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FOREWORD

My initial response to the authors’ invitation
to introduce this book was to undertake a
modest comparative study in order to estab-
lish how a ‘good’ foreword should be con-
structed. Regrettably, the results provided no
clear guidance, but there was a definite
pattern to the variation. Some forewords
explicitly offered the equivalent of ‘covering
fire’ to shield a text that was innovative,
controversial, or sometimes both. Others
took the form of an intellectual ‘warranty’,
implicitly underwriting, or vouching for, the
veracity and relevance of what followed. A
third category comprised the ‘testimonial’
variety in which a respected figure attests to
the worthiness of the text, much as a purveyor
of quack medicines reels off the names of
social notables who are prepared to testify
to the success of a hair restorer, or tonic.
Fortunately, this book has no need for any
of these three varieties of foreword, nor, for
that matter, does it require any other form
of support or validation.

The authors were perspicacious enough to
have identified the need for a textbook which,
for student and researcher alike, would
present the anatomical background to the
study of human evolution. Fossil hominids
and hominoids are unique, and there has
developed an increasing realisation that
‘Whiggish’ methods of analogy are outmoded
as the basis for research strategies aimed at
solving the puzzle of human evolution. We

have all faced, at one time or another, the
problem of describing or comparing a piece
of hominid anatomy, and ending up using
an unhappy amalgam of ‘Martin’, ‘Raven’,
and others, in order to find adequate words
and measurements to describe what, in detail,
is a novel structure. While it must always be
the case that human and other higher primate
anatomy will provide the starting point for
attempts to understand hominid form and
function, researchers are increasingly seeking
to interpret form in terms of structural and
functional ‘rules” which have a much wider
application. Hominids will need to be
described and explained on their own terms,
and this book introduces and explains the
language that should be used for those tasks.

On the face of it, 1990, the beginning of
a new decade, secems to be a singularly
inopportune time to be offering a classical
text of form and structure. Surely the language
of splicing and cloning is more relevant to
the run up to the twenty first century, than
the details of hypoconulids, frontal trigones
and third trochanters? We must all acknowl-
edge and accommodate to the increasing role
that molecular biology has played, and will
play, in the task of exploring the relationships
between taxa. However, recent developments
in phylogenetic analytical techniques, and
increasingly sophisticated programmes of
functional analysis, make it more important
than ever that the developmental and com-

vit
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parative contexts of hominid anatomy are
well understood. This book 1is designed to
facilitate such research programmes.

The complementary interests of Leslie
Aiello and Christopher Dean have enabled
them to face, and rise to, the challenge of
providing a balanced and systematic account
of a wide range of anatomy relevant to
both functional analysis and phylogenetic
reconstruction. The authors have chosen an
unashamedly analytical presentation, being
careful to provide the ‘chapter and verse’
behind each proposition. Particular care has
been taken to commission ‘intelligent’ art-
work. All too often diagrams are an after-
thought to the text, so that they often make
no more than a marginal contribution. In

viii

this book, the care taken to plan the text-
figures is evident, and the artist deserves
particular praise for her efforts.

We must be grateful that Leslie Aiello and
Christopher Dean were equipped with the
vision to conceive of, and the industry to
prepare, such a useful text as An Introduction
to Human Evolutionary Anatomy. Their
reward will be a book that is a worthy
companion to Napier and Napier’s A Hand-
book of Living Primates. My prediction is
that it will have a long and useful life, and
that future generations will wonder how their
predecessors ever managed without it.

Bernard Wood
The University of Liverpool
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CHAPTER ONE

AN INTRODUCTION TO
CLASSIFICATION,
PHYLOGENETIC

RECONSTRUCTION AND

THE FOSSIL RECORD

Anatomy 1is the science of the structure of
animals, and comparative anatomy provides
the main basis upon which our knowledge
of the course of human evolution is based.
In order to interpret the fossils, to determine
what hominid fossils were like in life, it is
necessary to compare the structure of their
fossil bones and teeth to those of humans,
apes and other primates. This can help us to
determine not only that they were on the
human line, but also details about their
function, how they moved and what they
ate. Only by such analogy with modern
humans and non-human primates can we
have confidence in our conclusions about the
nature of our evolutionary ancestors.
Comparative anatomy also has further uses
to the palacoanthropologist. By understand-
ing the ways in which bones and teeth grow
and develop in humans and other primates it
is becoming possible to determine the speed
and the course of their individual growth and
development to adulthood, their ontogeny
(ontos (Gk) = really; gennan (Gk) =

produce). Comparative anatomy also pro-

vides the basis for the reconstruction of the
path taken by a particular animal or group
of animals during evolutionary history. Such
an exercise in evolutionary inference is known
as phylogenetic reconstruction, which liter-
ally means the reconstruction of the gener-
ation or development of a tribe (phylon (Gk)
= a tribe; genesis (Gk) = generation). The
utility of comparative anatomy does not stop
here, however. It also forms the basis of our
system of classification, or the naming and
categorizing of fossil animals. Because it is
impossible to apply the test of breeding
compatibility to fossils, fossil species are
defined in the first instance on the basis of
their anatomy. This exercise is normally
guided by the rule that fossils can be included
in a single species if they vary no more from
each other than do the members of an average
modern species.

A good working understanding of com-
parative anatomy is therefore essential for the
palaeoanthropologist, and to this end the
following chapters are primarily concerned
with an introduction to and interpretation of
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the anatomy of humans, of apes and of the
major fossils on the human evolutionary line.
These chapters are oriented primarily towards
the first two uses of comparative anatomy,
towards the interpretation of structure and
function and towards the interpretation of
the ontogeny, or growth and development
of the hominids. However, before embarking
on this excursion into comparative anatomy
a few more detailed comments about the uses
of comparative anatomy in phylogenetic
reconstruction and in classification will be
helpful to students who are working with,
or anticipating working with, fossil material.

Classification and phylogenetic
reconstruction

Biological classification makes no claim about
evolution or evolutionary relationships. It
simply involves the ordering of organisms
into groups on the basis of their anatomical
similarities and differences. The system that
is currently in use is known as the Linnean
Hierarchy and dates in its (near) present form
to 1758 and the 10th edition of Linnaeus’
Systema Naturae. The Linnean Hierarchy is
a pyramidal structure where each higher
category includes a nest, or set, of one or
more lower, or subordinate, categories. At
the minimum there are seven levels to this
hierarchy but in practice modern applications
may include 20 or more separate hierarchical
levels (Fig. 1.1).

A taxon (taxis (Gk) = arrangement) is a
group of organisms at any level of the
hierarchy (such as a genus or a species or
a family) and taxonomy (taxis (Gk)
arrangement; nomous (Gk) = law) is literally
the theoretical study of the laws, procedures
and principles of the arrangement of organ-
isms. We will shortly show that there is
considerable difference of opinion over the
manner in which taxa (= plural of taxon)
should be grouped in the hierarchical system.
However, there is no possibility for difference
of opinion over how various taxa are defined
and named. Nomenclature (nomenclatos (L)
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FIGURE 11 The Linnean Hierarchy.

= listing of names), the application of names
to the taxa in the hierarchy, is strictly
governed by the International Code of
Zoological Nomenclature. This code is based
on the concept of name-bearing types, which
are particular specimens or taxa that provide
an objective standard of reference against
which other specimens or taxa must be
compared before they are included in the
rank of interest. For example, each family
or subfamily has a type genus, each genus
a type species and each species a type
specimen. The code stipulates that a family
or subfamily name is formed by adding to
the stem of the name of the type genus the
latinized suffix “~idae’ for a family name and
““inae’ for a subfamily name. Moreover, it
recommends that the suffix ‘~oidea’ be added
to the stem for the name of a superfamily
and “~ini’ for the name of a tribe. For
example, in the classification of the human
species, the genus Homo gives its name
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to the tribe Hominini to the subfamily
Homininae to the family Hominidae and to
the superfamily Hominoidea (see Figs 1.6
and 1.7).

The code also specifies that all species (and
only species) should be referred to by two
names, their genus name and their species
name. Such a double name is known as a
binomen and is the reason why this naming
system is known as the system of Binominal
Nomenclature. The genus name always
begins with an upper-case letter and the
species name with a lower-case one as, for
example, Homo sapiens, the binomen for
modern humans. Frequently with fossil
material it may not be possible to assign a
particular specimen to a particular species,
but it may be possible to assign it to the next
highest taxonomic level, the genus. In this
case the binomen for that specimen would
be, for example, Homo sp. indet. which
identifies the particular specimen as a member
of the genus Homo but of an indeterminate
species.

Sometimes the term ‘cf.” (= confer) may
also be included in a binomen as, for example,
Homo cf. erectus. This indicates that there is
some doubt about the formal referral of the
particular specimen to the species erectus. A
species name might also be qualified as, for
example, Homo habilis s.s. (= sensu stricto)
or Homo habilis s.I. (= sensu lato). The use
of these terms is not governed by the
International Code. However sensu stricto is
generally used in the sense of the type of the
species, referring specifically to those fossil
specimens that are formally included in the
type series of the taxon (see below). Likewise,
sensu lato refers to the broader (and perhaps
more variable) group of specimens that might
have been referred to the species subsequent
to its formal establishment. Such a group of
referred specimens is known as the hypodigm.

As a last general word about the Inter-
national Code of Zoological Nomenclature
it is also common to see various fossil
specimens referred to as holotypes or para-
types. A new species must have a designated
specimen or series of specimens as the name-

bearing type(s) for that species. These terms
refer to particular categories of name-bearing
type that are important in the definition of
a new species. The holotype is the single
specimen designated as the name-bearing type
of a species or subspecies when it was
established. Each specimen of a type series
other than the holotype is known as a
paratype. A type series consists of all the
specimens eligible to be name-bearing types
included in the original description of a new
species.

The International Code of Zoological
Nomenclature lays out specific rules for both
the establishment and the naming of taxa,
but other areas of classification engender
potential controversy and deserve further
discussion. These areas are: (1) the definition
of and recognition of species; (2) the grouping
of taxa into an hierarchical system; and (3)
the assignment of taxa to their proper levels
in the Linnean Hierarchy.

The definition and recognition of
species

Species are the lowest level in the Linnean
Hierarchy. However, this definition of spec-
ies 1s not of much use to the practical
palaeontologist or palaeoanthropologist who
is trying to define species or to assign
particular fossil specimens to one or another
species. A number of other definitions of the
species are more useful for this purpose.
Perhaps the most common definition of
species 1s the biospecies definition of Mayr
(1940: 254). Here biospecies are defined as
groups of actually or potentially interbreeding
natural populations, which are reproductively
1solated from other such species. This defi-
nition is directly applicable only to contem-
poraneous living organisms and has been
criticized by Simpson (1961) for not explicitly
addressing the evolutionary duration, or
time-depth, of a species. Consequently, he
proposes a definition for evolutionary species
in which ‘an evolutionary species is a lineage
(an  ancestral-descendant  sequence  of
populations) evolving separately from others
and with its own unitary evolutionary role

3
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and tendencies’ (Simpson, 1961: 153). This
definition emphasizes reproductive cont-
nuity through time and is similar to a more
modern definition proposed by Wiley (1978:
18) which defines a species as ‘. . . a single
lineage of ancestral descendant populations
of organisms which maintains its identity
from other such lineages and which has its
own evolutionary tendencies and historical
fate’.

These species definitions have one very
basic problem when applied to extinct organ-
isms. Any inference about breeding contin-
uity in the fossil record must be based on
continuity of anatomical characters in the
fossils, assuming an equivalence between
anatomical similarity and breeding compati-
bility. Indeed, Simpson has suggested that
if the ranges of population variation in
anatomical features of two or more samples
overlap for all observable characters it is
likely that the samples come from one
interbreeding population, or biospecies. Con-
versely, if the ranges of variation do not
overlap it is likely that the samples come from
two distinct biospecies. However, things are
never as clear cut as this in the fossil record,
where there are frequently ambiguous ranges
of overlap between fossil samples. Moreover,
there is no evidence that there is any hard
and fast relationship between speciation and
anatomical change (Vrba, 1980; Tattersall,
1986; Turner and Chamberlain, 1989). In
human palaeontology this issue becomes very
important in relation to the later-occurring
fossils such as Neanderthals. The question
at issue here is whether the anatomical
differences between Neanderthals and mod-
ern humans justify species distinction between
these hominids, e.g. Homo neanderthalensis
and Homo sapiens, and if so whether this
species distinction also implies breeding iso-
lation between these species with the obvious
implication that, by definition, Neanderthals
could not have contributed to the modern
human gene pool.

When it comes down to it, palaeontologists
are, in the first instance, confine to working

with morphospecies, which are species
defined on the basis of morphological, or
anatomical, similarity, regardless of other
considerations (Simpson, 1961). It must be
clearly recognized that any inferences about
breeding compatibility are just hypotheses
based on anatomical similarity and that there
is always considerable room for doubt about
the boundaries of fossil species.

Other definitions of species that are appli-
cable to fossil species are palacospecies and
chronospecies. These terms both refer to
temporally successive species in a single
lineage (Simpson, 1961). The problem here
is to identify where in a continuous lineage
one species ends and the next begins. For
example, in human evolution, if one posits a
linear relationship between, say, Homo
erectus and Homo sapiens, where does the
former end and the latter begin? Simpson
(1961: 165) suggests that ‘Successive species
should be so defined as to make the morpho-
logical difference between them at least
as great as sequential differences among
contemporaneous species of the same group
or closely allied groups’. There are some
taxonomists, particularly those adhering to
the school of phylogenetic systematics (see
below), who believe that there is no cause to
divide continuous, non-branching, lineages
into palaeospecies or chronospecies. In other
words, these workers argue that if there is a
continuous lineage from, say, Homo habilis
to H. sapiens, that does not give rise to side
branches, this lineage should be included in
one evolutionary species (i.e. H. sapiens)
(Eldredge and Cracraft, 1980; Bonde, 1981).
In this case H. sapiens would be the species
name with historical priority.

The grouping of taxa into an
hierarchical system

The grouping of taxa into an hierarchical
system involves the formation of nested sets,
where say a group of similar species is placed
in one set and a number of such sets are
grouped together into a higher set and so on
up the hierarchy. Such hierarchical grouping
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is based on the one simple principle of
anatomical similarity. However, as might be
expected there is a serious problem with this
simple principle. The problem is that all
similarities are not equal. Some anatomical
features are similar by virtue of their presence
in a common ancestor of the animals con-
cerned. These features are known as homolo-
gous features, or homologues (homos (Gk)
= same; logos (Gk) a treatise). These
features have a structural similarity to each
other but do not necessarily need to have a
functional similarity (or identity) in the
animals concerned. The classic example of a
homologous feature in mammals is the wing
of a bat and the forelimb of, say, humans.
Although the bat wing is adapted to flight
the same bones make up the wing as make
up the human forelimb which has an entirely
different function (manipulation). The bones
in the two animals differ primarily in size
and proportion.

Other anatomical features can be similar
in two or more animals without being
homologous. These features are lumped under
the category of homoplastic features (plasis
(Gk) = moulding). Most homoplastic features
are similar by virtue of function rather than
by inheritance from a common ancestor. For
example, the wings of bats, birds and insects
are homoplasies. They are superficially similar
because they serve the same function, but
they are structurally very different. This type
of homoplasy results from either parallelism,
convergence or analogy. The difference
between these forms of homoplasy is basically
one of degree. Parallelism refers to the
development of homoplastic features in ani-
mals with a fairly recent common ancestry
where the characteristics are based on, or
are channelled by, that common ancestry
(Simpson, 1961). Convergence refers to the
parallel development of features in more
remotely related animals, while analogy refers
to such development in very remotely related
animals where the feature is not related to
any community of common descent. The
wing of a bird and that of an insect is a good

example of analogy. Homoplastic features
can also be similar, particularly in insects, by
virtue of mimicry. In this case the animals
achieve some advantage by mimicking the
body form, colouring or patterning of another
animal. The last category of homoplasy is
chance. Here, similar characteristics result
from independent causes and without causal
relationship involving the similarity in each
(Simpson, 1961).

In hierarchical groupings that are meant to
reflect evolutionary relationships it is essential
to base inferences on homologous features
rather than on homoplastic features, since it
1s the homologous features that are present
in animals by virtue of descent from a
common ancestor. However, it is not always
so easy to distinguish them, particularly with
parallelisms from recent common ancestry
where the similarity in structure is also close.

