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ABSTRACT
THE HUMAN SKULL:
DEFINITION BY INTEGRATIONIST AND MODULAR MODELS

The human mandible and cranium are parts of an integrated cranial complex. These
regions are also major components of the modular system, which comprises multiple
semi-autonomous areas within the body. Integration and modularity express structure
and function across various hierarchical levels of organization in the body and are thus
definable as two non-exclusive ways of viewing somatic structure. What is integrated at
one level may be a separable, modular unit at another. This dissertation statistically
examines the interface between integration and modularity as partitioned through various
hierarchical levels in the human skull, including the mandible. This examination is
framed as a suggestion for new definitions of modularity, both through properties and
attributes.

Cranial integration is usually defined as the degree to which cranial elements or
regions are integrated across the skull, and modularity is defined as areas of localized
integration within the skull. Modules result from changing function through time in an
evolutionary context, thus being definable as areas of functionally driven, localized
integration. Modules are also heritable, possessing a higher degree of internal
organization than non-modular regions. Therefore modules are heritable areas of the
skull, definable by function, which are more integrated within themselves than non-
modular regions. Under this view modules are inherited patterns of integration, whether
genotypic or phenotypic, resulting in the hypothesis that modules are constrained regions
of morphology which are resistant to change within a taxonomic level such as species but

necessarily express change across species.
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This dissertation proposes the new definition of modularity through an examination of
the patterned internal structure of modules in multiple groups of modern human skulls.
Results presented in this dissertation suggest modularity as currently defined in biology
lacks rigor. A testable, scientific definition of modularity can only be defined in the
context of arguments which are driven by both attributes and properties. This dissertation
attempts to show that modules represent areas of invariance to axes of population and
sex, that the human mandible fails several key tests for being described as a module, and
that modularity itself may be secondary to an even more fundamental, constrained pattern
of development in the skull. Finally, it is shown dimensionality of measurements
themselves (two-dimensional versus three-dimensional) is, in itself, a predictor for
analysis of the shape of modules in the skull. Disregard of any of the above factors would
ultimately prevent accomplishment of the goal of a robust definition of the human skull

from a scientific perspective.
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PREFACE

The human skull is one of the most studied shapes in history, yet the biological
meaning of its expression is continually contested. One of the major questions in
biological anthropology generally and paleoanthropology in particular concerns the role
cranial integration plays in creating our overall cranial shape. Is the skull best regarded as
one indivisible unit or as a collection of semi-competing integrated entities? Is the
conception of “parts” even meaningful in the study of the skull? How? The cranium and
mandible form one unit, yet the traditional view of “the cranium” and “the mandible”
operates on the assumption the mandible is different from the skull in some obvious
though unstated way—perhaps because it moves? Equally “obvious” is that without
some form of integration chewing for sustenance would be impossible. But how does

(and did) this integration come about?

Mastication is a complex process. Parts must fit together: severe disproportion
between the cranium and mandible would compromise function and would be eventually
be evolutionarily deleterious. Mastication also involves more than just the mandible and
face; the neurocranial muscle attachment points, basicranial articulations, and
nasopharyngeal spatial requirements are also parts of the system. The difficulty of
inclusion of the mandible as part of the complex cranial system comes not just from the
fact it moves, but also from the fact there are several other unigque aspects to its
morphology. The mandible is unique in being the only part of the skull moved by
muscles, unusual in its being completely sheathed by muscles, and also remarkable in its

being nearly weightless compared to the forces that move it. All these factors combine to
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describe a structure that is, or might be, a perfect representation of Wolff’s Law, that is, a
structure that is little more than an osseous representation of forces produced for the role
of mastication (Wolff, 1891). But, as with all other cranial elements, the mandible is
more than a simple biomechanical device. If mechanical force were the only predictive
variable for morphology, analysis would be complete and Wolff’s Law would explain the
mandible and cranium perfectly, that is, as shape schematized to production by only by
one factor—biomechanical force. However, schematization here produces
oversimplification, because the skull also exhibits the aspect of integration both within
and across cranial parts or modules. Schematization of a complex, multifunctional entity
such as the skull fails because much of the variability of morphology may not derive
from biomechanical force but from other factors such as modularity and integration. The
aspect of schematization forms a primary reason the skull is studied in this dissertation;
the skull we observe is an integrated whole, and schematization is not informative in the
broad sense.

The skull in general has several functions, and the mandible also represents more than
one, having spatial aspects such as accommodation of respiration and participation in a
counterpart system of cranial relationships (Hans and Enlow, 1996; Chinn et al., 2006;
Weinstein, 2008). As outlined below, evolutionary modeling of body structures is
currently argued in terms of modularity, being defined as a partitioning of somatic
systems into a hierarchy of interconnected parts (Mitteroeker and Bookstein, 2007;
Wagpner, et al., 2007). The mandible is one of these somatic parts, yet no part or module
of the body or skull exists in isolation. Patterned internal structure of modules in multiple

groups of modern humans suggests modularity can only be defined in the context of



arguments which are driven by both attributes and properties and that modules should
represent areas of independence in evolutionary trajectory. This form of modeling is
indispensible in describing the modern human skull. However, although it is assumed that
modularity explains cranial organization, definition of modularity itself is at an early
stage. Presently it is not known whether modules encompass all of skull morphology or
whether there are “extra-modular” areas within the cranium or mandible themselves.
Much cranial research describes the face as an entity separate from the neuro- or
basicranium yet fails to address the fact the splanchnocranium forms as a unit composed
of the maxilla and the mandible. Many three-dimensional morphometric analyses and
modular analyses of the skull exclude the mandible even though definitions of cranial
modularity are based on levels of integration within and across cranial elements. These
analyses are thus compromised because they omit a major component of the masticatory
system. The face (including the mandible) maintains an integrated relationship that must
be addressed for statistical significance if estimates of integration or modularity are being
performed (Ackermann and Cheverud, 2004; Ackermann, 2005; Polanski and Franciscus,

2006).

This dissertation addresses the above issues by modeling the skull as resultant from
and predictive of morphology arrayed at various hierarchical levels. The organization is
as follows: Chapters 1 and 2 review the history of cranial research and examine the
development and expression of the concept of modularity. Chapter 3 begins a series of
chapters examining the hierarchical partitioning of the skull. Modules of the skull and

their integration are examined using a series of linked hypotheses which are then tested



using statistical modeling including Cronbach’s Alpha, partial least squares, and analysis
of covariance structure using the Flury hierarchy. In general outline, cranial organization
(including the mandible) is analyzed first using model-free hypotheses testing the
relationship of “macromodules” of the face, base, skull, and mandible. Next, functional
divisions of the skull are examined as modules and results are used to provide a
functional definition of modularity through properties rather than solely by attributes.
This definition is used to test recent suggestions organizational schema such as bauplans
represent modular patterns and that phylogenetic analysis in Homo would be improved
through the use of modules rather than whole-cranial structure (Gonzélez-José et al.,
2008). Chapter 5 examines this idea by comparing results from the pattern of modern
human cranial modularity to representatives of hominine evolution. Modules may be
genus- or subfamily-specific entities (as obliquely referred to in Gonzalez-José et al.,
2008). Results in Chapter 4 suggests that robusticity is best defined as the way size
increases without modular reorganization of shape. In testing functional relationships it is
shown that shape remains organized in the same way across human populations and sex,
usually becoming more robust rather than reorganizing the shape itself in responding to
function. Finally in Chapter 5 it is demonstrated that dimensionality of measurements
used to define modules is an important, and sometimes overlooked, factor. This factor
can skew any research using covariance matrices as representatives of cranial structure,
including modules. Penultimately, cranial nerve patterning is explored as the underlying
formative pattern of the skull, with the possibility that modularity itself is constrained by
this pattern. If so, the present functional organization of the skull begins quite early in the

Hominoidea, constraining even the less conserved pattern of modularity itself. Finally,

Xi



the expectations and limitations of current modular theory are described, with further

avenues of research also suggested.
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CHAPTER 1
THEORY AND BACKGROUND

The human mandible and face are part of an integrated cranial complex as suggested
by Olson and Miller (1958). Integration in the skull across elements is constrained by
canalization in the sense of Waddington (1942, 1957), which predicts developing
biological structure maintains a degree of relationship through life derived from initial
developmental states. This inherited pattern in the cranium and mandible is also
represented through modular structure, in which several key functional units make up the
basic organizational level of the skull (Polanski and Franciscus, 2006; Mitteroeker and
Bookstein, 2007, 2008; Wagner et al., 2007). Integration and modularity can be defined
as two organizational views of the same structure. Cranial integration is usually defined
as the degree to which cranial elements or regions are integrated across the skull, whereas
modularity is usually defined as integration within the different functional units of the
skull. Some researchers stress the integrated aspect of the skull, while others focus on the
modular aspect. The underlying significance of either analysis is that phylogenetic,
populational, and structural arguments ultimately resolve to the different ways the skull is

partitioned.

Although the skull is integrated, the modular structure means it has a complex
substructure, organized as the sum of semi-autonomous parts. At the level of the
individual or small population this autonomy is expressed as variability; individual skulls
in populations vary widely. At larger scales this highly variable autonomy can be shown

to be constrained into patterns of variation. Here, groups of regional and then continental



groups of skulls show a degree of similarity across sex and population, and it is at this
scale similarities rather than differences in skulls become observable. The question
becomes where the areas of constraint of variation in forming this patterned variation in
the human skull occur. We see differences in individual skulls, yet by consolidating we
eventually form groups which exemplify and then transcend smaller partitions into
regional and finally continental patterns. This patterning results from the variable
expression of the modules in the skull. Modules are the way constraint limits the degree
to which skulls vary across population and sex. The boundaries of the modular pattern
range between the one extreme where the skull is totally integrated (which would permit
no functional derivation and no modules) to the other extreme where a skull would be
totally modular (in which all function and microfunction would be a distinguishable
entity).

This dissertation proposes modules constitute regions of stable forms within this
spectrum, between an uninformative whole and trivial atomization. The working
definition in this dissertation is that modules are inherited patterns of integration. Because
the control of a phenotype is primarily genetic, this definition would seem to be a trivial
observation, that of course it is the pattern in the genes that is inherited. Yet the
complexity of the definition increases for the phenotype because the control of genetic
expression of the phenotype is also genetic (or epigenetic). However, the definition of a
module as an inherited pattern of integration is useful because the corollary is that a non-
random, inherited morphological pattern such as a module will exhibit aspects of
invariance as compared to non-modular regions. These patterns of invariance can be

expected to have expression across population and sex, the primary axes of variation in



the human skull. Under this view, modules that are integrated, inherited, and constrained
should exhibit the quantifiable property of invariance within species. This is a testable

property, not a qualitative attribute.

Current modular theory seeks to explain how evolution has changed parts of complex
interrelated systems through time without disruption, and modularity is demonstrated as
the mechanism (Wagner and Altenberg, 1996). Modules have many definitions, and
several key ones are summarized in Mitteroeker and Bookstein (2008:943): modules
“[(1)] collectively serve a common functional role, (2) are tightly integrated by strong
pleiotropic effects of genetic variation, and (3) are relatively independent from other
modules.” Similarly Klingenberg and colleagues (2001:11) describe modules as
morphological structures that “are made internally coherent by manifold and strong
interactions among their component parts, but are relatively independent from other
modules and have relatively weak or few connections with other parts of a system.” Both
these definitions serve to underscore the fact that modules are localized areas of
integration. This definition explains how evolution in the skull can proceed; change in
subregions does not necessitate the genomic reorganization of the entire system to
produce effect (by extension such areas are not likely to develop randomly either in
evolutionary sequence or ontogeny). Given this, it seems the first question to ask would
be what are the temporal and/or spatial boundaries of modules, that is, the shared

attributes and testable properties by which they can be defined?



Modules are defined in multiple ways, both in ontogeny and in evolutionary formation
of morphology. Bastir, Rosas, and O’Higgins (2006) described the chronological
constraint of developing modules in ontogeny; the adult skull is a result of a sequence of
changes in modules of the skull. At the other end of the spectrum it has been pointed out
this pattern of modularity has shown what is called herein “taxon-specificity,” or the
(assumed) propensity for invariance within, rather than across species. (For an
explanation of how developmental modularity becomes evolutionary modularity see
Cheverud, 1996). As Polanski and Franciscus (2006:348) point out, “Evolutionary
biology has long maintained that morphological systems go from being more integrated
to more modularized throughout evolution.” In other words, as new functions emerge, the
pattern of the skull becomes increasingly more modular. Not only is the skull
modularized, but modularity itself is not constant across time, with taxon-specificity
discriminating modules by varying above the level of the species as function changes (see
Gonzalez-José et al., 2008).

Modules are usually represented by covariance matrices which represent phenotypic
morphology (Ackermann, 2005; Polanski and Franciscus, 2006; Mitteroeker and
Bookstein, 2007, 2008; Wagner, et al., 2007; Bastir, 2008; Martinez-Abadjias, et al.,
2008). Change in the relationship of these entities can be generalized as scaling to “lines
of least resistance” in phenotypic change through evolution (Erouhkmanoff and
Svensson, 2008). Most evolutionary change in taxa is modeled as occurring through this
small-scale modification of existing structure, rather than as major reorganization.
Current theory suggests this change “along lines of least resistance” is mirrored in

covariance structure similarities such as proportionality (Schluter, 1996; Renaud, et al.,



2006). This in turn leads to the hypothesis, tested here, that modular regions should not
only exhibit internal integration, but that the structural pattern of the covariance matrices

across sex and population should maintain relative invariance within the same species.

Looked at in this way, modularity is a constrained aspect of morphology within the
species, and stabilizing selection should serve to maintain modular shape, invariant
across axes of population and sex. At evolutionary nexuses, subtle functional
reorganization occurs, minimized as much as possible (constrained) to prevent systemic
disruption. It is hypothesized here modular covariance matrices (proportionality, not
equality) truly change only upon speciation, rather than (allometrically) within species.
Testing this idea requires clear-cut definitions of modules both by attributes (qualitative),
and properties (quantitative). At present, criteria defining modularity are not well
specified. Without a robust definition for modules both by attributes they must possess
and by statistical testing of quantifiable physical properties across sex and population,
modularity can derive from a circular definition—we define the point used to measure
structure arbitrarily and get the results we expect. An example of the difficulty in
defining modules is underscored by a recent statement from Bastir (2008:50): “Modules
are integrated by local cranial factors such as purely spatial proximity.” Such statements

resolve to a non-functional definition without boundaries, hence unusable.

Therefore definition of modularity must proceed from both high level and low level
analysis to be “exhaustive” (Bastir, 2008). Higher level explanations of form ultimately

lead to adaptationist arguments, lower level to over-atomized, concretized models.



Neither higher level nor lower level explanations are both necessary and sufficient. In
modular analysis an overemphasis on higher level complexity means an over-reliance on
what is called herein “definition by attribute” or shared features. Over-reliance on lower
level models leads to over-emphasis on what is referred to here as “definition by
property,” which ultimately would be measurement without theory (for a good overview
of the issue see Bastir, 2008). Here, property refers to the measurable, quantifiable
aspects of morphology. Attributes can be referred to as qualities entities possess, which
are not amenable to mensuration and quantification in the same way as properties.
Currently, modules are defined by statistical relationship, by attributes, and by
generalized, non-specified reference to function. Modules defined in these ways do not
form objective entities that are capable of repeatability in testing nor entities that have
biological meaning. This thesis defines modularity based on a view of the skull as a series

of partitioned yet integrated craniofacial structures organized in a hierarchy.

Why study the mandible?

It is important to define the mandible separately in terms of cranial modularity first for
several reasons. First, the mandible is frequently found isolated in archaeological context
because it is the densest cranial element—e.g., see Oase (Trinkaus et al., 2003); Ohalo 11
(Herskovitz et al., 1995); Tignief (Temifine) 1-3 (Arambourg and Hofstetter, 1963);
Tabun 1, 2 (McCown and Keith, 1939). The mandible is thus better represented in the
hominid fossil record than most other bones (Wolpoff, 2000). A better understanding of
the structural relationships between the mandible and skull (see Figure 1-1) would

therefore lead to a greater degree of success in predicting skull morphology in fossils



from isolated mandibula through reverse-engineering and retro-design prediction (see

Bastir et al., 2005).

Figure 1-1. Integrated Skull Schematic of the Craniofacial/Mandibulomaxillo Relationship.
lllustration shows angles, points of comparison, and cross-integrated mandibular and
cranial boundaries.

Second, the mandible is frequently modified in clinical maxillofacial reconstruction,
and it is the integrated nature of the mandible with other aspects of the maxillofacial and
cranial systems that is most important here. Modification of the cranial system produces
sequelae downstream in morphology, and further understanding the relationship between
the mandible and skull may provide valuable insights into understanding integrated
developmental relationships. These patterns of growth and integration underlie adult skull
morphology. A clearer understanding of how the face forms in a manner integrated

within the remainder of the skull and at the same time represents a module with different



functional requirements from other elements of the cranium will allow predictions of end-
stage results in facial reconstruction to be more robust.

Last, understanding the mandible as both integrated and modular may help resolve
longstanding questions in medicine, such as the meaning of invariant relationships in
skull formation (Hans and Enlow, 1996; Zollikofer and Ponce de Leon, 2002; Bastir et
al., 2004; O’Higgins et al., 2006). Invariant relationships—such as the above neutral axis
of the orbits (NHA) to the pterygomaxillary (PM) suture line, the cranial base angle
relationship to a host of planes and features, and other factors outlined below (see Figure
1-2)—can only be predicted by regarding the skull as an integrated and modular unit.
Confirmation of the role and morphology of the mandible in producing and being
produced by those relationships is a current effort in medicine generally and to a growing
degree in biological anthropology as well (e.g., Bastir and Rosas, 2005). Finally,
currently it is not understood whether modules themselves are best understood as variable
aspects of cranial morphology across major divisions of morphology such as population
or sex, or whether modules are themselves representatives of invariant relationships. For
example, is it the modules themselves that respond to ecogeographical patterning such as

in the nasal region, or is it regions outside the actual module that vary?



Figure 1-2. Invariant cranial relationships (PM, NHA) that not only cross modular units but
are formed by them.

History of Mandibular Research

Cranial research has a history, which fact affects the models and methods employed in
study. The hypotheses tested in this dissertation derive from a continuously developing
research program, and the history of past efforts is important background for
interpretations. Cranial study is approached from numerous scientific and medical
disciplines with great time depth. The commonality of these approaches is that they all
deal to some degree with the way the skull is shaped and how it changes through time,
both in ontogeny and in evolution generally. As new hypotheses are tested, the agreed-
upon meaning (or paradigm) of cranial shape changes through time. As models and
techniques develop, the way we view the skull changes. And as knowledge expands, new
research questions and directions are formulated. Thus it is to the history of this endeavor

we must then look for this direction of thought. This process is germane to modular and



morphometric study, as both subdisciplines of evolutionary theory and statistical
application respectively are relatively new and are therefore subject to the forces which
affect expanding areas of research (outlined below).

In this way, then, the history of cranial research can be viewed as a progression of
preconceptions, conjectures, insights, hypotheses, and agreed-upon facts subject to
interpretation. However, because the subject reflects our beliefs about how we came to be
ourselves, it is perhaps more subject to interpretational bias than other areas. For
example, the most famous case of scientific fraud occurred within the field of cranial
study. Piltdown resulted from the fact that everyone “understood” brain development was
more important than mere postcranial bipedality and occurred first (depicted in Figure 1-

3).

Figure 1-3. Progression to Piltdown—linear schema (I); manifested example of
a paradigm (r)

The entire Piltdown affair has been previously well discussed and shows how a

preconception can be written into scientific certainty until new techniques rectify the
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prevailing consensus surrounding a particular interpretation of a process (Weiner, 2003).
Current modular and maxillofacial research is in no way less susceptible to such factors
of preconceptions and early under- or over-application of results from data. Yet another
example of misapplied results is found in the literature of cranial modeling which looks at
levels of integration and modularity in the skull without assessing population or sex as
possibly confounding factors (Bookstein et al., 2003; Polanski and Franciscus, 2006) and
without first ascertaining whether trajectories are the same across these partitions. This is
an important question because currently it is not understood whether cranial modules
(including the mandible) are representatives of invariant relationships (invariant across
sex and population), such as the neutral axis of the orbit at 90 degrees and the
pterygomaxillary suture line (PTM; PM line). Other examples of invariance include the
positively allometric relationship of neurocranial expansion to orbital distance and the
developmental sequence of maturation in the skull with the midline cranial base
preceding the lateral base and that in turn preceding facial and mandibular maturation
(Bastir et al., 2006). If the mandible and other areas of the skull tested here represent
invariant modules, a degree of resistance to effects of population and sex needs to be

tested, not merely assumed.

