes, like those
observed in exudate-gouging primates (Vinyard et al. 2003) and in frugivorous
strepsirrhines that take large ingestive bites (see Chapter 5). Rather, the weight of the
evidence suggests that Adapis and Leptadapis were consuming very tough foods that
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were ingested in small bites, for example, mature leaves, stems, and perhaps small fruits
with very tough rinds. Small fruits pose little threat to the jaw adductor fibers as they
would require only narrow ingestive gapes; the peels of some fruits are tougher than
some leaves (Lucas 2004).
Even if adapines were highly folivorous, this does not explain the extreme
robusticity of their masticatory system because there are highly-folivorous extant
strepsirrhines that have comparatively gracile skulls (e.g., Avahi, Lepilemur, Hapalemur).
Perhaps they were inefficient (in some unknown way) at processing their food compared
to extant strepsirrhine folivores. Perhaps their jaw adductor fibers produced less tension
or fatigued more quickly. Perhaps their digestive processes were less efficient. Perhaps
their jaw adductors were much less pinnate than those of extant strepsirrhines (although
some extant strepsirrhines have very little pinnation in some jaw adductors).
Unfortunately, none of these variables is amenable to study in fossils, so further
speculation along these lines is unlikely to bear fruit.
Perhaps adapines were relatively new to folivorous habits. It is possible that
lineages become increasingly adapted to an obdurate diet over evolutionary time, such
that, gut processing, fiber type, and configuration of the bony framework for the jaw
adductors increase in efficiency. As these other mechanisms for increasing the efficiency
of breaking down tough foods evolve, the selective pressure on muscle size and strength
is relaxed. I cannot confidently invoke such a process to explain the size difference
between, for example, the temporalis of Adapis parisiensis and the temporalis of the
similar-sized Hapalemur griseus (~3g versus ~2g). One possible test would be to
451

evaluate traits such as muscle size against a phylogeny, comparing muscle size increases
and branch lengths. Unfortunately, the lack of resolution in the adapine tree and the great
phylogenetic distance between adapines and extant strepsirrhines might hinder such an
approach.
As it stands, the most likely explanation for the (inferred) enormous jaw
adductors of adapines is that they ate a very high proportion of very tough foods.
Because of (inferred) adapine body size and presumed metabolic requirements, these
foods were probably the structural parts of plants that are fibrous and resist crack
propagation (i.e., tough). It may be that as Europe became cooler and drier from the
middle to late Eocene (Grimes et al. 2005), fragile but nutritious mammalian foods (e.g.,
fruits) became increasingly scarce. This would have favored the invasion and later
radiation of adapines (Godinot 1998). Furthermore, Adapis parisiensis, the more
folivorous of the two species, appears later than Leptadapis magnus (Preabonian versus
Bartonian standard stage), in a time that was somewhat cooler and drier.

7.7.3 Future Work
This study promotes the use of different parts of the anatomy to substantiate or
refute existing dietary inferences. In this case, shearing quotients gave a strong signal of
folivory. However, the crania of adapines are extreme in the development of muscle
attachment crests, and it was important to explore how the dimensions of the jaw
adductors may have been adapted to diets other than that folivory. As it happens, there is
no evidence from masticatory morphology to support any known diet other than folivory.
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Further tests of this dietary inference are possible. To my knowledge, no test of
dietary wear has been applied to the molars of adapines. Microwear and/or lightmicroscope wear might reveal dietary patterns for adapines. My hypothesis is that they
would show strong signals of folivory. It would be of particular interest to perform such
studies on newer collections of adapines that have better stratigraphic control in order to
test the hypothesis that increased folivory was a response to cooling and drying in the
Eocene of Europe.
Although comparing adapines to extant strepsirrhines is justified if the link
between form and function has not changed through time (Ungar and Kay 1995), it may
be important to examine the dietary signals in the jaw adductor anatomy of nearcontemporary primates such as Notharctus and Smilodectes from North America.
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Chapter 8 Summary and Conclusions
8.1 Background
The goal of this study is to improve our understanding of the function and
biological role of the jaw adductor muscles in strepsirrhine primates. One first step
toward understanding biological role is to observe the variation in the trait of interest
within a group of interest. Here, variation in the weights, cross-sectional areas, and fiber
lengths was found to correlate with variation in body size and diet in strepsirrhines.
Correlation is one clue that causation may be present. The observation that certain
patterns of jaw adductor morphology are present in one dietary group to a greater degree
than in another provides the basis for hypothesizing specific functions for the jaw
adductors. These hypotheses of function can be tested with empirical data. If the
functions and biological roles of the jaw adductors can be inferred with confidence from
hard tissues, then a better understanding of the jaw adductors in fossil taxa will follow.
The inference of diet in extinct primates is of great interest, partly because diet is
an extremely important part of an animal’s ecology. Dental morphology provides an
excellent means of inferring diet in fossils, but so does non-dental masticatory
morphology. Dental inferences about diet are stronger if they are coupled with inferences
from other parts of the skull. Furthermore, because a single type of food can be
masticated in different ways using identical dental morphology, inferences from
masticatory morphology may provide better resolution to dental inferences of diet.
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8.2 Gross Anatomy
This study documents the gross anatomy and fiber architecture of the jaw
adductors in strepsirrhines and tarsiers. It is the first study to do so. Strepsirrhine jaw
adductors vary to small degrees from a general anatomical plan that consists of three jaw
adductor groups: the temporalis, masseter, and medial pterygoid. The temporalis group
always includes a superficial temporalis, deep temporalis, and zygomatic temporalis. The
masseter group includes the superficial masseter, deep masseter, and zygomaticomandibularis. The zygomatic temporalis and zygomatico-mandibularis often grade into
one another. The medial pterygoid is made up of four layers that wrap around each other
and can be divided into a main (pterygoid) part and an orbital part. The orbital part is
small in indriids and Hapalemur griseus, all of which have partially-fused mandibular
symphyses. The orbital part of the medial pterygoid is large in Tarsius syrichta and
nearly fills the aperture in the postorbital septum. Loss of this muscle part may have
played a role in the evolution of the postorbital septum in early anthropoids and deserves
further study.

8.3 Architecture and Scaling
Jaw adductor mass, physiological cross-sectional area, and fiber length scale
geometrically (isometrically) relative to body mass, jaw length, and skull size in
strepsirrhines. They do not scale according to the predictions of fracture scaling (Lucas
2004). These scaling patterns hold whether body mass or a geometric mean of skull
measurements is used as the scaling (independent) variable. If jaw length is used, then
455

the scaling patterns change to a small degree, mainly owing to the fact that folivores tend
to have short jaws for their body mass. Jaw length is a mechanically-meaningful scaling
variable; however, it is not independent of the effects of natural diet.
Physiological-cross sectional area (PCSA) of the jaw adductors scales
isometrically for frugivores and insectivores, but with positive allometry for folivores (for
all scaling variables). The jaws of small folivores are relatively very short, even when
compared to large folivores. Small folivores may be constrained in the amount of jaw
adductor muscle they can produce and maintain (for a yet unknown reason); they may be
under selection for significantly reduced jaw length in order to increase bite force (given
a constraint on muscle size) or to reduce bending strain. The positive allometry in PCSA
for folivores may also be attributed to the fact that large packages of leaves (required by
large folivores) are probably harder to process than small ones (required by small
folivores). This is because a single leaf probably requires a given amount of energy to be
fractured, and larger folivores must simply eat more leaves than do smaller folivores.
Large frugivores, by contrast, can eat large fruits, which are presumably at least as easy
to process as small fruits.
The great PCSA of the jaw adductors in folivores may provide them with the
ability to generate great bite force. Alternately, they may use only some motor units at
any given time, while resting the others. This would be extremely useful for an animal
that must chew many times with low force. These hypotheses can be tested
electromyographically and with bite leverage analysis.
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Jaw adductor mass and fiber length scale with isometry to all scaling variables
used. The scatter in plots of fiber length against body size largely reflects differences in
diet, particularly toward larger body sizes. Folivores have short fibers for their body size;
frugivores have long fibers for their body size. This dichotomy may be related to the fact
that leaves are sheet-like and do not require wide ingestive gapes. Many fruits are likely
ingested at wide gapes.
The temporalis is significantly larger (in PCSA and mass) compared to the total
jaw adductor complex in insectivorous strepsirrhines than in herbivorous ones (Smith and
Savage 1959). It is also significantly larger in frugivorous than in folivorous
strepsirrhines (Cachel 1979). The temporalis may play a role in resisting struggling prey
in strepsirrhines. The electromyographic data do not support Cachel’s hypothesis that the
temporalis plays an especially important role in incisal preparation of fruits in primates
(Hylander and Johnson 1985; Møller 1966). It may be that the temporalis is emphasized
in frugivores because many fruits are ingested at wide gapes (see below under Bite Force
and Leverage).
The masseter is larger (in PCSA and mass) relative to the temporalis in folivorous
strepsirrhines than in frugivorous ones (Anapol and Lee 1994). This suggests that the
masseter complex may have an important role in the breakdown of leaves. This result
conforms to the expectation from mammals in general: rodents, lagomorphs, and
ungulates emphasize the masseter relative to the temporalis in both leverage and muscle
size (Arendsen de Wolff-Exalto 1951a, b; Saban 1968; Smith and Savage 1959; Turnbull
1970).
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Among the strepsirrhines and tarsiers studied, the medial pterygoid is larger (in
PCSA and mass) in folivores and insectivores than in frugivores. This result supports the
hypothesis that the medial pterygoid has an important role to play in generating
transverse masticatory force in taxa that process tough foods. In primates that lack a
fully-ossified mandibular symphysis, this kind of force might be generated by primarily
the medial pterygoid muscle.