Unfortunately, there is also another prob-
lem. It is not good practice to base the
degree of relationship between species on the
absolute number of homologies present. It 1s
not uncommon that homologous features
disappear, or be otherwise modified, during
the course of evolution of a particular taxon.
Absolute number may, therefore, produce
entirely false hierarchical relauonships
(Fig. 1.2). There is, however, a solution to

A B C
v,y " . '. o. )
Level 1 i‘f‘ o g 2 B
4]
Level 2 o
Level 3

= Synapomorphy D = Symplesiomorphy

FIGURE 12 Counting the absolute number of
homologies shared between any two organisms (boxes)
at Level 1 would give a false idea of relatedness.
Organisms A and B share more homologies (three)
than do organisms B and C (two). Only organisms
B and C share a synapomorphic featisre indicating
relatedness.
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this problem. As all similarities are not equal,
all homologies are also not equal. Some
homologies may stem from a very remote
common ancestor while others stem from a
much more recent common ancestor, and the
solution lies in distinguishing these homolo-
gies. For example, if you have three species
and the problem is to determine which two
are more closely related to each other than
they are to the third, your conclusion needs
to be based only on those homologies that
were present in the common ancestor of the
two most closely related taxa and not in the
common ancestor of all three taxa. In other
words, the problem is to distinguish a closely
related set from a more rernotely related set.

In the jargon of cladistic analysis (clade from-

klados (Gk) branch) these homologies
shared by closely related taxa are called
synapomorphic features, or shared derived
features (syn (Gk) = together; apo (Gk) =
from; morphos (Gk) = form). The more
remote homologies are called symplesio-
morphic features, or shared ancestral features
(syn (Gk) = together; plesio (Gk) = near;
morphos (Gk) = form). Those features that
are unique to a particular taxon are called
autapomorphic features (auto (Gk) = self).

The most common way to distinguish
synapomorphic features from symplesio-
morphic features is to compare the frequency
of the occurrence of particular traits, or
character-states, in a larger number of rela-
tively closely related taxa than those of
immediate concern to the analysis. Such a
comparative group is called an outgroup and
the assumption upon which this approach is
based is simply that the most frequently
occurring features, or character-states, in a
wide group of taxa will be those that were
present in the common ancestor. Eldredge
and Cracraft (1980) provide a simple and
clear example of this technique (Fig. 1.3).
They begin with five hypothetical species A,
B, C, D and E, and their problem is to
determine whether A is most closely related
to B or to C. Species D and E provide the
outgroup. Each of the five species has two

Aa”b"” Ba"b Ca'v” Da'b” Ea'b”

FIGURE 1-3 An outgroup comparison. See text for
discussion. After Eldredge and Cracraft (1980).

different characters, ‘2’ and ‘b’, and each of
these characters can have two forms, or
character-states (a’ or 2" and b’ or b”"). In
hominoid evolution, for example, character

2> might be enamel thickness and a’ would
be thick dental enamel and 2" would be thin
dental enamel. These character-states are
distributed through the five species in the
following way:

A B C D E
a.II b" all bl CI bll al bll a'I bII

In this example, a’ is more frequently found
than is a” and is therefore assumed to be the
primitive form of character ‘a’. Likewise, b”
is more frequently found than is b’ and is
taken to be the primitive form of this feature.
Species A and B are the only two species
that share a derived, or less frequently
occurring character-state (a"), and are therefore
assumed to be more closely related to each
other than they are to species C by virtue of
the common occurrence of this character-
state in the two species. The assumption is
that this derived, or synapomorphic feature,
would have been inherited from the inferred
common ancestor of species A and B. Trait
b’ only occurs in one species, species B, and
would be an autapomorphic, or unique,
feature of this species. Traits a’ and b”, because
of their common and widespread occurrence,
would then be the symplesiomorphic, or
shared primitive, features.
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This exercise of determining which particu-
lar form of a trait is more primitive or more
derived is called determining the polarity of
the morphocline. A morphocline is the
sequence presumed to reflect the probable
pathway of change among the character-
states (Eldredge and Cracraft, 1980). ‘Deter-
mining the polarity’ refers to the determi-
nation of the direction of change in these
traits. In other words, this would be the
determination of which of the character-states
were primitive and which were advanced, or
derived. This is perhaps the most contro-
versial area in modern evolutionary analysis
today, because while there is little argument
over the definition or description of different
character-states, there is considerable dis-
agreement over the inferred direction of
change and the resulting composition of the
nested sets.

The outgroup comparison is perhaps the
most reliable way of establishing the polarity
of a morphocline, but in practice it is
not. always as easy as described above. It
frequently produces conflicting results when
different characters are introduced into the
analysis or when different researchers carry
out the analysis. Another way of determining
the polarity of the morphocline is by looking

at the fossil record. However, here there is
an additional problem. It is not always reliable
to assume that the particular character-state
found in a fossil is necessarily primitive in
relation to the character-state observed in a
later-occurring species. Fossil species can be
very specialized in their character-states, just
as can modern species. Figure 1.4, also taken
from Eldredge and Cracraft (1980), illustrates
a situation in which a living species is
primitive in relation to its fossil antecedents.
In this case, if polarity had been determined
by age, the polarities would simply have been
wrong.

This example also brings up the differences
between branching diagrams and phylogenies
(evolutionary trees) (Tattersall and Eldredge,
1977). A branching diagram, or cladogram,
merely expresses the inferred pattern of
relationships between species, based on the
analysis of character states. It does not include
any information about time and, moreover,
fossil species are included in the analysis on
equal footing with living species. A cladogram
also does not include any information about
ancestor—descendant relationships, or more
specifically about who is directly ancestral to
whom. These features are in the realm of the

phylogeny.

D
Time 1 a’'bed
(¢}
Time 2 a'b'ed
A B
Time 3 a’bcd  a'be'd

FIGURE 14 Az example of a later occurring species
(species D) that is primitive in relation to its fossil
antecedents. This illustrates the danger of assuming
that character-states found in fossil species are necess-

arily primitive in relation to the character-states
found in later occurring species. (Prime marks indicate
derived character-states.) After Eldredge and Cracraft
(1980).
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b}

FIGURE 15 Some of the possible phylogenies
that can be derived from a single cladogram.
(a) Cladogram; (b) all species have autapomorphic
features and therefore no species can be directly
ancestral to any other species; (c) species D is primitive
in relation to its descendent species and can therefore
be linearly related to them; and (d) species D is
primitive in relation to species C which is primitive
in relation to species B.

Ti 1
ime

Time 2

Time 3

To transform a cladogram into a phyl-
ogeny, the first step is either to stretch or to
shrink its branches to fit the known time
distributions of the species concerned (see
Fig. 1.4). An important caution here is that
the known age of a fossil taxon is not
necessarily the age of the first appearance, or
of the initial evolution, of that taxon. The
particular species could have been in existence
long before the dated sample from the fossil
record. However, even with this proviso, the
second step in transforming a cladogram into
a phylogeny can be much more problematic
(Fig. 1.5). In strict cladistic analysis,
the determination of specific ancestral-
descendant relationships involves the (rather
controversial) assumption that a species that
is directly (linearly) ancestral to another
cannot have any character-states that are
derived in relation to the character-states
found in its inferred descendant species. This
is the same thing as saying that evolutionary
reversals (from derived to primitive) are not
likely to occur in the fossil record. Almost
all known species, either living or fossil, have
at least some uniquely specialized features
(autapomorphies). As a result, the logical
conclusion must be that virtually no known
species (which admittedly are only a small

percentage of the total species that must have
actually existed through time) are directly
and linearly ancestral to other species. This
results in branching evolutionary trees that
resemble tangled bushes to a far greater
degree than they do more simple, linear
sequences. Many would argue that this is a
more accurate reflection of the actual course
and process of evolution, taking the point of
view that evolution proceeds more frequently
by cladogenesis, or branching, rather than by
anagenesis, or slow gradual transformation in
one evolving line.

Even with the many problems inherent in
the hierarchical grouping of taxa and in
phylogenetic reconstruction, the important
point to remember is that comparative anat-
omy is the main basis we have for unravelling
the path of human evolution through time.

The assignment of taxa to their proper
levels in the Linnean Hierarchy

The assignment of taxa to their proper levels
in the Linnean Hierarchy is perhaps the most
controversial area in classification. There are
basically two rival schools of thought on
this matter, grade-based classification (also
known as evolutionary systematics) and
clade-based classification (also known as
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SUPERFAMILY Hominoidea

FAMILY Hylobatidae
FAMILY Hominidae
SUBFAMILY Ponginae
TRIBE Pongini
GENUS Pongo
SUBFAMILY Homininae
TRIBE Gorillini
GENUS Pan
GENUS Gorilla
TRIBE Hominini
GENUS Homo
Superfamily [ . |
Family [ | [ ]
Sublamily ] | ]
Tribe [ ] 1 1 1
Hylobates Pongo Pan‘Gorilla Homo

FIGURE 16 A clade-based classification of humans
and apes. (a) The classification; (b) the relationship

between the classification and the cladogram.

phylogenetic systematics). Systematics is
defined by Simpson (1961: 7) as the scientific
study of the kinds and diversity of organisms
and of any and all relationships among them.
The clade-based systematists, or cladists (e.g.
Henmg, 1966; Eldredge and Cracraft, 1980;
Bonde, 1977, 1981; Andrews and Cronin,
1982) argue that the Linnean Hierarchy
should accurately reflect the pattern of
relationships revealed in the branching dia-
gram, or cladogram. Because branches of the
cladogram, or sister groups, stem from an
inferred common ancestral species, equivalent
ranking in this system also reflects relative
age of divergence of the branches (Eldredge
and Cracraft, 1980). An example of such a
cladistic classification of humans and apes,
with its corresponding cladogram, is given in
Fig. 1.6) (Andrews, pers. comm., 1990). All

taxa in a clade-based classification must be
monophyletic. This means that they must
include the common ancestor of the descen-
dant taxa as well as all of those descendant
taxa. The unacceptable alternatives to mon-
ophyly are polyphyletic taxa and paraphyl-
etic taxa. A polyphyletic taxon does not
include the single common ancestor of the
descendant taxa (although it may include
some ancestors of the descendant taxa). It is
a taxon that has arisen from two (or more)
separate stems, or evolutionary lines. A
paraphyletic taxon is one that does not
include all of the descendant taxa derived
from a single common ancestor.
Grade-based (evolutionary) systematists
(e.g. Simpson, 1961; Mayr, 1969; Bock,
1977), on the other hand, argue that a
classification should not only be consistent
with the evolutionary history of a group of
organisms, but also should reflect other things

SUPERFAMILY Hominoidea
FAMILY Pongidae
SUBFAMILY Hylobatinae
SUBFAMILY Ponginae
GENUS Pongo
GENUS Gorilla
GENUS Pan
FAMILY Hominidae
GENUS Homo
Superfamily I ﬁ
Family [ | ]
Subfamily [ ] [ ] [ ]
Hylobates Pongo Pan/Gorilla Homo

FIGURE 17 A grade-based classification of humans
and apes after Simpson (1963). (a) The classification;
(b) the relationship between the classification and the
cladogram. The family Pongidae and the subfamily
Ponginae are paraphyletic taxa.
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about the included organisms than just the
branching pattern of a cladogram. Their
classifications tend to be based on grades
(groups of animals similar in general levels
of organization) rather than on clades (groups
of animals of common genetic origin). Grade-
based systematists do not reject the criterion
of monophyly completely but argue that
minimum monophyly, or monophyly at the
genus level, is sufficient. Polyphyletic or
paraphyletic taxa at higher levels of the
hierarchy are allowed (Simpson, 1961). An
example of a grade-based classification of
humans and the apes is given in Fig. 1.7
(Simpson, 1963).

Hominids and human ancestors

The term hominid comes from the family
name Hominidae and under the Simpsonian
classification includes modern humans and
our evolutionary ancestors back to the separ-
ation of the human line from that leading to
the living African apes. Despite the different
compositions of the family Hominidae under
rival classifications (e.g. Bonde 1977;
Andrews and Cronin 1982), the term homi-
nid, in common usage, still refers to living
humans and our exclusive ancestors. It con-
trasts with the word pongid (derived from
the family name Pongidae) that refers to the
living apes and their exclusive evolutionary
ancestors. The term hominoid (from the
superfamily Hominoidea) refers to both living
humans and apes and the evolutionary ances-
tors of both these groups.

Traditionally, three general features have
been recognized as being characteristic of the
hominids (Le Gros Clark, 1964; Pilbeam,
1972). The first is bipedal locomotion (with
its associated anatomical features), the second
is a relatively large brain size in relation to
body size, and the third is a reduced dentition
and particularly a reduced anterior dentition.
Although these features distinguish clearly
modern humans from modern apes, they do
not serve equally well when applied to
the fossil hominids. Dental reduction

10

(particularly of the canine) is at best ambigu-
ous when used to distinguish the early fossil
hominids. For example, the dentition of our
earliest known ancestors, Australopithecus
afarensis, is much more similar to the den-
tition of the Miocene apes (dryopithecines
and sivapithecines) than it is to the dentition
of modern humans. Equally problematic is
relative brain size. There are not many crania
known for our earliest ancestors from which
absolute brain size can be determined (see
Chapter 10). Moreover, there are also a
number of uncertainties involved in predicting
body weight for these early hominids (see
Chapter 14). However, the current estimates
suggest that A. afarensis had a brain size
relative to body weight that was approxi-
mately the same as that of the orang-utan
(Pongo pygmaens). Indeed these data show
that all the australopithecines and paranthro-
pines had relative brain sizes within the range
observed for living monkeys and apes and it
is only members of the genus Homo that
exceed the observed range of variation in
these living primates (see Chapter 10 and
Fig. 10.17).

Of the three general features that dis-
tinguish living humans from living apes,
bipedal locomotion is the only one that
clearly defines the early australopithecines as
hominids. The remarkably preserved foot-
prints from Laetoli, Tanzania (ca. 3.6-3.75
million years ago) clearly demonstrate that
hominids of this period habitually moved on
two legs. However, the limb bones of at least
some of these early hominids suggest that
this bipedalism was of a different form than
that found in modern Homo sapiens and may

FIGURE 18 The ages of the hominid fossils. (a)
The ages of the main Plio-Pleistocene hominid fossils
and the sites at which they were found. The shading
indicates the hominid-bearing levels at the sites. The
following abbreviations are used in the specimen
numbers: AL = Hadar; LH = Laetoli; MLD =
Makapansgat, Sts = Sterkfontein; O and L both =
Omo; WT = West Turkana; ER = Koobi Fora; TM
= Transvaal Museum, Kromdraai; SK = Swartkrans;
and OH = Olduvai. Based on Feibel et al. (1989),
Grine (1988), Vrba (1982). Fig. 1.8(b) overleaf.
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even not have been their exclusive form of
locomotion. Indeed, a fully modern postcran-
ial skeleton (implying fully modern bipedal
locomotion) is not found in the fossil record
until the appearance of anatomically modern
Homo sapiens approximately 100 000 years
ago (see Chapter 21).

Molecular comparisons of living primates
suggest that the hominids split off from the
line leading to the African apes sometime
between about 6 and 8 million years ago
(Sibley and Alhquist, 1984; Andrews, 1986a,
b). Known hominid fossils extend back in
time almost that far in East Africa to about
5.6 million years ago (Hill and Ward, 1988).
However, fossils older than the Laetoli
footprints (and other Laetoli fossils) (ca.
3.6 million years ago) are few and very
fragmentary and for the most part are con-
sidered to be hominids on the basis of a
few anatomical similarities to later-occurring
hominids. The majority of the hominids
discussed in this book are those that extend
in time from Laetoli to the present day
(Fig. 1.8a, b). Three different genera are
recognized in this group: Australopithecus,
Paranthropus and Homo. The earliest of
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these, Australopithecus, includes two separate
species. Australopithecus afarensis, dates from
3.75 to about 2.8 million years ago and
presently includes material from Laetoli
(Tanzania), Hadar (Ethiopia), Koobi Fora,
(Kenya) and Omo (Ethiopia) (Boaz, 1988).
The second is Australopithecus africanus
which is known from the southern African
sites of Taung, Makapansgat and Sterkfontein
and dates between approximately 3 and 2.5
million years ago.

The second genus, Paranthropus, also
includes (for purposes of our discussions)
two species, Paranthropus robustus, from
South Africa, and Paranthropus boisei from
East Africa. These two species are frequently
included in the genus Australopithecus
(A. robustus and A. boisei); however, we
are of the opinion that there is sufficient
difference between these hominids and those
included in Awustralopithecus, particularly in
the anatomy of the skull and dentition, to
justify distinction at the generic (genus) level.