Even as the paradigm of brain expansion preceding bipedality has now reversed, there
is evidence of another paradigmatic shift, from the view of the mandible as a relatively
unimportant structure incidentally attached to an expanding neurocranium to a view of
the mandible as being integrally involved in this expansion. That is to say, current

modeling suggests constraint of the neurocranium by the masticatory apparatus may have

11



had to relax before brain expansion could occur (Leakey et al., 2001; Stedman et al.,

2004; Bastir and Rosas, 2004).

History

A brief review of the history of mandibular research is useful for understanding the
pressures that produced current theories. The history of mandibular research can be
roughly divided into five periods, including the current period. Within the sequence
(outlined below) there is a progression of increasing complexity in models and
sophistication. The formative period (Period I) began with early systematic anatomy in
the late nineteenth century and continued into the early twentieth century. Period II dates
from the early twentieth century until the 1940s. This second period was marked by an
increasing sophistication of statistical techniques, with the beginnings of multivariate
statistics. Period III began in the later twentieth century (1970s) and continued to the late
pre-millennial era (1990s). During this period mandibular research was marked by the
introduction of Enlow (1968) and Moss’s Counterpart and Functional Matrix hypotheses
(1962). Period 1V, discussed at length in Chapter 5, overlaps late Period III and is marked
by what some have termed a “revolution” in the field—morphometrics and the
application of three-dimensional modeling to paleontological and neontological research.
Period V is our current position, a time when modularity is the preeminent topic to
discuss in terms of explanatory modeling, and three-dimensional modeling is de rigeur.
Again, however, full definitions of modules and full examination of the implications of

three-dimensional modeling are lacking.
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Period 1: Late 19th—Early 20th Centuries

In Period I, conceptual development began. Fossil mandibulae were first noted and
described as differing from the modern mandible. Thus began one of the hallmarks of
mandibular and craniofacial research, notation of difference without systematic definition
of those differences. This first period was marked by formalization of anatomy, a
growing appreciation of the differences in Neanderthal cranial form as compared with
modern humans, and beginning evolutionary conceptualizations. At that time the formal
idea of variability was not present. The skull, face, and mandible were not studied
broadly enough for researchers to understand at first why or how Neanderthal and
modern human skulls and mandibles differed, only that they did so. D’Arcy Thompson
began three-dimensional modeling during this period as a series of morphing coordinate

systems (see Figure 1-4).

Figure 1-4. D’Arcy Thompson introduced three-dimensional modeling as a series of
morphing coordinate systems.

During this period modern human mandibular morphology was being robustly
described for the first time, although anatomical descriptions, even of centers of growth

in the face, are found as early as J. Hunter’s (1771) The Natural History of the Human
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Teeth. During this period the contentions over Neandertal mandibular morphology began
(Humfrey, 1866; Biondi, 1890), continuing to the present (Rak et al., 2007; Wolpoff,
2007). The insufficiency of models in this period resulted from the fact that study was
conducted almost entirely by medical doctors, which limited the scope of the studies to

medical applications, with no appreciation yet possible of normal population variation.

Period II: Early 20th Century—1940s

Period II was marked by an increasing sophistication of statistical techniques (see
Figure 1-5), with the beginnings of multivariate statistical analysis, population genetic
theory (New Synthesis, Mayr, 1947), a growing awareness of the importance of using
biologically relevant points in measurement, and the beginnings of robust statistical
descriptions of populations. An increase in the number of available fossil samples drove a
new emphasis on studying neontological and paleontological human variability. This
period was marked by insufficiency of models because cranial integration was not yet
appreciated, biomechanical explanations for somatic form were rampant, and evolution
was not yet widely discussed in terms of process. In Period II representative samples of
fossil Homo mandibula continued to increase, pre-Homo mandibular material became
plentiful, and clinical maxillofacial study in medicine began to study the mandible in a

framework to modify developmental processes.
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Figure 1-5. An illustration of the underlying logic of discriminant function. Without
computers, such analysis was an intractably arduous process.

Period II also left the mandible relatively unstudied because of the received wisdom
that this element did not need intensive study, as it was believed worthless as a
population discriminator (see review in Humphrey et al., 1999). Much of the work in
biological (physical) anthropology in this period was concerned with separating
populations based on abilities and gross anatomy. Although the political reasons for
attempting to use the mandible as a population discriminator waned after Weidenreich’s
compelling critiques of his contemporaries’ science in the 1930s, there was and still is
controversy over the mandible as a discriminator (Weidenreich, 1936). Howells (1973)
found crania to differentiate populations with 92% accuracy using 70 measurements,
while Humphrey et al. (1999) found mandibles to discriminate populations at 74.3%
accuracy using 13 measurements. The role of the number of measurements in increasing

the technique’s accuracy is still unclear; however, generally, the more measurements the
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better (see Jantz and Owsley, 2003). Wright (1992) found an accuracy of 74% using

Howells’s cranial data with fewer measures (i.e., 33 measures rather than 70).

Period IIl: 1940s—late 1990s

In Period II1, statistical applications on computers became common, multivariate
statistics became ubiquitous, and medical imaging (i.e., CAT and PET scans) became
common (though sample sizes for the most part prevented application in paleontological
study). Mandibular research began to address the complexity of biological structures.

This shift in the late twentieth century was not, however, merely a change driven by
technical advances. It derived from the work of Olson and Miller ([1958] 1999); Moss
(1962, 1997a,b,c,d); Enlow and colleagues (1969, 1971, 1982, 1996); Cheverud (1982,
1984, 1995, 1996; Cheverud and Midkift, 1992); and Wagner (1996) which argues,
persuasively, that the mandible must be studied as part of the facial and cranial skeleton.
Large-scale investigations of functional morphology began (with one researcher,
arguably, publishing significant results on every skeletal element of the human body in a
paleontological context), computers, explosion of new species in human paleontology
(thus bringing the still hotly debated role of species reticulation or anagenesis into play),
multivariate statistical techniques and packages (originally mainframe versions),
ontogeny and pathology in the fossil record, and formational processes.

The common thread underlying the three periods, going on into the beginning of the
fourth, was that mandibular research did not look to an integrative framework for
modeling. This situation was particularly true for anthropology and paleoanthropology.
The traditional separation of biology (paleontology) and human biology (medicine)

delayed the recognition of certain factors—such as modifications of head form through
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surgical interventions, analysis of occlusion type (Angle Class), and analysis of dietary
elements—as important in producing the morphology preserved in fossils, which in turn
delayed such factors becoming integrated into models of cranial form. The lack of
appreciation of the mandible as a cranial element allowed a great deal of mandibular
research to simply focus on the mandible as a schematized entity.

Although the appreciation that the mandible must be studied as part of the entire
cranial system was growing in anthropology during this period, it is to medicine that the
original change to integrative frameworks should be ascribed.

The description of Period IV will benefit from a summary of the two main types of
models that emerged from the work performed during Periods I-III: biomechanical and

non-mechanical or spatial models.

Biomechanical Models: History of the Mandible as Mechanical Structure

In research Periods I and II, mandibular morphology was described by reference to
functional requirements for mastication. This type of description treated the mandible as
a mechanical device. Beginning late in Period III (approximately the 1980s), an
awareness grew among researchers that mandibular form represented the interplay of
structural and biomechanical factors in producing and maintaining occlusion. Research
demonstrated that mandibular form could not be adequately described by schematic
models derived from engineering analysis. Despite these caveats or reservations, the
biomechanical approach was nevertheless perceived as necessary, because at that time
there was as yet no real analytic framework to transcend these simple models. Simply

looking at the mandible as an isolated unit could offer a useful idealization of biological
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form, yet no totally mechanistic modeling of biological structure proved sufficient to

reflect biological complexity (Smith RJ, 1982).

Mechanical models explained mandibular and facial morphology by reference to
force production vectors operating to produce mastication (Greaves, 1978; Hylander,
1977, 1979; Hylander and Johnson, 1994; Weijs, 1989; Weiss and Hillen, 1986;
Daegling, 1989; Spencer and Demes, 1993; Spencer, 1998, 1999).Under these
assumptions the mandible was idealized as a simple bent beam (Symons, 1951) and as a
simple bent beam with differentiated areas extending for muscle attachment (Weijs,
1989). It was further modeled as a simple bent beam with attached muscle insertions and
representative stress points at expected areas of greatest loading (Weishampel, 1993;
Spencer, 1998; Greaves, 1978), and then as this same bent beam with the addition of the
areas of muscle insertion on the cranium (Anton, 1994; Kiliardis et al., 1995). The
mechanical model worked well for simplified versions of mandibular and craniofacial
morphology because the craniofacial complex must transmit force. However, the strictly
functional/mechanical model was insufficient because (as mentioned before and detailed
below) the face and mandible initially form as a structural unit, with primary innervation
patterns, relationship of the jaws, and other factors discussed below continuing to unite
the two entities through development.

Diet directly affects mandibular and facial morphology through functional
mastication. As has long been observed in other taxa, dietary consistency affects facial
morphology; recently Lieberman’s study (2007) on a facial analogue of humans (Hyrax)

demonstrated ventral (inferior) and posterior portions of the face loaded differentially,
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depending on diet. That study thus verified results gained for the last 70 years showing
mandibular plasticity in response to dietary factors (discussed previously; citations
earlier). Nicholson and Harvati (2006) observed that results in their study of the mandible
suggested food processing and use of the dentition in high-latitude populations drove
some of the major differences in populations. Marriog and Cheverud (2005) have also
shown trophic level is more predictive of morphological covariance among non-human
primates (Cerocebus) than species membership. (Ideally diet would be controlled for in
this dissertation, but here, as in most cases, diet cannot be determined.) However, for the
most part here, skeletal material dating from before the fairly recent turn to softer,
processed diets is used, and the assumption is made that diet is roughly held constant in
the past populations used. (Descriptions of the populations included in this study appear

in Appendix A.)

Biomechanical Models of Mandibular Morphology IlI: History of Mandibular
Plasticity

Early in the 1940s, during Period II of mandibular research, the mandible was
demonstrated to be plastic in response to dental loading. Hrdlicka’s belief that the
mandible was a structure totally responsive to masticatory loading and hence of little use
for phylogenetic analysis was widely held. Hrdlicka further described the mandible as
having “no relation to head shape,” which perpetuated the view that the mandible was
best studied as an isolated element (Hrdlicka, 1940a,b). Thus the view continued until the
change to integrative modeling that mandibular shape is homogenous compared to the
remainder of the skull, due to the plastic nature of the bone in response to loading for
mastication. The exact nature of this plasticity is still debated (Cheverud, 1995). The

mandible during this period was sometimes described with exasperation. Variously
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described as the “lost step child of physical anthropometry” (Troc, in Hrdlicka, 1940a), or
as the “devil-spawned” aspect of cranial development, (apocryphal; cite in Rak, 1998;
though attributable to William Straus, according to Clark Howell'), the mandible
continued to vex clinical and anthropological investigators.

Beginning late in Period II through early Period III of mandibular research, there were
in vivo and in vitro experiments demonstrating mandibular plasticity in various taxa and
populations of modern humans. Clinical research detailed the associations between
muscle position, size, force, and portions of the craniofacial complex through coronoid
manipulation, fusion of the condyle, condylar osteotomy, and dietary change in human
and non-human taxa. Dietary changes were demonstrated to produce differential
expression in the craniofacial complex in humans and non-humans (Washburn, 1947;
Avis, 1959; Beecher and Corruccini, 1981a,b; Sarnat and Engel, 1985; Isberg et al.,
1986). In modern humans, pronounced temporal change in craniofacial dimensions was
found in samples from the same geographic locale. Facial change through masticatory
effects, particularly through inferred dietary change, was observed (e.g., Seddon, 1984;
Carlson, 1985). Although there was a growing interest in the mandible as plastic in
response to differential force-production levels in various taxa and populations, the view
of mandibular morphology as predictable only from force, either through differential

dietary regimes or clinical manipulation through dental appliances, was still in full effect.

Non-Mechanical Models of Mandibular Morphology

Mandibular morphology began to be seen as a complex response to extra-mandibular

factors as well as force in this latter part of Period II. Clinical research began

! The actual citation reads: “God created the skull—but the Devil made the mandible.”
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demonstrating the inter-correlations of the cranium and body to the craniofacial complex
itself. The splanchnocranium began to be examined as part of a whole-body system.
Clinical analysis of modern craniofacial form showed multiple operant factors affected
the craniofacial complex and consequently the mandible. These factors included posture
(Huggare and Houghton, 1996), length of cervical spine (Houston, 1988), proportionate
size of maxilla/mandible (Lin, 1993), the cranial base angle (Martone et al., 1991;
Dibbets, 1996), head type (with dolichocephaly being associated with a vertically high
face and mandible), and nasopharyngeal size (Wenzel et al., 1989). Obviously
explanation of all these factors required more than the mechanical model. After including
force from the muscle arms, it is impossible to increase knowledge of biological
complexity without going to models that regard morphology as a structure integrated with
portions of the face (maxilla, basicranium [Cheverud, 1995]) and then, at the next level of
complexity, as a structure integrated with the entire skull. Finally modeling must include
the relationship with the entire body (Hans and Enlow, 1996). As soon as
structural/spatial requirements are included in models of mandibular morphology,

complexity increases.

Period IV: 1990s—-2000s

Period IV, discussed in Chapters 3—5 of this dissertation, marks what some have
termed a “revolution” in the field—morphometrics and the application of three-
dimensional modeling to paleontological and neontological cranial and mandibular
research (see Figure 1-6). As outlined in succeeding chapters, it remains to be seen
whether morphometrics has attained the status of a true revolution. As will become

evident, small sample sizes and occasionally overlooked factors long demonstrated
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important in morphological analysis—sex and population (allometry)—are sometimes

discarded in perhaps rash over-application of new technology.

Slide 2L.B1 Morphed Target

Figure 1-6. Slide showing three-dimensional morphing of Liang Bau 1 mandible from
reference shape, Morphologika (Anderson 2007).

History of Structural and Modular Modeling

The penultimate era in mandibular research began when researchers turned to the
examination of the mandible as part of an integrated, structural cranial system. Structural
requirements predict the mandible reflects more than bite force. Given that the skull
(particularly the face) and mandible develop together and participate in a mutually
interdependent system, it became necessary to analyze cranial morphology as a unit. In
this period of mandibular research, the evolution of the body began to be approached
from a structuralist position. A structuralist holds that cranial and somatic organization
results from integration across elements of the developing organism rather than through

simple Darwinian inheritance (Wake and Larson, 1987; Churchill, 1996, 1998; Wagner,
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1996). Under this model, the skull is constrained in expression of morphology because
integration of cranial elements must be maintained.

The structuralist position thus reflects integrationist modeling. Change occurred
because it became apparent the human mandible and face are part of an integrated cranial
complex as initially suggested by Olson and Miller ([1958] 1999). Genetic and/or
phenotypic integration of the cranium and mandible has been demonstrated in the
Rodentia (Zelditch, 1987; Leamy et al., 1999; Mezey et al., 2000), the Sicuridae (Roth,
1996), and Sanguinas (Cheverud, 1996; Ackermann and Cheverud, 2000). Integration has
also been demonstrated in Hominoids (Bromage, 1992; Ravosa and Shea, 1994), in Plio-
Pleistocene hominins (Paranthropus robustus, McCollum, 1999), and in other members
of the genus (Bromage, 1989). Cranial integration has been proposed as an operant factor
in later mid-Pleistocene Homo hiedelbergensis mandibula (Rosas, 2001) and referred to
in study of the basicranium and cranial base angle (Lieberman, Mowbray, and Pearson
2000). Cranial integration has been demonstrated in modern humans by anteroposterior
and annular neurocranial deformation, with attendant modification of the basi- and
splanchnocranium (Cheverud and Midikoff, 1992; Kohn et al., 1995; Antén, 1989). Thus
there is wide general acceptance for morphological integration of cranial elements in
mammals and primates (Leamy et al., 1999).

In late Period IV three major lines of evidence emerged to suggest structural
integration is an important factor in describing mandibular morphology.

1. Primary formation of the human splanchnocranium is from the first branchial

arch, stimulated by neurectoderm, through mesenchymal aggregation and

differentiation, in a metamerical process of induction by Hox and non-Hox
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homeobox genes (Hall, 1999; Kuratani, 2003). Cranial skeletal derivation is from
chondrocranial and dermatocranial elements (Hanken and Hall, 1998), with the
splanchnocranial portion of the cranium inducted through neurectoderm and the
neurocranium and basicranium inducted through paraxial mesoderm. The face thus
derives in an integrated trajectory ontogenetically distinct from the remainder of
the cranium, constrained by induction through the nervous system. The
development of the cranial nerves proceeds and is uniquely associated to
skeletogenesis in eutherian and non-eutherian mammals, contra the musculature
(Anderson LC et al., 1991; Smith K, 1996). The innervation pattern of the cranial
nerves precedes basicranial and neurocranial expansion, with both of the latter
processes in turn positively allometric to ethmomaxillary expansion (Lieberman,
Ross, and Ravosa, 2000), which tracks increasing body mass. These integrated and
constrained processes occur prior to formation of full dental eruption and
development of adult masticatory function in Homo (Kean and Houghton, 1987).
In humans, the development of the brain and neurocranium outpace masticatory
function, the brain being 90% of its adult size in comparison to 40% for the jaws at
age 5 (Washburn, 1947; Hanken and Hall, 1998). Thus, formation of the
craniofacial complex is hierarchical and masticatory factors are constrained to
accommodate prior states in the ethmomaxillary, basicranial, and neurocranial
regions (Kean and Houghton, 1987).

The craniofacial complex in Homo reflects factors common to mammalian and
primate cranial evolution. In mammals, the relatively decoupled regions of the

splanchno-, basi-, and neurocranium of the generalized tetrapod became
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integrated, as the complex palato-quadrate masticatory articulation changed to
dentary-squamosal contact (Wake, 1993). Concomitantly, in mammals the
adductor musculature relocated and reoriented, allowing relaxed loading vectors.
These changes underlay the mechanical constraint in the neuro- and basicranium,
due to the reorganized mechanically stressed masticatory region of the primitive
tetrapod, to allow incorporation of masticatory chondrocranial elements into the
inner ear (Hall, 1999). In mammals generally and in primates particularly, the
main forces acting through the adductor musculature, through the re-orientation
supero-inferorally, produced a restructured rostrum, and reduced biomechanical
stress on the basicranium (Demes and Creel, 1988). Mammals generally thus
exhibit a fundamentally integrated cranium and mandible. Further development of
this structural pattern presumably allowed sufficient relaxation of constraint to
facilitate selection for increased neural tissue to produce the quasi-spherical
neurocranial shape common to higher primates. This basic pattern of structural
integration is common to the Hominoidea and Australopithecus and is pronounced
in later Homo (Wake and Larson, 1987; Vrba, 1996; Smith K, 1996), though
currently the common pattern of integration between these various primate species
has remained unexamined.

Invariant relationships within the cranium of the Hominoidea support the
hypothesis of integrated structural effects in the craniofacial complex of
primates. Hans and Enlow’s (1996) model of “architectonic balance” and research
by Cheverud (1982, 1984, 1995, 1996) and Wagner (1996) emphasize modularity

in evolution and predict occlusal relationships are maintained by integration of
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developing modules in ontogeny. Support for this model lies in the results from a
variety of studies in human and non-human primates. These results include
stability of the pterygomaxillary suture line (PTM line) separating the anterior and
posterior face in humans (Hans and Enlow, 1996; Lieberman, Ross, and Ravosa
2000), a neutral axis of the orbit oriented at 90° in primates (Ravosa and Shea,
1994), a high correlation of the minimum breadth of the ramus and nasopharyngeal
size, with integration of facial prognathism and maxillary arch length (Smith RJ,
1984), and the demonstrated presence of anterior and posterior “facial blocks” in
modern humans (Bastir et al., 2004, 2005). Such relationships are explicable only
by reference to an integrated cranium. Bromage (1992) has demonstrated invariant
cranial relationships in Pan troglodytes. McCollum (1999) has successfully
analyzed the Paranthropine face in terms of an integrated architectonic model,
showing that the vertical expansion of the palate exhibits constraint by the
integrated process of mandibular rotation common to hominins. Kappleman (1996)
has demonstrated high correlation of body mass and orbital size in primates and
humans, which can only be explained as extra-cranial somatic effects being
represented by the cranium itself. The total pattern of these results suggests that
invariant relationships in primate craniofacial modular architecture result from an

integrated cranium with a common conserved pattern of hierarchical constraint.