8.4 Ingested Food Size
Ingested food size scales isometrically with body mass and with mandible length
in strepsirrhines. This conforms to the predictions of geometry and substantiates the
assumption that larger animals ingest proportionately larger (in volume) bites of food
(Fortelius 1985; Lucas 2004). The considerable scatter in the data toward the upper end
of the body size range is probably related to natural diet. Large-bodied frugivores ingest
large bites of food for their body size; large-bodied folivores ingest small bites of food.
In general, ingested food size varies more between food types for frugivores than it does
for folivores.
Mean jaw adductor fiber length is correlated with ingested food size for all
experimental foods. This suggests that jaw adductor fibers might be scaled such that they
are in an optimal part of their length-tension curve for the animal’s maximum ingestive
gape. Fiber length in the anterior part of superficial masseter does not correlate well with
ingested foods size, but fiber length in the anterior part of superficial temporalis does.
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This suggests that the latter might be more vulnerable than the former to damage during
ingestive gapes in strepsirrhines (Herring and Herring 1974; Wall 1995).
Large-bodied folivorous strepsirrhines are likely constrained in their ingestive
gapes by their short jaw adductor fibers. Large-bodied frugivores are not constrained by
fiber length and can vary ingestive gape based on the properties of their foods.
Frugivores ingest large bites of less-resistant foods as these can be processed with little
muscle force, and therefore with somewhat over-stretched fibers. This is advantageous to
the animal if the less-resistant food in question is also juicy –the animal will lose less
juice if it takes larger (and therefore fewer) bites outside of the mouth. Frugivores take
small bites of more-resistant foods so that their jaw adductor fibers will not be
overstretched when they chew the resulting piece of food.

8.5 Bite Force and Leverage
Much as with PCSA, bite force estimated from a lever model scales isometrically
with body mass and jaw length in strepsirrhines. When jaw length is used as the scaling
variable, folivores and insectivores appear to have especially large estimated bite force
compared to frugivores. This is likely related to the toughness of leaves and insect
cuticles compared to the toughness of fruits. Folivores appear to maximize bite force via
several evolutionary mechanisms: jaw adductor PCSA, cranial morphology, and jaw
length. Large folivores emphasize large muscle PCSA while small folivores emphasize a
reduction in jaw length.
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Jaw length does not correlate well with jaw adductor leverage (calculated from a
model described in Chapter 6). This suggests that, in strepsirrhines with longer jaws, the
length of the jaw that represents the jaw adductor lever arm is increased in proportion to
the length of the jaw that represents the bite load arm.
Temporalis leverage is greater in frugivorous strepsirrhines than in folivorous
strepsirrhines. However, the ratio of temporalis leverage to masseter leverage does not
increase toward the front of the mouth as one would expect if the temporalis is important
during incision (Cachel 1979). Instead, this ratio actually decreases toward the front of
the mouth, suggesting that the masseter increases in effectiveness relative to the
temporalis at progressively more anterior bite points.
The reason for temporalis’ great leverage (and great size, see above) in frugivores
probably has to do with gape. A model of gape and fiber length (Chapter 6) shows that at
wider gapes, the fibers of the temporalis are less stretched beyond their resting length
than are the fibers of the masseter or medial pterygoid, assuming that the center of
rotation is located at the condyle. Therefore, the fibers of the temporalis are probably
more comfortably within an optimal range of their length tension curve at wide gapes
than are the fibers of the other jaw adductors. Wide ingestive gapes are more common in
frugivorous than in folivorous strepsirrhines (Chapter 5). Therefore, the temporalis is
probably a key muscle to frugivores because they often ingest large bites of food. It is
important to note that this has nothing to do with ingestion; rather in this scenario, the
tension that must be produced by the temporalis fibers at wide gape is to initiate food
breakdown at the molars and premolars. Thus, the large size and great leverage of the
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temporalis in frugivorous strepsirrhines is consistent with the fact that the temporalis is
not especially active during incision (Hylander and Johnson 1985; Møller 1966).

8.6 Adapines: A Case Study
Using correlations between craniodental anatomy and diet in strepsirrhines, it was
possible to test previous hypotheses on dietary preference in adapine primates, especially
the well-represented Adapis parisiensis and Leptadapis magnus.
The weight of the evidence suggests that these adapines were dedicated folivores
that specialized on even tougher foliage than is consumed by folivorous strepsirrhines
today. They may have exploited fruits to some degree, particularly considering
nutritional requirements. Perhaps Adapis sometimes ate very small fruits with tough
rinds and Leptadapis might have occasionally eaten medium-sized fruits. The shearing
crests on the lower second molar are very long (relative to m2 length), within the range of
extant folivorous strepsirrhines. Reconstructed jaw adductor mass and PCSA are large
for adapines relative to extant strepsirrhines, even those that eat very tough foods. These
inferences for the larger adapines are probably inaccurate because these adapines are
above the size range of strepsirrhines for some of the osteological proxies used.
Jaw adductor fiber length was reconstructed only with considerable error.
Adapines likely had average-sized to somewhat long jaw adductor fibers compared to
extant strepsirrhines of similar skull size. The estimated lengths of the jaw adductor
fibers suggest that adapines were not adapted to large ingestive gapes.
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Gingerich’s hypothesis that adapines, especially Adapis parisiensis, were active
exudate-gougers is not supported by the results of this study (Gingerich 1977b; 1980).
Unlike extant primates that gouge for exudates (Vinyard et al. 2003), adapines have high
mandibular condyles relative to the occlusal plane. Furthermore, Adapis parisiensis has a
higher condyle than Leptadapis magnus, contrary to prediction. If adapines gouged for
exudates, they did so in a way that was fundamentally different from modern primates.
Adapines do not appear to have had poor jaw adductor leverage relative to extant
strepsirrhines. In fact, their jaw adductor leverage was probably relatively great.
Adapis and Leptadapis probably had very large jaw adductors adapted to
producing large bite forces at narrow gapes. The shearing crests on their molars were
long. These features suggest a diet of mainly tough materials. Due to their large inferred
body sizes (Runestad 1994), these adapines were probably eating leaves (rather than
insects).
Based on the available evidence, the ecological picture of adapines is that of
folivores that occasionally fed on small to medium-sized fruits. The later-occurring
Adapis was probably more folivorous than Leptadapis. This dietary inference is
consistent with climatic models of the middle and late Eocene of Europe.

8.7 Future Work
This study has filled a vacuum in our knowledge of the relationships between jaw
adductor dimensions and several dietary variables in strepsirrhines. However, several
strepsirrhine species are not present in this sample, notably Hapalemur simus, a lemur
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with very specialized dietary habits. The sample size for each species is small; an
increase in the number of individuals for all parts of this study would help to quantify
measurement error and variation within species.
The bite force model described here is very simplistic. A consideration of vector
in other planes would shed light on, especially, the role of each jaw adductor in
generating transverse force. This kind of analysis must await the availability of seriallysectioned strepsirrhine specimens (either physical or computed tomographs). The bite
force model described here stands up to data on the single strepsirrhine species on which
there are published empirical bite force data, but it should also be tested against empirical
data on bite force in a wide range of living strepsirrhines.
To derive the most biological meaning from the relationship between bite force
and diet, it is best to consider how bite force operates on food at the tooth-food-tooth
boundary. Therefore, quantification of bite force in relation to the occlusal plane is key
to understanding why, for example, folivores have greater estimated bite force for their
jaw length than do frugivores. This will require a clear understanding of the interactions
of the many functional planes involved.
The diets of living strepsirrhines are not adequately quantified in terms of the
material properties of their foods. It is promising that strepsirrhine masticatory anatomy
succeeds in providing a signal for even broad dietary categories. However, a more
precise characterization of diet in terms of material properties should allow for the
detection of more precise anatomical signals of diet. This, in turn, should lead to more
precise paleobiological inferences for extinct primates.
463

References
Agrawal KR (1999) The Effect of Food Texture on Chewing Patterns in Human Subjects.
University of Hong Kong, Hong Kong
Aiello L, Dean C (1990) An Introduction to Human Evolutionary Anatomy. Academic
Press, New York
Allen H (1880) On the temporal and masseter muscles of mammals. Proceedings of the
Academy of Natural Sciences of Philadelphia 32:385-396
Allen H (1897) Observations on Tarsius fuscus. Proceedings of the Academy of Natural
Sciences of Philadelphia 49:34-55
Anapol F, Barry K (1996) Fiber architecture of the extensors of the hindlimb in
semiterrestrial and arboreal guenons. American Journal of Physical Anthropology
99:429-447
Anapol F, Lee S (1994) Morphological adaptation to diet in platyrrhine primates.
American Journal of Physical Anthropology 94:239-261
Anapol F, Shahnoor N, Ross CF (in press) Scaling of reduced physiologic cross-sectional
area in primate muscles of mastication. In: Vinyard CJ, Ravosa MJ, Wall CE (eds)
Primate Craniofacial Function and Biology. Springer
Andrews JR, Birkinshaw CR (1998) A comparison between the daytime and night-time
diet, activity and feeding height of the Black Lemur, Eulemur macaco (Primates:
Lemuridae), in Lokobe Forest, Madagascar. Folia Primatologica 69 (suppl 1):175-182
Anthony MRL, Kay RF (1993) Tooth form and diet in ateline and alouattine primates:
reflections on the comparative method. American Journal of Science 293A:356-382
Antón SC (1999) Macaque masseter muscle: internal architecture, fiber length and crosssectional area. International Journal of Primatology 20:441-462
Antón SC (2000) Macaque pterygoid muscle: internal architecture, fiber length, and
cross-sectional area. International Journal of Primatology 21:131-156
Arendsen de Wolff-Exalto E (1951a) On differences in the lower jaw of animalivorous
and herbivorous mammals. I. Proceedings of the Koninklijk Nederlandse Akademie van
Wetenschappen Series C Biological and Medical Sciences 54:237-246