The third genus, Homo, is perhaps the
most difficult to discuss because it is the most
variable. We have chosen to discuss three
species, Homo habilis, Homo erectus and
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Homo sapiens (including archaic sapiens,
Neanderthal and anatomically modern
sapiens). Homo habilis, dating between about
2.2 and 1.6 million years ago, may eventually
prove to include fossils belonging to more
than one species. Our anatomical discussions
directly address this interesting problem of
variation, particularly as it applies to the
cranium and mandible. Once hominids spread
out of Africa (most probably in the later
Lower Pleistocene) there is an exceedingly
large amount of morphological variation,
again primarily in the anatomy of the skull.
Because of this variation we have chosen to
restrict the taxon H. erectus primarily to the
hominids from Java and China that span
the Middle Pleistocene time period between
about 750000 and 125000 years ago
(following: Andrews, 1984; Stringer, 1984a;

also have included Early Pleistocene speci-
mens such as KNM-ER 3733, KNM-ER
3883, OH 9, KNM-WT 15000) in this taxon.
However, Middle Pleistocene hominids from
Africa and Europe are discussed (according
to the currently accepted convention) as
‘archaic H. sapiens’. The Neanderthals of
Europe and south-western Asia could also
be included under this heading; however,
because of their extreme and rather remark-
able morphology we have chosen to discuss
them under the separate heading of Neander-
thal, refraining from referring to them by
either a specific taxonomic designation (Homo
neanderthalensis) or a sub-specific desig-
nation (Homo sapiens neanderthalensis).
The geographical distribution of the rele-
vant hominid fossil sites are given in Fig. 1.9.
There is no present consensus over the
phylogenetic relationships of hominid taxa,

Wood, 1984) (Fig. 1.8b). Nevertheless, we
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FIGURE 110 Some possible phylogenies for the Plio-Pleistocene hominids.

particularly in the Plio-Pleistocene period
(before the beginning of the Middle
Pleistocene). However, Fig. 1.10 illustrates
some possible phylogenies for this period,
while Fig. 1.8b gives our preferred phylogeny
for the Middle and Later Pleistocene. This
figure places the origin of modern humans
in Africa in the later part of the Middle
Pleistocene followed by a movement of
anatomically modern humans out of Africa
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in the early Late Pleistocene. Whether the
various Middle Pleistocene hominid popu-
lations in Africa, East Asia and Europe were
actually separate biospecies in the sense
that they could not interbreed and whether
anatomically modern humans were able to
interbreed with indigenous peoples they enco-
untered as they spread during the Late
Pleistocene are questions that we feel cannot
be answered conclusively at present.



CHAPTER TWO

ANATOMICAL
NOMENCLATURE

Because anatomy began as a descriptive
science in the days when Latin was the
universal scientific language, early anatomists
described structures they saw in that lan-
guage, comparing them with common or
familiar objects or borrowing terms from
Greek and Arabic scholars before them.
While the official list of anatomical termin-
ology is still written in Latin, all countries
liberally translate it to a less-formal version

for ease of teaching and learning. Neverthe-
less, some descriptions still seem odd and
obscure. Sometimes we feel it helps to know
a little more about the origin of a word that
on the face of it may seem a ridiculous way
of describing a bone or a muscle. To this
end we have quoted freely from Field and
Harrison (1968) in the text of this book in
the hope that it may provide a little insight
(and perhaps some amusement).

Median sagittal
plane

a)

Proximal

Superior

Distal

———  ——» Lateral
Medial

Inferior

b)

FIGURE 21 (a) The anatomical position. (b) The
babitual position in a quadropedal primate with
equivalent terms indicated.
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Anatomical language depends upon a set
of rules and reference planes that define how
the body and its parts shall be described. The
planes, positions and movements that are
constantly used in this and most other
anatomical texts are explained and described
here. Some of them, especially some of the
definitions of movements that occur in the
limbs, will be emphasized again later in the
appropriate chapters of the book.

The anatomical position

Anatomical descriptions are always made
with the body positioned in the anatomical
position (Fig. 2.1). Sometimes this has to be
imagined, because the bone or specimen
under consideration is actually lying on a
table or is still half buried in the ground.
The anatomical position is that assumed by
a standing person with the upper limbs at
the side and with the face, palms of the hands
and feet pointing forwards. All the anatomical
descriptions in this book will be made in the
anatomical position as defined for modern
humans, even if some of the hominoids
under consideration might not have naturally
assumed that posture as well as others.

The planes of the body
A series of imaginary planes are used in
anatomical descriptions in order to provide
a reference framework for terms relating to
direction (Fig. 2.2). An imaginary plane that
divides the body into right and left halves
from top to bottom is called the median
sagittal plane. Planes that run parallel with
this median sagittal plane are described as
parasagittal planes and, theoretically, there
are an infinite number of these. Often, we
simply refer to a structure lying in, or running
in, the sagittal plane. The example you should
remember now is the sagittal suture of the
skull from which the sagittal plane gets its
name.

The plane that runs from the top of the
head to the soles of the feet and divides the
front of the body from the back of the body
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is called the coronal plane and, again, there
are theoretically an infinite number of coronal
planes or sections although usually we simply
say that a structure lies or runs in the coronal
plane. The coronal suture of the skull runs
in the coronal plane.

Planes that divide the body into upper and
lower portions are described as transverse
planes wherever they occur along the length
of the body. Transverse planes can equally
easily be made or imagined through the head,
the pelvis or the foor.

Anatomical terms that describe
direction

When a person stands in the anatomical
position, the nearer a structure is towards
the top of the head the more superior it is
said to be. Likewise, the nearer a structure
is to the soles of the feet the more inferior
it is. The terms cranial (or above) and caudal
(or below) are synonymous with superior and
inferior. Often, in less-formal descriptions,
‘above’ and ‘below’ are used instead of
superior and inferior.

The more a structure lies towards the
front or ventral aspect of the body in the
anatomical position, the more anterior it is
said to be, and the more a structure lies
towards the back or dorsal aspect of the
body the more posterior it is said to be.

Likewise, the closer a structure is to the

median coronal transverse or
sigittal plane horizontal
plane plane

FIGURE 22 The planes of the body.
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median sagittal plane the more medial it is
and the further away it is from the median
sagittal plane the more lateral it is said to
be. Some structures of the body are closer
to the external environment than others and
are then said to be more superficial than
those that lie nearer the centre of the body,
or a part of the body, which is then said to
be deeper.

The further along a limb a structure is
from the attachment of that limb to the
trunk, the more distal it is said to be.
Similarly, the nearer a part of the limb is to
its attachment the more proximal it is said
to be.

Joints

Unless bones have fused together, some sort

of soft-tissue-filled gap exists between them.

Not all these gaps or joints permit movement

between bones, but many joints are designed

especially to permit motion between two
ones.

Joints between bones that are filled with
cartilage are called primary cartilaginous
joints or synchondroses. They do not permit
movement but are often important growth
centres. Joints that in addition contain fibro-
cartilage are called secondary cartilaginous
joints and a little movement or separation
between bones can sometimes occur here.
Secondary cartilaginous joints are found in
the mid-line of the body; for example, the
pubic symphysis, the joints between the
bodies of the vertebrae or the joint at the
sternal angle between the body and the
manubrium of the breast bone. The joints
between the vault bones of the skull are filled
with fibrous tissue only and these are known
as sutures. Elsewhere in the body these are
simply known as fibrous joints. In adults no
movement Occurs at sutures.

Joints designed for movement are almost
exclusively synovial joints. These consist of
a capsule that joins the ends of two adjacent
bones. Within this capsule a synovial mem-
brane secretes a fluid known as synovial fluid
into the joint compartment. The ends of

the bones facing the gap are covered and
cushioned with articular cartilages and these
slip over one another when movement occurs
at the joint. Synovial joints are also designed
to resist dislocation and for this reason have
strong ligaments around them. The ligaments
and bone morphology at synovial joints also
restrict active movements determined by
muscle attachments to one or two planes and
only rarely do active movements at synovial
joints occur in more than two planes.

Movements at joints

General rules exist for naming movements at
joints which are described with reference to
one of the planes of the body. Movements
of the thumb and parts of the lower limb can
be confusing and their movements need to
be discussed separately.

The movement of any part of the body
from its location in the anatomical position
to a more anterior position is usually called
flexion. However, perhaps a better definition
of flexion is the approximation of two
developmentally ventral surfaces. These
movements occur about a transverse axis and
in a sagittal plane. It follows that bending
the head or the back forwards is flexion and
bending the fingers anteriorly so that they
grip tightly is flexion. But flexion of the
thumb sweeps it medially across the palm of
the hand.

During embryological development the
lower limb rotates so the equivalent of flexion
at the elbow where the forearm moves
anteriorly 1s reversed at the knee. In the
lower limb, flexion at the knee is actually a
posterior movement of the leg! Nonetheless,
again we take note of this embryological
rotation and remember that flexion at the knee
approximates two developmentally ventral
surfaces. You will recall that the knee of a
bird bends the other way to your own and
this will help you to remember that yours
has rotated during development! Another
complication arises because the foot is at a
right angle to the leg and flexion of the foot
occurs when we stand on our toes and the
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foot rotates backwards. This third exception
to the rule is described as plantarflexion.

Extension is the exact opposite movement
to flexion and with the now obvious excep-
tions of the thumb, leg and foot, occurs
when movement carries a part of the body
posterior with respect to the anatomical
position. It follows that returning to the
anatomical position from an already flexed
position is also called extension. In order to
remind ourselves that extension of the foot
is defined oddly, we sometimes use the term
dorsiflexion to denote an upwards movement
of the ball of the foot.

Abduction is 2 movement that carries any
part of the body away from the median
sagittal plane. In fact we use left or right
lateral flexion to describe this movement of
the vertebral column and it will also become
clear that this sort of movement at the knee
and elbow cannot occur at all unless the joint
is injured. Describing abduction of the fingers
and toes presents a problem, so we describe
a spreading of the fingers relative to a neutral
middle finger as abduction and a spreading
of the toes about a neutral second toe as
abduction. Both left and right movements of
these neutral digits is then called abduction,
but is distinguished in the hand by referring
to the movement as radial or ulnar abduction
and as lateral or medial abduction in the foot.
Again the thumb is a problem; the movement
of the thumb that is equivalent to abduction
of the fingers occurs when there is anterior
movement away from the palm of the hand
in the anatomical position.

Adduction is the opposite movement to
abduction and brings parts of the body nearer

18

to the median sagittal plane. This is most
easily thought of as the movement that
returns abducted limbs and digits, as we
have just described them, to the anatomical
position. You will realize that with the feet
together in the anatomical position it is only
possible to adduct the lower limb further
across the midline by avoiding the stationary
limb.

Rotation at a joint is any movement that
occurs around any longitudinal axis. Rotation
of the head and neck to the left or right is
easy to imagine, but rotation of the limbs
can also occur in two ways on either side of
the body and needs further clarification. If
the anterior surface of a limb rotates towards
the body, the movement is described as
medial rotation. If the anterior surface of a
limb rotates away from the body or laterally,
the movement of the limb is described as
lateral rotation. Special terms exist for the
forearm: medial rotation is called pronation
and lateral rotation is called supination.
Rotatory movements at the foot are difficult
to carry out, but it is possible to raise or
elevate the medial border of the foot which
is called inversion or, to raise or elevate the
lateral border of the foot which is called
eversion. Inversion and eversion can only
really occur when the foot is off the ground.
These same movements made when the feet
are in contact with the ground are called
pronation instead of eversion and supination
instead of inversion although several other
definitions exist. Remember that embryologi-
cal rotation of the hindlimb confuses any
comparisons of supination and pronation
with the forearm.



CHAPTER THREE

THE MICROANATOMY OF
MUSCLE AND BONE

Muscle

This introduction to thé microanatomy of
muscle has two aims. The first is to provide
some background to the mechanism of muscle
contraction and to electromyography
(EMG), now an important and widely used
technique in many comparative studies of
primate locomotion and mastication. The
second is to explain something of how the
size and internal structure of muscles relate
to the forces they generate and the amount
of movement they can bring about.

Muscles exert a force by contracting and
so bring about the movements of the skeleton,
e.g. the contractions of the heart, the contrac-
tions of the walls of blood vessels, intestine,
bladder and uterus, and in so doing produce
heat. The broadest classification of muscle
tissue is based upon the presence or absence
of regular cross-striations that can be seen
with a light microscope. Skeletal muscle and
heart muscle both appear striated. Muscles
of the internal organs and of blood vessel
walls are unstriated and are usually described
as smooth muscle. Heart muscle, while
striated, is often considered to be a separate
type of muscle in that its fibres differ
from skeletal muscle by being branched and
connected somewhat like a meshwork, so
that a single contraction can spread more
swiftly through the entire organ. In smooth
muscle the thick and thin filaments that make
up all muscle tissue are not arranged in such
a regular pattern as they are in cardiac and

skeletal muscle so that no cross-striations can
be seen with a light microscope. The rate of
contraction of smooth muscle is also very
much slower than that of striated muscle.

Muscle microstructure

It is probable that the mechanism of muscle
contraction is similar in all types of muscle.
In order to understand this, something of the
structure of a muscle must be described. This
is done here with reference to Fig. 3.1. A
skeletal muscle is composed of bundles of
muscle fibres that are easily visible to the
naked eye (these bundles can be teased apart
in cooked meat). The individual muscle fibres
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within each bundle may be many centimetres
long and may run through the entire length
of the muscle. Each fibre is between 10 and
100 pwm in diameter. These fibres are, in turn,
made up of thinner fibrils or myofibrils
which comprise closely packed contractile
protein structures known as myofilaments
which give the fibre and fibril a banded
appearance. In transmitted light micro-
scopy (TLM), the strongly birefringent
(anisotropic) striations are darker than the
weakly birefringent (isotropic) striations.
Accordingly, they have been named A bands
and I bands. In the middle of each I band
there is a thin dark strip known as the Z
line. The unit between two Z lines is about
2 um and is called the sarcomere. The
sarcomere represents the smallest functional
unit of the myofibril.

The fine structure of the sarcomere can
be resolved further by using transmission
electron microscopy (TEM). Z lines link
adjacent thin myofilaments of actin. In
the central section of the sarcomere, thick
myofilaments of myosin are positioned
between the thin filaments. Actin and myosin
are elongated protein molecules that are
connected together by a system of molecular
cross linkages. When the muscle contracts
and shortens, these cross linkages are
rearranged so that the thick filaments slide
between the thin filaments, thus reducing the
distance between the Z lines. As this happens
the ends of the myosin filaments approach
the Z lines and the I bands consequently
become narrower (see also Fig. 3.4).

The energy supply for muscle
contraction

Adenosine triphosphate (ATP), the immedi-
ate source of energy for muscle contraction,
is only present in muscle in very small
amounts, enough perhaps for only 10 rapid
contractions. Another organic phosphate
molecule, creatine phosphate, is present in
greater amounts and its phosphate group is
transferred to adenosine diphosphate (ADP)
as supplies of ATP become exhausted. Ulu-
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mately, the oxidation of carbohydrates,
stored in muscle in the form of glycogen,
replenishes the creatine phosphate supplies
within the muscle. In fact between 0.5% and
2% of the wet weight of a muscle is stored
glycogen.

The innervation of muscle fibres

Muscle contraction is usually initiated when
a nerve impulse arrives at a neuromuscular
junction, or motor end-plate, in the muscle.
The impulse spreads rapidly as an electric
depolarization which extends over the surface
of the muscle fibres. The muscle-cell mem-
brane or sarcolemma that covers each fibre
connects with the deeper parts of the muscle
via a system of transverse tubules that runs
across the muscle cells near the Z lines
(Fig. 3.2). This system of tubules is called
the T system. Each muscle fibre is also
enveloped by a sleeve of flattened vesicles
called the sarcoplasmic reticulum that con-
tains calcium ions. Each wave of depolariz-
ation spreads through the T system and
causes an increase in the permeability of the

Z line ——} T-tubule
}Sarcoplasmic
reticulum
. T-tubule
Z line —

FIGURE 32 The system of T-tubules and the
sarcoplasmic reticulum which surrounds the fibres of
striated muscle.
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membrane of the sarcoplasmic reticulum to
calcium ions. These calcium ions are released
and then interact with the thin myofilaments
altering their configuration and permitting an
interaction of the actin molecules with the
myosin molecules, which is the basis of
muscle contraction.