Donald Enlow was the primary architect of structuralist and integrationist modeling

in humans: his theory of architectonic balance/counterpart theory holds that equilibrium

is maintained throughout the skull in development. The parts of the neurocranium,
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splanchnocranium, and basicranium (modules) increase in size, change shape, and
remodel in tandem. Enlow’s Period III IV work, deriving from clinical maxillofacial
research, incorporated information from evolutionary biology through demonstration of
structural effects and also demonstrated structuralist modularity in ontogeny. The late
Period III thus marked the beginning of empirical testing of structuralist theory. James
Cheverud’s clinical work in the Rodentia and Sanguinas provided similar supportive
evidence for structuralist genetic effects in the phenotype in non-human mammals. The
structuralist relationships in the modern human face demonstrated by Hans and Enlow
(1996) are hypothesized to result from modular integration, maintained by genotype-
phenotype “mapping,” through epigenetic factors such as pleiotropy (Cheverud, 1996;

Wagner, 1996; Ackermann and Cheverud, 2000).

Period V: The Present

Our present period, V, could be the beginning of a “post-morphometric revolution
expansion period, perhaps marked by return to emphasis on population and sex as
predictive factors in morphometric analyses (see Chapter 5 for more discussion).
Modularity, as the key conceptual framework, requires explicit testing of statistical
relationships AND examination of trajectories derived from large-scale data. If thought of
as a “post-morphometric” time, Period V is when empirical observations from
morphometrics across multiple disciplines are examined for results mirroring and
expanding theory. A primary goal of this period is the formation of a robust definition for
modularity. As outlined in the preface and detailed in Chapter 2, currently the concept of

modularity lacks robustness of definition and mature theory.
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CHAPTER 2
PARTICULATE AND STRUCTURAL MODELS OF MODULARITY
Chapter 1 established that both biomechanical and integrative factors underlie cranial
morphology. The history of cranial research was introduced to outline the sequence of
increasing complexity of models and applications in cranial study. The concept of
historicity was introduced as the framework for modular analysis. As detailed therein,
there is a progression from early anthropological analysis of isolated cranial specimens to
presently forming hypotheses of the patterns of cranial integration within populations.
There is also a correlation between that progression and the state of scientific knowledge
of the time (thus an effect of paradigmatic shifts). This chapter sets the concept of
modularity in an evolutionary context and defines it as proceeding through both
development and function (using as an example Donald Enlow’s model of
architechtonic/counterpart balance [Hans and Enlow, 1996]). Further, relationships of
cranial integration, modularity, and invariant cranial relationships are used to make

predictions which underlie the hypotheses which are then tested in Chapter 3.

As was also discussed in Chapter 1, simply reducing craniomandibular morphology to
a series of lever arms and relationships of force production variables—though a necessary
functional analysis—does not sufficiently account for the morphology of the mandible or
the cranium. Several lines of evidence were used to demonstrate that morphological
integration of the skull is a necessary predictive factor for describing the relationships of
cranial morphology. Here in Chapter 2, this aspect of morphological integration is

examined under particulate and structuralist models of evolutionary process.
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The discussion in Chapter 1 of invariant cranial relationships within the Hominoidea
underscored the most important question regarding modularity, that is to say, whether
modules belong to a class of invariant cranial relationships underlying cranial form—thus
belonging to a class of bauplan. Recently Gonzalez-José et al. (2008) treated modules as
entities representative of genus (or sub-family). Therein it was demonstrated that changes
in modules broadly represent the patterning of accepted phylogeny within the
Hominoidea. Although representatives of various taxa were few and the modules are
somewhat ill-defined (as discussed here later), results are generally what would be
expected if modules represent an invariant form of morphology within a given taxonomic
level. By extension, if this idea is sound, then within taxa the relationships of parts of the
skull (modules) should be invariant and taxon-representative. Further, this invariance
may be resistant to allometric or population effects in the same way cranial base angle,
neutral axis of the orbits, and other parts of the skull are, in effect, taxon-specific cranial
absolutes. This idea has not yet been tested at the species level as this dissertation does in
Chapters 3-5, because the idea is relatively new. Before testing this idea, it is necessary
to see how factors in evolution would have served to create and maintain modularity at

various levels in taxa.

Particulate and Structuralist Models of Evolution

In order to show the relationship of integration to modularity, particulate and

structuralist models of cranial evolution are compared below.
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Particulate Models

Particulate evolution, under which parts of the skull evolve independently, cannot be
used to explain modularity. Nonetheless, the modern human skull results from
evolutionary change which sometimes has been modeled, implicitly or explicitly, as
particulate. The particulate model of evolutionary change, operates through natural
selection acting directly on specific characters in isolation (Wake and Larson, 1987,
Churchill, 1996 [see also Brace’s model of dental reduction 1963; Brace et al.1987]).
This evolutionary model can be very useful for explaining individual factors such as
dental reduction, realignment of the mm temporalis in Neanderthals, development of the
chin, increasing encephalization (Brace, 1979; Antdn, 1994; Spencer, 1998, 1999;
Schwartz and Tattersal, 2000; Wolpoff, 2000), and other expressions of cranial
morphology. However, many structural properties of an integrated cranium are emergent
at different hierarchical levels and cannot be easily described as the result of selection on
single characters (Hall, 1999). Therefore definition of craniomandibular evolution
through a series of isolated steps in the mandible and craniofacial complex is ultimately
uninformative.

Oversimplifying complexity through use only of a particulate model of selection is
reductionist because even an apparently simple process such as mastication is
multifactorial. Mastication occurs through muscular stimuli, spatial relationships with the
remainder of the skull, and ultimately, the need for maintenance of homeostasis and
organismal integration. Change through time across these factors cannot be subsumed
into a series of isolated steps, because sequential transformation of any biological

structure must accommodate adjacent structure or integrated processes. Under the most

30



extreme form of the particulate model, the biomechanical, the face would have evolved

only as the aggregate of response to changing mechanical requirements.

There unquestionably was selection for masticatory factors such as dentognathic
reduction and neurocranial expansion in the Pleistocene as would be predicted by the
particulate model of evolutionary process. At the same time structural integration
constrained morphology through time by stabilizing selection on the remainder of the
skull. Direct selection as expressed under a particulate model can be differentiated from
stabilizing selection in regards to formation of morphology. Direct selection causes
morphology to change in response to environmental conditions, shifting mean
morphology towards an adaptive peak. Stabilizing selection serves to maintain
morphology (under an optimal fitness model) at that given adaptive peak (Fisher, 1930;
Welch and Waxman, 2003). This maintenance of morphology occurs through external
stabilizing selection maintaining homogeneity of interaction between the phenotype and
external environment, each peak of optimal fitness thus representing an idealized “perfect
match” between a biological structure or behavior and the environment. At the same
time, the second aspect of stabilizing selection—internal stabilizing selection—operates
by co-adaptation of features (or modules) and expresses the relationship or constraint of
the phenotype to expressed internal processes.

In Chapter 1, it was demonstrated this internal stabilizing selection can be considered
canalization in the sense of Waddington (1957; see also Cheverud, 1996; Marroig and
Cheverud, 2001; Flatt, 2005). In the mid-to-later Pleistocene the human skull was

beginning to change in response to both cultural factors such as extra-oral processing of
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food and non-cultural factors such as ecogeographical change. The adaptive peaks that
mark the durable grade-level adaptation in Homo ergaster/erectus represents change
partially in response to particulate factors such as extra-oral processing of food (cooking)
or paramasticatory activities. These particulate factors were constrained by major
modular-influencing factors such as climatic adaptation, increasing body size,
neurocranial expansion, and ethmomaxillary reorganization. This constraint through
internalizing selection has been indirectly addressed in research examining the role of
natural selection versus neutral selection models (Harvati and Weaver, 2006). If
differences in cranial form through time can be demonstrated as resulting from modular
changes, both sides in the debate over neutral versus direct selection could be correct.
The skull can be responding to selection of a few different functions yet seem to be
representing neutral selection due to modular invariance, producing a pattern suggesting
either.

The integrated skull responded to selection as outlined in the broad sense in
Cheverud’s model of hierarchical integration. Cheverud (1996) divides integration into
three interrelated categories: functional/developmental, genetic, and evolutionary. In the
Pleistocene the skull responded to new developmental and functional masticatory and
encephalization factors, with effects probably constrained through pleiotropy. These
functional associations were inherited through time as modules, eventually uniting and
becoming entities exhibiting evolutionary integration, themselves stabilized (or

canalized) in time through stabilizing selection.
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Structuralist Models

As shown above, particulate change in single systems becomes part of changes in
structural hierarchies of organization. Particulate versus structural hypotheses have been
addressed by Melanie McCollum (1999). Mandibular ramal height and anterior
temporalis position in Australopithecus boisei have been considered to represent a
response to energy-deficient substrate in taxa eating large amounts of rhizomes and
foliage. The deep palate of “robust” Australopithecines is considered by McCollum
(1999) to be a consequence of their vertically tall mandibular ramus, formed by the
spatial requirements for maintaining an anterior rotation of the maxilla. Under a
structuralist model the palate must expand inferiorly, yet the superior, nasal portion is
constrained to maintain congruence with body size and cannot simply increase. Therefore
the palate deepens as a response to the tall mandible. The face does not directly respond
to mastication as under a particulate model, but is responding to integrative structural
factors. These results suggest structural factors are as important as direct selection for
mastication, the traditional explanation for the highly unusual face of the robust
Australopithecines. In the non-robust Australopithecines, the palate depth does not
increase, as the constraint imposed by the premaxilla-vomer contact does not exist. It is
also possible to explain the “low infraorbital foramina” of the robust Australopithecines
as maintaining their position as the entire upper face moved superiorly.

These structuralist arguments thus reflect modular theory in predicting that constraint
of direct selection for substrate use is in turn constrained by intra-cranial relationships.
These arguments may even be “pre-modular” if, as tested in Chapter 5, the fundamental
pattern in taxa is represented by the cranial nerves (CN), which are specific to given taxa.

CN patterning and positioning may in itself constrain facial development (Anderson
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2000) or even modular development. Recently Bastir and Rosas have modeled structural
change in Neanderthals and modern humans. In a series of articles dating from 2002
through 2005 they demonstrate how morphology is explainable in both taxa by reference
to Donald Enlow’s partitioning of the cranium into a series of interconnected, structurally
integrated modules.

Under a structuralist model then, evolution of the craniofacial complex occurred in the
context of selection constrained (canalized) by the genotypic-phenotypic interface.
Selection under a structuralist model can be considered constrained by the degree to
which the genome responds to mutation. Pleiotropic structural effects can be used to
predict that the modern human skull arose through the favorable action of
compartmentalization, in which aspects of the genome were affected by random
mutations in modules (compartments), with selection acting in these modules rather than
on the whole body. This type of change is modeled as allowing modularized systemic
change, with the entire system therefore being less likely to be compromised due to
unfavorable mutations (Wagner and Altenberg, 1996; Cheverud, 1995). As Wagner and
Altenberg (1996) and Cheverud (1996) point out, selection acting on mutations across the
genome will tend to fail by producing deleterious effects across an already integrated
structure. If all systems were affected equally by any one mutation the probability is
greater that all mutations would be deleterious given that they would disturb “complexity
in balance,” or, as Wagner (1996:328) puts it, “On average further improvements on the
system must not compromise past achievements.”

Thus, in order for parts of the skull to respond differentially to selective pressures it

must be partitionable. Once the skull is partitioned, selection can then act differentially.
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Mosaic evolutionary change occurs because of the relative independence of cranial
regions or modules (Raff, 1996). Cheverud’s (1996; Ackermann and Cheverud, 2004).
Similarly, Wagner’s (1996) model of cranial integration explains cranial structure as
resulting from semi-independent modules united by constraint imposed from above on
developmental program.

The modern human skull thus retains aspects of Pleistocene (and earlier)
developmental constraints maintained through time by stabilizing selection acting on
modules associated by pleiotropy. The action of pleiotropy is modeled as the way that
natural selection acts on the cranium in the context of constrained structural factors (see

Figure 2-1).

X1

FUNCTION 1 FUNCTION 2

Figure 2-1. Pleiotropic Modularity (after Wagner and Altenberg 1996:988). Function 1 and
Function 2 are controlled by pleiotropic genes, primarily WITHIN functional character
complexes (modules) rather than ACROSS them.

Evidence suggests pleiotropy as the original functional mechanism by which
metazoans evolved from protozoans with subsequent effects at all taxonomic levels

(Wagner, 1996). In protozoan communities there is a 1:1 correspondence between gene
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program and cell; mutation affects each cell similarly. Metazoans are modeled as
diverging from protozoans by breaking the 1:1 correspondence. Pleiotropy thus means
single or few genes can control multiple functions; mutation can then occur at one genetic
locus and effect change throughout part of the system (in modules) without affecting all
other systems.

Pleiotropy can affect trait complexes in two ways, through parcellation and
integration. In parcellation, trait complexes have a reduction in the number of controlling
genes “inter complex” (i.e., among complexes such as the skull and mandible or the
ramus and corpus) with maintenance of pleiotropic effects “intra complex” (see Figure 2-
2). Conversely, in integration, coevolution of characters related by new functions cause

formerly unrelated traits to integrate and subsume into modules.

O

X

INTEGRATIOHN

Figure 2-2. After Wagner and Altenberg (1996:973). Parcellation and integration as
processes cause change in gene-character correspondence. Similar modules can result
from either parcellation or integration.

Presently it is unclear whether the evolution of the skull and mandible can be ascribed
to coevolution in the mode of either parcellation or integration or both modes. It may be

that the skull and mandible decoupled through parcellation, or it may be that in the
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change from Australopithecus the (possibly) formerly decoupled skull (now driven by
cranial expansion) integrated with a reducing masticatory complex (mandible). Given the
essentially integrated nature of the mandible and maxilla (discussed in Chapter 1 and in
the following section), it seems more probable that parcellation was the primary process.

Modularity as process has been delineated in Polanski and Franciscus (2006); however
within that research only one form of modularity, that derived by disassociation, is
mentioned: “[A] process that may be responsible for widely observed patterns of mosaic
evolution in general ...is based on morphological dissociation, i.e., an evolutionary shift
in ontogeny where individual traits or functional units (F-sets) acquire a degree of genetic
and developmental independence” (Polanski and Franciscus, 2006:38). This is an
oversimplification since formerly integrated functional complexes do not necessarily
*acquire” independence—in the case of pleiotropy by integration, already independent
modules unite to form further integrated modules.

Currently modularity, originally referred to as compensatory interaction (Sofaer, 1972)
and/or compensatory mechanisms (Gould and Garwood, 1969), is a widely discussed
topic in biology, as modularity brings the study of development back into widespread
currency (Orr, 2005). As Orr points out, the study of modularity is neither novel enough
nor new enough as a concept to be considered a true scientific revolution as defined by
Kuhn, but in demonstrating relationships of the developing organism genetically
modularity may provide the final “step” in allowing a fully integrative biology.

Modular explanations of craniofacial organization have great explanatory power in
that they provide a way to explain variability (the propensity to vary at the genetic level)

in the skull as distinct from variation, which is the realized phenotypic expression of the
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genome. As an evolving function of the genome, variability can be used to explain
integration, canalization, and developmental constraints as an evolutionary expression of
the degree to which the genotype “maps” onto the phenotype (Wagner and Altenberg,
1996). These constraints cannot come from the developmental structures themselves but

result from pleiotropic effects in the genome (Cheverud, 1996).

Modularity As Realized by Both Development and Function

In order to robustly describe the mandible in terms of the overall cranial system, it is
necessary to delineate functional effects that derive from selection—in neo-Darwinian
terms, in contrast to structuralist requirements that have contributed to mandibular
morphology. This dichotomy can be reduced to development versus function.

Currently there is no consensus on how to partition function from developmental
process in producing integration. As Gonzalez-Joseé et al. (2005:177) observe, “[It] is not
clear whether the integrative processes can be separated into functional vs.
developmental.” This uncertainty is unfortunate, because, as Ackermann (2002) points
out (following Strait, 2001), prior studies have shown developmental effects are more
likely to produce homologous characters for phylogenetic reconstruction than later
developing functional ones. In mice, developmental integration precedes functional
integration (Zelditch, in Ackermann, 2002). Marroig and Cheverud (2001) ascribe equal
weighting to functional and developmental characters in matrix comparison, while others
such as Gonzélez-José et al. (2005) weight them separately.

Cranial modules must therefore be described at several functional levels; if there is no
agreement as to the interplay of developmental and functional factors it is primarily due

to level of analysis being unspecified. The first level of modular definition is of course,
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the distinction made between the mandible and the skull (cranium). This division may
make sense intuitively, as the mandible does not reside “inside the skull,” but both
ontogenetic and functional definitions of modularity argue against it. Given that the
mandible and maxilla form together in ontogeny and that both exhibit a common
function, there is little information to be gleaned from separating cranial modules in such
a broad fashion. However, in Chapter 3 the relationship of the skull to the mandible is
performed in the “model-free” hypothesis testing.

The second level of modular definition is the traditional separation of the skull into the
splanchnocranium, dermatocranium (neurocranium), and basicranium, (face, braincase,
and cranial base, or “S/D/B”). Defining characteristics of the modules in this
organizational scheme include an autonomous genetic organization, hierarchical
organization, specific location, and connection to other modules (Raff, 1996). To this list
McCollum (1999) would add the attribute of sequential transformations in development.
All these definitions apply well, in a broad sense, to the traditional S/D/B modules. For
example, modules such as the face are genetically programmed autonomously, apart from
the dermatocranium and basicranium (through differential Hox gene induction patterns,
Kuratani, 2005). There is intermodular hierarchical organization: the structure of the face
follows the more rapidly expanding dermatocranium and nasal region (Kean and
Houghton, 1987; Franciscus and Trinkaus, 1988). The S/D/B modules occupy specific
cranial regions. Connection to other modules is demonstrable for the dermatocranium and
basicranium in that annular deformation of the former causes coronal expansion of the
latter at the glenoid fossa (Cheverud and Midkiff, 1992). Finally sequential

transformations in development are evident. The mandible, dermatocranium, and
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basicranium all change radically in processes such as chondrogenesis and/or
intermembraneous ossification and later, senescence. The question thus becomes whether

these regions, although sharing criteria advanced for modules, actually represent them.

Modules of the skull can be further subdivided. For example, McCollum (1999)
proposes a division of the skull into modules of the neurocranium, the nasal region, and
the oral apparatus. Bastir and Rosas (2005) recognize the traditional “S/D/B” distinction
as useful, then distinguish two further basicranial modules (midline and lateral). Moss
(1962, 1997a, 1997b, 1997c¢, 1997d) also makes further divisions of the S/D/B.

Modularity thus faces a definitional problem of over- or under-prescription.
Identifying too few modules means too little partitioning of the different regions of the
skull, while identifying too many means an integrated structure becomes atomized. The
guestion becomes what form modularity may take—modules organized into the S/D/B on
a macro-scale, modularity as proposed under Enlow’s model of architectonic balance
(which is a definition of modularity across the traditional S/D/B; this model receives
additional examination below), or modularity in multiple units within the S/D/B
boundaries of the skull (also discussed in the next section). It is necessary to define

modularity itself in these neo-traditional and functional ways.

Modularity Tested under Model-Bound Hypotheses

Modularity is discussed by Polanski and Franciscus (2006). Results therein suggest a
decoupling of the face and braincase (splanchno- and dermatocranium), with integration
higher within the neurocranium in modern humans, in contradistinction to the pattern

observed in other members of the Hominoidea. These results are described as contra that
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of Ackermann (2005) in finding a high level of integration within the face of Homo. As
Polanski and Franciscus point out, results of cranial integration appear to be highly
affected by which f-sets (functional matrices, or modules in the broad sense) are chosen.
Franciscus and Polanski suggest the apparently paradoxical results of their study and
Ackermann’s stem from the possible inclusion of measurements from the more integrated
neurocranium in Ackermann’s study. It is here suggested that rather than sampling
neurocranial measures, Ackermann’s variables possibly included more facial measures
with a previously undescribed level of integration resulting from function. This
hypothesis is tested by the inclusion of the mandible in the facial module in Chapter 3. It
is also suggested, as discussed above, differences in integration patterning with modules
are taxa-specific. If so, differential inclusions of taxa will skew results, and there is
reason to assume results as in Polanski and Franciscus for Homo will not be comparable
to results for all of the Hominoidea.

Corpus and ramal areas of the mandible have been distinguished as separable
morphological (modular) units in H. heidelbergensis (Rosas, 2001). This builds on
prediction under an integrated architectonic model suggesting the ramal width should
correlate with nasopharyngeal requirements (Smith RJ, 1982) as well as body mass
(Estenson, 1999) and the middle cranial fossa (Hans and Enlow, 1996). Further,
Klingenberg (2004) has suggested the murine mandible can be regarded as a dual portion
architectonic system. Bastir and Rosas (2005) have demonstrated anterior and posterior
facial “blocks” in which the mandible is regarded as an intrinsic part of the system. These
invariant relationships across traditionally defined separate areas cannot be explained

without reference to functionally mediated modularity.
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Enlow’s Model: Development and Function in the Framework of Modularity

Probably the best example of a combined developmental and functional approach is
Enlow’s work on the skull. Here, developmental effects are shown to derive from
function. Enlow’s model posits that development across the modules of the skull acts to
maintain the function of perfect occlusion. In many cases the division of developmental
versus functional entities seems an arbitrary division. Klingenberg et al. (2003) has
followed a different approach, showing that matrices derived from fluctuating asymmetry
of the murine skull have a different structure than that derived from later functional
aspects of the system. Klingenberg suggests the genetic developmental pattern
represented by fluctuating asymmetry underlies and differs from the later developing
functional pattern. In his view patterns of fluctuating asymmetry represent development,
while general morphological matrices represent developmental AND functional effects.