464

Arendsen de Wolff-Exalto E (1951b) On differences in the lower jaw of animalivorous
and herbivorous mammals. II. Proceedings of the Koninklijk Nederlandse Akademie van
Wetenschappen Series C Biological and Medical Sciences 54:405-410
Axmacher H, Hofmann RR (1988) Morphological characteristics of the masseter muscle
of 22 ruminant species. Journal of Zoology, London 215:463-473
Bargo MS (2001) The ground sloth Megatherium americanum: skull shape, bite forces,
and diet. Acta Palaeontologica Polonica 46:173-192
Bass WM (1995) Human Osteology: A Laboratory and Field Manual, Fourth edn.
Missouri Archaeological Society, Columbia, Missouri
Bearder SK, Doyle GA (1974) Ecology of bushbabies Galago senegalensis and Galago
crassicaudatus, with some notes on their behaviour in the field. In: Martin RD, Doyle
GA, Walker AC (eds) Prosimian Biology. Duckworth, London, pp 109-130
Becht G (1953) Comparative biologic-anatomical researches on mastication in some
mammals I and II. Proceedings of the Koninklijk Nederlandse Akademie van
Wetenschappen Series C Biological and Medical Sciences 56:508-527
Beecher RM (1977) Function and fusion at the mandibular symphysis. American Journal
of Physical Anthropology 47:325-336
Beecher RM (1979) Functional significance of the mandibular symphysis. Journal of
Morphology 159(1):117-130
Beecher RM (1983) Evolution of the mandibular symphysis in Notharctinae (Adapidae,
Primates). International Journal of Primatology 4:99-112
Bock WJ (1977) Adaptation and the comparative method. In: Hecht MK, Goody PC,
Hecht BM (eds) Major Patterns of Vertebrate Evolution. Plenum Press, New York
Bock WJ (1980) The definition and recognition of biological adaptation. American
Zoologist 28:205-125
Bock WJ (1988) The nature of explanations in morphology. American Zoologist 28:205215
Bock WJ, von Wahlert G (1965) Adaptation and the form-function complex. Evolution
19:269-299
Boucot AJ (1990) Evolutionary Paleobiology of Behavior and Coevolution. Elsevier
Science Publishers B. V., Amsterdam
465

Boyer DM (2007) A test of the visual predation hypothesis of euprimate origins using
diet-correlated measures of tooth shape. Journal of Vertebrate Paleontology 27:51a
Brandon RN (1978) Adaptation and evolutionary theory. Studies in History and
Philosophy of Science 9:181-206
Brandon RN (1990) Adaptation and Environment. Princeton University Press, Princeton
Bryant HN, Russell AP (1992) The role of phylogenetic analysis in the inference of
unpreserved attributes of extinct taxa. Philosphical Transactions of the Royal Society of
London B 337:405-418
Bryant HN, Seymour KL (1990) Observations on the reliability of muscle reconstruction
in fossil vertebrates. Journal of Morphology 206:109-117
Burmeister H (1846) Beiträge zur näheren Kenntniss der Gattung Tarsius, Berlin
Butler PM (1952) The milk-molars of Perissodactyla, with remarks on mastication in
some mammals I and II. Proceedings of the Zoological Society of London 121:777-817
Butler PM (1973) Molar wear facets of early Tertiary North American primates. In:
Montagna W, Zingeser MR (eds) Symposia of the Fourth International Congress of
Primatology 3. Karger, Basel, pp 1-27
Cachel S (1979) A functional analysis of the primate masticatory system and the origin of
the anthropoid post-orbital septum. American Journal of Physical Anthropology 50:1-18
Cachel S (1984) Growth and allometry in primate masticatory muscles. Archives of Oral
Biology 29:287-293
Cartmill M (1972) Arboreal adaptations and the origin of the order Primates. In: Tuttle
RL (ed) The Functional and Evolutionary Biology of Primates. Aldine-Atherton,
Chicago, pp 97-122
Cartmill M (1980) Morphology, function and evolution of the anthropoid postorbital
septum. In: Ciochon RL, Chiarelli AB (eds) Evolutionary Biology of the New World
Monkeys and Continental Drift. Plenum, New York, pp 243-274
Ciochon RL, Gunnell GF (2004) Eocene large-bodied primates of Myanmar and
Thailand: morphological considerations and phylogenetic affinities. In: Ross CF, Kay RF
(eds) Anthropoid Origins: New Visions. Kluwer Academic / Plenum Publishers, New
York, pp 249-282

466

Ciochon RL, Piperno DR, Thompson RG (1990) Opal phytoliths found on the teeth of the
extinct ape Gigantopithecus blacki: implications for paleodietary studies. Proceedings of
the National Academy of Sciences of the USA 87:8120-8124
Clarke MRB (1980) The Reduced Major Axis of a Bivariate Sample. Biometrika
67(2):441-446
Close RI (1972) Dynamic properties of mammalian skeletal muscles. Physiological
Reviews 52:129-197
Clutton-Brock TH, Harvey PH (1977) Primate ecology and social organization. Journal
of Zoology, London 183:1-30
Coddington JA (1988) Cladistic tests of adaptational hypotheses. Cladistics 4:3-22
Conroy GC (1987) Problems of body-weight estimation in fossil primates. International
Journal of Primatology 8:115-135
Cordell NN (1991) Craniofacial Anatomy and Dietary Specialization in the Galagidae.
University of Washington, Seattle
Corruccini RS, Beecher RM (1982) Occlusal variation related to soft diet in a non-human
primate. Science 218:74-76
Covert HH (1985) Adaptations and Evolutionary Relationships of the Eocene Primate
Family Notharctidae. Department of Anthropology. Duke University, Durham, p 578
Covert HH (1986) Biology of Early Cenozoic primates. Comparative Primate Biology,
Volume 1: Systematics, Evolution, and Anatomy. Alan R. Liss, New York, pp 335-359
Covert HH, Kay RF (1981) Dental microwear and diet: implications for determining the
feeding behaviors of extinct primates, with a comment on the dietary pattern of
Sivapithecus. American Journal of Physical Anthropology 55:331-336
Crompton AW, Hiiemae KM (1970) Molar occlusion and mandibular movements during
occlusion in the American opossum, Didelphis marsupialis Linneus. Zoological Journal
of the Linnean Society 49:21-47
Crompton AW, Sita-Lumsden A (1970) Functional significance of the therian molar
pattern. Nature 227:197-199
Cuvier G (1821) Discours sur la théorie de la terre, servant d'introduction aux recherches
sur les ossements fossiles, Paris

467

Daegling DJ, Grine FE (1994) Bamboo feeding, dental microwear, and diet of the
Pleistocene ape Gigantopithecus blacki. South African Journal of Science 90:527-532
Darwin C (1859) The Origin of Species by Means of Natural Selection, or the
Preservation of Favoured Races in the Struggle for Life. John Murray, London
Davis DD (1955) Masticatory apparatus in the spectacled bear Tremarctos ornatus.
Fieldiana: Zoology 37:25-46
Davis DD (1964) The giant panda: a morphological study of evolutionary mechanisms.
Fieldiana: Zoology Memoirs 3:1-339
De Gueldre G, De Vree F (1988) Quantitative electromyography of the masticatory
muscles of Pteropus giganteus (Megachiroptera). Journal of Morphology 196:73-106
Dechow PC, Carlson DS (1986) Occlusal force after mandibular advancement in adult
rhesus monkeys. Journal of Oral and Maxillofacial Surgery 44:887-893
Dechow PC, Carlson DS (1990) Occlusal force and craniofacial biomechanics during
growth in rhesus monkeys. American Journal of Physical Anthropology 83:219-237
Delfortrie E (1873) Un singe de la famille des Lémuriens. Actes de la Société Linnéenne
de Bordeaux 29:87-95
Demes B, Creel N (1988) Bite force, diet, and cranial morphology of fossil hominids.
Journal of Human Evolution 17(7):657-670
Donati G, Bollen A, Borgognini-Tarli S, Ganzhorn J (2007) Feeding over the 24-h cycle:
dietary flexibility of cathemeral collared lemurs ( Eulemur collaris ). Behavioral Ecology
and Sociobiology 61(8):1237-1251
Doyle GA, Bearder SK (1977) The galagines of South Africa. In: Prince Rainier III of
Monaco HSH, Bourne GH (eds) Primate Conservation. Academic Press, New York, pp
1-35
Druzinsky RE (1993) The time allometry of mammalian chewing movements: chewing
frequency scales with body mass in mammals. Journal of Theoretical Biology 160:427440
Duckler GL (1997) Parietal depressions in skulls of the extinct saber-toothed felid
Smilodon fatalis: evidence of mechanical strain. Journal of Vertebrate Paleontology
17:600-609
Eaglen RH (1986) Morphometrics of the anterior dentition in strepsirrhine primates.
American Journal of Physical Anthropology 71:185-202
468