The number of nerve fibres that innervate
a muscle is smaller than the number of muscle
fibres. Within the muscle, nerve fibres branch
and innervate several muscle fibres. The nerve
and the group of muscle fibres that are
simultaneously innervated by it are called a
motor unit. Motor units vary in size. In
densely innervated muscles such as those
which move the eyeball, each motor unit
may contain an average of about seven muscle
fibres, whereas a motor unit in the leg
may contain more than 1000 muscle fibres
(Schmidt, 1978). The excitatory impulses of
the motor units can be recorded as an
electromyogram (EMG). The EMG is a
recording of the extracellular potential of the
muscle. The electrodes are either placed on
the skin over the muscle or are inserted into
the muscle between individual muscle fibres.
In a fully relaxed muscle no change in
potential is recorded, but with increasing
force of contraction extracellularly recorded
action potentials, or impulses, show up in

the EMG.

The control of muscle contraction

Whereas cardiac muscle and smooth muscle
have both an excitatory and an inhibitory
nerve supply to control and modify the
degree of contraction, skeletal or striated
muscle has only an excitatory nerve supply.
Nevertheless, skeletal muscle is under precise
control. Two kinds of major sensory nerve
fibres come from small sensory organs located
in the tendons (tendon organs) and in
intrafusal muscle fibres within the muscle
(muscle spindles). Tendon organs seem to
sense the deformation produced by tension
in the tendon and send information about
the degree of force of muscle contraction
back to the central nervous system. Muscle

Intrafusal
i muscle fibre

Sensory nerve from
muscle spindle

Nerve from
tendon
organ

Equatorial Tegion

of muscle spindle
FIGURE 33 Intrafusal muscle fibres and muscle
spindles together with tendon organs pass important
information about muscle length and force of contrac-
tion back to the central nervous system

spindles are bundles of specialized muscle
fibres that have nerve endings wrapped
around their centre, where they lack the
usual contractile apparatus (Fig. 3.3). Any
unexpected load to a muscle causes the central
region of the muscle spindle to stretch and
to send nerve impulses to the spinal cord.
These in turn initiate motor nerve impulses
that return to the rest of the muscle and
cause sufficient contraction to compensate
for the initial stretching. Muscle spindles are
themselves contractile and when they contract
the central region is again stretched, thereby
Initiating motor activity to the surrounding
muscle fibres until the muscle spindle is
restored to its unstretched condition. In
this situation they act like a mechanical
servosystem such as the power steering of a
large vehicle. Feedback information from
tendon organs and muscle spindles allows a
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graded speed of contraction to variable loads
on the skeleton and is vital in maintaining
normal posture and integrating muscular
movements during locomotion. As we shall
see, some muscles have more muscle spindles
than others. Tendon organs and muscle
spindles provide information about the pos-
ition of the body in space known as proprio-
ceptive feedback information.

The force of muscle contraction
We have seen that during muscle contraction,
the thin actin filaments are drawn between
the thicker myosin filaments. However, the
extent to which this basic process manifests
itself as a force at the attachments of the
muscle depends upon other circumstances.
The duration of muscle fibre contraction is
not uniform within whole muscles. In fact
all muscles are made up of a variety of types
of fibre. Some muscle fibres take only 80 ms
to attain their maximum tension, whereas
others take more than twice this tme.
Different types of muscle fibres are active in
different situations. Fast muscle fibres are
active during rapid movements and slow
muscle fibres are active during prolonged
contractions where maintenance of a low
force is important. Fast-contracting muscle
fibres fatigue quickly but generate high forces,
whereas slow contracting fibres are more
fatigue resistant but generate lower forces.
Muscles can be stretched to about 1.5 times
their resting length without being damaged.
At this length the filaments of actin and
myosin no longer overlap and, therefore, no
cross linkages can form between them and no
contractile force can be developed. Muscles
develop maximum force at about their resting
length, but this force is again increasingly
reduced if a muscle is shorter than its resting
length. This is because the actin filaments are
drawn in so far between the myosin filaments
that they interfere with each other in the
centre and, in addition, the myosin filaments
eventually run up against the Z discs
(Fig. 3.4).

Whether or not shortening of a muscle
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occurs during contraction depends upon
whether its points of attachment are able to
move. Muscles that are fixed at both ends
remain constant in length but exert tension
under isometric conditions. If, on the other
hand, a muscle is free to move at one end,
the load remains the same throughout the
contraction. This is then called isotonic
contraction. When muscles contract nat-
urally, the contraction is rarely completely
isotonic or isometric but it is usual to define
and use these two conditions in experimental
situations because different properties of
muscles can be revealed under these circum-
stances. To illustrate these points it is worth
pointing out that when our jaw muscles are
completely at rest our teeth are no more than
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FIGURE 34 The force developed by a contracting
skeletal muscle (Y axis) in relation to its initial length
(X axis). Force is expressed as a percentage of the
maximal isometric force the muscle can develop. The
amount of overlap between the thick and thin
filaments 15 shown above the corresponding place on
the force curve. After Gordon et al. (1966).
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1-2 mm apart. When we then clench our
teeth together very little isotonic contraction
occurs and the majority of the bite force
generated in these circumstances is under
isometric conditions but with the muscles
close to their ideal resting length. A third
form of muscle contraction is known as
eccentric contraction when muscle tension is
generated as a muscle lengthens, for example,
contraction of the quadriceps femoris as you
squat.

The maximum force a muscle of any given
kind can exert is directly related to its cross-
sectional area, but not to its length. It is the
number of muscle filaments that can be
packed within the cross-sectional area of a
muscle that determines the maximum force
of contraction. Measured in this way the
maximum force of muscles from many differ-
ent animals is about the same: 4-6 kg per
cm? of cross-sectional area (Schmidt-Nielsen,
1979).

Some muscles are pennate (penna (L) =
feather) so that the anatomical arrangement
of their fibres is not parallel with the muscle
pull but at an angle to it. Muscles can be
described as bipennate or multipennate and
we shall come across examples of these later.
Increasing the number of muscle fibres in
this way increases the maximum force that
the muscle can generate, but because the
length of the fibres is reduced, this is at the
expense of the distance over which the
attachment can be moved (Fig. 3.5).

The external work performed by a muscle
is the product of the force it generates and
the distance that its free attachment moves.
Therefore, the external work performed is
also related to the length of the muscle fibres
since most muscles can contract to, say,
about one-third of their resting length. Two
muscles of the same cross-sectional area will
have the same force of contraction, but if
one is twice as long as the other it will
be able to contract further and, therefore,
perform more external work. It follows that
the external work performed by a pennate
muscle cannot be greater than that of a

parallel fibred muscle despite its increased
force, because the distance moved at its
insertion is greatly reduced.

Bone

Bones are organs made up of a tissue called
bone as well as of cartilage and marrow. We
are all familiar with dead or even fossilized
bones but living bone bleeds and hurts when
it 1s cut or broken and is in a continual state
of change. Bone is essentially a highly
vascular, constantly changing, mineralized
connective tissue that is remarkable for its
hardness and resilience. While all living bone
consists of cells embedded in an organic
matrix that is permeated by inorganic bone
salts, its fine structure varies widely with age,
site and natural history of the tissue. Because
of this, cut sections of bone have been used
to estimate the age at death of modern
humans (Thompson, 1979) and fossil homi-
nids (Thompson and Trinkaus, 1987) and the
surfaces of bone have even been used to
study the mechanisms of facial growth in
early hominids (Bromage, 1985, 1986, 1989).
To understand how these sorts of studies are
possible, something of the development and
the microstructure of bone must be under-
stood.
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Contraction of a
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Bipennate contraction

FIGURE 3-5 Muscle contraction in a strap muscle,
where the fibres run its whole length, is approximately
equal to ome half of its resting length. Muscle
contraction in a bipennate muscle results in much less
movement at its insertion because the fibres are much
shorter. However, in this situation there are many
more muscle ﬁbres and while the distance moved is
reduced, the force exerted by the bipennate muscle
is greater.
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Bone first forms either by intramembran-
ous ossification or by endochondral ossifi-
cation. In other words, it either develops
surrounded by a connective tissue ‘membrane’
among a cluster of cells that produce a matrix
which then subsequently mineralizes or, more
usually, it replaces a cartilaginous precursor
of the bone whose shape already resembles
the bone in some crude way. (A matrix (L),
literally means a female animal kept for
breeding but in this sense it denotes something
sheltered or enclosed, i.e. the bone cells, by
their matrix.) A useful way of describing the
microanatomy of bone is to follow these two
processes of ossification through and then to
describe the various remodelling processes
that eventually result in the typical histologi-
cal picture we recognize in cut sections of
adult bone as well as on the surfaces of bone.
This way of describing the structure of bone
emphasizes the dynamic nature of bone tissue
in life, as well as the initial processes that
contribute to its formation.

Intramembranous ossification

Many bones of the skull as well as the clavicle
develop ‘in membrane’ and so have no
cartilage precursor. Mineralization first

begins in bones at a primary centre of
ossification and secondary centres that may
appear later eventually coalesce with them to
form a single bone. The appearance of
ossification centres throughout the skeleton
occurs in a regular sequence in a given species.
Clusters of cells within a connective-tissue
membrane begin to secrete a matrix called
osteoid which consists mainly of collagen
fibres together with a complex mixture of
‘ground substance’ proteins, including osteo-
calcin, osteonectin, sialoproteins and proteog-
lycans. This substance quickly mineralizes
and the cells that have just formed it become
the first osteoblasts (bone-forming cells) on
the surface of this mineralized spicule. The
mineral component of the spicule is largely
hydroxyapatite (approximately Ca;o(PO.)
(OH),). The collagen fibres in this first-
formed bone form a random feltwork which
gives it another name: woven bone (Fig. 3.6).
Continued activity by these osteoblasts results
in further appositional. growth of bone in
the form of layers of lamellae. Some of
the bone-producing cells quickly become
enclosed by their own deposits and are
thereby established within the bone and are
known as osteocytes. These cells communi-

FIGURE 36 Scanning electron micrograph (stereo pair) illustrating the random feltwork of
collagen fibres laid down in rapidly formed woven bone. Foetal human mandible, wall of tooth

crypt (% 1180). After Boyde and Hobdell (1
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cate with their neighbouring cells via long
cell processes that run in minute canals,
known as canaliculi, through the bone.
The chamber within which the osteocyte is
enclosed is known as an osteocyte lacuna
(lacuna (L) = a pond). As bone formation
continues, in for example the membrane
bones of the skull vault, the enlarging primary
centre of ossification differentiates into two
types of bone. The first is a middle region
where trabeculae (diminutive of trabes (L)
= beam of a ship or battering ram) have
formed from earlier-formed bone that has
been partially eaten away or resorbed so that
the spaces between them containing blood
vessels and connective tissue have enlarged.
The cells that resorb bone are called osteo-
clasts (klasis (Gk) = a breaking). Under the
membrane that encloses the forming bone
(known as the periosteum) the bone forms
more densely. The outer and inner regions
of the bone become more compact as lamella
bone is laid down at the surface and around
blood vessels. Large blood vessels that
become incorporated at the surface of the
bone create primary vascular canals that are
surrounded by lamella bone. In this way
a region of trabecular (sometimes called
cancellous, cancelli (L) = a lattice work)
bone becomes sandwiched between an inner
and outer region of more compact (or cortical)
bone. Before we describe further remodelling
processes that occur, we shall outline the
process of endochrondral ossification
because, once bone has been laid down,
remodelling processes are common to all
bone, however ossified.

Endochrondral ossification

Young cartilage has the advantage of being
able to grow interstitially as well as in an
appositional manner which is the reason it is
retained in the growing skeleton. In other
words cartilage cells enclosed by their matrix
can divide and for a while occupy the same
lacuna. Soon, however, the cells become
separated by fine matrix partitions which

subsequently thicken as the cells move apart
from one another. In this way a mass of
young cartilage can grow more quickly in
volume than by appositional growth alone.
Nevertheless, cartilage also grows in an
appositional manner at the surface. Here,
continual surface increments are added with
some of the cells that secrete cartilage matrix
becoming enclosed in lacunae. Larger vol-
umes of cartilage can be formed by a
combination of interstitial and appositional
growth than by appositional growth alone as
is the case with bone.

The first indication of the appearance of a
primary ossification centre in a long bone
occurs in the cartilage cells placed deep within
the centre of the primitive shaft or diaphysis
(dia (Gk) = apart; physis (Gk) = growth in
the sense that the shaft holds the growing
ends apart). These cells begin to enlarge and
eventually become so big that their adjacent
lacunae become confluent. Eventually the
cartilage cells appear to perish and the thin
walls of the lacunae calcify. The centre of
the bone at this time is then formed of
calcified cartilage. Calcified cartilage is very
highly mineralized. At the same time, the
young osteoblasts of the outer membrane
surrounding all the cartilage precursor of the
bone, (the perichondrium) form a collar of
young trabecular bone around this core of
calcified cartilage in exactly the same way as
we described above for intramembranous
ossification. Sprouts of blood vessels now
arise from the perichondrium and invade
right through the outer bony collar into the
central region of calcified cartilage by way
of large vascular channels. Osteoclasts that
have invaded via the blood vessels resorb
some of the calcified cartilage and so enlarge
the confluent lacunae which then become
known as medullary spaces. Osteoblasts then
lay down new bone on top of what remains
of the calcified cartilage columns and, eventu-
ally, through a continual process of resorption
by osteoclasts and new bone formation by
osteoblasts, the shaft of the long bone
is formed. This process gradually spreads
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FIGURE 37 Endochondrial ossification adjacent to
the growth plate cartilage of a long bone. Columns
of cartilage cells (chondrocytes) increase in size within
their lacunae and eventually appear to die. Osteoblasts
then replace the calcified cartilage matrix with newly
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i & B bl £ 5 [ -
formed bone. E is the epiphysis, G is the growth
plate and M the metaphysis of a growing long bone.
On the right hypertrophying chondrocytes can be
seen from a section of the growth plate at higher
magnification (X 80).

towards the ends of the bone and the newer
formed parts of the shaft become known as
the metaphysis (meta (Gk) = after).

The ends of long bones develop secondary
centres of ossification that are separated from
the metaphysis by a plate of cartilage that
continues to grow in the manner described
above until the length of the bone is completed
(Fig. 3.7). The plate of cartilage is known as
the growth plate. The cells of the growth
plate continue to enlarge and die, their matrix
continues to calcify and be invaded by blood
vessels and is then resorbed by osteoclasts and
replaced by new bone formed by osteoblasts.
The secondary centres of ossification develop
into the bony epiphyses (epi (Gk) = upon;
physis (Gk) = growth) that occur at the ends
of bones.

Remodelling of bone during growth
and development

We noted earlier that bone differs from
cartilage in that it cannot grow interstitially.
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Bone growth at a growth-plate cartilage or
at an ossification centre is on its own,
insufficient to form the shapes of complex
bones. Constant remodelling occurs within
bone tissue and also at the internal and
external bone surfaces in the form of bone
deposition and bone resorption.

Bone surfaces that face the direction of
growth show bone deposition and, con-
versely, bone surfaces which face away from
the direction of growth tend to undergo bone
resorption. In this way the whole cortex of
a bone can become translocated as one side
remains resorptive and the other continues
to lay down new bone (Enlow, 1968). These
two types of bone surface look different. We
have seen that osteoclasts resorb bone and
when whole bone surfaces are being actively
resorbed they are scalloped with the large
lacunae that house each osteoclast; these are
commonly called Howship’s lacunae (after
John Howship (1781-1841) the surgeon who
first described them). Forming bone surfaces
look entirely different. There are no How-
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FIGURE 3-8 Forming and resorbing periosteal bone
surfaces look different. A and B are scanning electron
micrographs made from epoxy replicas of mandibles
SK 64 and Sts 24 respectively. They show forming
bone surfaces; freldwidths 1.5 mm for SK 64 (A) and
0.75 mm for Sts 24 (B). Resorbing periosteal bone
surfaces are characterized by scalloped Howship’s
lacunae and contrast with the mineralizing collagen

fibre pattern of the forming or resting bone surface.
C is a region of periosteal resorption in a modern
buman (fieldwidth 207 um) and D is the periosteal
bone surface of the SK 64 mandible showing a
reversal line with forming bone on the left of the
field and resorbing bone on the right of the field
(fieldwith 1.3 mm). Courtesy of Tim Bromage.

ship’s lacunae and mineralizing collagen fibres
can be seen all over the surface (Fig. 3.8).
The bone surface on the face of some
juvenile fossil hominids is preserved suf-
ficiently well to reveal resorbing and forming
surfaces with scanning electron microscopy
(SEM) (Bromage, 1985, 1986, 1989). The face
of juvenile hominids attributed to Australopi-
thecus show forming bone surfaces compat-

ible with the relatively prognathic faces of the
adults of this group. The face of individuals
attributed to Paranthropus show resorbing
surfaces which are compatible with the rela-
tively flatter faces of some adult Paranthropus
crania.