While Cheverud’s (e.g., 1996) and Wagner’s (e.g., 1996) research emphasizes
modularity in evolution, Enlow’s (e.g., 1968, 1996) model of “architectonic balance”
(also known as the “counterpart” model) explains modularity as expressed in function.
Endow’s model is elegant in explaining development and function in the holistic sense, in
that development of the craniofacial system or module incorporates other cranial regions
to provide normal occlusion. This constraint of modules by function suggests a way to
define modules without naming too many entities and thus atomizing structure. Under
Enlow’s model (1996), aspects of the splanchnocranium, dermatocranium, and
basicranium are functionally constrained to maintain ideal occlusion. The function of

occlusion thus unites the modules of the major regions.
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Enlow’s model predicts that the anterior cranial fossa (ACF), the nasomaxilla, and the
corpus of the mandible develop as a unit, through integrated depositional/resorption
patterns, while the middle cranial fossa, nasopharynx, and ramus develop as a unit.
Because it incorporates aspects of all the S/D/B modules operating in an integrated
manner, constraint by function reflects pleiotropic effects, thereby encompassing the
particulate biomechanical model while also including structural integration.

Enlow’s model offers a finer-grained analysis of the skull than the traditional S/D/B
organization, without the risk of overatomizing structure. An example of overatomizing
structure would to describe the mandibular ramus and corpus as completely separate units
and disregard the fact that at higher organizational levels they represent an integrated
structure. Although at varying levels of organization one can argue that the mandible is a
module, the face is a module, and the skull is a module, Enlow’s model predicts that
modules should be described as functionally developed entities. This functional definition
is not usually mentioned in modular research, and much research only uses the cranium
exclusive of the remainder of the skull to test integrative hypotheses. If Enlow’s model is
fully explanatory it is a mistake to analyze the skull while missing a major component of
its organizing morphology. In short, if Enlow’s model is correct, then cranial modules are
not capable of being analyzed using traditional definitions of cranial regions; they are a
highly visible artifact, rather than real biological entities. The role of the mandible as

either a module in toto or consisting of two is examined in Chapter 3.

Defined functionally, the mandible is a “dually composed” module that is highly

affected by biomechanical function, rather than simply a representation of biomechanical
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force. It is part of a system best described as the posterior and anterior craniomandibular
system, in conjunction with the middle and anterior cranial fossae. Under Enlow’s model,
cascade effects from the middle cranial fossa drive the nasopharyngeal and ramal
morphology, the system being hafted onto the face through the pterygomaxillary suture
(PTM). The line through the PTM and the lingual tuberosity on the internal corpus/ramus
interface separate the posterior from the anterior facial areas. Bastir and Rosas (2005)
suggest a decoupling of the internal and external mandibula in evolution, in accordance

again with a structuralist modular hypothesis for the organization of the skull.

Generation of Hypotheses

The summary of background research and theory from Chapters 1 and 2 suggests some
general craniomandibular relationships that can be used to generate hypotheses:

¢ The mandible shares cranial shape through developmental structural factors, yet
retains an element of later manifesting function. Areas of the mandibular module(s)
used for force production may load in multivariate space differently from non-force
production areas.

¢ Mandibular modules related to the production of force for mastication may highly
co-vary with both the muscles to produce that force and the dentition. Non-
masticatory regions or modules may not co-vary in the same pattern. This
prediction can be tested by separating the mandibular measurements from the
cranial ones. Structural modules/regions with little involvement in masticatory
force production (e.g., those of the cranial base angle, nasopharynx, nasomaxilla,
angulation of the anterior and middle fossae, and body) should show an integrated

pattern that may subsume part of the mandibular module(s).
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¢ Finally, and most importantly, it is suggested that integrative levels within the
skull may be demonstrated to not follow traditional definitions at all. It may well be
that partitioning of the skull into regions best defined by an “architectonic” model
is more explanatory than any other hierarchical separation.

The specific predictions above lead to a series of hypotheses testing the effects of
cranial integration in human mandibular morphology. Establishing whether cranial
integration is a stronger factor in predicting mandibular morphology than biomechanical
requirements requires testing linked hypotheses in a series of exclusions. This is the topic

of Chapter 3.
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CHAPTER 3
HIERARCHICAL COMPARISONS OF CRANIAL REGIONS

Chapter 1 examined historical factors in modeling cranial morphology. Chapter 2
outlined models of evolutionary change. Modularity was introduced as a model to explain
the factors of cranial integration outlined in Chapter 1. Further, modularity was described
as the functional partitioning of the skull resulting from evolutionary factors. Modularity
was thus presented as the functional partitioning of the skull into units exhibiting
evolutionary independence. It was suggested the pattern of modularity may be taxon-
specific, in that modules within a given taxon may maintain a degree of invariance across
partitions of sex and population. This invariance was hypothesized to result from
canalization of the skull through time from inherited structural constraint of modules.
Canalization results from developmental modularity leading to evolutionary modularity
through time, providing a path from mutation to stabilization of functional cranial forms
(as outlined by Cheverud, 1996). It was further suggested that this structural canalization
into modules constrains how function is expressed across regions of the skull (Flatt,
2005). Modules constrained by this heritable functional organization (sometimes referred
to as bauplans) may cause localized stability of cranial form. This in turn means modules
can be hypothesized as heritable taxon-specific areas of integration in the skull which are
invariant across sex and population to a degree higher than that found in non-modular
regions.

This chapter begins to test these hypothesized properties of modules given the
information introduced above. If the skull is organized in a hierarchy the first goal is to

analyze how the modules of the skull are bounded. Building on the historical factors in
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the development of modular theory it is possible to model modular expression in large-
scale units of the skull such as the mandible or cranium. At this highest level of the
hierarchy of the skull are also traditional divisions of the skull—face, mandible, and base.
Here the term “macromodule” is introduced for these traditional partitions of the skull
because it remains to be seen which, if any, can rightfully be considered modules. Testing
the property of invariance of modules within species begins by testing the relationships of

these macromodules.

As pointed out in the earlier chapters, reference to modularity without creating
testable hypotheses of relationship (through properties) is circular. The first step here is
to analyze large-scale partitions of the skull to demonstrate their relationships, testing to
see whether integration patterns within or across modules. This is also necessary because
modules are frequently defined below this level of traditional partitions (macromodules)
of the skull (Hans and Enlow, 1996, Bastir et al., 2004; Bastir et al., 2006). Without a
clear explication of the way integration and modularity play out at higher levels, an
examination of relationship at lower levels is uninformative. These examinations of
higher level structure form the basis for the next step in the hierarchy, defining functional
relationships as in Chapter 4 of this dissertation. It is thus necessary to examine levels of
the hierarchy of organization before beginning to look at function as the predictor for
morphology as outlined in Chapter 2 and tested in Chapter 4. Therefore the first
hypotheses tested here in Chapter 3 concern relationships of form and can be considered

“model free” in that they do not directly address the factors that cause them.
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The macromodules are tested for integration patterns across several axes of population
and sex using four primary sources of data. Data come from the well-known W.W.
Howells dataset (1996; n = 2554); from T. Hanihara (used with permission, n = 113);
from a lab-collected and literature-derived dataset prepared by this author for the
dissertation called Fortext (n = 150); and from a morphometric three-dimensional dataset
collected at the American Museum of Natural History (AMNH), the National Museum of
Natural History (NMNH), and the Maxwell Museum of Anthropology (n = 180). (Details
of the samples’ locations and their compositions are in Appendix A.) The possible areas
of invariance proposed as modules are tested for covariance structure integrated within,
not across, cranial regions (Klingenberg, 2004). This is done by a series of comparisons
using Cronbach’s Alpha and partial least squares analysis (PLS) and then an examination
of covariance structure using the Flury hierarchy. (Complete details of statistical
procedures used and analysis expanding upon the use thereof is in Appendix C.)
Mitteroecker and Bookstein (2008) have demonstrated that covariance matrices for
definition of modularity can only be robustly compared when using same numbers of
points. Therefore the primary analyses in both multivariate and morphometric datasets
use equivalent numbers of points.

It would be ideal to simply use Howells’s data (n = 2554, both males and females) to
test these hypotheses of relationship across the skull, as Howells’s data has been used in
the past for integrative, phylogenetic, and modular studies (Polanski and Franciscus,
2006; Manica et al., 2007; Schillaci, 2008). However, the Howells dataset lacks
mandibular information. Conversely, simply using Hanihara’s data would be acceptable,

since it includes mandibular data as well as cranial, but the Hanihara data used here are

48



solely Asian and solely male. The third dataset (Fortext, n = 150) addresses these
problems: it has mandibular data, it has males and females, yet it has few variables even
while the data are global in scope, as are Howells’s data. Therefore a combination of
datasets is employed here. Results from individual datasets are compared—using a
combination of information drawn from all these sources makes it possible to partition

variation sufficiently to show patterns of integration and possible invariance in the skull.

It is important to use data from the whole skull, including the mandible, to examine
modular structure because primary comparisons of modules frequently compare the
splanchnocranium (face) to the dermatocranium (neurocranium or braincase) (Polanski
and Franciscus, 2006; Ackermann, 2005; Martinez-Abadias et al., 2008; Bastir, 2008).
Failure to include the mandible as part of the splanchnocranium when comparing to the
skull amounts to excluding a great deal of a developmentally integrated system. Currently
there are no estimates as to how this exclusion affects the covariance structure used to
test hypotheses of relationship of both form and modularity, so this dissertation provides
these estimates in Chapters 3—5. It is also hoped that use of the mandible in forming
rigorous hypotheses of relationship will help clarify the issue of whether it is the level of
taxonomic analysis being used or measured point attribution that causes contradictory
results in degrees of integration present in the face and braincase (for these opposing
results see Ackermann, 2005; Polanski and Fransiscus, 2006; for further discussion see
Mitteroeker and Bookstein, 2007). Full-skull data including the mandible are obviously

more informative in these contexts than only data for the face and neurocranium.
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The above problem of comparing levels of integration within the proposed modules of
the skull mentioned above (such as within the dermatocranium or basicranium) primarily
results from a definitional problem of over- or- under-prescription. Many current modular
studies (and studies using modular implications such as phylogenetic reconstruction) do
not define (or adequately define) proposed modules in a biological sense (for critiques of
this issue see modular embryological, populational, and phylogenetic analyses in
Ackermann, 2002; Gonzalez-José et al., 2008; Eroukmanoff and Svensson, 2008).

The real difficulty here is defining what form modularity may take. Modules can be
organized into the splanchnocranium/dermatocranium/basicranium (S/D/B) on a macro-
scale (Bastir et al., 2004; Polanski and Franciscus; 2006; Mitteroecker and Bookstein
2007; Bastir, 2008). Modularity is proposed under Enlow’s model of architectonic
balance (a definition of modularity across the traditional S/D/B boundaries [Hans and
Enlow, 1996]). Modularity is also proposed for multiple units within the S/D/B
boundaries of the skull (such as the nasal module—see Franciscus and Trinkaus, 1988,
1995; Bastir et al., 2006; McCollum, 2007; Bastir, 2008; Martinez-Abadias et al., 2009).

Clearly the solution to this over- and under-production of differentially defined
modules must come from application of the hierarchical principle. Hierarchy allows
analysis at multiple levels, thus reducing complexity to a tractable problem. Related to
systems theory, hierarchy theory models somatic organization as a series of “holons,”
which are compositions of nested and integrated subsystems, themselves consisting of
subsystems with consecutively decreasing orders of complexity (discussed in Bastir,
2008). It is probably impossible to address the complexity of the skull, the interplay and

integration of multiple cranial elements, and the role of the mandible without the use of a
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hierarchy of organization. Entities at one level in a hierarchy may be discrete at one level
and integrated at another. Here, using a hierarchy is necessary to avoid another
potentially serious problem in the definitions of modules, the inclusion of spatially
proximal areas into modules based solely on proximity, a problem illustrated in such
statements as this from Bastir (2008:50): “Some modules are integrated by local cranial
factors such as purely spatial proximity.” This inclusion of simple spatial proximity into
modules creates definition without boundaries, and thus an untestable definition. As
mentioned in the Preface and Chapter 2, robust definitions of modules need aspects of
both qualification (attributes) and quantification (properties). The dual aspect of
definition is necessary for such a biological process as outlined in the Preface and

Chapter 2, because the skull is organized in a hierarchy.

Hierarchical Levels

The first level of organization into a hierarchy is the traditional distinction between the
mandible and the skull. As was pointed out previously, many researchers have observed
this dichotomy, making distinctions between the use of the mandible versus the skull for
such topics as population discrimination and construction of phylogenies (discussed in
Humphrey et al., 1999). As was also pointed out earlier, observable and traditional
differences such as this basic partitioning may make little sense in examining integrated
structures with similar embryological origins, because such a relationship is not directly
visible. Divisions such as the cranium and the mandible may make sense intuitively, as
the mandible does not reside inside, or form the wall of, the skull, but both ontogenetic
and functional definitions of integration (and modularity) belie this. Given that the

mandible and maxilla form together in ontogeny and that both exhibit a common
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function, there may be little information to be gleaned from separating cranial modules in
such a broad fashion.

The second level of macromodular definition is the traditional separation of the skull
into the splanchnocranium, dermatocranium (neurocranium), and basicranium (face,
braincase, and cranial base, or “S/D/B”). Development of these traditional regions
follows “attributive” definitions of modules as proposed by Raff (1996)—autonomous
genetic organization, hierarchical organization, specific location, and connection to other
macromodules. To this list McCollum (1999) adds the attribute of sequential
transformations in development. All these definitions apply well, then, to the traditional
S/D/B partitioning. For example, regions such as the face are genetically programmed
autonomously, apart from the dermatocranium and basicranium (through differential Hox
genes—i.e., mesenchymal—induction patterns; see Kuratani, 2005). The S/D/B
macromodules occupy specific cranial regions. Following Raff, connection to other
macromodules is demonstrable for the dermatocranium and basicranium in that annular
deformation of the former causes coronal expansion of the latter at the glenoid fossa
(Anton, 1989; Cheverud and Midkiff, 1992). Finally sequential transformations in
development are evident. The mandible, dermatocranium, and basicranium all change
radically in processes such as chondrogenesis and/or intermembraneous ossification and
later, senescence. However, simply demonstrating the traditional partitions of the skull
have some of the above attributes of modules does not prove that in fact they are.

At the third level the skull can be even further subdivided. For example, McCollum
(1999) proposes a division of the skull into modules of the neurocranium, the nasal

region, and the oral apparatus. Bastir et al. (2005) recognize the traditional S/D/B
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distinction as useful, then distinguish two further basicranial modules (midline and
lateral). Moss (1962, 1997a, 1997b, 1997¢c, 1997d) also makes further divisions of the
S/D/B as discussed in Chapter 2. Further, there may be intermodular (or
intramacromodular) hierarchical organization: in ontogeny the structure of the face
follows the more rapidly expanding dermatocranium and nasal region (Kean and
Houghton, 1986; Franciscus and Trinkaus, 1988; Ackermann and Cheverud, 2004).
These complex relationships, again, point out the necessity of objective definition of both
the biological entity being defined (element, module, or macromodule) and the level of
analysis (hierarchical location). The commonality of large-scale partitioning is that the
traditional S/D/B and mandibular macromodules have not been tested as equal entities in
a hierarchy in modern humans. It is possible to talk of S/D/B differences in the broad
sense, but without first looking at the relationship of the mandible to the other parts of the
skull (as in the first partition above), an analysis of the relationship of the mandible to the

S/D/B partitions is not robust.

Population

Population is a differential factor in the mandible and cranium that must be addressed
in regarding them as initial examples of modules. Studies have shown relatively weak
associations between populations when looking at the similarities of the mandible based
on nearest neighbor clustering (Humphrey et al., 1999, which continues observations
made since Hrdlicka, 1940). This suggests that mandibular variability is not patterned in
a strict ancestor-descendant relationship. Thus it is different from that in the skull, which
apparently exhibits a center-edge dispersal from an initial African radiation (see Manica,

Balloux, and Hanihara, 2007, although also see John Hawks’s [2007] online critique).

53



Although early modern human populations such as Skhul and Quafzeh are morphological
candidates for ancestors to all human populations, they group most closely with Middle
Paleolithic populations in the mandible in many aspects of analysis (Nicholson and
Harvati, 2006). This result would not be expected if the mandible is truly a module, as
taxon-specificity would make this unlikely.

Results presented below show different parts of the mandible respond to different
factors, again pointing out the need to establish whether the mandible can be considered a
module or if it is actually formed of two modules, as suggested by counterpart analysis
and results in non-human taxa (Klingenberg, 2004; Cheverud, 2004 on the murine
mandible; Rosas and Bastir, 2004 on Neanderthal). Patterning shows ramus height tends
to be variable within and across hominine groups, whereas ramal breadth is more stable
(Schreiner, 1935; Weidenreich, 1936). Nicholson and Harvati (2006) found two major
morphologies of the mandible: one with a relatively supero-inferiorly thin and antero-
posteriorly elongate corpus; the other with a broad ramus and sloped margin. Ramal
height is primarily a function of masticatory stress (Weidenreich, 1936; Hylander, 1977;
McCollum, 1999) whereas ramal breadth is more correlated with nasopharyngeal spatial
requirements in recent humans (Smith, 1983; Hans and Enlow, 1996; Anderson, 1998;
Estenson and Anderson, 1998; Estenson, 2004). Humphrey et al. (1999) showed slightly
better ability to distinguish populations using the mandible than previous studies.
Humphrey left open in that study the question of whether the results derived from
numbers of points used for measuring, rather than biological reality. (Interestingly, Rosas
and Bastir [2004; above] have demonstrated independent trajectories of the supra- and

infra-mandibular nerve morphology in Homo groups, proposing a separation of these
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possible modules by the pattern of innervations, an idea explored more completely here
in Chapter 5.) On the other hand, population itself is a strong predictive factor in the
mandible. Nicholson and Harvati (2006) found population effects in the first three
components of their analysis of the mandible, particularly in circumpolar populations
with high dental loading. One of the hypotheses tested below concerns modularity in

these populations of humans.

Allometry

Allometry is the other factor that may confound a property-based definition of cranial
modules, particularly in the mandible. Male mandibles are larger on average than female,
with Weidenreich (1936) concluding that modern human female mandible size averaged
92.4% of male size. There have been many fruitless attempts in the past to differentiate
hominoid and hominine taxa based on mandibular morphology based on size (also
discussed in Rak et al., 2002). Within Pan and Homo most of the differences in
mandibles are found in overall size rather than in differential form (Wood, 1976; Wood,
Li, and Willoughby, 1991). However, Rosas and Bastir’s (2002) two-dimensional
analysis of cranial shape (including the mandible) found significant differences in male
and female form. In their two-dimensional analysis, Bastir and Rosas found shape as
explaining 53% of variation in the skull and mandible, with size contributing 35%.

Mandibular form may represent an area of relative stability of form compared to other
regions of the skull. This is suggested by data in Franciscus and Trinkaus (1995). Their
results on mandibular measurements suggest Neanderthal mandibular proportions are
similar to modern human; results mirror those derived from Hrdlicka (1940a,b,c).

Hrdlicka’s sample comprises 2,363 modern human mandibles and was analyzed for
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overall ramal proportions. The overall sample of ramus breadth divided by mandibular
length values gives a result of 0.374, extremely close to a value from JY Anderson
(unpublished data) of 0.369. This figure also accords with that obtained by using
Franciscus and Trinkaus’s (1995) results from an archaic Homo sample. Because all three
examples accord with a common ramus proportion of approximately 0.370, the
hypothesis of significant differences in modern human and Neanderthal mandibles in this
aspect is not supported. These data, also consistent with those derived by using data from
Kaifu (1998a,b) and Pinhasi (2000), suggest some aspects of mandibular form are
constants. If so, they would presumably be resistant to change given their possible
expression of modularity (however, as outlined previously, there is a longstanding
argument against the mandible as a single module).