Edgeworth FH (1935) The Cranial Muscles of Vertebrates. Cambridge University Press,
Cambridge
Evans AR, Sanson GD (1998) The effect of tooth shape on the breakdown of insects.
Journal of Zoology, London 246:391-400
Evans AR, Sanson GD (2006) Spatial and functional modeling of carnivore and
insectivore molariform teeh. Journal of Morphology 267:649-662
Evans AR, Wilson GP, Fortelius M, Jernvall J (2007) High-level similarity of dentitions
in carnivorans and rodents. Nature 445(7123):78-81
Felsenstein J (1985) Phylogenies and the comparative method. The American Naturalist
125:1-15
Fiedler W (1953) Die Kaumuskulatur der Insectivora. Acta Anatomica 18:101-175
Filhol H (1874) Nouvelles observations sur les mammifères des gisements de phosphates
de chaux (lémuriens et pachylémuriens)
Annales des Sciences Géologiques 5:1-36
Filhol H (1877) Recherches sur les Phosphorites du Quercy: Étude des fossiles qu'on y
rencontre et spécialement des mammifères. Faculté des Sciences de Paris, Paris
Finney EE, Norris KH (1967) Sonic resonant method for measuring properties associated
with texture of Irish and sweet potatoes. American Society of Horticultural Science
90:275-282
Fleagle JG (1999) Primate Adaptation and Evolution, Second edn. Academic Press, New
York
Fortelius M (1985) Ungulate cheek teeth: developmental, functional and evolutionary
interrelationships. Acta Zoologica Fennica 180:1-76
Fox RC (1964) The adductor muscles of the jaw in some primitive reptiles. University of
Kansas Publications, Museum of Natural History 12:657-680
Franzen JL, Wilde V (2003) First gut content of a fossil primate. Journal of Human
Evolution 44:373-378
Freeman PW (1979) Specialized insectivory: beetle-eating and moth-eating molossid
bats. Journal of Mammalogy 60:467-479

469

Freeman PW (1981) Correspondence of food habits and morphology in insectivorous
bats. Journal of Mammalogy 62:166-173
Freeman PW (1984) Functional cranial analysis of large animalivorous bats
(Microchiroptera). Biological Journal of the Linnean Society 21:387-408
Freeman PW (1988) Frugivorous and animalivorous bats (Microchiroptera): dental and
cranial adaptations. Biological Journal of the Linnean Society 33:249-272
Gans C (1982) Fiber architecture and muscle function. Exercise and Sport Sciences
Reviews 10:160-207
Gans C, de Vree F (1987) Functional bases of fiber length and angulation in muscle.
Journal of Morphology 192:62-85
Garn SM, Lewis AB (1958) Tooth-size, body-size and "Giant" Fossil Man. American
Anthropologist 60:874-880
Gaspard M, Laison F, Mailland M (1973a) Organisation architecturale du muscle
temporal et des faisceaux de transition du complexe temporo-massétérin chez les
primates et l'homme. Journal de Biologie Buccale 1:171-196
Gaspard M, Laison F, Mailland M (1973b) Organisation architecturale et texture des
muscles ptérgoïdiens chez les primates supérieurs. Journal de Biologie Buccale 1:215233
Gaspard M, Laison F, Mailland M (1973c) Organisation architecturale et texture du
muscle masséter chez les primates et l'homme. Journal de Biologie Buccale 1:7-20
Gaspard M, Prosperi O (1983) Essai de classification des actions morphogéniques des
muscles masticateurs. In: Sakka M (ed) Morphologie Évolutive Morphogenèse du Crâne
et Origine de l'Homme. Éditions du Centre National de la Recherche Scientifique, Paris,
pp 85-109
Gebo DL (2002) Adapiformes: phylogeny and adaptation. In: Hartwig WC (ed) The
Primate Fossil Record. Cambridge University Press, Cambridge, pp 21-43
Gervais P (1876) Zoologie et paléontologie générale, Deuxième edn. Bertrand, Paris
Gingerich PD (1971) Functional significance of mandibular translation in vertebrate jaw
mechanics. Postilla 152:3-10
Gingerich PD (1972) Molar occlusion and jaw mechanics of the Eocene primate Adapis.
American Journal of Physical Anthropology 36:359-368
470

Gingerich PD (1975) Dentition of Adapis parisiensis and the evolution of lemuriform
primates. In: Tattersall I, Sussman RW (eds) Lemur Biology. Plenum Press, New York,
pp 65-80
Gingerich PD (1977a) New species of Eocene primates and the phylogeny of European
Adapidae. Folia Primatologica 28:60-80
Gingerich PD (1977b) Radiation of Eocene Adapidae in Europe. Géobios, Mémoire
Spécial 1:165-182
Gingerich PD (1980) Dental and cranial adaptations in Eocene Adapidae. Zeitschrift für
Morphologie und Anthropologie 71:135-142
Gingerich PD (1981) Cranial morphology and adaptations in Eocene Adapidae. I. Sexual
dimorphism in Adapis magnus and Adapis parisiensis. American Journal of Physical
Anthropology 56:217-234
Gingerich PD, Martin RD (1981) Cranial morphology and adaptations in Eocene
Adapidae. II. The Cambridge skull of Adapis parisiensis. American Journal of Physical
Anthropology 56:235-257
Gingerich PD, Smith BH, Rosenberg K (1982) Allometric scaling in the dentition of
primates and prediction of body weight from tooth size in fossils. American Journal of
Physical Anthropology 58:81-100
Godinot M (1984) Un nouveau genre témoignant de la diversité des Adapinés (Primates,
Adapidae) à l'Eocène terminal. Comptes Rendus de l'Academie des Sciences Paris
299:1291-1296
Godinot M (1988) Les primates adapidés de Bouxwiller (Eocène Moyen, Alsace) et leur
apport à la compréhension de la faune de Messel et à l'évolution des Anchomomyini.
Courier Forschungsinstitut Senckenberg 107:383-407
Godinot M (1998) A summary of adapiform systematics and phylogeny. Folia
Primatologica 69:218-249
Godinot M (2006) Lemuriform origins as viewed from the fossil record. Folia
Primatologica 77:446-464
Godinot M, Couette S (in press) Morphological diversity in the skulls of large adapines
(Primates, Adapiformes) and its systematic implications
Gordon AM, Huxley AF, Julian FJ (1966) The variation in isometric tension with
sarcomere length in vertebrate muscle fibres. Journal of Physiology (London) 184:170192
471

Gordon JE (1991) The New Science of Strong Materials, or Why You Don't Fall Through
the Floor. Penguin Books, London
Gordon KD (1982) A study of microwear on chimpanzee molars: implications for dental
microwear analysis. American Journal of Physical Anthropology 59:195-215
Gordon KD, Walker AC (1983) Playing 'possum: a microwear experiment. American
Journal of Physical Anthropology 60:109-112
Gorniak GC (1985) Trends in the actions of mammalian masticatory muscles. American
Zoologist 25:331-337
Gosline JM (1976) Tensile materials. In: Wainwright SA, Biggs WD, Currey JD, Gosline
JM (eds) Mechanical Design in Organisms. John Wiley & Sons, Inc., New York, pp 64109
Gould SJ (1975) On the Scaling of Tooth Size in Mammals. American Zoologist
15(2):351-362
Gould SJ, Lewontin RC (1979) The spandrels of San Marco and the Panglossian
paradigm: a critique of the adaptationist programme. Proceedings of the Royal Society of
London B 205:581-598
Gould SJ, Vrba ES (1982) Exaptation - a missing term in the science of form.
Paleobiology 8:4-15
Grant PG (1973) Lateral pterygoid: two muscles? American Journal of Anatomy 138:110
Grassi C (2006) Variability in habitat, diet, and social structure of Hapalemur griseus in
Ranomafana National Park, Madagascar. American Journal of Physical Anthropology
131(1):50-63
Greaves WS (1974) Functional implications of mammalian jaw joint position. Forma et
Functio 7:363-376
Greaves WS (1978) The jaw lever system in ungulates: a new model. Journal of Zoology,
London 184:271-285
Greaves WS (1980) The mammalian jaw mechanism - the high glenoid cavity. The
American Naturalist 116:432-440
Greaves WS (1982) A mechanical limitation on the position of the jaw muscles of
mammals: the one-third rule. Journal of Mammalogy 63:261-266
472

Greaves WS (1988a) A functional consequence of an ossified mandibular symphysis.
American Journal of Physical Anthropology 77:53-56
Greaves WS (1988b) The maximum average bite force for a given jaw length. Journal of
Zoology, London 214:295-306
Greaves WS (1998) The relative positions of the jaw joint and the tooth row in mammals.
Canadian Journal of Zoology 76:1-6
Greaves WS (2000) Location of the vector of jaw muscle force in mammals. Journal of
Morphology 243:293-299
Gregory WK (1920) On the structure and relations of Notharctus an American Eocene
primate. Memoirs of the American Museum of Natural History, New Series 3:45-243, pl.
223-259
Grimes ST, Hooker JJ, Collinson ME, Mattey DP (2005) Summer temperatures of late
Eocene to early Oligocene freshwaters. Geology 33:189-192
Grine FE (1986) Dental evidence for dietary differences in Australopithecus and
Paranthropus: a quantitive analysis of permanent molar microwear. Journal of Human
Evolution 15:783-822
Grine FE, Kay RF (1988) Early hominid diets from a quantitative analysis of dental
microwear. Nature 333:765-768
Gügel IL, Grupe G, Kunzelmann K-H (2001) Simulation of dental microwear:
characteristic traces by opal phytoliths give clues to ancient human dietary behavior.
American Journal of Physical Anthropology 114:124-138
Gysi A (1921) Studies on the leverage problem of the mandible. The Dental Digest
27:74-84, 144-150, 203-208
Harcourt C, Bearder S (1989) A comparison of Galago moholi in South Africa with
Galago zanzibaricus in Kenya. International Journal of Primatology 10(1):35-45
Harding RSO (1981) An order of omnivores: nonhuman primate diets in the wild. In:
Harding RSO, Teleki G (eds) Omnivorous Primates: Gathering and Hunting in Human
Evolution. Columbia University Press, New York
Harvey PH, Pagel MD (1991) The Comparative Method in Evolutionary Biology. Oxford
University Press, Oxford
Henderson AM, Corruccini RS (1976) Relationship between tooth size and body size in
american blacks. Journal of Dental Research 55:94-96
473