Bone formation at primary and secondary
sites of ossification is in the first instance
very rapid. It consists of either woven bone
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or lamella bone that surrounds blood-vessel
canals or that has become incorporated into
the growing bone at a surface. When lamella
bone surrounds a blood vessel that has
become incorporated into new bone, the
amount of bone relating to and nourished by
this blood vessel is called a primary osteon.
Three-dimensionally, osteons resemble cylin-
ders of bone arranged around a blood vessel.
In the life history of a bone, large regions of
lamella bone, woven bone and calcified
cartilage, where it remains, are resorbed as
erosion spaces develop. These spaces become
invaded by new regions of bone growth
within the older tissue. The resorption is
carried out by osteoclasts which leave a
characteristic scalloped ‘border where cells
have taken bites out of the bone. The
scalloped line which is visible in sections of
bone where this has occurred is sometimes
known as a reversal line because new bone
begins to form again at this limit of bone
resorption. Scalloped reversal lines are charac-
teristic of the perimeter of secondary osteons
(but not primary osteons).

Secondary osteons then, are the product
of an internal remodelling process which
secondarily alters the structure of the blood-
vessel canals associated with the primary
osteons. A secondary osteon, however, still
represents the amount of bone relating to the
territory of a single (but now new) nutrient
blood vessel. The formation of new bone
within an erosion space occurs much more
slowly than the first-formed woven bone.
Such new bone also forms in concentric
layers or lamellae that fill in the hole, so that
histological sections of secondary osteons
appear to be made up of a series of rings
arranged around a central blood-vessel canal
(Figs 3.9 and 3.10). Similar slower-growing
lamellae develop at the circumference of
bones from the periosteum, where the surface
of the bone is smooth and uninterrupted.
These lamellae are known as circumferential
lamellae when they overlay a proportion of
the bone surface. The collagen fibres within
a single lamella have the same orientation but
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FIGURE 3.9 Polarized light micrograph of second-
ary osteons in cortical bone. Concentric lamellae can
be seen in each osteon as can the central blood vessel
canal. Fieldwidth 540 um. Courtesy of Chris Riggs.

FIGURE 310 Scanning electron micrograph
(backscattered image that reveals mineral density) of
two human parietal bones (a) a full thickness specimen
of a one day old infant and (b) a full thickness
specimen of a 4.5 year old child (X 48). In (a) the most
dense (whitest) band and cores are mineralized woven
bone. Elsewbere, lamella bone can be seen infilling
primary osteons. Occasionally, within the woven
bone, regions where osteoclasts have cut cones can
be seen; these appear as black holes and have scalloped
borders (unlike the periphery of the infilled primary
osteons). The parietal bone in (b) is older and much thick-
er (X 40). Circumferential lamella bone was being laid
down on the ectocranial and endocranial surfaces. A
sequence of internal remodelling was underway in
the cortex and osteoclasts have cut cones into the
circumferential lamellae which in most cases were
infilling (or have infilled) with secondary osteons.
The darkest secondary osteons are the least dense
(therefore the youngest) and the whitest are the most
dense (the oldest). Extensive evidence of previous
bone remodelling is apparent from the internal
structure of the trabecular bone. This is evidence for
the cortical origin of the trabeculae. Resorption and
deposition of established trabecular bone occurs at
the surface of trabeculae and not through further
secondary osteon formation. A few regions of resorb-
ing and forming bone can be seen at the surface of
some trabeculae in this micrograph. After Boyde et
al. (1900). Courtesy of Alan Boyde, Sheila Jones,
Elaine Maconnachie and Springer-Verlag.
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the collagen fibres in immediately adjacent
lamellae may, but do not always, have a
different orientation; this contrast is respon-
sible for their layered structure, apparent in
light microscopy (LM) and especially in
polarized light microscopy (PLM).

Adult bone remodelling

Secondary osteons are sometimes called Hav-
ersian systems (because they were first
described by Clopton Havers in 1691). Sec-
ondary osteons continue to replace bone that
is resorbed throughout the life of an individual
and many generations of secondary osteons
can be seen in sections of older human bone.
Estimates of the number of secondary osteons
have been used to provide estimates of the
age at death of Neanderthals (Thompson
and Trinkaus, 1987) and comparisons with
modern humans suggest that none were much
older than 35 years at death. Remnants of
woven bone, primary osteons and earlier
formed secondary osteons that fail to become
resorbed constitute the interstitial bone. This
occupies the crevices between the sub-
sequently formed secondary osteons of cort-
ical bone.

In mature adult bones the trabeculae of
the cancellous or spongy regions of a bone
represent more fragmentary interconnected
systems of bone tissue with large spaces
between them that contain blood vessels,
bone cells and marrow. Trabecular bone
tissue contains no vascular canals because of
its close proximity to such large volumes of
marrow space. In adult humans the cortical
bone turnover rate is about 2-3% year™,
whereas roughly 25% of trabecular bone is
renewed annually (Eriksen, 1986). A major
function of bone tissue is to act as a reservoir
for calcium, phosphorus, magnesium,
sodium, citrate, carbonate and hydroxyl ions
and it is primarily resorption and deposition
of trabecular bone that facilitates this.
cortical bone it is secondary osteon formation
that is responsible for this turnover. Exactly
the same amount of bone is replaced by a
new Haversian system as was resorbed prior
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to its formation. In cancellous or spongy
bone the trabeculae are alternately resorbed
away by osteoclasts and built up again
by osteoblasts in an appositional manner.
However, because osteoblasts slightly under-
fill the resorption cavities of osteoclasts
during trabecular bone turnover, the trabecu-
lar plates become progressively thinner with
increasing age. On the surface of a bone,
however, just beneath the periosteum, osteo-
blasts tend to overfill resorption cavities. The
net effect with age is for a bone to increase
in diameter and for the spongy cancellous
region to become increased in size and be
composed of thinner trabeculae.

Besides being under the influence of well
known systemic factors like vitamin D,
parathyroid hormone and calcitonin, bone
resorption is now known to be effected
by other powerful factors such as the sex
hormones, prostaglandins, and interleuken 1
(Raisz, 1988). Each of these factors is import-
ant in the aetiology of diseases, such as senile
osteoporosis, that form an important aspect
of palaeopathology.

Lever systems

While not to do with the microanatomy of
muscle or bone, lever systems are central to
the mechanics of movement. It is fitting to
review some of the basic principles relating
to the mechanics of levers at the end of this
chapter, because they describe how muscle
forces are applied to bone.

A lever is regarded simply as a rigid bar
with no account taken of its shape or
structure. While most long bones are easily
conceived as rigid bars the bones of the skull,
for example, that come in many shapes and
sizes are not, and yet they can still act as
levers. A fulcrum is the point around which
a lever rotates. That part of the lever between
the fulcrum and the point of force application
is known as the force arm or power arm.
That point between the fulcrum and the point
of load application is known as the load arm.



TABLE 31 Sequence of epiphyseal union in the long bones of the limbs. The stage at which the permanent
dentition becomes complete is indicated by horizontal dotted lines (after Schultz, 1956).

Sequence Elbow  Hip Ankle Knee  Wrist  Shoulder Elbow  Hip Ankle  Knee  Wrist  Shoulder

1 Hum.d. — — — — — Hum.d. — — — — —
2 EDICON. iiiiiiiiiiiiiiiiiiii e Epicon. — — — — —

3 Ulno p. s.Tro. — — — — Ulna p. o
4 —  gTro. — — — — Rad.p. s.Troc. — — — —
5 Rad.p. Fem.h. — — — — —  Fem.h. — — — —
6 — —  Tib.d. — — — — g Troc. — — — —
7 — —  Fib.d. — — — — —  Tib.d. — — —
8 — — —  Fem.d. — — — —  Fib.d. — — —
9 — — —  Tib.p. — — — — —  Fib.p. — —
10 — — —  Fib.p. — — — — —  Fem.d. — —
1 — — — — —  Hum.p. — — —  Tib.p. — —
12 — — — —  Rad.d. — — — — — —  Hum.p.
13 — — — —  Ulna d. — — — — —  Ulna d. —
14 CAPUCHIN AND — — — GUENON AND — Rad.d. —
15 SPIDER MONKEY — MANGABEY — —
1 Hum.d. — — — — — Hum.d. — — — - —
2 Epicon — — — — — Ulna p. — — — — —
3 UlNa Po e e a e Epicon. — — — — —

4 —  sTro — — — — —  Fem.h. e
5 Rad.p. g.Tro — — — — —  s.Tro — — — —
6 —  Fem.h. — — — — Rad.p. g.Tro — — — —
7 — —  Tib.d. — — — — —  Fib.d. — — —
8 — —  Fib.d. — — — — —  Tib.d. — — —
9 — — —  Fib.p. — — — — —  Fib.p. — —
10 — — —  Tib.p. — — — — — Tib.p — —
11 — — —  Fem.d. — — — — —  Fem.d. — —
12 — — — —  Rad.d. — — — — — —  Hum.p.
13 — — — —  Ulna d. — — — — — Rad.d. —
14 GIBBON — — —  Hum.p. ORANG-UTAN —  Ulna d. —
15 - — i - - —
1 Humd. — — — — — Hum.d. — — — — —
2 Epicon. — — — — — Epicon. — — — — —
3 Ulna p. — — — — — Ulna p. — — — — —
4 —  s.Tro. — — — — Rad.p. — — — — —
5 —  g.Tro. — — — — —  Fem.h. — — — —
6 Rad.p. — — — — — —  s.Tro. — — — —
7 —  Fem.h. Tib.d. — — — —  g.Tro. — — — —
8 — —  Fib.d. — — — — — — — — —
Hum.p

9 Fem.d. o e Tibod. oo
10 — — —  Tib.p. — — — —  Fibd — — —
1 — — —  Fib.p. — — — — —  Fem.d — —
12 — — — — Rad.d. Hum.p — — —  Fib.p. — —
13 — — — — Ulnad — — — —  Tib.p. — —
14 CHIMPANZEE — — — GORILLA — — Radd —
15 — — — Ulnad —
1 Hum.d. — — — — — Hum.d. — — — — —
2 Ulna p. — — — — — Ulna p. — — — — -
3 Rad.p. — — — — — Rad.p. — — — — —
4 Epicon. — — — — — Epicon. — — — — —
5 —  Fem.h — — — — —  Fem.h — — — —
6 —  s.Tro — — — — —  s.Tro. — — — —
7 — gTro — — — — —  g.Tro — — — —
8 — — Tibd — — — — —  Tib.d. — — —
9 — —  Fibd — — — — —  Fib.d. — — —
10 — —_ —  Tib.p. — — — — — Fibp — —
1 — — —  Fib.p. — — — — —  Fib.p — —
12 — — —  Fem.d. — — — — —  Tem.d — —
13 —  Radd. ... — — — —  Radd —
14 ESKIMO AND —  Ulna d. — EUROPEAN — —  Ulma d. —
15 AMERICAN INDIAN —  Hump Hum.p.

Hum. = humerus; Epicond. = medial epicondyle of humerus; Rad. = radius; Fem. = femur; s.Tro. = small trochanter; g.Tro. = great
trochanter; Tib. = tibia; Fib. = fibula; h. = head; p. = proximal; d. = distal.
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There are different classes of levers that
are defined depending upon the different
arrangements of the fulcrum, force arm and
load arm (Fig. 3.11). First class levers have
the fulcrum positioned between the force arm
and the load arm. The usual example of a
first class lever that is most easily conceived
1s a see-saw. First class levers are used
in balancing weight and/or changing the
direction of pull. There is usually no gain in
mechanical advantage with a first class lever.
One example of a first class lever is given in
Fig. 3.11 but another important example
relates to bipedal locomotion. When standing
on the right leg the right hip joint acts as a
fulcrum, the load being body weight applied
media] to this hip joint and the force applied
being provided by the contraction of the
right gluteus medius and minimus muscles
lateral to the joint. This example is developed
further and illustrated in Chapter 19.

Second class levers have the fulcrum at
one end of the lever and the applied force at
the other, with the load situated between
them. This is the principle on which weight
is lifted in a wheelbarrow. The example
illustrated in Fig. 3.11 shows how the foot
and calf muscles can act as a second class
lever. Second class levers gain mechanical
advantage thereby allowing large loads to be
moved but only at the expense of a loss of
speed.

Third class levers are most common within
the musculoskeletal system. Third class levers
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FIGURE 311 Examples of (a) a first class lever;
(b) a second class lever; and (c) a third class lever as
described in the text.

have the force applied between the fulcrum
and the load. They work at a mechanical
disadvantage moving less weight but often at
great speed. The biceps muscle working
across the elbow is a good example of this
class of lever. Bear in mind that lifting
50 kg with the arms in this way requires
considerably more effort than lifting 50 kg
of body weight by rising onto the toes as in
the example of a second class lever illustrated
in Fig. 3.11.



CHAPTER FOUR

THE BONES OF THE SKULL

Each of the bones that comprise the modern
human skull are described here in detail
since they form an essential framework for
appreciating the comparative anatomy of
other hominoid skulls. Chapter 5 provides
an overview of the comparative anatomy of
great ape and fossil hominid mandibles and
crania and builds on many details about the
bones of the modern human skull set out in
this chapter. Some details of individual bones
are not described in this chapter because they
figure more appropriately elsewhere in the
book (for example, the internal morphology
of the occipital bone is described in Chapter
9 on the intracranial region). Where this is
the case other sections of the book are cross-
referenced in the text.

The mandible and the cranium together
are known as the skull (Fig. 4.1). When the
mandible is removed the cranium alone
comprises the mid and upper facial skeleton,
the calvarium that surrounds the sides and
top of the brain (calvus (L) = bald) and the
bones of the cranial base (that lie beneath
the brain). Sometimes all the bones that
surround the brain are referred to together
as the neurocranium or brain case. Another
common way of describing the calvarium is
to refer to the individual bones of the
neurocranium or brain case that form the
walls and roof of the cranial cavity as the
cranial vault bones. Occasionally, especially
among physical anthropologists, the parts of
the bones that form only the roof of the

FIGURE 41 Skull in lateral view.

Neurocranium

the cranium

Calotte

Facial
skeleton

Temmecnon.

Mandible
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cranial vault are referred to together as the
calotte (which simply means the skull cap).
Besides these broad descriptive regions of the
skull several cavities exist which in life house
and protect the brain and the eyes or surround
the structures of the nose and the mouth.
These are the cranial cavity, the two orbital
cavities, the nasal cavity and the oral cavity.

The mandible

The mandible is one of the first bones in the
body to begin to ossify (two others being
the clavicles). At birth the two halves of the
mandible are separated anteriorly by a mid-
line symphysis or fibrocartilaginous joint
(see Fig. 4.12) but begin to fuse together
between six and nine months of age (Marshall,
1986) so that in skeletal material older than
this both halves of the mandible are joined
together. The alveolar bone of the mandible
provides bony support for the lower teeth
but the mandible also provides skeletal attach-
ment for some of the muscles of the tongue
and some of the muscles in the floor of the
mouth. Precise occlusal relations with the
upper dentition, both static and dynamic, are
possible because the muscles of mastication
also attach to the mandible and are able
between them to control both fine and
powerful movements of the lower jaw. The
complicated morphology of the temporo-
mandibular joints are adapted to permit all
mandibular movements, not only during
chewing but, for example, while speaking,
singing or yawning. The detailed structure
of this joint and the anatomy of the muscles
that move the mandible are described in
Chapter 6.

The body or corpus of the mandible is
horse-shoe shaped when viewed from above.
The vertical or ascending rami (ramus (L) =
a branch) project upwards from the posterior
ends of the body. The external surface of the
body (also known as the labial (lip) or buccal
(cheek) surface), is marked anteriorly in the
mid-line by a2 mental protuberance (mentum
(L) = chin) which begins below the alveolar
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FIGURE 42 Anterior view of the mandible.

bone of the central incisor teeth and spreads
downwards and outwards to the lower border
of the mandible to form a raised triangular
area, the mental trigone (Fig. 4.2). The
lowest, most lateral and usually most promi-
nent part of this raised area is known as the
mental tubercle. Above the mental trigone
the alveolar bone is hollowed to form a
mental fossa either side of the mid-line.
Together, these features give the human chin
its characteristic appearance.