The hypotheses tested below (H,1 and H,2) examine the relationships of the skull to
determine first whether the skull in toto is more integrated or more modular. Intuitively it
is obvious parts of the skull differ yet without testing all parts together for level of
integration within and across major subdivisions (such as the S/D/B and mandible)
modularity cannot be assessed. As with all divisions in the skull, if the mandible
integrates completely with other cranial regions such as the face or base it cannot be
described as having a separate evolutionary pathway and hence would fail the test of
modular independence.

A further test (H,3 below) is done to see if populations expressing high dental loading
through masticatory and paramasticatory use follow the general pattern in the skull tested

here. Here covariance matrices of various partitions of the skull in a hierarchy are made
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without an analysis of function which may be driving the morphology. Chapter 4

examines factors producing the morphology at the various levels of the hierarchy.

Model-Free Hypotheses

Model-free hypotheses test the prediction of differences between macromodules of the
cranium and mandible. They are formulated without biological or functional explanation
for organization, and simply test statistical relationships, primarily covariance matrix
structure. The model-free hypotheses are thus an analysis of Platonic, idealized form and
could be applied to any two-part three-dimensional entity to see if differences are across
or within structure. Initial data exploration is through sequential examination of the
covariance matrices from Principal Component Analysis (PCA) using the statistical
platforms Paleontological Statistics Program (PAST) and JMP to define Cronbach’s
Alpha. Cronbach’s Alpha is here used as an exploratory measure of the relationship of
variables integrated within the macromodules (Cronbach, 1951). Cronbach’s Alpha is not
a standard technique: its statistical power is weak and it is uninformative if used for
different numbers of measured points, being susceptible to numbers of comparisons. Here
it is used only with similar numbers of points and only to examine relationships and form,
not test, hypotheses. The mathematical underpinnings of Cronbach’s Alpha are reviewed

in Appendix C Statistics.

The hypotheses are tested using statistical analysis through sequential comparisons of
covariance matrices using PAST (Hammer, 2007) and JMP (SAS). Further, the
covariance matrices are tested for internal structure and integration using the Flury

hierarchy (Flury, 1983; Arnold and Phillips, 1999; Ackermann and Cheverud, 2000). The

57



Flury hierarchy provides a means to assess not only significance of differences of
covariance matrices, but how the similarity (or difference) is structured. Full details

supporting the use of the Flury hierarchy appear in Appendix C Statistics.

Hypotheses

Ho1: There are no different levels of integration between and across macromodules of
the skull including the mandible.

This is a simple hypothesis of no difference and is not model-bound. Rejection of
H,1 is of interest, as it would demonstrate the mandible and the other macromodules can
simply be regarded as equally integrated cranial elements. This hypothesis also indirectly
tests results in Martinez-Abadias et al. (2009) suggesting there are no statistically
significant differences among the heritabilities of facial, neurocranial, and basal
dimensions. As suggested here, the heritable part of morphology may be described as the
the module. If so, radically different heritabilities would be difficult to explain, as all
three parts are inherited. Rejection of the hypothesis means the investigation should
continue. It would be impossible to later describe differences in cranial and mandibular
form as predicted by functional biomechanical or structural factors should there be no
differences to begin with. Acceptance of this hypothesis would also preclude any further
modular analysis, because failure to find areas of differential integration would mean the

skull is totally integrated.

Ho2: No mandibular and/or cranial multivariate or morphometric modular

male/female differences exist across sex.
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H,2 could nearly be considered a “model-bound” hypothesis. However, no explanation
or expectation of differences is here included. Testing this hypothesis directly tests the
assertion that cranial regions including the mandible are not simply (allometrically)
“scaled-up” female mandibles. Testing this hypothesis also addresses the acceptability or
non-acceptability in grouping covariance matrices across sex in phylogenetic or

evolutionary scenarios.

Ho,3: No mandibular and/or cranial multivariate or morphometric modular
craniomandibular population differences exist across samples from circumpolar
populations.

H,3 could also nearly be considered a “model-bound” hypothesis, in that there is
evidence that the mandible and skull do vary by population to a degree based on
masticatory and paramasticatory use (Harvati and Weaver, 2006). However, no
explanation or expectation of differences is here included. This hypothesis simply tests

population as a factor.

Prior evidence also suggests that H,1, H,2, and H,3 will be rejected, as measurements
of cranial integration derived from Howells’s (1989) cranial dataset indicate higher levels
of cranial integration therein rather than those found in prior studies of mandibular
integration (Anderson, 2000). Additionally comparisons between major areas of the skull
have shown differences in covariance structure (Polanski and Franciscus, 2006;

Ackermann, 2005). Anderson (2000) previously examined H,1 and H,2 using Cheverud’s

59



(1984) matrix decomposition and total eigenvalue methods in a smaller dataset, with

inconclusive results.

Methodology

Hypothesis testing consists of comparisons of both multivariate and morphometric
analysis from a global craniometric dataset (W.W. Howells’s craniometric dataset); a
subset of T. Hanihara’s craniometric dataset (males only, Asian populations only); a lab-
measured and literature-derived linear multivariate dataset (Fortext); and finally a three-
dimensional morphometric dataset collected for this dissertation at AMNH and NMNH
(the Smithsonian). All details about the samples and definitions for the measurements

appear in Appendices A—C.

Howells’s Data

Analysis of the skull using Howells’s (1996) dataset consisted of 21 linear
measurements (see Table 3-1). Fourteen of these replicated the three-dimensional cranial
structure as discussed in Polanski and Franciscus (2006). Attention was paid to the
dimensionality of the measurements, with variables in length-width-height axes used in
equal numbers. This step is to prevent any one plane from over-influencing analysis, and
it is necessary because analysis of form using only two dimensions is not robust, given
the three-dimensional nature of the skull (see Chapter 5). These 14 measurements,
divided into two subsets of 7 measurements, were used to describe the skull and the face
in three dimensions. An additional seven-variable subset was constructed describing the
cranial base. One of each subset of points overlapped with another; however, as is
detailed below, the significance of results showing differences across groups (as is
expected when comparing unintegrated regions; see Klingenberg et al., 2003) is enhanced
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by cross-sample inclusions, which tend to drive integration up rather than down.
Comparisons of integration in interregional covariance will actually overestimate the
amount of integration across the regions because of one or two shared measurement
points across the datasets. Therefore results here showing little relationship across
macromoduar regions are conservative. If results were ambiguous the redundant points
were eliminated, and the analysis was repeated with 6 measurements and no redundant
points. If results differed significantly from those using all 7 measurements, they are

reported.
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Table 3-1. Measurements Used in the Howells Dataset (definitions follow Howells 1989)

Location Measurement Type Measurement Landmarks

Neurocranium

Cranial length

Glabella-opisthocranion (GOL)

Biauricular breadth
Biasterionic breadth
Basion-prosthion length
Mastoid height

Mastoid breadth

Foramen magnum length

(“Skull”)
e  Maximum cranial breadth e  Euryon-euryon (XCB)
e  Maximum frontal breadth e At coronal suture (XFB)
e Frontal chord e Nasion-bregma (FRC)
e Parietal chord e Bregma-lambda (PAC)
e Cranial height e Basion-bregma (BBH)
e Basion-nasion length e Basion-nasion (BNL)
Face e Facial height e Nasion-prosthion (NPH)
e  Orbital height e Perpendicular to orbital long axis (OBH)
e  Orbital breadth e Ectoconchion-dacryon (OBB)
e Nasal breadth e Alare-alare (NLB)
e Bimaxillary breadth e Zygomaxillare-zygomaxillare (ZMB)
e Lower facial projection e  Basion-prosthion (BPL)
e External palate breadth e  Alveolar border — greatest breadth (MAB)
Base e Cranial height e Basion-bregma height (BBH)

Biauricular breadth (AUB)
Biasterionic breadth (ASB)
Basion-prosthion length (BPL)
Across mastoid (MDH)
Across mastoid (MDB)

Sphenobasion-opisthion (FOL)
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Hanihara’s Data

Analysis of the skull also used (by permission) Hanihara’s dataset derived from male
Asians (n = 116; see Table 3-2). The dataset consisted of 20 linear measurements. The
first 14 (of the skull and face respectively) are the same as those used in Howells.
Hanihara’s data were used to extend results using Howells’s measurements in the skull
and face and to provide mandibular information lacking in the Howells dataset. Six
mandibular measurements were also used, and results from the three regions (skull, face,
mandible) were compared for Cronbach’s Alpha, covariance matrix integration, and
covariance measure structure, as was done for Howells’s data. As with Howells’s data,
measurements used from Hanihara also preserved the dimensionality of the
measurements, with variables in length-width-height axes used in equal numbers. The
cranial base was not analyzed because measurements are not the same as in Howells, and
therefore analysis on sex and population factors could not be performed. Final analysis
used the CPCP (the Common Principal Components Program; see Arnold and Phillips,

1999; Phillips and Arnold 1999) to assess matrix structure similarities.
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Table 3-2. Measurements Used with the Hanihara Dataset (definitions follow Howells 1989,
except for mandible, which follow Martin and O’Brien 1939)

Location Measurement Type Measurement Landmarks

Neurocranium e Cranial length e  Glabella-opisthocranion (GOL)
(“Skull”)

e  Maximum cranial breadth e  Euryon-euryon (XCB)

e  Maximum frontal breadth e At coronal suture (XFB)

e Frontal chord e Nasion-bregma (FRC)

e Parietal chord e Bregma-lambda (PAC)

e Cranial height e Basion-bregma (BBH)

e Basion-nasion length e Basion-nasion 3 (BNL)
Face e Facial height e Nasion-prosthion (NPH)

e  Orbital height e Perpendicular to orbital long axis (OBH)

e  Orbital breadth e Ectoconchion-dacryon (OBB)

¢ Nasal breadth o Alare-alare (NLB)

e Bimaxillary breadth e  Zygomaxillare-zygomaxillare (ZMB)

e Lower facial projection e  Basion-prosthion (BPL)

e External palate breadth e  Alveolar border — greatest breadth (MAB)
Mandible e Ramus breadth e M71 (RAM)

e Mandibular Length e M681 (ML)

e Condyle Height e M70

e Bicondylar Breadth e M®65 (BICON)

e Bigonial Breadth e M66 (BIGON)

e  Symphysis Height e M69 (SYMHGT)

Fortext

A multivariate analysis of a lab-measured and literature-derived dataset of 12

measurements of the skull and mandible used an equally weighted series of 6 mandibular
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and 6 cranial linear measurements, n = 150. (Sample composition, measurements used,
and methodological information are given in the Appendices.)

The measurements used on the mandible are illustrated in Figure 3-1; those used for
the cranium are in Appendix B Methodology. These measurements were chosen for
biological relevance (Type 1 measurements; O’Higgins, 2000) and for an equal
contribution in the length-width-height axes of the skull overall to define spatial
relationships (Polanski and Franciscus, 2006). This dataset was analyzed using PAST
(Hammer, 2007). PCA, PLS, and Flury hierarchy and matrix comparisons were
performed using PAST and JMP (SAS, 2009) and CPCP (Arnold and Phillips, 1999;
Phillips and Arnold, 1999). Some analyses were run size-corrected to remove the well-

known allometric effect of the first principal component associated with size.
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Figure 3-1. Measurements Used on the Mandible in the Fortext Sample

Morphometric Dataset

Morphometric analysis used 212 individuals representing 10 global populations. A
total of 42 measurements from the original data collection of 101 digitized points
representing total skull morphology were used. Three sets of 14 non-replicated
measurement points were used to represent the cranium, cranial base, and mandible.
Centroids of all measurements were constructed and used to represent shape. PCA of
procrustes-fitted (rotated and registered) size-corrected variables were projected into

tangent space, reducing three-dimensions to two, thus allowing normal multivariate

66



statistical analysis. (Description of Morphologika 2.5 and three-dimensional
morphometrics in Appendix D, Chapter 5, and O’Higgins, 2000). Matrices derived from

the mandible, face, and base were compared by the Flury hierarchy as outlined below.

Data Analysis

Howells’s and Hanihara’s data were analyzed by extracting the covariance matrices
from various partitions of the skull, using PAST. These covariance matrices were loaded
into the CPCP (see Steppan, 1997) using the Flury hierarchy (Flury, 1988) from Phillips
and Arnold (1999; see also Arnold and Phillips, 1999). Common Principal Component
(CPC) analysis tests more than simple equivalence of covariance matrices. The prediction
that areas of the skull exhibit modularity was tested under the assumption that covariance
matrices with similar structure (proportional or identical, as outlined below) fail the test
of modularity in being integrated within themselves, thus forming one large module,
rather than showing separation from other skull regions. CPC analysis tests whether
matrix structure below the level of equality is proportional or less (a full description is in
Appendix C). Two or more covariance matrices are compared using the knowledge that a
given level of similarity of matrix comparisons across the matrices must include
similarity at the levels below. The CPC analysis thus tests hierarchical hypotheses of
relationship.

As an example, consider Matrix A might be equal to that of B except that each element
of the (p, *p) matrix is multiplied by a single constant. This defines proportionality; here

multiplication by a constant represents simple matrix (scaling) differences. Therefore
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matrices with similar eigenvectors (matrix structure) but a proportionally different

constant such as simple allometric size are proportional.

Comparisons below this level can show similarity in any sequentially lower structural
integration. This ranges from all principal components in common (CPC model) down to,
eventually, p-2 components shared. In knowing the principal components are orthogonal
to one another, we already know p-1. Back in the other direction, towards structural
homogeneity, proportionality (represented by equality minus the scaled relationship) is
only exceeded by matrix equality in which eigenvectors and eigenvalues are equal.
Matrix equality thus bounds the hierarchy if proportionality is exceeded by total
equivalence of the matrices.

The methodology here uses the fact that Flury hierarchy proportionality represents a
test of the scaling relationship of the matrices compared, excluding any eigenstructure
differences (thus it is an example of multivariate allometry [see Klingenberg and
Zimmermann, 1992]). This scaling relationship of matrices can be generalized as
representing “lines of least resistance” in phenotypic change in evolution (Erouhkmanoff
and Svensson, 2008). Most evolutionary change in taxa is modeled as occurring through
this small-scale modification of existing structure, rather than as major reorganization.

Current theory suggests this change “along lines of least resistance” is mirrored in
these covariance structure similarities (Schluter, 1996; Renaud et al., 2006). Analysis
here applies and extends this theory to module comparison in the hierarchy. Flury
hierarchy proportionality means eigenstructure is similar in the comparison (eigenvectors

are similar, while eigenvalues differ—see Ackermann and Cheverud, 2000). Module
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comparison exhibiting proportionality does not indicate reorganization, as the matrix has
not changed “shape” (eigenvectors), only “size” (eigenvalues). Therefore true modules
should never share proportionality of matrices as that would indicate integration across
the modules and violates the central tenet of modularity, internal integration rather than
shared.

If Flury hierarchical comparisons show proportionality across partitioning then
modules are the same. Obviously the covariance structure of different morphological
shapes will show differences. Theory predicts those differences will have a hierarchy and
predicts the level of least difference (line of least resistance) will be at the level of
proportionality. Again, this application is based on evidence suggesting most species and
population divergence occurs along the “lines of least resistance” in which covariance
change from one entity to another at the level of population exhibits the pattern of simple
“size” modification of the matrix, rather than a major reorganization of the matrix
(Erouhkmanoff and Svensson, 2008). As stated before, the logic is that structure as
defined by the covariance matrices is congruent if proportional. This congruence of
structure cannot be expected in taxa within an evolving lineage if function dictates
change in structural relationships—changing function reorganizes structure. Here it is
suggested this reorganization occurs within modular levels above species (see Gonzalez-

José et al. 2008). This suggestion is tested in Chapter 5.

In addition to comparison of covariance matrices extracted from Howells’s,
Hanihara’s, and Fortext’s data, procrustes superimposition and PCA on 200 individuals
(a global sample) were performed using Morphologika 2.5. The loadings of the

individuals on the principal components were compared in generalized PLS extracted as

69



canonical variates and compared using the JMP program (from SAS 2009). This
extraction was done to establish the amount of explanation of various proposed
modules/macromodules to each other. For example, an assessment of the amount of
explanation of the morphology of the mandible by the face and cranial base separately
and individually was performed. As with eigenvalues, successive canonical variates
explain successively smaller amounts of total variation; therefore the first root is the
largest. First roots of the extracted canonical variates from the mandible, face, and base
were compared for explanation of morphology in each grouping. This comparison was
done to suggest, rather than test, patterns of modularity, in a way similar to that for the

Cronbach’s Alpha.

Howells’s data were analyzed by comparing the neurocranial, facial, and basicranial
regions, and each of those in combination (Neurocranium = “Skull” + Face; then Base +
Face; then Base + Skull). These partitions were tested across sex and population for
matrix structure. The complete dataset, all 21 measurements, was also tested across these
axes. Circumpolar population skulls were compared to the remainder of Howells’s data to
test the relationship of this very derived morphology to the global sample.

Hanihara’s data were analyzed by comparing the same neurocranial “skull” and facial
regions, with the addition of mandibular data. Similarly to the Howells’s data, the
individual regions and their combinations were analyzed (Neurocranium = “Skull” +
Face; then Mandible + Face; then Mandible + Skull). These partitions were tested for

structural proportionality within the partitions using the Flury hierarchy. There was no
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testing across sex or population here, as all individuals in this subset of Hanihara are male

and Asian. The Fortext dataset was tested in a similar way.

Results

Ho1: There are no observable differences in mandibular and cranial multivariate
analyses.

As expected this hypothesis is refuted. First it is shown that there are differences in the
integration pattern of areas within the skull in Howells’s data; then it is shown that the
mandible is not integrated with either the full skull, or parts therein.

The series of tables and graphs below are organized to show Cronbach’s Alpha (o)
(used as an explanatory tool only), then a series of comparisons showing relationships in
the covariance matrices by the Flury hierarchy. Results are displayed in tabular form,
then discussed. The possible, though extremely unlikely hypothesis that the morphology
of the mandible as represented in morphometric statistical matrix is a simple extension of

the matrix of the remainder of the skull is refuted.

Results from Cronbach’s Alpha (a)

Comparison of All 47 Measurements in the Howells Dataset

“All measurements” is all Howells’s craniometric data, and analysis of these data
yields a very high Cronbach’s Alpha (a; 0.9424) (see Table 3-3). Cronbach’s Alpha (a) is
extremely high here (normally acceptable levels are from 0.7 to 0.8) because the number
of points used to define the structure of the skull is redundant, basically encompassing

not only all three dimensions, but also subset-measurements within those dimensions. As
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outlined previously, Cronbach’s Alpha (o) is susceptible to numbers of points—over-
specified models lead to overly high p-values. Tables 3-4 and 3-5 show little difference in
males versus females across Howells’s full dataset; the model is over-specified in both
cases, meaning again a great many measured points in Howells’s data are not only

redundant for defining shape, but are biologically uninformative.

Table 3-3. Cronbach’s Alpha — All Measurements in the Howells Dataset

Cronbach’s a | A | Plot Alpha
Entire set 0.9424 [ ]

Table 3-4. Cronbach’s Alpha — Males in the Howells Dataset

Cronbach’s a | A | Plot Alpha
Entire set 0.9107 [ ]

Table 3-5. Cronbach’s Alpha — Females in the Howells Dataset (multivariate sex=2)

Cronbach’s a | A | Plot Alpha
Entire set 0. 9095 [ |

Table 3-6 presents the results for size-corrected Howells data (size removal using
PAST; allometric size removal option). The analysis again uses the complete Howells
dataset, using all 47 variables. It shows how the over-specification of the above model
drops upon size removal, suggesting a major factor of the relationships across the skull is

overall size (male n=1463, female n=1141).



Table 3-6. Cronbach’s Alpha — Size-Corrected Data for the Entire Howells Dataset Males
and Females

Cronbach’s a | a | Plot Alpha
Entire set 0.7408 [ ]

The following comparisons presented in Tables 3-7, 3-8, and 3-9 are the results for the
neurocranial skull, face, and base regions in Howells. Again the neurocranial “skull” and
face regions are the same as used by Polanski and Franciscus (2006; seven
measurements, preserved three-dimensional structure, and derived from large samples).
The cranial base is also comprised of seven points, one of which is the same as the
neurocranial (basion-bregma height [BBH]). In the broad sense (as discussed earlier)
inclusion of redundant points can be an issue in rigorous statistical testing—here
Cronbach’s Alpha (a) is not used rigorously, only to suggest patterns. Although the
numbers of points are the same, there is an unexpected lower degree of integration in the
neurocranial “skull” (Table 3-7). This is not found in the face or the base (Tables 3-8 and

3-9).