Herrel A, De Smet A, Aguirre LF, Aerts P (2008) Morphological and mechanical
determinants of bite force in bats: do muscles matter? The Journal of Experimental
Biology 211:86-91
Herring SW, Grimm AF, Grimm BR (1979) Functional heterogeneity in a multipinnate
muscle. American Journal of Anatomy 154:563-576
Herring SW, Herring SE (1974) The superficial masseter and gape in mammals. The
American Naturalist 108:561-576
Hiiemae KM, Adran GM (1968) A cinefluorographic study of mandibular movement
during feeding in the rat. Journal of Zoology, London 154:139-154
Hiiemae KM, Crompton AW (1971) A cinefluorographic study of feeding in the
American opossum, Didelphis marsupialis. In: Dahlberg AA (ed) Dental Morphology
and Evolution. University of Chicago Press, Chicago, pp 299-334
Hiiemae KM, Kay RF (1972) Trends in the evolution of primate mastication. Nature
240:486-487
Hiiemae KM, Kay RF (1973) Evolutionary trends in the dynamics of primate
mastication. In: Zingeser MR (ed) Symposia of the Fourth International Congress of
Primatology, Volume 3: Craniofacial Biology of Primates. Karger, Basel, pp 28-64
Hladik CM, Charles-Dominique P, Petter JJ (1980) Feeding strategies of five nocturnal
prosimians in the dry forest of the west coast of Madagascar. In: Charles-Dominique P,
Cooper HM, Hladik A, Hladik CM, Pages E, Pariente GF, Petter-Rousseaux A, Petter JJ,
Schilling A (eds) Nocturnal Malagasy Primates: Ecology, Physiology, and Behavior.
Academic Press, New York, pp 41-73
Hogue AS (2004) Molar shear crests as dietary indicators: evidence from primate
ecological analogs. American Journal of Physical Anthropology 123:114
Hogue AS, Ravosa MJ (2001) Transverse masticatory movements, occlusal orientation,
and symphyseal fusion in selenodont artiodactyls. Journal of Morphology 249:221-241
Hoh JFY (2002) 'Superfast' or masticatory myosin and the evolution of jaw-closing
muscles of vertebrates. The Journal of Experimental Biology 205:2203-2210
Holliday C (2003) A similarity test of extant archosaur jaw muscles: cephalic soft tissues
and their osteological correlates. Journal of Vertebrate Paleontology 23:62a
Hume D (1977) An Enquiry Concerning Human Understanding and A Letter from a
Gentleman to his Friend in Edinburgh. Hackett Publishing Company, Indianapolis
474

Hylander WL (1975a) The human mandible: lever or link? American Journal of Physical
Anthropology 43:227-242
Hylander WL (1975b) Incisor size and diet in anthropoids with special reference to
Cercopithecoidea. Science 189:1095-1098
Hylander WL (1977) In vivo bone strain in the mandible of Galago crassicaudatus.
American Journal of Physical Anthropology 46:309-326
Hylander WL (1979a) The functional significance of primate mandibular form. Journal of
Morphology 160:223-240
Hylander WL (1979b) Mandibular function in Galago crassicaudatus and Macaca
fascicularis: an in vivo approach to stress analysis of the mandible. Journal of
Morphology 159:253-296
Hylander WL (1984) Stress and strain in the mandibular symphysis of primates: a test of
competing hypotheses. American Journal of Physical Anthropology 64:1-46
Hylander WL (1985) Mandibular function and biomechanical stress and scaling.
American Zoologist 25:315-330
Hylander WL, Crompton AW (1980) Loading patterns and jaw movement during the
masticatory power stroke in macaques. American Journal of Physical Anthropology
152:239
Hylander WL, Johnson KR (1985) Temporalis and masseter muscle function during
incision in macaques and humans. International Journal of Primatology 6:289-322
Hylander WL, Johnson KR (1994) Jaw muscle function and wishboning of the mandible
during mastication in macaques and baboons. American Journal of Physical
Anthropology 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. American Journal of Physical Anthropology 72:287-314
Hylander WL, Ravosa MJ, Ross CF, Wall CE, Johnson KR (2000) Symphyseal fusion
and jaw-adductor muscle force: an EMG study. American Journal of Physical
Anthropology 112:469-492
Hylander WL, Vinyard CJ, Ravosa MJ, Ross CF, Wall CE, Johnson KR (2004) Jaw
adductor force and symphyseal fusion. In: Anapol F, German RZ, Jablonski NG (eds)
Shaping Primate Evolution. Cambridge University Press, Cambridge, pp 229-257
475

Hylander WL, Vinyard CJ, Wall CE, Williams SH, Johnson KR (2003) Convergence of
the "wishboning" jaw-muscle activity pattern in anthropoids and strepsirrhines: the
recruitment and firing of jaw muscles in Propithecus verreauxi. American Journal of
Physical Anthropology 36s:120
Hylander WL, Wall CE, Vinyard CJ, Ross CF, Ravosa MJ, Williams SH, Johnson KR
(2005) Temporalis function in anthropoids and strepsirrhines: and EMG study. American
Journal of Physical Anthropology 128:35-56
Jablonski NG (1981) Functional Analysis of the Masticatory Apparatus of Theropithecus
gelada (Primates: Cercopithecidae). University of Washington, Seattle
Jablonski NG, Crompton RH (1994) Feeding behavior, mastication, and tooth wear in the
western tarsier, Tarsius bancanus. International Journal of Primatology 15:29-59
Jaeger J-J, Soe UAN, Aung UAK, Benammi M, Chaimanee Y, Ducrocq R-M, Tun T,
Thein UT, Ducrocq S (1998) New Myanmar middle Eocene anthropoids. An Asian origin
for catarrhines? Comptes Rendus de l'Academie des Sciences - Series III - Sciences de la
Vie 321:953-959
Janis CM (1984) Prediction of primate diets from molar wear patterns. In: Chivers DJ,
Wood BA, Bilsborough A (eds) Food Acquisition and Processing in Primates. Plenum
Press, New York, pp 331-340
Janis CM (1990a) The correlation between diet and dental wear in herbivorous mammals
and its relationship to the determination of diets of extinct species. In: Boucot AJ (ed)
Evolutionary Paleobiology of Behavior and Coevolution. Elsevier, Amsterdam, pp 241259
Janis CM (1990b) Correlation of cranial and dental variables with body size in ungulates
and macropodoids. In: Damuth J, MacFadden BJ (eds) Body Size in Mammalian
Paleobiology: Estimation and Biological Implications. Cambridge University Press,
Cambridge, pp 255-299
Jones FW (1916) Arboreal Man. Edward Arnold, London
Jungers WL, Falsetti AB, Wall CE (1995) Shape, relative size, and size-adjustments in
morphometrics. Yearbook of Physical Anthropology 38:137-161
Jungers WL, Godfrey LR, Simons EL, Wunderlich RE, Richmond BG, Chatrath PS
(2002) Ecomorphology and behavior of giant extinct lemurs from Madagascar. In:
Plavcan JM, Kay RF, Jungers WL, van Schaik CP (eds) Reconstructing Behavior in the
Primate Fossil Record. Kluwer Academic / Plenum Publishers, New York, pp 371-411
Kay RF (1975a) Allometry and early hominids. Science 189:63
476

Kay RF (1975b) The functional adaptations of primate molar teeth. American Journal of
Physical Anthropology 43:195-216
Kay RF (1977) The evolution of molar occlusion in the Cercopithecidae and early
catarrhines. American Journal of Physical Anthropology 46:327-352
Kay RF (1978) Molar structure and diet in extant Cercopithecidae. In: Butler PM, Joysey
KA (eds) Development, Function, and Evolution of Teeth. Academic Press, New York,
pp 309-340
Kay RF (1980) The adaptive significance of enamel thickness with implications for
hominid origins. American Journal of Physical Anthropology 52:243
Kay RF (1987) Analysis of primate dental microwear using image processing techniques.
Scanning Microscopy 1:657-662
Kay RF, Cartmill M (1977) Cranial morphology and adaptations of Palaechthon
nacimienti and other Paromomyidae (Plesiadapidae, ?Primates), with description of a
new genus and species. Journal of Human Evolution 6:19-53
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.
American Journal of Physical Anthropology 40:227-256
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
Kay RF, Hylander WL (1978) The dental structure in mammalian folivores with special
reference to Primates and Phalangeroidea (Marsupialia). In: Montgomery GG (ed) The
Ecology of Arboreal Folivores. Smithsonian Institution Press, Washington, D.C., pp 173192
Kay RF, Schmitt DO, Vinyard CJ, Perry JMG, Shigehara N, Takai M, Egi N (2004a) The
paleobiology of Amphipithecidae, South Asian late Eocene primates. Journal of Human
Evolution 46:3-25
Kay RF, Sheine WS (1979) On the relationship between chitin particle size and
digestibility in the primate Galago senegalensis. American Journal of Physical
Anthropology 50:301-308