The anterior border of the ascending ramus
of the mandible joins the body and sweeps
forwards as an external oblique line or ridge
on the buccal aspect of the body (Fig. 4.3).
The mental foramen, the anterior opening
of the mandibular canal that runs below the
teeth, is another prominent feature on the
external surface of the mandible. The mental
foramen is usually situated below and
between the position of the root apices of
the premolar teeth. Because of the way the
mandible grows the opening of the mental
foramen usually points backwards in modern
humans.

The internal or lingual surface of the
mandibular body is marked by a ridge, the
mylohyoid line that indicates the line of
attachment of the mylohyoid muscle that lies
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FIGURE 43 Lateral view of the mandible.
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FIGURE 44 Medial aspect of the mandible.

across the floor of the mouth (Fig. 4.4). This
line becomes less distinct in the premolar and
canine region. It runs from a position above
the level of the root apices of the last molar
tooth, obliquely downwards, to end below
the root apices of the premolar teeth. Two
of the salivary glands in the floor of the
mouth are closely related to the lingual
surface of the mandible and create two
depressions in the mandible. One of these
depressions, the submandibular fossa, lies
below the posterior end of the mylohyoid
line and the other, the sublingual fossa, lies
above the mylohyoid line (but still below the
level of the roots of the premolar teeth). A
prominent groove on the lingual aspect of
the mandible marks the position in life of the
blood vessels and nerves which supply the
mylohyoid muscle (see Chapter 6). This
mylohyoid groove begins at the mandibular
foramen (the entrance of the mandibular
canal) runs forwards below the mylohyoid
line and fades away in the submandibular
fossa.

Behind the chin, in the mid-line of the
lingual surface of the mandible, there are two
raised pairs of bony tubercles known as the
genial tubercles (geneion (Gk) = chin)
(Fig. 4.5). These tubercles mark muscular

Groove for
mylohyoid nerve \(": i

Mylohyoid line

Superior transverse
torus

Digastric

Inferior transverse
fossa

torus Genial
tubercles

FIGURE 45 Posterior view of the mandible.

attachments for the genioglossus and
geniohyoid muscles and often have adjacent
hollows associated with them. On the lower
border of the mandible either side of the
mid-line are two depressions for attachment
of the anterior bellies of the digastric muscles,
the digastric fossae. Two faint bars of bone
run horizontally around the inside of the
chin, the superior and inferior transverse
tori. These tori are not usually very promi-
nent in modern human mandibles. The
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superior transverse torus runs just above the
genial tubercles and the inferior transverse
torus just above the digastric fossae. In great
apes (see Chapter 5) the inferior transverse
torus is extended at the lower border of the
mandible as a shelf of bone a short distance
back along the floor of the mouth. This torus
is sometimes referred to as a ‘simian shelf’.

The vertical or ascending ramus of the
mandible joins the horizontal body of the
mandible in the region of the retromolar
fossa behind the last molar tooth. The angle
of the mandible, marks the junction of the
horizontal inferior border of the body of the
mandible with the near-vertical posterior
border of the ascending ramus. Two promi-
nent processes, the condyle and the coronoid
process, are separated along the superior
border of the ramus by a notch, the sigmoid
or mandibular notch. The constricted region
beneath the condyle is known as the neck of
the mandible. More details of the mandibular
condyle are described with the temporoman-
dibular joint in Chapter 6.

The lateral surface of the ascending ramus
of the mandible is wusually roughened
(especially in male mandibles), for the attach-
ment of the masseter muscle. The medial
surface of the angle of the mandible is also
roughened by raised ridges that are associated
with the attachment of the medial pterygoid
muscle. Higher up the medial surface of the
ascending ramus is the mandibular foramen.
This lies at the level of the occlusal plane of
the teeth and in human mandibles is midway
between the anterior and posterior borders
of the ascending ramus. A spur of bone, the
lingula (lingula (L) = a little tongue), extends
backwards from the anterior aspect of the
mandibular foramen. In life a ligament, the
sphenomandibular ligament, connects it to
the spine of the sphenoid bone (see the
section on the sphenoid bone in this chapter
and Chapter 13). A temporal crest or
internal oblique line on the medial aspect of
the ascending ramus of the mandible runs
from the coronoid process to the lingual
aspect of the alveolar bone around the last
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molar tooth and is associated with the
attachment of the temporalis tendon.

The parietal bone
The paired parietal bones (paries (L) = a

wall) form most of the sides of the cranial
vault. The parietal bones form in membrane
and the parietal eminence of adult crania
marks the region of the original centre of
ossification. Occasionally, this may remain
pronounced and is then referred to as a
parietal boss. The parietal bones articulate
with each other along the sagittal suture
(Fig. 4.6). They also form two Y-shaped
articulations, one anteriorly at bregma where
the sagittal suture meets the coronal suture
at the frontal bone, and another posteriorly
at lambda where the sagittal suture meets the
lambdoidal sutures at the occipital bone.

Frontal
bone
Coronal
suture

Bregma

Parietal )
bone —— Sagittal
suture

Parietal
eminence

Parietal
emissary
foramen

Lambdoid
suture

Wormian

bore Lambda Occipital

bone

FIGURE 46 Superior view of the cranium.
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FIGURE 47  Sutures and landmarks of the cranium.
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Along the lambdoidal suturé and especially
at the site of the posterolateral fontanelle
(one of the deficiences in the bony vault
covered only by tough fibrous tissue at birth)
there are commonly small additional sutural
or Wormian bones.

Although rounded to follow the contours
of the vault, the parietal bones are quadrilat-
eral having near-parallel superior and inferior
borders and near-parallel anterior and pos-
terior borders. The external surface is marked
by parts of the superior and inferior tem-
poral lines and also often by the striae
parietalis (Fig. 4.7). These radiate from the
temporal bone and extend over the inferior
aspect of the parietal, parallel with the
overlying fibres of the temporalis muscle.
The internal surface of the parietal bone is
deeply scored by grooves for the middle
meningeal vessels and also near the sagittal
suture by deep pits, once occupied by
arachnoid granulations (Fig. 4.8). Large
diploic veins form between the inner and
outer tables of adult parietal bones and are
easily recognized as parietal spiders on lateral
skull radiographs (Fig. 4.9; see also Chapter

Frontal
angle

Occipital
angle

Anterior

Grooves
for middle
meningeal
vessels

Sphenoidal
angle

Mastoid
angle

FIGURE 48 Endocranial surface of the parietal

bone.

9). Typically, there are two parietal emissary
veins that pass right through this bone and
mark obelion (the mid-line point on the
sagittal suture between the parietal emissary
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FIGURE 49 The diploé of the vanlt bones.
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FIGURE 410 Occipital bone of a neonate.

foramina; Fig. 4.6). The four corners of the
parietal bone are known as the occipital,
frontal, sphenoidal and mastoid angles,
respectively. The mastoid angle may be quite
pronounced and creates a notch (known as
the parietal notch) in the squamous temporal
bone above the mastoid region. The conflu-
ence of the lambdoid, occipitomastoid and
parietomastoid sutures here is known as
asterion (because it looks like a star; aster

(Gk) = a star).

The occipital bone

In the majority of cases this bone which
forms the back of the cranium presents first
at birth and it is reputed that because of this
the bone was named the occipital (occipio
(L) = I begin or commence). In neonates
there are four distinct parts to the occipital
bone that are joined to each other by
synchondroses or primary cartilaginous
joints; the squamous part, two condylar
portions and a basilar part (Fig. 4.10). The
squamous part behind the foramen magnum
is incompletely divided in immature bones
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by two sutures (the left and right mendosal
sutures). These run laterally in the future
position of the superior nuchal line and mark
the junction between the upper part of the
squamous occipital that forms in membrane
from the rest of the occipital bone that is
preformed in cartilage. Failure of the mendo-
sal suture to fuse results in the formation of
an extra bone at the junction of the lambdoid
and sagittal sutures. The high prevalence
(over 30%; Martin and Saller, 1959; Brues,
1977) of this bone in Peruvian populations
has led to it being named the Inca bone. The
two condylar parts of the occipital bone form
the sides of the foramen magnum and the
basilar part forms the portion of the occipital
bone anterior to the foramen magnum. By
six years of age the human occipital has fused
to form a single bone and usually no sutures
or synchondroses remain between any of the
parts.

The internal aspect of the squamous part
of the occipital bone is cupped to support
the posterior part of the brain. It is marked
on its external surface by the external
occipital protuberance (Fig. 4.11). The
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superior nuchal line runs laterally around
the bone, on either side of this protuberance
and divides the area below it that is roughened
by the attachment of the nuchal and subocci-
pital musculature from a smoother region
above it. Two jugular processes of the
occipital bone extend laterally on either side
of the occipital condyles. These form the
posterior margin of the jugular foramen the
boundary of which is completed anteriorly
by the temporal bone. Behind the condyles
there are posterior condylar emissary foram-
ina and above the articular surface of each
condyle, another canal, the hypoglossal or
condylar canal, passes through the occipital
bone. The basilar part of the occipital bone
projects forwards in front of the foramen
magnum to form a very important primary
cartilaginous joint with the body of the
sphenoid bone. This joint, the spheno-
occipital synchondrosis is an important site
of growth in the vertebrate cranium and
has attracted special attention in hominoids.
Internal markings on the occipital bone are

described in Chapter 9.

The frontal bone

The frontal bone (frons (L) = brow), develops
from two intramembranous centres of ossifi-
cation whose positions are marked by the
frontal eminences of the skull (Fig. 4.12).
Before two years of age, the frontal bone
1s always divided by the metopic suture
(metopon (Gk) = forehead, the space between
the eyes). This usually closes with the
anterior fontanelle (the largest of the
deficiencies in the bony vault that exist at
birth), although persistent metopic sutures
are common 1n some groups of adult crania.
The vertical portion of the frontal bone
forms the anterior part of the cranial vault.
The horizontal part or orbital plates of the
frontal bone form the roof of the orbits
(Fig. 4.13). The external surface of the vertical
part of the frontal bone is marked in the
mid-line by a prominence above the nose
known as glabella (glaber (L) = smooth or
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FIGURE 411 Inferior view of the occipital bone.
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without hair) and laterally on each side by
two superciliary ridges above the orbits. The
supraorbital margin of the frontal bone is
traversed by a supraorbital foramen or,
commonly, is simply interrupted by a
supraorbital notch. The internal and external
angular processes of the supraorbital arch
mark the medial and lateral extremities of the
frontal bone overlying each orbit.

Laterally, the superior and inferior tem-
poral lines extend backwards over the frontal
portion of the vault. These mark the most
anterior attachment of the temporalis muscle.
(More details about what forms each line are
given in Chapter 6.) Internally, the frontal
bone, like the parietal bone, is marked by
grooves for meningeal vessels and pits for
arachnoid granulations (the sites where
cerebrospinal fluid (CSF) returns to the
venous sinuses of the intracranial region; see
Chapter 9). As well as these markings there
is a mid-line groove on the inner surface of
the frontal bone for the superior sagittal
sinus (see Chapter 9). Anteriorly this groove
becomes a crest, the frontal crest (Fig. 4.14).

The orbital plates of the frontal bone are
divided by an ethmoidal notch into which
the ethmoid bone articulates. When disarticu-
lated, openings into the right and left frontal
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air sinuses can be seen behind glabella in the
inferior aspect of the frontal bone. The
frontal air sinuses begin to develop from the
ethmoidal air sinuses after the age of two
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Orbital
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FIGURE 414 Endocranial surface of the frontal
bone.
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years and are very variable in size. The frontal
bone forms the bony roof overlying the
ethmoidal air sinuses. The top of these air
cells can easily be seen along the medial walls
of the orbital part of a disarticulated frontal
bone. Two small foramina, the anterior
and posterior ethmoidal foramina squeeze
through the medial wall of the orbit here
between the frontal bone and the ethmoid
bone.

The sphenoid bone

The sphenoid bone is wedged between the
face and the brain and indeed this is how it
gets its name (sphen (Gk) = a wedge). The
centrally-positioned part of the sphenoid
bone is preformed in cartilage from many
centres of ossification. The more lateral
portions of the sphenoid bone are formed
from membrane. Fusion of the mid-sphe-
noidal synchondrosis (which like the spheno-
occipital synchondrosis is an important
growth centre before birth in primates) occurs
shortly after birth in man and represents the
last event in the coalescence of these centres.
After this time the whole of the sphenoid
continues to develop as a single bone.

The central part of the sphenoid bone is
known as the body. The superior aspect of
the body forms the pituitary fossa and is
bound at each corner by anterior and pos-
terior clinoid processes (Figs 4.15—4.17). This
arrangement was thought by some to give
the fossa the appearance of a high-backed
Turkish saddle when viewed from the side
so that we still commonly call the pituitary
fossa the sella turcica of the sphenoid bone.
The four clinoid processes of the body of the
sphenoid bone are also strangely named since
they were thought to resemble the posts of
a four-poster bed! It is because of this (kline
(Gk) = a bed) that we now refer to them as
clinoid processes. The optic nerves pass into
the orbits through the optic canals which lie
just medial to the anterior clinoid process.
Further details of this region are given in

Chapter 9.

By six years of age, the sphenoidal air
sinus has begun to hollow out the body of
the bone and in adults this part of the
sphenoid is little more than a shell of bone
with a thin mid-line partition. As already
noted, the body of the sphenoid forms an
important joint or synchondrosis with the
basilar process of the occipital bone that fuses
in late puberty when growth ceases in this
region (Figs 4.16 and 4.17). A similar primary
cartilaginous joint at the front of the body
with the ethmoid bone fuses earlier, at around
five or six years of age.

Four wings of the sphenoid bone extend
laterally from the body, two on each side.
The two lesser wings form the whole of the
posterior part of the floor of the anterior
cranial fossa and have a sharp free posterior
margin. In modern human crania the lesser
wings of the sphenoid bone extend outwards
towards a region on the side of the vault
where the sphenoid, temporal, frontal and
parietal bones all meet forming an H-shaped
confluence of sutures called the pterion
(Fig. 4.7). This is the place in Greek myth-
ology where Hermes had his wings and it is
from this that the pterion took its name
(pteryx (Gk) = a wing). Pterion is another
site in the cranium where sutual bones
commonly form. In this region they are
known as epipteric bones and there is some
evidence that they may be more common on
the left side of the modern human cranium
and, therefore, possibly linked with asym-
metries of the vault bones (Aitchison, 1960).
In great apes and some fossil hominids the
lesser wings of the sphenoid bone are not so
extensive and form a smaller proportion of
the floor of the anterior cranial fossa and so
do not reach the pterion. The lesser wings
are separated from the greater wings of
the sphenoid bone by the superior orbital
fissures below them (Figs 4.15 and 4.17). It
1s easiest to see both the lesser and greater
wings of the sphenoid bone together in the
orbit or in the middle cranial fossa where the
superior orbital fissure lies between them.

The greater wings, as their name suggests,
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FIGURE 4-15 Anterior view of the sphenoid bone.
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are more extensive than the lesser wings of
the sphenoid bone and form the floor of the
middle cranial fossa, part of the roof of the
infratemporal fossa on the other side of this
and a small portion of the wall of the vault
of the cranium. The most posterior part of
the greater wing of the sphenoid bone, which
forms the floor of the middle cranial fossa,
is sharp when disarticulated. For this reason
it is called the spine of the sphenoid and the
foramen spinosum that passes through it is
named after it. This is the foramen through
which the middle meningeal artery passes
into the cranial cavity to supply the vault
bones with blood (see Chapter 9).

Hanging down from the undersurface of
the body of the sphenoid bone are two pairs
of bony plates, the medial and lateral pterygoid
plates (Figs 4.15-4.17). The lateral pterygoid
plate provides the origin of the pterygoid
muscles which move the mandible. The medial
pterygoid plate forms part of the bony frame-
work for the muscles of the pharynx and soft
palate. A small hook, the pterygoid hamulus,
turns outwards at the lower extremity of the
medial pterygoid plate. Between the roots of
the pterygoid plates at their origin from the
body of the sphenoid bone there is a small
shallow scalloped depression called the scaph-
oid fossa where a muscle of the soft palate
takes origin before it drops down and winds
around the hamulus into the palate. The
significance of these bony landmarks associ-
ated with the medial pterygoid plate are
discussed in Chapter 13.

The temporal bone

The temporal bones, so called because greying
hair at the temple was one of the first
signs of ageing before birth certificates were
invented (tempus (L) = time), form both
part of the vault and part of the cranial base.
Each temporal bone consists of squamous,
petrous and mastoid portions. The temporal
bone also has other distinct parts such as the
tympanic plate and styloid process which

will be described with the appropriate part
of the bone.