Table 3-7. Cronbach’s Alpha — Comparison of the Neurocranial “Skull” Only

Cronbach’s a Plot Alpha
Entire set
Excluded Column | Plot Alpha
Column 4 0.3565 [ |
Column 5 0.7046 [ |
Column 6 0.7404 [ ]
Column 7 0.4373 [ ]
Column 8 0.4032 [ ]
Column 9 0.4280 [ |
Column 10 0.4727 [ |
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Table 3-8. Cronbach’s Alpha — Comparison of the Face Only

Cronbach’s a Plot Alpha
Entire set
Excluded Column | Plot Alpha
Column 12 0.7586 [ |
Column 13 0.7752 [ |
Column 14 0.7556 [ |
Column 15 0.7347 [ ]
Column 16 0.7759 [ ]
Column 17 0.7127 [ ]
Column 18 0.7102 [ ]

Table 3-9. Cronbach’s Alpha — Comparison of the Base Only

Cronbach’s a Plot Alpha
Entire set
Excluded Column | Plot Alpha
Column 20 0.7212 [ ]
Column 21 0.6903 [ ]
Column 22 0.7163 [ ]
Column 23 0.7532 [ |
Column 24 0.7327 [ |
Column 25 0.7445 [ |
Column 26 0.7559 [ ]

The comparisons showing a lack of integration in the neurocranium support results
from both Ackermann (2002, 2005) and from Polanski and Franciscus (2006). Results
here support Ackermann in demonstrating a higher degree of integration in the face,
while also supporting Polanski and Franciscus in describing the human cranium as more
modular and less integrated overall. The results here are contra Mitteroecker and
Bookstein (2008) suggesting tight integration across the cranium and are contra findings

that cranial integration level is similar across a broad taxonomic range of primates. If as
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was discussed above modularity increases in evolution, it would seem that higher
modularity, hence lower integration across modules, would be a necessary consequence

in ongoing evolution in the Hominoidea (Lieberman, Mowbray, and Pearson, 2000).

While not conclusive, the lower level of integration demonstrated here strongly
indicates that analyses relying on Howells’s data, particularly that deriving from the
neurocranium, should be regarded with caution. As an aside, note that throughout these
comparisons of skull and face (see Tables 3-7, 3-8, and 3-9 above), the Plot Alpha graphs
show the increase in model r when certain variables are extracted. Removal of these
(although unlabeled here) breadth measurements consistently causes a rise in I, indicating
a better model fit when width measurements are excluded. As earlier discussed and later
tested in Chapter 5, this better fit results from the fact the skull varies across the globe
more in width measurements than length and height; thus removal of the proportionately
higher-loading measurements causes spurious similarity to increase (see recent results in
Martinez-Abadias et al., 2009). This is not germane only to the present study: as
discussed later, when width measurements are removed, matrices and comparisons of
matrices remaining will consistently seem more similar than they actually are—removal
of this axis as in analysis using two-dimensional radiographs will be proportionately
more compromised than the removal of either of the other axes. The axis of breadth is the
least removable axis if, for instance, discrimination of populations is the goal.

Table 3-10 reports the comparison of the sum of Skull + Face + Base (21
measurements). Cronbach’s Alpha changes, dropping from that obtained for the complete
Howells dataset (47 measurements). This result probably reflects loss of “intermediary”
(in other words, over-specified) linking points across the skull, which are unnecessary for
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defining morphology. Nonetheless, the very high Cronbach’s Alpha suggests there is still

redundancy of points used.

Table 3-10. Cronbach’s Alpha — Skull+Face+Base (“intermediary” points removed from the
Howells data)

Cronbach’s a Plot Alpha
Entire set
Excluded Column Plot Alpha

Gol 0.8447 [ ]
xfb facbredth 0.8843 [ |
Xcb 0.8967 [ |
bnl.bas.nas 0.8473 [ |
Bbh 0.8471 [ |
frc nas-breg 0.8511 [ ]
pac.breg.lamb 0.8579 [ ]
bpl.bas.pros.| 0.8532 [ |
obh.orb.hei 0.8622 [ |
obb.breadth 0.8599 [ |
nph.fac.height 0.8516 [ ]
nlb.nas.breadth 0.8627 [ ]
mab.ext.pal.breadth=ectomolare | 0.8543 [ ]
zmb.fac.breadth 0.8522 [ ]
bbh 2 0.8471 [ |
Aub 0.8470 [ |
Asb 0.8536 [ ]
Bpl 0.8532 [ ]
Mdb 0.8573 [ |
Mdh 0.8602 [ |
Fol 0.8611 [ |

Figure 3-2 shows that the Scree Plot has selected three rather than five significant PCA
axes as in the 47 corrected measurements from Howells’s original data (not shown),
probably reflecting simple directionality (length-width-height) of the measurements as

variation in multiple axes begins to compress to fewer.

76



9_

s 77

S 54

[ _

S 3

[ ]
1_ - - n
-1 T T T T T T T T T

0 5 10 15 20

Number of Components

Figure 3-2. Scree Plot for the 47 Corrected Measurements of Howells Data

Results from the CPC Model

Howells’s data was used to test the relationship of the three cranial regions (exclusive
of the mandible) below. The Flury hierarchy results show no relationship across all three
regions, meaning integration is not primary in skull (see Table 3-11 below). This
comparison underlies the comparisons that follow showing the pattern of modularity in
the neurocranium, face, and base in Howells’s data.

Table 3-11. Flury Decomposition of Three Cranial Regions (Step-Up and Model Building
Approaches)

T T N S S
B T T T T T

Equality Proport 5822.539 <0.0001 2911.270 26470.524
Proport CPC 13810.338 12 <0.0001 1150.861 20651.985
CPC CPC(5) 81.028 2 <0.0001 40.514 6865.647
CPC(5) CPC(4) 109.519 4 <0.0001 27.380 6788.619
CPC(4) CPC(3) 387.004 <0.0001 64.501 6687.100
CPC(3) CPC(2) 1452.100 <0.0001 181.513 6312.096
CPC(2) CPC(2) 896.816 10 <0.0001 89.682 4875.996
CPC(1) Unrelated | 3911.180 12 <0.0001 325.932 3999.180
Unrelated 112.000
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In tables such as Table 3-11, the lower the AIC criterion in the final column, the more
robust the model is. If the AIC shows at levels other than unrelated, that is the level of
matrix integration. Here results show no similarity across matrix (modular) structure,
AIC = 112. The p-value for any shared matrix structure is zero. Robustly defined
modules can be expected to exhibit this lack of integration when their covariance
structure is compared to other modules. (Full discussion of the AIC criterion appears in
Appendix C.) The summation of the above indicates there are different levels of

integration and possible modularity across the three regions in Howells’s data.
Results from Partial Least Squares (PLS)

Figure 3-3 and Table 3-12 show the explanation of morphology of the face by the
neurocranium in Howells, n = 2643. This low figure of 30.61 suggests little explanation
of the morphology of the face by the skull and decoupling of the face and skull following
Polanski and Franciscus (2006). A high value of explanation of the face by the skull

would not be a prediction of modularity.

Y Scores

-0.07 -0.02 0.02 0.06
X Scores

Figure 3-3. Scores Graph for Partial Least Squares Analysis of Facial Morphology
Explained by the Neurocranium
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Table 3-12. Partial Least Squares — Percent Variation Explained by the Neurocranium

1 47.02 47.02 23.65 23.65
2 1601 |pm—— | 63.04 2.839 [ ] | 26.49
3 1139 | m———— | 74.43 2.145 [ ] | 28.64
4 7189 |m———— | 8161 1.195 [ | 29.83
5 6.565 | ———————— | 88.18 0.587 [ | 30.42
6 6.092 | ————— | 94.27 0.15 [ ] | 30.57
7 5728 | ——————— | 100 0.039 [ ] | 30.61

Results for Fortext Mandibles and Crania

The results here are from analysis of the literature-derived and lab-collected Fortext
dataset (n = 150). The data landmark descriptions were listed previously, comprising six
mandibular and six cranial points from six global populations. The Flury hierarchy
reported in Table 3-13 and Figure 3-4 that follows below show the mandible and skull are
not integrated units. The mandible and skull have very different trajectories. Again, the

higher the AIC, the lower the comparability of matrices.

Table 3-13. Flury Decomposition of the Matrices of the Skull and Mandible

T T N N N S
igner | cower | emsar | o | pvar | csr | Ac |

Equality Proport 97.991 1 <0.0001 97.991 414.017
Proport CPC 121.289 5 <0.0001 24.258 318.026
CPC CPC(4) 0.062 1 0.8035 0.062 206.737
CPC(4) CPC(3) 16.627 2 0.0002 8.313 208.675
CPC(3) CPC(2) 25.741 3 <0.0001 8.580 196.048
CPC(2) CPC(2) 61.369 4 <0.0001 15.342 176.307
CPC(2) Unrelated | 90.939 5 <0.0001 18.188 122.939
Unrelated | — 42.000
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Figure 3-4 illustrates the parallel coordinate plot of the mandible and cranium in 144
individuals, from the global Fortext sample, for all measurements. The plot provides a
visual confirmation of the lack of integration of skull and mandible measurements. Each
of the six mandibular (measurements 1-6) and six cranial measurements (measurements
7—-12) across all individuals is plotted against all other individuals. Ideally this plot would
show a 12-peaked dark band composed of all point relationships in parallel (see the IMP

[SAS, Inc.] information in Appendix C).

Column 1
Column 2
Column 4
Column 5
Column 6
Column 7
Column 8
Column 9
Column 10
Column 11
Column 12

Figure 3-4. Parallel Coordinate Plot of the Mandible and Cranium in 144 Individuals

Figure 3-5 depicts the PLS prediction of the morphology of mandible by the skull.
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Figure 3-5. PLS Scores Plot for Mandible by Skull

Table 3-14 shows the percent of variation (28.95%) in the mandible explained by the
skull in the Fortext dataset. The cross-validation (not illustrated) in PLS selected
multiple factors affecting morphology, rather than the one or possibly two expected in an
integrated structure. The PLS here supports the results from the Flury hierarchy (Table 3-
11) in showing a relatively low explanatory value for the neurocranium on the face and
thus there is little significant shared modular structure between the skull and the face or
the mandible. In summation these results show the mandible and cranium and face and

neurocranium are not integrated structures.

Table 3-14. Partial Least Squares — Percent Variation in the Mandible Explained by the

Skull
RN N T N T T
1 45.63 45.63 20.89 20.89
2 1784 | m———— | 63.47 4.093 L | 24.98
3 1456 |@m———— | 78.04 2.393 I | 27.37
4 10.02 | m————— | 88.06 0.944 [ | 28.32
5 5338 | ————————— | 93.39 0.498 [ | 28.81
6 6.606 | ——————— | 100 0.136 [ | 28.95

Tables 3-15 and 3-16 present results from multiple analyses of the Flury hierarchy in
tabular form. The same general pattern is observed across the Howells data as for the
Hanihara data (and for the Fortext data, though not presented here). The cranial regions
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of mandible, skull, base, and face do not achieve proportionality when compared to each
other. This result is expected of modular structures; if the matrices are proportional they

are integrated within themselves and fail the criterion of intra-modular rather than inter-

modular integration.

The same pattern is observed when partitions such as the face plus base or skull plus
mandible (and so forth) are tested across sex or population: no proportionality. However,
at the level of individual regions of the skull—mandible, face, base, neurocranium—
invariance to allometric and/or populational axes emerges. This is in the face and base,
not the neurocranial skull or mandible. This result is further evidence for internal
trajectories in population and sex that are resistant or invariant across these axes and thus

may highly influence phylogenetic analyses.
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Table 3-15. Flury Hierarchy — Howells Dataset

# Population Flury | Across
Measurements across Pop
Sex CPC
CPC
How.Whole
Skull21 21 2461 N/A Al Mixed NS? NS
S/F/B
How.Skull7 /1 1 2461 NA | Al Mixed | NS' | NS
Face7
How.Skull7 /|, 4 2461 N/A Al Mixed | NS! NS
Base7
How.Base7/ |, , 2461 N/A Al Mixed | NS! NS
Face7
HowSkull7 2461 0.5543 | Global Mixed 2PC 2PC
HowFace7 7 2461 0.776 Global Mixed PROP? | PROP
HowBase7 2461 0.762 Global Mixed PROP PROP
Whole Skull
in Circumpolar
Circumpolars | 21 115/2346 | N/A / Mixed NS! NS
/ Skull Global
in Global
Face in .
Circumpolars Circumpolar 1
7 115/2346 | N/A / Mixed NS CPC
/ Face Global
in Global
“Skull” in :
Circumpolars Circumpolar 1
/ Skull 7 115/2346 | N/A / Mixed NS NS
in Global Global
Base in .
Circumpolars Circumpolar 1
7 115/2346 | N/A / Mixed NS CPC
/'Base Global
in Global
Whole
Skull21 Males
S/EB 21(20) 2461 N/A Global S PROP | PROP
Females
across Sex

" NS means no structural similarity, that the matrices are completely unrelated.

’PROP denotes integrated pattern (different only on size—see discussion).

® See Table 3-16 for comparisons with complete data.

4Neurocranium, 7 measurements.

® See Table 3-16 for comparisons with complete data.
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Table 3-16. Flury Hierarchy — Complete Set Hanihara’s Data

# C’s a | Population Flury Flury Across
Measurements Within | Across Pop
Sex CPC
CPC
115 /

HA. Whole 21(20) Asian Male N/A NS NS
Skull 21

S/IFIM

Skull7 / Face7 | 7 115 / Asian Male NS / /
Skull7 / 6 115 / Asian Male NS / /
Mandible6

Mandible7 / 7 115 / Asian Male NS / /
Face7

HanSkull7 7 115 0.513 Asian Male / 2PC 2PC
HanFace7 7 115 0.795 Asian Male / PROP PROP
HanBase7 7 115 0.726 Asian Male / PROP PROP
HanSkull7+ 14 115 / Asian Male NS / /
Hanface7

HanSkull7+ 13 115 / Asian Male NS / /
HanMandible6

HanFace7+ 13 115 / Asian Male NS / /
HanMandible6

These results follow the expected pattern for modularity. Combinations of two regions
of the skull across populations and sex always show matrix dissimilarity using the Flury
hierarchy. These results are reflected in the Cronbach’s Alpha where obtained. The Flury
hierarchy results show also that the cranial base and face maintain structural relationships
across sex and population, within all test sets. Males and females within test sets maintain

proportionality of the matrices.

Ho2: No mandibular and/or cranial multivariate or morphometric male/female
differences exist across sex.

In Test 1, H,2 is rejected.
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Using the Fortext dataset, Figure 3-6 shows males are more variable in the whole skull
using 12 measurements of skull and mandible (6 and 6). The hypothesis is rejected at
<0.0001. Figure 3-7 shows the skull across sex in the Howells dataset (size-corrected) is

demonstrably different, p <<0.00011.
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Figure 3-6. Fortext Male/Female
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Figure 3-7. Howells Male/Female

Table 3-17 shows the Flury hierarchy results for the whole skull in the Howells
dataset, males and females, all 21 measurements of the neurocranium, face, and base

combined.

Table 3-17. Flury Hierarchy for Whole Skull, Males versus Females Howells Dataset

T N I S
igher | tower | emsar | o | par | csar | Ac |

Equality Proport 24.355 1 <0.0001 24.355 78.396
Proport CPC 13.987 6 0.0298 2.331 56.041
CPC CPC(5) 0.762 1 0.3828 0.762 54.054
CPC(5) CPC(4) 11.000 2 0.0041 5.500 55.292
CPC(4) CPC(3) 3.692 3 0.2967 1.231 48.292
CPC(3) CPC(2) 11.738 4 0.0194 2.934 50.600
CPC(2) CPC(1) 3.251 5 0.6613 0.650 46.863
CPC(2) Unrelated | 9.611 6 0.1420 1.602 53.611
Unrelated | — 56.000
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Here results show a range of between three and one CPCs shared, nowhere near
approximating proportionality of modular structure, AIC= 48.292 or 46.863. The results
in Table 3-17 are expected. While not proving the regions of the neurocranium,
basicranium, and face are modules, Table 3-17 shows that the pattern of all three regions
together (forming the skull) is very different for males as compared with females. This
result would be expected in both sex and population, as whole skulls are easily

discriminated along population and sex in large samples.

Results from Multivariate Analysis — Howells’s Data

Figures 3-8 and 3-9 show Howells’s data are bimodal for the skull, supporting results

obtained from the Flury Hierarchy above.

87



Prin

Prin1

Figure 3-8. Bimodal Distribution of 3D Points in Males versus Females for the Howells
Dataset. First three principal components are shown (80% of total variation).

Figure 3-9 shows there are few outliers in the Howells dataset (for the skull, <1%).

These results suggest the variables used are defining morphological male-female

differences adequately.
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Figure 3-9. Analysis (Mahalanobis Distances) Shows Few Outliers, Suggesting Model Is
Well Specified. This result supports the bimodality visible in Figure 3-7.

In contrast to the neurocranium, Figure 3-10 shows the integrated (non-bimodal)
distribution of 3D points of the face ( length-width-height; seven points) within males
and females in the Howells dataset (combined n =2461). Table 3-18 illustrates the

results from Figure 3-10 and the tabular information in Tables 3-15 and 3-16.
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Figure 3-10. Three-Dimensional Plot of the Face Using the Howells Data

Table 3-18. Flury Decomposition of Chi Square (Step-Up and Model Building Approaches)
Howells Data, Cranial Base, 7 Measurements

© wew |
BT T T T T T

Equality Proport 92.040 <0.0001 3.682 1133.774
Proport CPC 263.172 150 <0.0001 1.754 1091.734
CPC CPC(5) 28.897 25 0.2682 1.156 1128.563
CPC(5) CPC(4) 93.769 50 0.0002 1.875 1149.666
CPC(4) CPC(3) 89.203 75 0.1256 1.189 1155.897
CPC(3) CPC(2) 137.664 100 0.0075 1.377 1216.693
CPC(2) CPC(1) 175.228 125 0.0020 1.402 1279.029
CPC(1) Unrelated | 253.801 150 <0.0001 1.692 1353.801
Unrelated | — 1400.000
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The summation of Figure 3-10 and Table 3-18 suggests that across global samples the
whole skull varies across males and females and population. However within the skull
there are regions (such as the face illustrated here) which remain remarkably stable across
these axes. Within Hanihara’s data the pattern is the same—no two macromodular
regions achieve matrix proportionality when comparing the two, suggesting modularity is
not across any two regions together but only within individual regions. And, when
compared to Howells’s face and base, Hanihara’s facial and base modules individually

are proportional. This result indicates invariance of these regions to sex and population.

Ho,3: No mandibular and/or cranial multivariate or morphometric modular
craniomandibular population differences exist across samples from circumpolar
populations.

This hypothesis is examined below, first through PCA, then discriminant function,

finally through the Flury hierarchy.

Principal Component Analysis (PCA)

Figures 3-11, 3-12, and 3-13 show the results from the PCAs of global samples using
Morphologika 2.5. The analyses are single-vector decomposition, which removes all size
(including the size component remaining after procrustes superimposition; see Appendix
C). In the plots the black diamonds show results for circumpolar populations. Tables 3-
19, 3-20, and 3-21 show the eigenvalues for the principal components composing up to

80% of the variation.
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Figure 3-11. Results for Cranial Base (14 measures). Black diamonds are circumpolar
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Figure 3-12. Results for Face (14 measures). Black diamonds are circumpolar samples.
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Figure 3-13. Results for Mandible (14 measures). Black diamonds are circumpolar
samples. This figure shows that mandibular integration approximates that of the base and
face, but the circumpolar group more tightly together.

Table 3-19. PC Eigenvalues for Cranial Base

Principal Component Percent (%) Cumulative Percent
(%)

PC1 0.002103 16.83972 16.83972
PC 2 0.001646 13.18395 30.02367
PC 3 0.00131 10.48695 40.51062
PC 4 0.001012 8.105903 48.61653
PC 5 0.000759 6.07876 54.69529
PC 6 0.000695 5.562744 60.25803
PC 7 0.000597 4.779552 65.03758
PC 8 0.000495 3.964628 69.00221
PC 9 0.000404 3.237592 72.2398
PC 10 0.000367 2.938723 75.17853
PC 11 0.000346 2.770166 77.94869
PC 12 0.000312 2.502292 80.45098
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Table 3-20. PC Eigenvalues for Face

Principal Component Percent (%) Cumulative Percent
(%)

0.001994 36.50947 36.50947
PC 2 0.001087 19.89802 56.40748
PC 3 0.000789 14.45031 70.85779
PC 4 0.000465 8.517634 79.37543
PC 5 0.000401 7.350813 86.72624
PC 6 0.000254 4.649654 91.37589

Table 3-21. PC Eigenvalues for Mandible

Principal Component Percent (%) Cumulative Percent
(%)

0.001513 22.06238 22.06238
PC 2 0.000943 13.75039 35.81276
PC 3 0.000563 8.20804 44.0208
PC 4 0.00049 7.150076 51.17088
PC 5 0.000439 6.397389 57.56827
PC 6 0.000365 5.323624 62.89189
PC 7 0.000331 4.833545 67.72544
PC 8 0.000262 3.824679 71.55012
PC 9 0.000228 3.324341 74.87446
PC 10 0.000183 2.667585 77.54204
PC 11 0.000164 2.394656 79.9367
PC 12 0.000153 2.229978 82.16667
PC 13 0.000139 2.024806 84.19148
PC 14 0.000113 1.651043 85.84252
PC 15 0.000106 1.551501 87.39402
PC 16 9.91E-05 1.444321 88.83834
PC 17 8.4E-05 1.225039 90.06338

94



The plots and PCA eigenvalues suggest rough similarity for the face and mandible in
loadings on the axes and scatter of the circumpolar individuals. The high loading on PC1
and the positioning of the circumpolar individuals suggest that particularly the face (35%)
and the mandible (22%) are responding to high biomechanical force on PC1. This is most
likely the factor being represented in the high loading of the mandible and face together
on the (canonical correlation) PC1 axis in Table 3-22. Figure 3-14 shows the regression
of PC1 and centroid size; there is no significant contribution of size to PC1, indicating a
factor beyond size is being sampled (p = 0.9751). PC1 in the cranial base is much less
explanatory than in the other macromodules (16%), possibly indicating the cranial base
is not responding to biomechanical effects, as indicated by the broader scatter of

circumpolar individuals in the plot (Figure 3-13 and Table 3-19, above).