477

Kay RF, Sussman RW, Tattersall I (1978) Dietary and dental variations in the genus
Lemur, with comments concerning general dietary dental correlations of Malagasy
strepsirhines. American Journal of Physical Anthropology 49:119-128
Kay RF, Ungar PS (1997) Dental evidence for diet in some Miocene catarrhines with
comments on the effects of phylogeny on the interpretation of adaptation. In: Begun DR,
Ward CV, Rose MD (eds) Function, Phylogeny, and Fossils: Miocene Hominoid
Evolution and Adaptations. Plenum Press, New York, pp 131-151
Kay RF, Williams BA, Anaya F (2002) The adaptations of Branisella boliviana, the
earliest South American monkey. In: Plavcan JM, Kay RF, Jungers WL, van Schaik CP
(eds) Reconstructing Behavior in the Primate Fossil Record. Kluwer Academic / Plenum
Publishers, New York, pp 339-370
Kay RF, Williams BA, Ross CF, Takai M, Shigehara N (2004b) Anthropoid origins: a
phylogenetic analysis. In: Ross CF, Kay RF (eds) Anthropoid Origins: New Visions.
Kluwer Academic / Plenum Publishers, New York, pp 91-135
Kirk EC, Simons EL (2001) Diets of fossil primates from the Fayum Depression of
Egypt: a quantitative analysis of molar shearing. Journal of Human Evolution 40:203-229
Kleiber M (1947) Body size and metabolic rate. Physiological Reviews 27:511-541
Krause DW (1982) Jaw movement, dental function, and diet in the Paleocene
multituberculate Ptilodus. Paleobiology 8:265-281
Krishtalka L, Stucky RK, Beard KC (1991) The earliest fossil evidence for sexual
dimorphism in primates. Proceedings of the National Academy of Sciences of the USA
87:5223-5226
Kühne WG (1956) The Liassic Therapsid Oligokyphus. British Museum (Natural
History), London
Lanèque L (1992) Variation in the shape of the palate in Adapis (Eocene, Adapiformes)
compared with living primates. Human Evolution 7:1-16
Lanèque L (1993) Variation of orbital features in adapine skulls. Journal of Human
Evolution 25:287-317
Lang J (1995) Clinical Anatomy of the Masticatory Apparatus and Peripharyngeal
Spaces. Thieme Medical Publishers Inc., New York
Lauder GV (1995) On the inference of function from structure. In: Thomason JJ (ed)
Functional Morphology in Vertebrate Paleontology. Cambridge University Press,
Cambridge, pp 1-18
478

Lehman SM, Mayor M (2004) Dietary patterns in Perrier's sifakas (Propithecus diadema
perrieri): A preliminary study. American Journal of Primatology 62(2):115-122
Lieberman DE, Crompton AW (2000) Why fuse a mandibular symphysis? A comparative
analysis. American Journal of Physical Anthropology 112:517-540
Lucas PW (1982) Basic principles of tooth design. In: Kurtén B (ed) Teeth: Form,
Function and Evolution. Columbia University Press, New York, pp 154-162
Lucas PW (2004) Dental Functional Morphology: How Teeth Work. Cambridge
University Press, Cambridge
Lucas PW, Luke DA (1984) Chewing it over: basic prinicples of food breakdown. In:
Chivers DJ, Wood BA, Bilsborough A (eds) Food Acquisition and Processing in
Primates. Plenum Press, New York, pp 283-301
M'Kirera F, Ungar PS (2003) Occlusal relief changes with molar wear in Pan troglodytes
troglodytes and Gorilla gorilla gorilla. American Journal of Primatology 60(2):31-41
Madeira MC, de Oliveira JA (1979) Anatomical aspects of the masticatory muscles of the
tufted capuchin (Cebus apella). Okajimas Folia Anatomica, Japan 56:35-44
Maier W (1984) Tooth morphology and dietary specialization. In: Chivers DJ, Wood BA,
Bilsborough A (eds) Food Acquisition and Processing in Primates. Plenum Press, New
York, pp 303-329
Marivaux L, Chaimanee Y, Ducrocq S, Marandat B, Sudre J, Soe AN, Tun ST, Htoon W,
Jaeger J-J (2003) The anthropoid status of a primate from the late middle Eocene
Pondaung Formation (Central Myanmar): Tarsal evidence. Proceedings of the National
Academy of Sciences of the USA 100:13173-13178
Martin RD (1979) Phylogenetic aspects of prosimian behaviour. In: Doyle GA, Martin
RD (eds) The Study of Prosimian Behaviour. Academic Press, London, pp 45-77
McNamara JA (1973) The independent functions of the two heads of the lateral pterygoid
muscle. American Journal of Anatomy 138:197-206
Meyers DM (1993) The Effects of Resource Seasonality on Behavior and Reproduction
in the Golden-Crowned Sifaka (Propithecus tattersalli Simons, 1988) in Three Malagasy
Forests. Duke University, Durham, North Carolina
Miller AJ (1991) Craniomandibular Muscles: Their Role in Function and Form. CRC
Press Inc., Boca Raton

479

Mills JRE (1955) Ideal dental occlusion in the primates. Dental Practitioner, Bristol 6:4761
Milne-Edwards A (1875) Myologie. Histoire Physique, Naturelle, et Politique de
Madagascar. Imprimerie Nationale, Paris, pp 105-192, pl. 153-175
Minkoff EC (1968) A Study of the Head, Neck, and Forelimb Muscles in the Genus
Galago (Primates, Lorisidae). Harvard, Cambridge, Mass.
Mittermeier RA, Konstant WR, Hawkins F, Louis EE, Langrand O, Ratsimbazafy J,
Rasoloarison R, Ganzhorn JU, Rajaobelina S, Tattersall I, Meyers DM (2006) Lemurs of
Madagascar, Second edn. Conservation International, Washington, D.C.
Møller E (1966) The chewing apparatus. An electromyographic study of the action of the
muscles of mastication and its correlation to facial morphology. Acta Physiologica
Scandinavica 69 (suppl. 280):1-229
Moore SJ, Sanson GD (1995) A comparison of the molar efficiency of two insect-eating
mammals. Journal of Zoology, London 235:175-192
Murie J, Mivart SG (1865) Observations on the anatomy of Nycticebus tardigradus.
Proceedings of the Zoological Society of London 1865:240-256
Murie J, Mivart SG (1872) On the anatomy of the Lemuroidea. Transactions of the
Zoological Society 7:1-113
Murphy RA, Beardsley AC (1974) Mechanical properties of the cat soleus muscle in situ.
American Journal of Physiology 227:1008-1013
Nash LT, Whitten PL (1989) Preliminary observations on the role of Acacia gum
chemistry in Acacia utilization by Galago senegalensis in Kenya. American Journal of
Primatology 17:27-39
Nekaris KAI (2005) Foraging behaviour of the slender loris (Loris lydekkerianus
lydekkerianus): implications for theories of primate origins. Journal of Human Evolution
49(3):289-300
Nekaris KAI, Rasmussen DT (2003) Diet and feeding behavior of Mysore slender lorises.
International Journal of Primatology 24:33-46
Olmsted MJ, Wall CE, Vinyard CJ, Hylander WL (2005) Human bite force: the relation
between EMG activity and bite force at standardized gape. American Journal of Physical
Anthropology 40s:160

480

Olson EC (1961) Jaw mechanisms: rhipidistians, amphibians, reptiles. American
Zoologist 1:205-216
Ossi K, Kamilar J (2006) Environmental and phylogenetic correlates of Eulemur
behavior and ecology (Primates: Lemuridae). Behavioral Ecology and Sociobiology
61(1):53-64
Overdorff D (1993) Similarities, differences, and seasonal patterns in the diets ofEulemur
rubriventer andEulemur fulvus rufus in the Ranomafana National Park, Madagascar.
International Journal of Primatology 14(5):721-753
Owen R (1866) On the aye-aye (Chiromys, Cuvier; Chiromys madagascariensis, Desm.;
Sciurus madagascariensis, Gmel., Sonnerat; Lemur psilodactylus, Schreber, Shaw).
Transactions of the Zoological Society 5:33-101
Ozer N, Engel BA, Simon JE (1998) A multiple impact approach for non-destructive
measurement of fruit firmness and maturity. Transactions of the American Society of
Agricultural Engineers 41:871-876
Pavlova MB (1910) Catalogue of the collections of the Geological Cabinet of the
Moscow Imperial University. V.1, Section II 2, Mammals. Moscow Imperial University
Press, Moscow
Peck AL (1937) Aristotle's Parts of Animals, Movement of Animals, Progression of
Animals, with an English Translation by A. L. Peck. Harvard University Press,
Cambridge, Massachusetts
Perry JMG (2001) Breakdown of Food by Early Fossil Primates, Assessed with the Aid
of a Machine that Simulates Mastication. Biological Sciences. University of Alberta,
Edmonton, p 217
Perry JMG, Hartstone-Rose A (in review) Preferred bite size: a behaviorally-significant
measure of gape in strepsirrhine primates. American Journal of Primatology
Perry JMG, Wall CE (in press) Scaling of the chewing muscles in prosimians. In:
Vinyard CJ, Ravosa MJ, Wall CE (eds) Primate Craniofacial Function and Biology.
Springer
Pilbeam D, Gould SJ (1974) Size and scaling in human evolution. Science 186:892-901
Pilbeam D, Gould SJ (1975) Allometry and early hominids. Science 189:64
Plavcan JM (2002) Reconstructing social behavior from dimorphism in the fossil record.
In: Plavcan JM, Kay RF, Jungers WL, van Schaik CP (eds) Reconstructing Behavior in
the Primate Fossil Record. Kluwer Academic/Plenum Publishers, New York, pp 297-338
481