The flat squamous (squama (L) = the scale
of a fish or serpent) part of the temporal
bone forms part of the lateral wall of
the vault. On each side of the cranium a
zygomatic process (zygoma (Gk) = a yoke
for oxen), extends forwards from its roots,
on the squamous temporal bone to articulate
with zygomatic bone. There are three roots
of the zygomatic process (Figs 4.18 and 4.19):
the anterior root turns inwards to form the
articular eminence at the anterior end of the
glenoid fossa, the posterior root runs as a
ridge over the external auditory meatus (see
below), and the middle root again turns
inwards but this time forms the post-glenoid
process behind the glenoid fossa (this is very
well developed in great apes). The post-
glenoid process marks the posterior boundary
of the joint capsule of the temporomandibular
joint which forms between the glenoid fossa
and the head of the condyle of the mandible.

The external surface of the adult squamous
and mastoid parts of the temporal bone are
marked by several crests and ridges of bone
that represent muscle attachments to this
region (Figs 4.18 and 4.19). The lowermost
fibres of the temporalis muscle create a
supramastoid crest that extends backwards
from the posterior root of the zygomatic
process. Above the external auditory meatus
it i1s known as the suprameatal crest. The
sternocleidomastoid muscle creates another
crest, the mastoid crest, which is lower down
on the mastoid process and is continuous
posteriorly with the superior nuchal line on
the occipital bone. Between these two crests
there may be a supramastoid sulcus. When
these two crests coalesce, as they do in
great apes and some fossil hominids, the
supramastoid sulcus is obliterated and the
resulting crest is known as a compound
temporal-nuchal crest. We noted earlier in
the description of the parietal bone that a
deep notch, the parietal notch of the tem-
poral bone, articulates with the mastoid
angle of the parietal bone above the mastoid
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process. Rather than interdigitating like many
bones of the cranium do when they articulate,
the squamous temporal overlaps the parietal
bone considerably. The importance of this
type of sutural articulation and its relationship
to strong masticatory stresses are reviewed
further in Chapter 6.

A denser (hence petrosus (L) = stony or
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petrified) petrous pyramid of the temporal
bone projects from the squamous portion
medially across the cranial base and ends in
a petrous apex between the basioccipital and
sphenoid bone (Fig. 4.19). The petrous and
most of the mastoid portions of the temporal
bone are preformed in cartilage, yet at birth
no projecting mastoid process has developed.
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The squamous portion, like the rest of the
vault wall, develops in membrane. At birth
only a tympanic ring of bone supports the
tympanic membrane or ear drum. Surpris-
ingly, the tympanic ring, the ear ossicles
(the malleus, incus and stapes) and the
semicircular canals of the vestibular apparatus
that are housed in the petrous bone are all
fully grown even at this early age. The bone
of the ear ossicles, unlike all bone elsewhere
in the body, is not replaced or ‘turned over’
after this time so that any damage to them
subsequent to birth is permanent.

The internal carotid artery that supplies
most of the blood to the brain passes into
the petrous temporal bone via the carotid
canal through which it travels to emerge at
the apex of the petrous bone above the
foramen lacerum. The petrous temporal
bone also completes the anterior part of the
jugular foramen in the posterior cranial fossa
with the jugular process of the occipital bone
forming the posterior margin of this foramen.

During the first five or six years of life the
tympanic ring grows laterally into a tympanic
plate of bone that forms the anterior part of
the external auditory meatus and extends
along the undersurface of the petrous tem-
poral bone. A central region of the plate
remains deficient until about five years of age
(occasionally throughout life) and is called
the foramen of Hushcke. The tympanic plate
also grows around the base of the styloid
process of the temporal bone where it is
called the vaginal process of the tympanic
plate. A small part of the petrous portion of
the temporal bone that forms the roof over
the middle ear becomes trapped on the
external aspect of the base of the cranium
during development in modern humans and
1s known as the tegmen tympani. This small
lip of bone projects between the tympanic
plate and the glenoid fossa into a well-marked
fissure the squamotympanic or Glaserian
fissure. The tegmen tympani is not normally
visible in ape crania because the sutures,
which are all that demarcate it, fuse very
early in juvenile specimens. More details of

this region are given in Chapter 6. Another
more prominent projection of the temporal
bone that is however much more prominent
in great ape crania than in modern human
crania is the post-glenoid process. This
represents the middle root of the zygomatic
process of the temporal bone and forms the
posterior limit of the glenoid fossa and joint
capsule of the temporomandibular joint.

The petrous and mastoid parts of the
temporal bone become pneumatized during
development from the cavity of the middle
ear. Other air sinuses or antra in the
cranial bones pneumatize more directly as
outgrowths from the nose and pharynx.
Unlike these small air cells in the petrous
temporal bone and the other air sinuses of
the skull, the mastoid antrum is present and
well formed at birth in modern humans. The
mastoid antrum is an air cavity that extends
upwards and backwards from the middle-ear
cavity.

The ethmoid bone

The ethmoid bone is situated between the
two orbital cavities and articulates with
the frontal bone in its ethmoidal notch
(Fig. 4.20). Above the nose in the floor of
the anterior cranial fossa only the cribriform
plate of the ethmoid bone and a vertically
projecting plate of bone, the crista galli, are
visible. The sieve-like cribriform plate of the
ethmoid is responsible for the name of the
bone (ethmos (Gk) = a sieve). The human
cribriform plate is fully grown early in the
growth period, by two years of age. The
ethmoidal air cells that make up much of the
space between the orbital cavities and the
lateral wall of the nose expand most rapidly
after birth and continue to grow more slowly
until puberty. The part of the ethmoid bone
that contributes to the medial wall of the
orbit is particularly frail and egg-shell like.
A central perpendicular plate of the ethmoid
bone contributes to the mid-line septum of
the nose and the two uppermost turbinate
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FIGURE 420 Coronal section through the ethmoid
bone (a), and lateral aspect of etbmoid bone (b) as
it appears in the medial wall of the orbit.

bones (or conchae when they are covered
with mucous membrane) are also parts of the
ethmoid bone (Fig. 4.20a and 20b). Further
details about the sutural patterns of the bones
of the medial wall of the orbit and of the
ethmoidal air cells are described in Chapter
1.

The lacrimal bone

The lacrimal bone articulates with the frontal
bone, the maxilla and the ethmoid bone in
the medial wall of the orbit (Fig. 4.21, see
also Fig. 11.5). It forms the posterior portion
of the first part of the nasolacrimal duct that
drains tears from the lacrimal sac and orbital
cavity into the nose beneath the inferior
concha. The anterior portion of the orbital
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opening into this canal is formed by the
frontal process of the maxilla.

The nasal bone

The paired nasal bones (Fig. 4.22) articulate
with the frontal bone and also with the orbital
processes of the maxillae and with each other.
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They are particularly variable both in their
orientation to one another and the degree
to which their width flares superiorly and
inferiorly. Usually the bone is narrowest
midway along its length in modern human
crania. The undersurface of the bone is always
grooved.

The palatine bone

Despite its name, much of the palatine bone
(the vertical or perpendicular plate) is
sandwiched between the medial pterygoid
plate of the sphenoid bone and the posterior
part of the maxilla and so takes no part in
the formation of the palate at all. As a result,
this part of the bone is hidden from view in
an articulated cranium. It is the horizontal
part of the palatine bone that forms the
posterior aspect of the hard palate (Figs
4.23, 4.24 and 4.26). The greater palatine

foramina open onto the hard palate through
the horizontal plate of the palatine bone.
Together, the horizontal plates form a pos-
terior nasal spine in the mid-line (Fig. 4.26).
The vertical plate of the palatine bone is
notched superiorly by a sphenopalatine
notch. This divides the most superior aspect
of the vertical plate of the palatine bone into
an orbital process anteriorly and a sphenoidal
process posteriorly (Fig. 4.26). The notch is
turned into a foramen by its articulation with
the sphenoid bone above so that it becomes
the sphenopalatine foramen in an articulated
cranium. The orbital process of the palatine
bone is just visible on the posteromedial wall
of the orbital cavity and so the palatine bone
is also one of the bones that make up the
medial wall of the orbital cavity. Articulation
of the vertical plate of the palatine bone with
the maxilla creates a canal between the two
that communicates with -the region of the
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FIGURE 424 Lateral (a), and medial (b), aspects of the palatine bone.
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sphenopalatine foramen and descends to open
onto the hard palate as the greater and lesser
palatine foramina.

The vomer

This mid-line, perpendicular plate of bone
contributes to the nasal septum posteriorly
where it divides the posterior nasal aperture
into two, (the choanae). Shaped like a plough
at its base (Fig. 4.25), its name is derived
from the Roman name for a plough that
‘threw up’ earth either side (vomere (L) =
to vomit or throw up). Its base in modern
humans articulates with the undersurface of
the body of the sphenoid bone where two
small flanges of bone, the vaginal processes
of the sphenoid bone, extend over the alae
or wings of the expanded base of the vomer.
In adult great apes, where the cranial base is
less flexed in the sagittal plane, the base of
the vomer is positioned further anteriorly.
For this reason a patent sphenoidal canal
that communicates with the pituitary fossa is
often visible on the undersurface of the body
of the sphenoid bone in ape crania (Sprinz
and Kaufman, 1987; see Chapter 9), but is
covered over by the base of the vomer in
human crania. The growing vomer has been
implicated as underlying the appearance of a
mid-line torus palatinus, a raised ridge of
bone that occasionally appears on the roof
of the mouth. The vomer is also thought by
some to be an important site of growth in
the downward growing human face.

The zygomatic bones

The zygomatic bones are occasionally also
referred to as malar, jugal or simply cheek-
bones. Because they join the temporal and
maxillary bones they were, as we noted
earlier, thought to resemble the yoke used
to join oxen together. Three processes of
the zygoma, the maxillary, frontal and
temporal, form sutures with the adjacent
bones of the same names (Fig. 4.26). The
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zygoma forms the inferolateral border of the
bony orbit and additionally provides a great
deal of the bony origin for the masseter
muscle.

The maxilla
The maxilla forms the bulk of the floor of

the orbital cavity, much of the floor and
lateral wall of the nasal cavity (as well as a
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large part of the roof of the mouth). Most
importantly, however, each of the maxillary
teeth develop within the maxilla and are then
supported in the alveolar bone of the maxilla,
while in functional occlusion. The median
palatine suture between the two palatal
processes of the maxillae in the hard palate
does not fuse like the mandibular symphysis
but remains patent well into adult life. The
maxilla has three processes that extend from
the pneumatized body to articulate with other

bones of the same name: the frontal process,
the zygomatic process and the contralateral
palatal process of the maxilla (Figs 4.27 and
4.28). In addition, there is an alveolar process
which, as noted, supports the maxillary
dentition but resorbs when the teeth are lost.

Before birth in modern humans the os
incisivum, the supposed homologue of the
premaxilla in other primates, is completely
overgrown by bone anteriorly such that there
is little evidence of a separate bone in modern

FIGURE 427 Inferior view of
the hard palate.
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humans. The only possible remnants of a
premaxillary ossification centre in modern
humans are the incisive sutures that run
from the incisive canal behind the incisor
teeth to fade out between the lateral incisors
and canines. These are, however, usually
only visible in the crania of very young
individuals. In great apes the premaxillary
sutures remain clearly visible, both on the
palate and anterior aspect of the face, well
into the growth period.

'Only the rudiment of 2 maxillary antrum
or sinus is present at birth, what cavity there
1s being occupied by unerupted deciduous
teeth in their bony crypts. Gradually, as the
maxilla grows in height, the sinus begins to
invade the body of the bone. In the mid-line
at the anterior end of the floor of the nose
the maxilla forms an anterior nasal spine.
Below this and above the incisor teeth on the
anterior aspect of the maxilla, is a shallow
depresson called the incisive fossa. Lateral
to this over the canine root a canine eminence
separates this incisive fossa from a deeper
canine fossa that lies some way beneath the
lower border of the orbital margin. Above
the canine fossa is the infra-orbital foramen,
the anterior end of the infra-orbital canal.
Rarely in modern humans, but commonly in
great apes, this canal may open as more than
one foramen onto the face.

The inferior concha

This turbinate bone or concha when covered
with mucous membrane (concha (L) = an
oyster shell), unlike the other two which are
part of the ethmoid, is a separate bone
(Fig. 4.29). Surprisingly, unlike all the other
bones of the facial skeleton, it is preformed
in cartilage. The inferior turbinate bone is
situated in the lateral wall of the nose and
articulates with the maxilla and palatine bone
to occlude the otherwise wide entrance into
the maxillary antrum. In so doing, this bone
forms a large part of the lateral wall of the
nose.
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Anthropometric landmarks

Various anthropometric landmarks have been
defined on the skull and many of these are
commonly used by physical anthropologists,
orthodontists and craniofacial biologists both
to describe points on the skull and to make
measurements from and between points on
the skull. Some of the most important of
these are shown in Figs. 4.30-4.32 and these
and more are listed below.

Glabella: the most anterior point in the mid-
sagittal plane between the superciliary
arches.

Bregma: the point at which the sagittal and
coronal sutures meet.

Obelion: the mid-line point on the sagittal
suture between the two parietal emissary
foramina.

Lambda: the point at which the lambdoid
and sagittal sutures meet.

Opisthocranion: the mid-line point of the
cranium that projects farthest posteriorly.
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FIGURE 430 Anthropometric
landmarks on the
facial skeleton.
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FIGURE 4.32 Anthropometric landmarks on the

lateral aspect of the skull.
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* nagnor.

Inion: the point in the mid-line of the
cranium that crosses a tangent to the upper
convexities of the superior nuchal lines.

Asterion: the sutural point at which the
parietal, occipital and temporal bones
meet.

Pterion: the midpoint of the sphenoparietal
suture, or, alternatively, the confluence
of sutures where the frontal, parietal,
temporal and sphenoid bones meet.

Porion: the most lateral and most superior
point on the roof of the bony external
auditory meatus.

Opisthion: the mid-line point on the pos-
terior border of the foramen magnum.
Basion: the mid-line point on the anterior

margin of the foramen magnum.

Sphenobasion: the position (estimated in
adult crania) of the spheno-occipital syn-
chondrosis in the mid-line of the cranium.

Hormion: the point on the sphenoid bone
in the mid-line that crosses a line between
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the two most posterior points of the alae
of the vomer.

Sella: The centre of the sella turcica as
determined by examination of lateral skull
radiographs or CT scans in the mid-line.

Pituitary point: the mid-line point on the
raised tuberculum sella of the body of the
sphenoid bone.

Prosphenion: the junction between the sphe-
noid and ethmoid bones in the mid-line.

Nasion: the point where the internasal and
frontonasal sutures meet in the mid-line.

Sellion: the deepest point in the hollow
beneath glabella in the mid-line.

Dacryon: the apex of the lacrimal fossa as it
impinges on the frontal bone.

Nasospinale: the midpoint on a line that
connects the lowest points of the border
of the piriform aperture on either side at
the base of the anterior nasal spine.

Alveolare: the mid-line point on the most
inferior point of the tip of the alveolar
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septum between the right and left upper
central incisors.

Prosthion: that point on the maxillary
alveolar process that projects most anteri-
orly in the mid-line.

Orbitale: the lowest point on the infraorbital
margin.

Zygomaxillare: the lowermost point of the
zygomaticomaxillary suture.

Zygion: the most lateral projection of the
zygomatic arch.

Gnathion or Menton: the lowest point of
the mandible in the mid-line.

Gonion: the apex or point of maximum
curvature at the mandibular angle.

Condylion, laterale or mediale: the most
lateral or most medial point of the poles
of the mandibular condyle.

Frankfurt Horizontal: the plane of a line
drawn between porion and orbitale with
the cranium viewed in norma lateralis.
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CHAPTER FIVE

THE COMPARATIVE
ANATOMY OF THE
HOMINOID MANDIBLE
AND CRANIUM

In this chapter we review the comparative
morphology of the mandible and cranium in
the living great apes and in fossil hominids.
With the exception of teeth, mandibles are
the most numerous of all fossil hominid finds
so that the morphology of the hominoid
mandible can be described in some detail. A
whole chapter of this book is devoted to the
comparative anatomy of the face in great apes
and hominids, so that no detailed overview
of facial morphology appears in this chapter.
However, other major anatomical features
that distinguish great ape and hominid crania
are summarized here in four orientations:
norma lateralis, norma basilaris, norma occipi-
talis and norma wverticalis. These summaries
are intended to provide a background frame-
work, so that aspects of comparative homi-
noid morphology can be expanded and
developed separately later in the book, some
in the form of regional comparisons others
as part of discussions of broader functional
1ssues.