Table 3-22. Face and Mandible Responding Together to High Biomechanical Force on PC1

Eigenvalue Percent (%) | Cumulative Percent (%) | Canonical Correlation
3.0536386 54.3582 54.3582 0.86793321
1.65714284 29.4990 83.8572 0.78971888
0.57686344 10.2688 94.1260 0.60483855
0.32997752 5.8740 10<0.0001 0.498104
3.9453e-16 <0.0001 10<0.0001 0
1.8254e-16 <0.0001 10<0.0001 0
7.3567e-17 <0.0001 10<0.0001 0
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Figure 3-14. Single Variable Decomposition (SVD), Regression of PC1 and Centroid Size
Showing No Significant Contribution of Size to PC1

Discriminant Analysis

The discriminant analysis presented below in Table 3-23 and Figures 3-15 and 3-16
(as well as Figure 3-17 in the next section) show circumpolar populations are consistent
outliers to other populations in the skull and mandible. This is a graphic demonstration of
the distinctive circumpolar morphology, which while no more distinguishable than the
Australian skulls and mandibles from others overall, shows why the highly
biomechanically loaded skull in these populations has been considered unique in the past.

Across the global samples the face and base remain stable across sex and population. It
is only in the comparison of the individual regions to the rest of the global samples for

each region of the skull that the differences emerge. Table 3-23 shows the

96



misclassification of circumpolar (GRE, Greenland Circumpolar, Fortext, cranium and

mandible) morphology is very low, given the distinctive pattern encountered there.

Table 3-23. Counts for Group Membership for Actual Rows by Predicted Columns from
Discriminant Function

Aus 23 0 0 0 0
GRE 0 22 2 0
Lap 0 1 20 2 2
Nor 0 3 35 5
Uga 1 0 3 19

The plots below in Figures 3-15 and 3-16 show the difference of the circumpolar
populations from others. The discriminant function is used here to describe the
differences in the proposed modular regions in the circumpolar versus other populations
only to underscore the fact that all other populations have similar structure in the matrices
when compared (stability in the face and base and lack of stability in the neurocranium

and mandible).
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Figure 3-15. Face, 3D Scatterplot. Triangles are circumpolar populations.
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Figure 3-16. Skull, Canonical Plot Using Linear Discriminant Method (GRE=Circumpolar)

Discriminant Analysis Mandible 6 Measurements

In support of Harvati and Weaver (2006), Figure 3-17 shows the mandible in
circumpolar populations is even more distinct than the skull, and that also there is a
highly explanatory factor driving the PCA. Similarly to the face illustrated above, this

result is hypothesized here as the result of biomechanical force.
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Figure 3-17. Mandible, Canonical Plot Discriminant Analysis Linear Method

Flury Hierarchy, Circumpolar

Similarities in matrix structure hypothesized as the signal of modularity found in the
other global populations from Howells, Fortext, and Hanihara are less pronounced in the
circumpolar individuals. Here the face does not achieve proportionality in all circumpolar
populations. Using Howells’s data, we see that in circumpolars there are differences in
the face, base, and neurocranial skull when compared to all other global populations.

However, when data from circumpolar populations is later examined in Chapter 4
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with a three-dimensional morphometric analysis, the face does achieve
proportionality. It may be that more complex three-dimensional analysis is describing
morphology more fully than the seven points for each cranial region here. Circumpolars
are different compared to other populations (see Tables 3-19 through 3-22). The
differences are less when the whole skull (all measurements) is compared across
populations since we can see there are several principal components in common. Tables
3-24 through 3-27 underscore the fact that circumpolar populations generally follow the
pattern in the Flury hierarchy seen in other global populations. However, an exception is
that the face, probably through the influence of biomechanics, does not achieve the
proportionality of the face in other global samples. As was suggested in the PCA
analyses above, the cranial base is more similar to that found in the other global samples;
near proportionality is shown (Table 3-23). Unlike all other comparisons using all other
samples in the neurocranium alone AND in the face alone, however, there is
nonstructural similarity of the PCs—non- related structure. Broadly this result shows the
variability of the skull is in the face and neurocranium, again probably as the result of

biomechanics in the most highly loaded modern human population.
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Table 3-24. Whole Skull, Flury Decomposition of Chi Square (Step-Up and Model Building
Approaches) for Circumpolars

T
B T T T

Equality Proport 16.812 <0.0001 16.812 662.128
Proport CPC 308.888 18 <0.0001 17.160 647.317
CPC CPC(17) | 0.439 1 0.5075 0.439 374.428
CPC(17) | CPC(16) | 7.350 2 0.0254 3.675 375.989
CPC(16) CPC(15) 1.134 3 0.7689 0.378 372.639
CPC(15) CPC(14) 6.002 4 0.1990 1.500 377.505
CPC(14) CPC(13) 7.574 5 0.1813 1.515 379.503
CPC(13) | CPC(12) | 11.621 6 0.0710 1.937 381.929
CPC(12) | CPC(11) | 10.183 7 0.1785 1.455 382.308
CPC(11) | CPC(10) | 8.997 8 0.3426 1.125 386.126
CPC(10) | CPC(9) 16.813 9 0.0517 1.868 393.129
CPC(9) CPC(8) 30.840 10 0.0006 3.084 394.316
CPC(8) CPC(7) 15.908 11 0.1446 1.446 383.477
CPC(7) CPC(6) 30.409 12 0.0024 2.534 389.568
CPC(6) CPC(5) 14.542 13 0.3368 1.119 383.159
CPC(5) CPC(4) 25.824 14 0.0273 1.845 394.617
CPC(4) CPC(3) 24.505 15 0.0570 1.634 396.793
CPC(3) CPC(2) 37.915 16 0.0016 2.370 402.288
CPC(2) CPC(2) 53.071 17 <0.0001 3.122 396.373
CPC(2) Unrelated | 33.302 18 0.0153 1.850 377.302
Unrelated | — 380.000

Table 3-25. Cranial Base Only, Flury Decomposition of Chi Square (Step-Up and Model

Building Approaches) for Circumpolars

T wew [
(Figher | Lover | Crisar | ar | pvar | csm | ac |

Equality Proport 27.600 1 <0.0001 27.600 78.403
Proport CPC 23.385 6 0.0007 3.897 52.803
CPC CPC(5) 4.369 1 0.0366 4.369 41.418
CPC(5) CPC(4) 0.881 2 0.6438 0.440 39.049
CPC(4) CPC(3) 1.131 3 0.7695 0.377 42.169
CPC(3) CPC(2) 7.057 4 0.1329 1.764 47.037
CPC(2) CPC(2) 3.195 5 0.6699 0.639 47.980
CPC(2) Unrelated | 10.784 6 0.0953 1.797 54.784
Unrelated | — 56.000
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Table 3-26. Neurocranium, Flury Decomposition of Chi Square (Step-Up and Model
Building Approaches) for Circumpolars

I T N S I N
igner | cower | enisar | o | pai | csar | Ac |

Equality Proport 68.118 1 <0.0001 68.118 402.640
Proport CPC 291.229 6 <0.0001 48.538 336.521
CPC CPC(5) 0.905 1 0.3414 0.905 57.292
CPC(5) CPC(4) 1.005 2 0.6049 0.503 58.387
CPC(4) CPC(3) 3.643 3 0.3027 1.214 61.381
CPC(3) CPC(2) 14.798 4 0.0051 3.699 63.739
CPC(2) CPC(2) 13.247 5 0.0212 2.649 56.941
CPC(1) Unrelated | 9.694 6 0.1381 1.616 53.694
Unrelated | — 56.000

Table 3-27. Face Only, Flury Decomposition of Chi Square (Step-Up and Model Building
Approaches) for Circumpolars

T wew [
[Figher | Lover | Crisar | ar | pvai | csmr | ac |

Equality Proport 5.364 1 0.0206 5.364 96.270
Proport CPC 25.706 6 0.0003 4.284 92.906
CPC CPC(5) 3.588 1 0.0582 3.588 79.201
CPC(5) CPC(4) 1.286 2 0.5256 0.643 77.613
CPC(4) CPC(3) 4.307 3 0.2302 1.436 80.327
CPC(3) CPC(2) 19.071 4 0.0008 4.768 82.019
CPC(2) CPC(1) 17.314 5 0.0039 3.463 70.948
CPC(1) Unrelated | 19.634 6 0.0032 3.272 63.634
Unrelated | — 56.000
Discussion

The complexity of the relationship of the macromodules of the skull was addressed
above in a series of hypotheses. Complexity was partitioned by examining model-free
hypotheses, which looked at the statistical relationship of cranial modules and did not

attempt functional explanation. The summary of the results from four primary datasets

103



(the Howells dataset, the Hanihara dataset, the Fortext dataset, and the Morphometric

dataset) and four major analytical techniques (Cronbach’s Alpha, Canonical Variate

Analysis, PLS analysis, and Flury hierarchy) is as follows:

1.

No comparison across all datasets showed the highest level of integration across
all macromodular partitions of the skull at once. That is, no combination of all
three regional, or any two macromodular regions in combination, ever showed
proportionality of covariance matrix structure. If this had been the case, modularity
for those regions would have been rejected by the currently used standard
definitions of modularity (through internal integration). For example, if it had been
demonstrated there was proportionality of matrices across the neurocranium,
basicranium, and face in Howells’s data, the conclusion would have been that the
skull is primarily integrated rather than modular. This first test necessarily

preceded the following tests.

Analysis showed that the mandible, while probably not a module, nevertheless
does not integrate with either the basicranium or the face in matrix structure. This
non-proportionality would of course, be expected of a true module, but variability
across sex and population in all datasets used here suggests the mandible is
probably composed of two modules (examined under functional hypotheses in the

next chapter, Chapter 4).

Results generally follow predictions of parts of the skull as exhibiting similar

levels of integration. PC1 scores for the three regions from Morphologika are as
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follows: base = 0.168; face = 0.365; mandible = 0.220. These results suggest
broadly similar levels of explanation of morphology by PC1. These results also
suggest general correspondence to results from levels of heritability and levels of
(genetic) variation in the regions of neurocranium, basicranium, and face as
suggested by Martinez-Abadias and colleagues (2009). However, this
dissertation’s results differ from results in the study by Martinez-Abadias et al.
(2009) by suggesting there is little or no contribution of explanation by sexual
dimorphism or population for the face or cranial base. Broadly the results here
suggest the face is the most integrated, followed by the mandible, and then the
cranial base. This conclusion may be a representation of biomechanical function,
which is tested in Chapter 4.

Results here reinforce prior results suggesting matrix identity, when found, is a
function of small sample sizes (Marroig and Cheverud, 2000). That is to say,
according to the literature, differences in covariance matrices are to be expected in
most cases; any fully identical matrices result from small samples, not biological
identity. While true in the most extreme sense as detailed earlier, this observation
is an oversimplification. Large sample-size matrices which are “equal” (exhibiting
equality) are unexpected; however large sample matrices which are proportional,
and hence differing in an (allometric) scaling factor are not necessarily so. The
patterning of matrix similarity (proportion) in the Howells data using the Flury
hierarchy is not found randomly in small samples. It is found as predicted by
patterns of modularity: similar modules across sex and population have similar

structure—which remains invariant across these axes. As is detailed in the next
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chapter, cranial relationships of modules can best be described as belonging to a
class of invariant organizations in the skull, and this property can be used for
robust definitions of modularity.

. Across the world the skull varies more in width than in length. In the Howells
dataset Cronbach’s Alpha goes up in both males and females when width is
excluded. Other comparisons show cranial widths as the most highly correlated
dimension, and all results here correspond to those from Martinez-Abadias and
colleagues (2009) showing width as the driving dimension in cranial variation. As
is shown in Chapter 5, this practice makes analyses of three dimensional skulls by
two-dimensional models problematic.

Circumpolar populations are outliers in the above analyses. When matrices derived
from these populations in the Howells data are compared to the matrices of non-
circumpolar populations, the matrices are not proportional. There is relationship at
the level of several shared PCAs in the skull (neurocranium; see data above), but
not proportion. The patterning of the differences is stronger in the face. This
finding may be an artifact of using seven linear measurements as a proxy for three-
dimensionality (a hypothesis tested in Chapter 4). It may be that in some
populations the functional modular relationships that hold stable across all other
global comparisons break down if the level of force through the masticatory
apparatus is sufficient—after all these populations are unique in masticatory
loading. Circumpolar populations with extremely high biomechanical loading were
shown to be a possible exception to the pattern found in all other populations. In

some arctic populations the face, and less so the base, does not remain stable in
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population or sexually dimorphic comparisons. These results basically mirror
those found in recent work by Babb and others (2010) suggesting a significant
relationship of robusticity with hard-to-process diets. Their work suggests
robusticity is primarily correlated with shape, is not inherited, and can be
influenced by high masticatory loading. Earlier it was suggested attributes of
robusticity suggest it is the primary way shape can accommodate higher levels of
force (function): robusticity maximizes the way a shape is maintained, with an
allometric increase rather than reorganization. Interestingly, Babb et al. (2010)
showed that other populations outside the circumpolar region with even more
demanding diets can have lower degrees of robusticity, so robusticity is not
necessarily related to force only. It is the hypothesis being tested herein that the
unique aspect of shape in circumpolar skulls does not directly result from
robusticity—that skulls usually tend to become more robust without changing
shape, and that change in shape emerges when functional response cannot further
increase. If this hypothesis is correct, then populations (such as the circumpolar
populations) who further increase loading—i.e., further anterior dental loading
through chewing hide—in a skull already fully responding to tough diet will
change shape. In this case function provides the basic organizational pattern of
modules in all human groups, but sufficient cultural response can swamp the signal
of modularity. In the next chapter the predictability of the morphology of the skull
by various factors is explored, and it is shown that circumpolar populations are
actually more integrated in the skull than other populations, probably as a result of

skull-wide response to loading.
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7. This analysis supports Polanski and Franciscus (2006) in finding the face and
neurocranium are different modules. However, the analysis presented above
supports the face as being more integrated in modern humans, contra Polanski and
Franciscus. This dissertation’s analysis also differs from Bookstein, in finding the
integration is not primarily in the vault and face. Bookstein et al. (2003) found
warp scores were highest for the vault and face. He also found lower correlations
for the vault and cranial base (r < 0.68) and the face and cranial base. Results here
for the Howells data suggest that the base and face are integrated areas. Results
further suggest that the base and face together are more integrated than the
neurocranium and the face together (see Canonical Vector Analysis [CVA] scores
in Appendices). This contradiction probably results from the analysis in Bookstein
et al. (2003) being carried out in two dimensions and this dissertation’s analysis, in
three. Absent that, the face and skull differ. This analysis is different from
analyzing just the neurocranium as above here. When the breadth axis is removed,

skulls become more similar because the Y-axis is the most variable.

Conclusions

Traditional regions of the skull are not necessarily modules. The splanchnocranial,
dermatocranial, basicranial, and mandibular regions all pass the first of three proposed
definitions of modules by testable property, being integrated within themselves more than
across. The splanchnocranial and basicranial regions past the second test, invariance to
sex and population effects on matrix structure. The neurocranium and mandible fail this
second test, being more variable across these axes. All regions are tested for the third

quantifiable property, definition by function, in Chapter 4.
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CHAPTER 4
FUNCTIONAL MODULAR PROPERTIES:
TESTING HYPOTHESES OF MODULAR STRUCTURE

This chapter tests the formation of modules of the skull as organized by function. Two
of the “macromodular” partitions (the face and base) of the skull analyzed in Chapter 3
have characteristics one would expect of functional modules. In this chapter the attribute
of functionality is included as a necessary testable property of modules. Individual
functions are ascribed to prospective modular and non-modular regions of the skull.
Relationships of function to form are tested using stepwise model building techniques.
Testing the statistical inferences drawn from functional modular form thus forms the final
of the three tests of modularity by property—integration within modules, invariance, and

function.

Modularity is not a traditional or random partitioning of the skull. To this point
modular definition by property has generally been carried out by simple quantification of
levels of integration within prospective modules, then comparison to other prospective
modules (see discussions in Polanski and Franciscus, 2006; Mitteroecker and Bookstein,
2007; Klingenberg et al., 2003; Ackermann, 2005; Wagner et al., 2007; Good, de
Montjoye, and Clauset 2009). Localized integration is but one aspect of what a module is;
without a defined function a module can encompass any aspect of morphology. Chapter 2
emphasized outlining how modules must be defined by both attribute and property, with
the working definition being modules are inherited patterns of integration exhibiting

invariance across axes of population and sex. Expected attributes and properties that can
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be used to define modules were discussed, including sequential transformation,
delineation from other modules, internal integration, and other factors. These factors are
used here as control factors for defining modules by function, with the attributes being
used to define areas that can be measured to produce modules.

In Chapter 3 the hypothesized modular property of invariance was tested, with mixed
results—although the mandible and neurocranium exhibited aspects of modular structure,
in toto the pattern exhibited by these regions in the skull suggests otherwise. Results in
Chapter 4 build on the hierarchy introduced in the model-free hypotheses in Chapter 3.

Here model-bound hypotheses of the relation of function to modular formation are tested.

Definition of modules by quantifiable properties is a necessary first step towards a
useful biological entity. Previous discussion has shown biological definition must
include modules possessing an inherited pattern of relationship, set in the framework of
being less randomly organized than non-modular regions. Further extending the
definition, it is proposed a definable function is a further necessary condition (see
Gonzalez-José et al. [2005] for background). Modules can thus be described as functional
expressions of morphology demonstrating the adage “form represents function.” This
dissertation addresses those points in a sequence where “one form becomes another,” as
the function of the module changes through time. As new functions emerge, morphology
changes. As discussed in earlier chapters such changes probably usually occur at the
modular level to prevent the deleterious genome-wide effects in systemic change of

integrated systems.
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Currently the neurocranium, the basicranium, and the splanchnocranium are implicitly
treated as modules in (non-functional) definitions. The difficulty begins with ascribing
modularity to any one of these regions, but most particularly to the splanchnocranium
(face or viscerocranium), which is capable of being partitioned in many ways: into areas
defined by biomechanical functions; into superior and inferior or anterior and posterior
portions (Bastir and Rosas, 2004; Rosas and Bastir, 2004); into pharyngeal arch
derivations (as outlined in Chapter 2); into Enlow’s anterior fossa—middle cranial
counterpart or architectonic areas (Hans and Enlow, 1996); into mandible and maxilla
colloquially.

Some of this uncertainty in defining the facial module derives from prior research
which suggested the basicranium as more of a stable region and the face as more of a
“plastic” or “evolvable” region (see discussion in Martinez-Abadias et al., 2009). This
model basically tracks back to assumed differences related to functional mastication
(Vidarsdottir et al., 2002). This idea was demonstrated to be incorrect; it is actually the
face which is the most heritable (stable; 81% of traits; 0.26 mean heritability [Martinez-
Abadias et al., 2009]). Interestingly Martinez-Abadias and colleagues found the
neurocranium to be the least heritable region of the skull, results which support analysis

here showing the neurocranium as a non-module.

Several key questions are posed in this chapter:

1. How can the skull be defined in functional terms? What are robust repeatable

definitions of points for each functional module, including the mandible?
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2. Do functional modules compose the entirety of the skull? That is, does the skull
consist of modules alone, or are there “extra-modular regions”?

3. Are functional modules invariant across sex and population?

4. Can modules be shown as invariant across the axes of sex and population in extreme
cases such as circumpolar populations—Eskimos or Aleutian Islanders—when function
(particularly biomechanical force) is controlled for?