Rasmussen DT (1986) Anthropoid origins: a possible solution to the AdapidaeOmomyidae paradox. Journal of Human Evolution 15:1-12
Ravosa MJ (1991) Structural allometry of the mandibular corpus and symphysis in
prosimian primates. Journal of Human Evolution 20:3-20
Ravosa MJ (1996) Mandibular form and function in North American and European
Adapidae and Omomyidae. Journal of Morphology 229:171-190
Ravosa MJ (1999) Anthropoid origins and the modern symphysis. Folia Primatologica
70:65-78
Ravosa MJ (2000) Size and scaling in the mandible of living and extinct apes. Folia
Primatologica 71:305-322
Ravosa MJ, Hogue AS (2004) Function and fusion of the mandibular symphysis in
mammals: a comparative and experimental perspective. In: Ross CF, Kay RF (eds)
Anthropoid Evolution New Directions. Kluwer Academic/Plenum Publishers, New
York, pp 399-448
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, Simons EL (1994) Mandibular growth and function in Archaeolemur.
American Journal of Physical Anthropology 95:63-76
Rayne J, Crawford GNC (1972) The relationship between fibre length, muscle excursion
and jaw movement in the rat. Archives of Oral Biology 17:859-872
Reeve HK, Sherman PW (1993) Adaptation and the goals of evolutionary research.
Quarterly Review of Biology 68:1-32
Richard AF (1978) Variability in the feeding behavior of a Malagasy prosimian,
Propithecus verreauxi: Lemuriformes. In: Montgomery GG (ed) The Ecology of
Arboreal Folivores. Smithsonian Institution Press, Washington, D.C., pp 519-533
Rosenberger AL, Kinzey WG (1976) Functional patterns of molar occlusion in
platyrrhine primates. American Journal of Physical Anthropology 45:281-298
Rosenberger AL, Strasser E (1985) Toothcomb origins: support for the grooming
hypothesis. Primates 26:73-84
Ross CF (1993) The Functions of the Postorbital Septum and Anthropoid Origins. Duke
University, Durham, North Carolina
482

Ross CF (1995) Muscular and osseous anatomy of the primate anterior temporal fossa
and the functions of the postorbital septum. American Journal of Physical Anthropology
98:275-306
Ross CF (1999) How to carry out functional morphology. Evolutionary Anthropology
7:217-222
Ross CF, Dharia R, Herring SW, Hylander WL, Liu Z-J, Rafferty KL, Ravosa MJ,
Williams SH (2007) Modulation of mandibular loading and bite force in mammals during
mastication. Journal of Experimental Biology 210(6):1046-1063
Ross CF, Lockwood CA, Fleagle JG, Jungers WL (2002) Adaptation and behavior in the
primate fossil record. In: Plavcan JM, Kay RF, Jungers WL, van Schaik CP (eds)
Reconstructing Behavior in the Primate Fossil Record. Kluwer Academic / Plenum
Publishers, New York, pp 1-41
Rudwick JS (1964) The inference of function from structure in fossils. The British
Journal for the Philosophy of Science 15:27-40
Runestad JA (1994) Humeral and Femoral Diaphyseal Cross-Sectional Geometry and
Articular Dimensions in Prosimii and Platyrrhini (Primates) with Application for
Reconstruction of Body Mass and Locomotor Behavior in Adapidae (Primates: Eocene).
Johns Hopkins University, Baltimore, p 443
Saban R (1968) Musculature de la tête. In: Grassé P-P (ed) Traité de zoologie: anatomie,
systématique, biologie. Masson et Compagnie, Éditeurs, Paris, pp 229-471
Salazar-Ciudad I, Jernvall J (2002) A gene network model accounting for development
and evolution of mammalian teeth. Proceedings of the National Academy of Sciences of
the USA 99:8116-8120
Sanson GD, Kerr SA, Gross KA (2006) Do silica phytoliths really wear mammalian
teeth? Journal of Archaeological Science 34:526-531
Scapino R (1981) Morphological investigation into functions of the jaw symphysis in
carnivorans. Journal of Morphology 167:339-375
Schön MA (1968) The muscular system of the red howling monkey. United States
National Museum Bulletin 273:1-185
Schumacher GH (1961) Funktionelle Morphologie der Kaumuskulatur. Fisher, Jena
Schwartz DJ, Huelke DF (1963) Morphology of the head and neck of the macaque
monkey: the muscles of mastication and the mandibular division of the trigeminal nerve.
Journal of Dental Research 42:1222-1233
483

Seiffert ER, Simons EL, Attia Y (2003) Fossil evidence for an ancient divergence of
lorises and galagos. Nature 422(6930):421
Seligsohn D, Szalay FS (1978) Relationship between natural selection and dental
morphology: tooth function and diet in Lepilemur and Hapalemur. In: Butler PM, Joysey
KA (eds) Development, Function and Evolution of Teeth. Academic Press, New York, pp
289-307
Shahnoor N, Anapol F, Ross CF (2005) Scaling of reduced physiological cross-sectional
area in primate masticatory muscles. American Journal of Physical Anthropology
40S:188
Sheine WS, Kay RF (1977) An analysis of chewed food particle size and its relationship
to molar structure in the primates Cheirogaleus medius and Galago senegalensis and the
insectivoran Tupaia glis. American Journal of Physical Anthropology 47:15-20
Sheine WS, Kay RF (1982) A model for comparison of masticatory effectiveness in
primates. Journal of Morphology 172:139-149
Simpson GG (1978) Variations and details of macroevolution. Review of "Major Patterns
of Vertebrate Evolution". M.K. Hecht, P.C. Goody and B.M. Hecht (eds.). New York,
Plenum Press. 908p. Paleobiology 4:217-221
Smith GE (1912) The evolution of man. Smithsonian Institute Annual Report:553-572
Smith JM, Savage RJG (1959) The mechanics of mammalian jaws. The School Science
Review 141:289-301
Smith RJ (1978) Mandibular biomechanics and temporomandibular joint function in
primates. American Journal of Physical Anthropology 49:341-350
Smith RJ (1994a) Degrees of freedom in interspecific allometry: an adjustment for the
effects of phylogeny. American Journal of Physical Anthropology 93:95-107
Smith RJ (1994b) Regression models for prediction equations. Journal of Human
Evolution 26:239-244
Smith RJ (1999) Statistics of sexual size dimorphism. Journal of Human Evolution
36(4):423-459
Smith RJ, Jungers WL (1997) Body mass in comparative primatology. Journal of Human
Evolution 32:523-559
Sokal RR, Rohlf FJ (1995) Biometry, Third edn. W. H. Freeman and Company, New
York
484

Solounias N, Dawson-Saunders B (1988) Dietary adaptations and paleoecology of the
late Miocene ruminants from Pikermi and Samos in Greece. Palaeogeography,
Palaeoclimatology, Palaeoecology 65:149-172
Solounias N, Moelleken SMC, Plavcan JM (1995) Predicting the diet of extinct bovids
using masseteric morphology. Journal of Vertebrate Paleontology 15:795-805
Spencer MA (1998) Force production in the primate masticatory system:
electromyographic tests of biomechanical hypotheses. Journal of Human Evolution
34:25-54
Spencer MA (1999) Constraints on masticatory system evolution in anthropoid primates.
American Journal of Physical Anthropology 108:483-506
Spencer MA (2003) Tooth-root form and function in platyrrhine seed-eaters. American
Journal of Physical Anthropology 122:325-335
Spencer MA, Demes B (1993) Biomechanical analysis of masticatory system
configuration in Neandertals and Inuits. American Journal of Physical Anthropology
91:1-20
Spyropoulos MN (1977) The morphogenetic relationship of the temporal muscle to the
coronoid process in human embryos and fetuses. American Journal of Anatomy 150:395410
Stark D (1933) Die kaumuskulatur der platyrrhinen. Gegenbaurs Morphologisches
Jahrbuch 72:212-285
Stehlin HG (1912) Die säugetiere des schweizerischen Eocaens. Siebenter teil, erst
hälfte: Adapis. Abhandlungen der Schweizerischen Paläontologischen Gesellschaft
38:1165-1298
Stern JT (1974) Biomechanical significance of the instantaneous center of rotation: The
human temporomandibular joint. Journal of Biomechanics 7(1):109
Strait SG (1993a) Molar microwear in extant small-bodied faunivorous mammals: an
analysis of feature density and pit frequency. American Journal of Physical Anthropology
92:63-79
Strait SG (1993b) Molar morphology and food texture among small-bodied insectivorous
mammals. Journal of Mammalogy 74:471-484
Strait SG (1997) Tooth use and the physical properties of food. Evolutionary
Anthropology 6:199-211
485