The great ape mandible

While usually larger than the human mandible
in its dimensions, the great ape mandible also
differs from the human mandible in its
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overall proportions. More often than not the
coronoid process is taller than the condyle
and the mandibular notch between them is
less deep (Fig. 5.1). This is the reverse of the
situation in most modern human mandibles
where the condyle is taller than the coronoid
process (very young or very old individuals
being an exception). The ascending ramus of
the great ape mandible is relatively wider
anteroposteriorly than in modern humans.
The body of the ape mandible is also much
longer, since apes are relatively prognathic
compared with modern humans. This
together with the broad ascending ramus
emphasizes the relatively low mandibular
body in apes despite their absolutely longer
tooth roots. As a consequence of this, the
mental foramen opens lower down on the
outer aspect of the body of the mandible in
apes and is also commonly multiple.
Viewed from above (Fig. 5.2) the adult
great ape mandible is U-shaped and not so
evenly curved in outline as are modern human
mandibles. This means that anteriorly the ape
mandible is narrower than modern human
mandibles and that, relatively speaking, the
condyles are not so widely separated as they
are in modern humans. A consequence of
this is that the floor of the mouth is narrower
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FIGURE 51
ape mandible.

Lateral and medial aspects of a great

FIGURE 52 Superior views of female (a) and male
(b) great ape mandibles.

in apes than it is in modern humans and so
does not need so much muscular support.
More details about this and the shape of the
dental arcade are presented in Chapters 6 and
8.

While the mandibular foramen lies well
above the level of the occlusal plane in some
large specimens of Gorilla and Pongo it is
still positioned midway between the anterior
and posterior borders of the ascending ramus.
Smaller great ape mandibles may occasionally
differ from those of larger apes in that the
mandibular foramen remains nearer the level
of the occlusal plane of the teeth in its
position on the medial aspect of the ascending
ramus. No chin or mental fossa exist in great

apes as the basal and alveolar bone, in the
mid-line anteriorly, curve smoothly round
to become continuous with the inferior
transverse torus or ‘simian shelf’ (Fig. 5.3).
Rather than always arising from tubercles,
two muscles in the floor of the mouth, the
geniohyoid and the genioglossus, often take
origin from deep fossae which are also
commonly associated with one or several
neurovascular foramina on the internal aspect
of the mandible anteriorly. No digastric
fossae exist on the anterior—inferior border
of the mandible in the orang-utan as the
muscle has no anterior belly. Instead the
posterior belly inserts at the angle of the
mandible (see Chapter 6). In all three apes,
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FIGURE 53 Midline section through the mandibu-
lar symphysis of a modern buman (a) and an ovang-
utan (b) showing the form of the chin and the inferior
transverse torus or simian shelf. After Scott, (1967).

FIGURE 5.4 Lateral view of a reconstructed
Australopithecus afarensis mandible together with a
symphyseal cross section of an Australopithecus
afarensis mandible based upon AL 288-1.

however, the lower border of the mandible
is flattened below the molar and premolar
teeth and in this region there is an extensive
attachment for platysma, one of the muscles
of facial expression.

The mandibles of fossil hominids

Australopithecus afarensis

Some 25 adult and juvenile mandibular
remains from Hadar and Laetoli make up the
sample of Australopithecus afarensis. The
general features of these mandibles have been
described and discussed by Johanson et al.
(1978), White et al. (1981), Johanson and
White (1985) and Kimbel et al. (1984, 1985).
The mandible of A. afarensis has a broad
low ascending ramus that slopes somewhat
posteriorly and is surmounted by a broad
condyle (Fig. 5.4). The body of the mandible
is deeper anteriorly than it is posteriorly at
the junction with the ascending ramus and is
hollowed on the buccal surface in the region
of the mental foramen. The mental foramen
itself tends to open low on the lateral aspect
of the body of the mandible. The mandibular
symphysis is rounded and bulbous with an
axis that inclines downwards and backwards.

56

FIGURE 55 Superior view of reconstructed male
(a) and female (b) Australopithecus afarensis man-
dibles. After White et al. (1981).
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The superior transverse torus is moderately
well developed and the inferior transverse
torus is low and rounded rather than shelf
like. Occlusally, the posterior teeth can be
seen to form straight rows and the anterior
part of the dental arch is narrow (Fig. 5.5).
There is a tendency in smaller mandibles
attributed to A. afarensis, as there is in great
apes, for the last molar tooth to lie wide of
the dental arcade which accentuates the near-
V-shaped arch of some specimens.

Australopithecus africanus

There are far fewer mandibular remains of
Australopithecus africanus than of A. afa-
rensis, the most complete being a sub-adult
specimen (Sts 52b) from Sterkfontein. Others
include adult and juvenile mandibular remains
from Makapansgat (MLD 2, 18, 34, 40), and
Taung. Kramer (1986) has summarized the
differences that exist between A. afarensis
and A. africanus mandibles. Judged by Sts
52b (Fig. 5.6), the ascending mandibular
ramus of A. africanus is probably relatively
taller than that of A. afarensis, but, similarly,
the ascending ramus also slopes slightly
backwards. (The ascending ramus of the
juvenile specimen from Taung is also rela-
tively high, suggesting that this feature was
established early in the growth period.) The

mandibular notch in A. africanus is shallow

FIGURE 56 Lateral view of a mandible attributed
to Australopithecus africanus together with a cross
section of the symphyseal region. Based on Sts 52b.

and the anterior border of the ramus curves
convexly, ending in a strong external oblique
ridge on the lateral surface of the body. At
the junction of the ascending ramus with the
body there is a broad and deep extramolar
sulcus. Two mental foramina are present
below the root of the PM3 of Sts 52b but
other mandibles (e.g. MLD 40) have single
mental foramina which are always positioned
above the mid-corpus height. There is a
pronounced superior transverse torus (MLD

Gorilla Spitalfields  Spitalfields

AL 288-1
MLD 18 Sts 52

AL 333-60

KNM ER 818 KNM ER 1805

- La Ferrassie
Mantecirceo

FIGURE 57 Cross-sections of hominoid mandibu-
lar corpora made in the region of M1 and excluding
any tooth crowns present. (A) Male and female
Gorilla; (B) male and female modern Homo sapiens
from Spitalfields, London; (C) two mandibles attri-
buted to A. afarensis AL 333-60 and AL 288-1; (D)
two mandibles attributed to A. africanus MLD
18 and Sts 52; (E) two mandibles attributed to
Paranthropus, one to P. robustus SK 6 and one to P.
boisei KNM ER 818; (F) two mandibles attributed
to early Homo KNM ER 1802 and OH 13; (G) two
Neanderthals, Montecirceo and La Ferrassie.
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18, 40, Sts 7) at the symphy51s of the mandible
but less of an inferior transverse torus than
in A. afarensis. The overall size of the
mandible, as reflected by the cross-sectional
area measured at M1 (Fig. 5.7) is greater than
that of A. afarensis (Chamberlain and Wood,
1985). Adult mandibles from Makapansgat
also share the straight diverging posterior
tooth rows typical of A. afarensis.

Paranthropus

Mandibular remains of Paranthropus are well
represented in the fossil record. They are
typically massive with extremely tall vertical
ascending rami that reflect the increased
height of the temporomandibular joint above
the occusal plane of the teeth (Fig. 5.8). The
ascending ramus is also broad with a shallow
mandibular notch and a tall coronoid process.
The width between the mandibular condyles
in Paranthropus is great, reflecting the great
width of the cranium. A large bony buttress
arises from the crista pharyngea (a crest on
the lingual aspect level with the last molar
tooth; Day, 1986) and continues to rise
upwards towards the condyle on the medial
aspect of the ramus.

The body of the mandible is also massive
and thickened buccolingually more than in
any other hominid, being especially wide
superiorly which gives it a diamond-shaped
outline in cross-section in large specimens
(Fig. 5.7). The body of the mandible in
Paranthropus increases in width posteriorly
but increases in height anteriorly towards the
mid-line. While there may be a hint of a chin
in some specimens, or a lateral prominence
(e.g. KNM-ER 729), the symphysis typically
recedes on the buccal aspect and is marked
lingually by both superior and inferior trans-
verse tori (Fig. 5.8). The inferior transverse
torus 1s well above the mandibular base in
Paranthropus (for example some 15 mm In
KNM-ER 404; Leakey et al. (1971)) and can,
like the superior transverse torus, extend as
far posteriorly as M1. A deep fossa and or
genial spine is a feature of the mandible
below the lingual alveolar planum and must
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FIGURE 58 Lateral view of a mandible attributed
to Paranthropus robustus together with a cross-
section of the symphyseal vegion. Based on SK 23
from Swartkrans.

Peninj

FIGURE 59 Superior view of the Peninj mandible
attributed to Paranthropus boisei.

mark the attachment of the genioglossus
superiorly and the geniohyoid inferiorly.
The shape of the adult mandibular dental
arch in Paranthropus is more rounded posteri-
orly than it is in Australopithecus (Fig. 5.9)
and there is a tendency for the last one or
two molar teeth to curve inwards towards
each other rather than to form a straight
diverging line as they do in the mandibular
arch of Australopithecus afarensis. This leaves
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a very wide extramolar sulcus (as great as
lem in some specimens of Parantbropus
boiser) between the ramus and the buccal
aspect of the molar teeth. Indeed, a wide
extramolar sulcus is essential to accommodate
transverse movements of the last lower molar
tooth across the last maxillary tooth, both of
which lie posterior to the ascending ramus
of the mandible in Paranthropus.

Anteriorly, the dental arch is variable
(Tobias, 1967), but despite the small size of
the anterior teeth the dental arch tends to be
more crowded and flattened than that of
Australopithecus. The anterior teeth of
Paranthropus are set more vertically in the
alveolar bone than in Australopithecus where
a degree of alveolar prognathism may alleviate
any crowding due to lack of space in the
dental arch. Despite their small anterior teeth,
several specimens of Paranthropus show evi-
dence of a crowded anterior dental arch,
good examples being the SK 23 mandible and
the maxilla of KNM-WT 17400. The shape
of the dental arch of the juvenile Australopi-
thecus specimen from Taung differs from that
of the juvenile Paranthropus specimens from
Swartkrans in being less rounded and more
U-shaped with parallel posterior tooth rows
(Fig. 5.10).

Early Homo

Even though there is debate about the specific
status of many of the mandibular remains
attributed to early Homo and considerable
variation in morphology amongst this large
group, some general morphological features
characterize them all. In overall build, the
mandibles of Homo are less robust than those
of other hominids; i.e. they are less wide
across the body relative to the height of the
body in a given position such as at M1
(Fig. 5.7). The distance between the mandibu-
lar condyles and the ascending rami is
relatively wider than in other fossil hominids
and the dental arcade is reduced in length
and wider anteriorly (Figs 5.11 and 5.12).
Tobias (1980) has noted that compensatory
occlusal curves of Spee (see Chapter 6) first

Taung

FIGURE 510 The form of the dental arch in two
juvenile fossil hominids (a) Taung (Australopithecus
africanus) and (b) SK 63 from Swartkrans
(Paranthropus robustus).

OH 13

FIGURE 511 Superior view of OH 13 from Bed
1T at Olduvai, attributed to Homo habilis. Note that
the width across the floor of the mouth in the
premolar region is greater than the width of the
corpus in this region.

FIGURE 512 Lateral view of mandible KNM ER
992, attributed to early Homo, (left side reversed)
together with a cross-section of the symphyseal region
which bas been partially reconstructed.
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feature in the dentitions of Homo habilis,
although Smith (1986b) has argued that these
can occur in most hominids and result from
an increased axial inclination of the molar
teeth, which may lean increasingly inwards
towards the lingual aspect as the back of the
mandibular tooth row is approached. The
ascending ramus of early Homo mandibles is
less tall than that in Awstralopithecus and
Paranthropus and is typically broad anteropo-
steriorly, even more so than in populations
of anatomically modern Homo sapiens
(Fig. 5.11). In fact, some mandibles of early
Homo have broader ascending rami than
do specimens of Paranthropus, the Mauer
mandible from Heidelberg (a specimen now
often attributed to archaic H. sapiens) being
a case in point (Wells, 1958; Fig. 5.13).
Others, however, while still having ascending
rami that are not tall are very variable in
their breadth (for example the sample of
Homo erectus mandibles from Zhoukoudian).
The root of the ascending ramus of the
mandible in Homo is generally not so far
forward along the tooth row as it is in earlier
hominids. Interestingly, Chamberlain and
Wood (1985) have demonstrated that early
Homo mandibles from East Africa are com-
parable in cross-sectional area at M1 with
early mandibles from Europe, North Africa
and Asia, but have a higher index of robustic-
ity ((Br/Ht) x 100). None of the mandibles
attributed to early Homo have a chin but a
few (KNM-ER 730 and Ternifine mandibles
2 and 3 for example) have a mental trigone.
The inner contour of the mandible of early
Homo has been described by Leakey et al.
(1964), Tobias (1966) and Robinson (1965,
1966) as being distinct from earlier hominids.
According to Robinson, the width between
the second premolars across the floor of the
mouth is wider in  Homo erectus
(‘Telanthropus’) than the width of the corpus
at this point, whereas in Australopithecus the
width of the mandibular corpus at PM4 1s
greater than the width across the floor of the
mouth at this point. This is one of the
characters that Leakey et al. (1964) and
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FIGURE 5-13  Profiles of mandibles from Zhoukou-
dian (Homo erectus) and Swartkrans (Paranthropus
robustus) () with a profile of the mandible from
Heidelberg (Mauer mandible, now commonly attri-
buted to archaic Homo sapiens) and the Zhoukoudian

mandible (b). After Wells (1958).

Tobias (1966) noted as being diagnostic of
Homo habilis, although Robinson (1965,
1966) was unhappy about the diagnosis of this
(and other) characters in the type specimen of
H. habilis.

Weidenreich (1936) noted several features
of the ‘Sinanthropus’ (H. erectus) mandibles
that set them apart from modern human
mandibles as well as from other mandibles
attributed to early Homo (Fig. 5.14). Weiden-
reich noted a degree of sexual dimorphism
greater than that he had observed in a
modern Chinese sample and similar to that in
chimpanzees. However, it is not at all
clear that this degree of mandibular sexual
dimorphism would exceed that in other
modern human populations. All specimens
in this H. erectus sample also possessed
two or more mental foramina and a torus
mandibularis (a bony swelling) along the
lingual aspect of the body. Besides a low
ascending ramus and a great width between
the mandibular condyles, Weidenreich meas-
ured differences in the mandibular angle
between specimens of H. erectus and modern
mandibles. The mandibular angle is formed
between the posterior aspect of the ascending
ramus and the inferior border of the body of
the mandible and is generally greater in very
young and old edentulous mandibles than it
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FIGURE 514 Three mandibles attributed to Homo erectus, a supposed male (A); a supposed female (B);
and a juvenile (C), from Zhoukoudian, each illustrated in lateral superior and frontal views. After Weidenreich

(1936).

15 in adult modern mandibles. In both the
juvenile and adult H. erectus mandibles this
angle is smaller than in modern humans;
(97-108° in the adult ‘Sinanthropus’ sample
and 107-112° in the juveniles, whereas in
modern humans the average value is 125°).
All specimens in the ‘Sinanthropus’ sample,
whether male, female or juvenile (as judged
by Weidenreich), possessed flared mandibular
angles and an alveolar plane parallel with the
lower border of the mandibular corpus. This
latter feature is atypical of other fossil
hominids where there is a reduction in corpus
height distally. It can be argued that all
these features are more typical of great ape
mandibles than of those of modern humans,
but on the other hand smaller overall size, a
very rounded anterior dental arch and genial
tubercles rather than a fossa are especially
modern features.

Mandibles identified as Neanderthal have
some additional and important distinguishing
characteristics. Besides being more robust
than modern human mandibles Neanderthal
mandibles tend to be especially broad anteri-

FIGURE 515 Superior view of a juvenile Neander-
thal mandible, Archi, Italy, illustrating the wide
symphyseal region. Courtesy of Chris Stringer.

orly in the region of the mandibular symphy-
sis (Fig. 5.15). This is true even 1n the juvenile
specimens and it may be that this relates to
the large dimensions of the incisor teeth in
Neanderthals. Neanderthal mandibles are also
characterized by an extended retromolar
space between the last molar tooth and the
junction of the ascending ramus with the
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