Strait SG (2001) Dietary reconstruction of small-bodied omomyid primates. Journal of
Vertebrate Paleontology 21:322-334
Sussman RW (1974) Ecological distinctions in sympatric species of lemur. In: Martin
RD, Doyle GA, Walker AC (eds) Prosimian Biology. Duckworth, London, pp 75-108
Sussman RW (1999) Primate Ecology and Social Structure: Volume 1: Lorises, Lemurs
and Tarsiers. Pearson Custom Publishing, Needham Heights, MA
Swindler DR, Wood CD (1973) An Atlas of Primate Gross Anatomy: Baboon,
Chimpanzee, and Man
Szalay FS (1974) New genera of European Adapid primates. Folia Primatologica 22:116133
Szalay FS (1981) Phylogeny and the problems of adaptive significance: the case of the
earliest primates. Folia Primatologica 36:157-182
Szalay FS, Delson E (1979) Evolutionary History of the Primates. Academic Press, New
York
Takai M, Shigehara N (2004) The Pondaung primates. enigmatic "possible anthropoids"
from the latest middle Eocene, central Myanmar. In: Ross CF, Kay RF (eds) Anthropoid
Origins: New Visions. Kluwer Academic / Plenum Publishers, New York, pp 283-322
Tan CL, Drake JH (2001) Evidence of tree gouging and exudate eating in pygmy slow
lorises (Nycticebus pygmaeus). Folia Primatologica 72:37-39
Taylor AB, Vinyard CJ (2004) Comparative analysis of masseter fiber architecture in
tree-gouging (Callithrix jacchus) and nongouging (Saguinus oedipus) callitrichids.
Journal of Morphology 261:276-285
Teaford MF, Oyen OJ (1989) In-vivo and in-vitro turnover in dental microwear.
American Journal of Physical Anthropology 80:447-460
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.
American Journal of Physical Anthropology 64:191-200
Toldt C (1904-1905) Der Winkelfortsatz der Unterkiefer beim Menschen und bei den
Säugetieren und die Beziehungen der Kaumuskulatur zu demselben. Sitzungsberichte der
Kaiserliche Akademie der Wissenschaften in Wien 113, 114:43-108, 315-476
Turnbull WD (1970) Mammalian masticatory apparatus. Fieldiana: Geology 18:147-356
486

Ungar PS (1994) Patterns of ingestive behavior and anterior tooth use differences in
sympatric anthropoid primates. American Journal of Physical Anthropology 95:197-219
Ungar PS (2002) Reconstructing the diets of fossil primates. In: Plavcan JM, Kay RF,
Jungers WL, van Schaik CP (eds) Reconstructing Behavior in the Primate Fossil Record.
Kluwer Academic / Plenum Publishers, New York, pp 261-296
Ungar PS, Kay RF (1995) The dietary adaptations of European Miocene catarrhines.
Proceedings of the National Academy of Sciences of the USA 92:5479-5481
Ungar PS, M'Kirera F (2003) From the Cover: A solution to the worn tooth conundrum in
primate functional anatomy. Proceedings of the National Academy of Sciences of the
USA 100(7):3874-3877
Ungar PS, Teaford MF, Glander KG, Pastor RF (1995) Dust accumulation in the canopy:
a potential cause of dental microwear in primates. American Journal of Physical
Anthropology 97:93-99
Vasey N (2000) Niche separation in Varecia variegata rubra and Eulemur fulvus
albifrons: I. Interspecific patterns. American Journal of Physical Anthropology
112(3):411-431
Vermeij GT (1996) Adaptations of clades: resistance and response. In: Rose MD, Lauder
GV (eds) Adaptation. Academic Press, San Diego, pp 363-379
Vinyard CJ (1999) Temporomandibular Joint Morphology and Function in Strepsirhine
and Eocene Primates. Northwestern University, Evanston, Illinois
Vinyard CJ, Wall CE, Williams SH, Hylander WL (2003) Comparative functional
analysis of skull morphology of tree-gouging primates. American Journal of Physical
Anthropology 120:153-170
Vinyard CJ, Wall CE, Williams SH, Johnson KR, Hylander WL (2006) Masseter
electromyography during chewing in ring-tailed lemurs (Lemur catta). American Journal
of Physical Anthropology 130:85-95
Vinyard CJ, Wall CE, Williams SH, Schmitt DO, Hylander WL (2001) A preliminary
report on the jaw mechanics during tree gouging in common marmosets (Callithrix
jacchus). In: Brooks A (ed) Dental Morphology 2001: Proceedings of the 12th
International Symposium on Dental Morphology. Sheffield Academic Press, Sheffield,
pp 283-297
Vizcaíno SF, De Iuliis G, Bargo MS (1998) Skull shape, masticatory apparatus, and diet
of Vassallia and Holmesina (Mammalia: Xenarthra: Pampatheriidae). When anatomy
constrains destiny. Journal of Mammalian Evolution 5:291-322
487

Wainwright SA, Biggs WD, Currey JD, Gosline JM (1982) Mechanical Design in
Organisms. Princeton University Press, Princeton
Walker AC, Hoeck HN, Perez L (1978) Microwear of mammalian teeth as an indicator of
diet. Science 201:908-910
Wall CE (1995) Form and Function of the Temporomandibular Joint in Anthropoid
Primates. Anatomical Sciences. Stony Brook University, Stony Brook
Wall CE (1997) The expanded mandibular condyle of the Megaladapidae. American
Journal of Physical Anthropology 103:263-276
Wall CE (2007) Feeding in olive baboons (Papio anubis): sexual size dimorphism,
energy requirements, and masticatory mechanics. Abstracts of the Eighth International
Congress of Vertebrate Morphology:133
Wall CE, Krause DW (1992) A biomechanical analysis of the masticatory apparatus of
Ptilodus (Multituberculata). Journal of Vertebrate Paleontology 12:172-187
Wall CE, Vinyard CJ, Johnson KR, Williams SH, Hylander WL (2006) Phase II jaw
movements and masseter muscle activity during chewing in Papio anubis. American
Journal of Physical Anthropology 129:215-224
Wall CE, Vinyard CJ, Johnson KR, Williams SH, Hylander WL (in press) Phase II jaw
movements and masseter muscle activity during chewing in Papio anubis. American
Journal of Physical Anthropology
Washburn SL (1947) The relation of the temporal muscle to the form of the skull.
Anatomical Record 99:239-248
Weijs WA, Hillen B (1985) Physiological cross-section of the human jaw muscles. Acta
Anatomica 121:31-35
White J (2006) Evolution of adapiform ecological diversity: a geometric morphometric
analysis of molar occlusal surface shape. Journal of Vertebrate Paleontology 26:138A
Wiens F, Zitzmann A, Hussein NA (2006) Fast food for slow lorises: is low metabolism
related to secondary compounds in high-energy plant diet? Journal of Mammalogy
87(4):790-798
Williams GC (1966) Adaptation and Natural Selection: A Critique of Some Current
Evolutionary Thought. Princeton University Press, Princeton

488

Williams SH (2004) Mastication in Selenodont Artiodactyls: an In Vivo Study of
Masticatory Form and Function in Goats and Alpacas. Biological Anthropology &
Anatomy. Duke University, Durham, NC
Wilson MVH (1987) Predation as a source of fish fossils in Eocene lake sediments.
Palaios 2:497-504
Witmer LM (1995) The Extant Phylogenetic Bracket and the importance of
reconstructing soft tissues in fossils. In: Thomason JJ (ed) Functional Morphology in
Vertebrate Paleontology. Cambridge University Press, Cambridge, pp 19-33
Witmer LM (1998) Application of the Extant Phylogenetic Bracket (EPB) approach to
the problem of anatomical novelty in the fossil record. Journal of Vertebrate
Paleontology 18:87a
Woollard HH (1925) The anatomy of Tarsius spectrum. Proceedings of the Zoological
Society of London 70:1071-1184
Yamashita N (1998) Functional dental correlates of food properties in five Malagasy
lemur species. American Journal of Physical Anthropology 106:169-188
Yamashita N (2003) Food procurement and tooth use in two sympatric lemur species.
American Journal of Physical Anthropology 121:125-133
Yoshikawa T, Suzuki T (1965) The comparative anatomical study of the masseter of the
mammal (II). Okajimas Folia Anatomica Japonica 40:339-363
Zar JH (1999) Biostatistical Analysis, Fourth edn. Pearson Education, Inc, Delhi

489

Biography
Jonathan Perry was born in Ottawa, Ontario on 6 July 1976. He was born to
Brian and Sandra Perry and is the middle child of five. He earned a Bachelor of Science
in Paleontology with First Class Honours from the University of Alberta in 1998. He
then earned a Master of Science in Systematics and Evolution in 2001. The title of his
M.Sc. thesis is “Breakdown of Food by Early Fossil Primates, Assessed with the Aid of a
Machine that Simulates Mastication”. His supervisor was Richard C. Fox. Jonathan
began his Ph.D. work at Duke University in 2002; his advisor is Richard F. Kay.
Currently, Jonathan is employed as an Instructor of Anatomy at Stony Brook University,
New York.
Current first-authored publications include “Scaling of the chewing muscles in
prosimians” (with Christine Wall) and “Ingested food size in captive strepsirrhine
primates: scaling and the effects of diet” (with Adam Harstone-Rose).
These days, Jonathan can usually be found squinting at his computer screen, on
the couch, next to his wife Susan and infant son Alexander, pitting his jaw adductors
against the yield strength of potato chips.

490