5. Finally, if modules ARE invariant across sex and population, at what level does
population and/or sex become a driving factor in morphology? When some or all

modules are combined into macromodules for example?

Functional Definitions

As detailed in Chapter 2 several interconnected factors must be considered as
instrumental in driving the evolution of the modern human face: ethmomaxillary
expansion, neurocranial reorganization/expansion, and increased flexion of the cranial
base for orthogrady, masticatory changes (Franciscus and Trinkaus, 1995; Lieberman,
Mowbray, and Pearson, 2000; Lieberman, Ross, and Ravosa, 2000), dental reduction
(Brace, 1963, 1979, 1991), reduction of craniofacial robusticty (Rak, 1986; Lahr and
Wright, 1996), reduction of prognathism (Franciscus and Trinkaus, 1995; Trinkaus,
2003), inferior and anterior rotation of the mandible or facial retraction (Hans and Enlow,
1996; Wolpoff, 2000; Rosas, 2001; Gonzalez-José et al., 2008). All the above factors
affect multiple elements of cranial and mandibular morphology. They are interconnected
in effect and probably represent function across several modules at once. Throughout the
Pleistocene, then, functional changes are occurring that have been implicitly or explicitly

modeled as producing modules of the skull (Gonzalez-José et al., 2008). But it is difficult
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to describe the changes in individual modules, given sample sizes through the Pleistocene

and specimen preservation.

The hypothesis here is that cranial morphology represents areas selected for by
function, such as respiration (Franciscus and Trinkaus, 1988), which may be combined
with areas that may or may not be modules into macromodules. These macromodules
might exist above the level directly selected by function, and might include non-
functional areas (the macromodules of mandible and neurocranium for example).
Alternatively, these areas may be functional but not modules in the sense that modules
are internally integrated and pursue independent pathways in ontogeny (Bastir et al.,
2006). For instance, as was discussed in Chapter 2, structural organization predicts it is
unlikely selection acted directly for cranial base angle; it is a byproduct of selection for
expansion of the brain and/or the neurocranium, lengthening cranium, and orthogrady
(see discussions of cranial base angles in Lieberman, Ross, and Ravosa 2000). The
degree of anterior and inferior mandibular rotation is another example being that it is
eventually constrained by the position of the larynx and pharynx (Hall, 1999), which in
turn is responding to changing requirements for respiration. In development of present
morphology, the factor here, anterior rotation, was thus constrained by the selection

acting on two modules, the face and the cranial base.

The skull thus results from direct selection and indirectly selected structural

organization (or canalization, as discussed in Chapter 2). This structural pattern overall

can be considered organization by function coupled with organization by canalization or
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epigenetic process. In this view function creates the modules and their overall
relationship responds to factors such as respiration, cortical expansion, ecogeographical
patterning, and mechanical forces (Rothhammer and Silva, 1990; Franciscus and Long,
1991; Wood and Lieberman, 2001; Franciscus, 2003; Giesen et al., 2003; see also
Chapter 2 of this dissertation for more detail). The difficulty then is in showing how a
modular skull can respond to extra-modular factors such as these. It is suggested here that
responses to whole-body factors such as ecogeographical patterning involve more than
one module. This finding might indicate that the variability of modules found in
Martinez-Abadias et al. (2009) showing areas of non-heritability within cranial regions is

actually measuring response to these (extra-modular) factors.

The modeling of function as the overarching factor in modularity begins with
analyzing factors operating across large regions of the skull. Donald Enlow’s solution to
this problem of modular definition is to suggest that it is the function of occlusion which
unites the different regions into complexes which then develop in balance. Under his
view it is function that allows modules to form, and also remain discrete yet
interconnected. (It is sometimes overlooked that Enlow’s model is explicitly functional;
much research has ignored this fact and simply tests predictions of architectonic or
counterpart balance derived therein [Bastir et al., 2004; Bastir and Rosas, 2005;
Martinez-Abadias et al., 2009]). Moreover, Enlow’s model is population-specific. Enlow
used Angle Class relationships to define mandibular or maxillary retrognathy as
generalized tendencies in broad population groupings (Angle Class 2 being maxillary

prognathism, Class 3 being mandibular prognathism [Angle, 1887]). Enlow’s model
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suggests cranial organization at the broadest scale is functional: all developing skulls
exhibit the counterpart principle dictated by function, with degrees of
prognathy/retrognathy as deviations from the perfectly functional (and idealized)
occlusion.

What is most important in Enlow’s model is not that it explains dolichocephaly and
brachiocephaly as the driving descriptors of skulls from around the world (predictions
from this model have been demonstrated as non-explanatory anyway [Martinez-Abadias
et al., 2009]), or even that it is secondarily explanatory (Mitteroeker and Bookstein,
2008). The importance of Enlow’s original model is that it provides a more explanatory
model than simplified cranial shape. Enlow found that functional organization supersedes
effects of population, ecogeographical patterning, or respiration exhibiting differential
expression across groups. Enlow understood response through modular organization is
functional—which explains why modules may remain invariant across sex and
population. Hierarchy of organization would predict occlusion is a primitive inviolate
function which constrains modules that develop later to act (and evolve) in concert.
Under this view there would be organizational principles underlying modularity itself, an
idea tested in this dissertation’s Chapter 5.

Enlow’s model predicts population effects in cranial organization emerge in major
divisions of the skull. It does not predict modules within these major regions of the skull
themselves vary by population. Enlow’s model thus roughly explains the results from
Chapter 3 that show the stability of the face and cranial base across population and sex. If
these are modules, it is not unexpected they remain invariant to a degree, being driven by

independent functions. The neurocranium, consisting of more than one module and
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anchoring muscles for another (facial) module, does not exhibit this invariance as it
probably represents more than one functional area (results from Martinez-Abadias and
colleagues [2009] show a decoupling of the face and neurocranium; see also Gonzalez-
José et al., 2005 on the multiplicity of modules in the cranium).

Being multifactorial, factors such as occlusion are accomplished by modules acting
in unison. The modules themselves may not vary by population or sex, yet the whole
masticatory complex can. An example may be found in the Aleuts; it may be high dental
loading that makes discrimination of Aleut gnathic complex from other populations
possible (Nicholson and Harvati, 2006). Rather than the face itself being organized or
integrated differently from other populations, it may be that extremely high
paramasticatory force (chewing hides to soften) in the mandible and face combined with
extremely high masticatory requirements for diet can swamp the signal of modularity,
which usually prevents the crossing of boundaries of integration. If so, circumpolar
populations are the only populations that deviate from the pattern of modularity in the

face and base found in Chapter 3.

If, as current modular theory assumes, modules evolve because of changing
functional requirements, then it is function defining the form (maintaining the form
through time as outlined above), irrespective of population or sex. This argument has
been used to explain the neutral axis of the orbit at approximately 90 degrees to the
posterior maxillary (PM) plane so that a level field of vision is maintained no matter how
the rostrum’s morphology is configured (Bromage, 1992). The PM plane is defined as the

line connecting two termini on midsagittal plane: the most posteroinferior point on the
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maxillary tuberosities and the point on the anteriormost extent of the greater wings of the
sphenoid. The angle to this line between the two points is invariant to a great degree. The
PM plane is an example of an invariant cranial property. The configuration of the angle is
not affected by sex or population. In a simplified case such as this it is easy to see the

functional requirements for effective vision have served to maintain that orientation.

Is the Mandible a Module?

The question “Is the mandible a module?” was answered in the broad sense in Chapter
3. It was shown that as expected, the mandible did not integrate in the Flury hierarchy of
matrix comparisons with the face, neurocranium, or base to any significant degree. That
satisfies a basic property of modules: by definition if an area is a module, it is less
integrated across other areas than within itself. However, it is doubtful the mandible as a
whole is a module. In the Rodentia, the mandible is composed of two modules (Atchley,
Plummer, and Riska 1985a,b; Leamy 1993; Cheverud et al., 1997; Mezey et al., 2000;
Klingenberg et al., 2003), and under counterpart analysis generally the mandible belongs
to two different modular systems (Hans and Enlow, 1996; Bastir 2008). The summation
of the results also suggests the mandible is not a module. The mandible varied
significantly across population and sex, suggesting in the broad sense that morphology
was responding to the integrated paths in the skull in a different pattern from that of the
base and face, areas which remained relatively stable across population and sex. The role
of extreme or dual function in the mandible causing a pattern to diverge from modularity
in other regions of the skull is examined below.

This chapter tests how regions of relative stability in the skull respond differentially to

functional factors such as biomechanics. This is germane because much current research
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seeks to define such areas of modularity in the Hominoidea, Hominidae, and Homininae.
It is suggested regions of the skull (modules) have differential patterns in other
hominoids, hominines, and maybe even within modern human populations. Given the
function of mastication, analyses that do not include the mandible as part of the facial
skeleton may be seriously lacking in predictive value. An analysis of the facial module
that doesn’t include the mandible may lack as much as 50% of morphology, given the
high degree of integration in the face overall (Ackermann, 2002). Considering the
embryological beginnings of an integrated splanchnocranium, failure to include this
morphology can mean failure in analysis. The mandible matures later than the

basicranium (midline and then lateral) and the neurocranium (Bastir et al., 2006).

Predictions

The summary of the previous sections allows a series of predictions and testable
hypotheses to be made. Given that population, allometry, biomechanics, ecogeographical
patterning, and degree of cranial base flexion all have been shown to contribute to
mandibular, facial, and cranial architecture, all should be considered when trying to
describe patterns of modularity in the skull. The prediction is thus made that these
functional aspects will differentially drive portions of the skull. To test this prediction is
thus to test the functional definition of modularity at the taxonomic level of species,
within modern humans. (Chapter 5 tests this prediction at different taxonomic levels.)

The prediction here is that the shape of regions of the skull, described using three-
dimensional centroids of data derived using Morphologika 2.5, can be predicted from the
functional variables above. Thus it is predicted that the morphology of regions of the face

and cranial base shown to be invariant across population and sex in Chapter 3 can be
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highly explained by a combination of the functional variables from above. This
explanation is a necessary criterion for a definition of module by property. For the
purposes of this test, a model r > 0.7 is considered adequate.

A corollary prediction is that circumpolar populations will exceed others in
definition of morphology of functional modules. Although there are pronounced
differences in the skull matrices of circumpolar populations as shown in Chapter 3, it is
suggested morphology will follow the general pattern of modularity in other human
populations. In the broad sense this may be unlikely, given Harvati and Weaver (2006)
demonstrated the major source of variation in the mandible derived from partitioning
high dental-loading populations such as the circumpolar against other global populations,
finding PC1 accounting for 25.04% of the total variance describing the overall shape of

the mandible, with PC2 separating her circumpolar populations from others.

Functions Driving Modules

While there are multiple factors affecting modules as discussed, the primary two are
the biomechanical vectors and the cranial base angle (CBA). These factors were
discussed as representatives of particulate and integrationist models in Chapter 2,
together forming the way most morphology of the masticatory and cranial complexes was
viewed previously. Biomechanical vectors and loading produce a large part of
mandibular morphology, and the CBA has been apportioned a major role in representing
structural cranial formation (see below).

As discussed in Chapter 1, the masticatory apparatus has been schematically
represented in the past, with the mandible being viewed as a simple bent beam, as a

simple bent beam with differentiated areas extending for muscle attachment, and as a

119



simple bent beam with attached muscle insertions and representative stress points at
expected areas of greatest loading. Finally, representation culminates in this same bent
beam with the addition of the areas of muscle insertion on the cranium included (Symons,
1951; Greaves, 1978; Weijs, 1989; Wieshampel, 1993; Anton, 1994; Killiardis, 1995;
Spencer, 1998). The biomechanically expressed function of the mandible here is
addressed by use of a proxy, bending strength of the mandible using beam analysis (see

full details in Appendix B).

Cranial Base Angle

Cranial flexion (as a reflection of orthogrady) influences the basicranium and hence
the entire skull (see Figure 4-1). The CBA correlates with facial form—~Polanski and
Franciscus (2006) found the nasion-basion axis of the CBA to be a demarcation of the
face and neurocranium. Enlow’s model suggests this portion, underlying both the anterior
and middle cranial fossae, is an important boundary for facial hafting. Lieberman,
Mowbray, and Pearson (2000) note the breadth of the cranial base is affecting cranial
volume, mostly through effects on brain volume. There are interactions with the face,
because the neurocranial base width affects the facial width (also supported by studies of
cranial modification, as discussed in Chapter 2. Cranial width is driving global variation
the axes of length-width-height, discussed in Chapters 3 and 5; see also Martinez-

Abadias et al., 2009).
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Figure 4-1. Cranial Base Angle (CBA). Cis sella, B is nasion, and A is basion.

Lieberman, Mowbray, and Pearson (2000) also note that in the basicranium the cranial
base length-width-height and sella-nasion-basion (SNB) flexion are mutually independent
(see Figure 4-1 above for an illustration of the CBA). Their neuro-basicranial (NBC)
measurement explains 25% of the facial variation (exclusive of mandible), leaving the
other 75% of facial morphology to be accounted for by other factors, such as
ecogeographical patterning, biomechanics, allometry, and spatial effects being described
here.

Importantly, Lieberman, Mowbray, and Pearson (2000) also find that many of their
observations are sample-specific, supporting results from Bastir and Rosas (2004)

demonstrating there may be population effects early in ontogeny.

121



Model-Bound Hypotheses

The predictions above are formalized into hypotheses. These hypotheses are model-
bound based on function in the skull:

Ho1: Similar patterns of functional factors affect modules or macromodules of skull.

Ho2: Circumpolar populations will be similar to others in predictive factors

producing morphology.

(If Ho2 is accepted, function MAY NOT be a predictive factor for modularity.)

Methods

The above hypotheses were tested in a subset of all digitized skulls from the global
sample in Morphologika 2.5. In the subset, 140 individuals exhibited sufficient
morphology to reflect all functional factors. The details of morphometric applications are
in Chapter 3 and in Appendix D. Table 4-1 consists of the entire three-dimensional
digitized database of points collected at AMNH and NMNH; M14, F14, and B14 are
three-dimensional midline and bilateral landmark sets within the database comprising the
mandible, face, and cranial base. Landmark point numbers within each regional subset
are the same and have the same number of midline and bilateral points within each
subset. This strategy allows robust Flury hierarchical comparisons of the matrices derived
from PCA (see Chapter 3 and Appendices B and D). The balance of midline and bilateral
points are the same within each region in order to preserve dimensionality to the highest
degree possible. (See Chapter 5 and Mitteroecker and Bookstein [2008] for critiques of

modularity integration tests using point sets without the same number of points.)
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Table 4-1. Landmark Points for Morphometric Measurements

Point Number Landmark Region of the Skull/Number
of Measurements

1 Mental foramen left side (Imf) M14
2 Mental foramen right side (rmf) M14
3 Post-condyle (postcon) M14
4 Lateral condyle (latcon) N/A
5 Incisura semilunaris (semilunaris) N/A
6 Coronoid tip (corotip) M14
7 Indented ramus N/A
8 First molar superior side (M/1 superior) N/A
9 Infradentale M14
10 Mental foramen left side (Imf) N/A
11 Pogonion M14
12 First molar inferior side (M/1 inferior) N/A
13-15 Alveolar line (alv) N/A
16 Gonion left side (I gonion) M14
17 Minimum ramus breadth (mrb) N/A
18 Internal ramus — mandibular foramen (mandfor) M14
19-21 Mentum osseum N/A
22 Mental foramen left side (Imf) N/A
23 Mental foramen right side (rmf) N/A
24 Coronoid tip (cortip) M14
25 Lateral condyle (latcon) N/A
26 Post-condyle (postcon) M14
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Point Number Landmark Region of the Skull/Number
of Measurements

27 Gonion right side (r gonion) M14
28 Mandibular foramen right side (rmandfor) M14
29 Lingual tuberosity right side (ling tub r) M14
30 Lingual tuberosity left side (ling tub I) M14
31 Third molar distal side (distal M/3) N/A
32-43 Dental measurements excluded —

44 First molar lingual side (ling M/1) F14
48 Third molar labial side (M/3 labial) F14
49 Cranial height N/A
50 Mental foramen left side (Imf) N/A
51 Nasion 63 (nas=63) F14
52 Glabella F14
53 Cranial length — opisthocranion (cranial length opi) | N/A
54 Cranial breadth — euryon right side (r cbr eur) N/A
55 Cranial breadth — euryon left side (I cbr eur) N/A
56 Bizygomatic right side (r bizygo) F14
57 Bizygomatic left side (I bizygo) F14
58 Porion right side (r por) B14
59 Porion left side (I por) B14
60 Bottom of left orbit (left orbit) F14
61 Left infraorbitale (I infraorb) F14
62 Right infraorbitale (r infraorb) F14
63 Nasion check = 51 N/A
64 Left supraorbitale (I supraorb) F14
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Point Number Landmark Region of the Skull/Number
of Measurements

65 Right supraorbitale (r supraorb) F14
66 Right nasal capsule (r nasal cap) F14
67 Left nasal capsule (I nasal cap) F14
68 Infraspinale F14
69 Right nasal aperture (r nasal aperture) F14
70 Left nasal aperture (I nasal aperture) F14
71 Top nasal F14
72 Incision F14
73 Internal temporal fossa (internal tempfossa) F14
74-76 Temporal lines (templines) N/A
77 Bregma N/A
78 Right infraorbitale (r infraorb) N/A
79 Nasion N/A
80 Right porion (r porion) N/A
81 Posterior foramen magnum (formag post) B14
82 Opisthion (opi) B14
83 Left pterygomaxillary tubercle (I ptm) B14
84 Right pterygomaxillary tubercle (r ptm) B14
85 Left pharyngeal tubercle (I phar tub) B14
86 Right pharyngeal tubercle (r phar tub) B14
87 Incision N/A
88 Right foramen rotundum (r for rot) B14
89 Left foramen rotundum (I for rot) B14
90 Right ovale (r ovale) B14
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Point Number Landmark Region of the Skull/Number

of Measurements

91 Left ovale (I ovale) B14
92 Right foramen spinosa (r spin) N/A
93 Left foramen spinosa (I spin) N/A
94 Left palate (I palate) B14
95 Right palate (r palate) B14
96 Left glenoid (| glenoid) B14
97 Right glenoid (r glenoid) B14
98 Left hypoglossal (I hypo) B14
929 Right hypoglossal (r hypo) B14
100 Styloid process left side (| stylo) N/A
101 Styloid process right side (r stylo) N/A

Table 4-2 identifies the major functional predictive factors for morphology.
Biomechanical predictors include Inax*Imin and angle (of the mandibular corpus). Orbital
size (Orbit; orb) although problematic if used as a proxy for body size (see appendices for
discussion). Cranial Base Angle is included here as Cranang. The bending strength of the
mandible at M1 (Imax*Imin), the area of the mandibular corpus in cross-section, the long
axis of mandibular corpus section (angle) were used as representatives of different
aspects of biomechanical force in the mandible. (Biomechanical details in Appendix B.)
Sex, sample, and sex by sample interaction were included. (Readers may wish to refer to

Table 4-2 while they review the stepwise fit tables that follow below.)
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Table 4-2. Major Functional Predictive Factors for Morphology

Orbit Orbital area

Limax Imax*Imin (Moment of bending strength at M1)

Cranang Cranial base angle

Manar Area of mandibular corpus

Angle Angle of mandibular corpus section long axis

Sample Effect of sample

SX*SAM Sex by sample interaction

M14 Shape of mandible defined by 14 points in Morphologika v2; centroid

F14 Shape of face defined by 14 points in Morphologika v2; centroid

B14 Shape of base defined by 14 points in Morphologika v2; centroid

SKULL28 Shape of skull defined by 28 points in Morphologika v2; centroid

ENTIRE.SKULL42 Shape of skull defined by all 42 points (M14+F14+B14) in Morphologika v2; numbers
after entity refer to numbers of points used

Note: Numbers after entity in left column refer to the number of points used in the measurement.

Much research on modularity uses the cranial base as the interface between the face
and base (because it is the hafting for the face; Hans and Enlow, 1996; Polanski and
Franciscus, 2006; Bastir and Rosas, 2002, 2005). However, the proposed module
frequent; ly includes congruent points in both facial AND basilar matrices, thus
confounding results and leading to interpretive difficulties (see discussion in Polanski and
Franciscus, 2006). Here the points are all in the proposed module (mandible, face, base)
and are not shared with any other module. Skull28 is made up of the points from Facel4
and Basel4 grouped as a representation of the entire skull without the mandible. Skull42
is all midline and bilateral points of the mandible, face, and base. The three primary
regions tested are mandible, face, and cranial base.

The shape of proposed modules was derived from the shape centroids from PCA

analysis (single variable decomposition [SVD] method, the most robust). Morphometrics
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provides the methodology to test relationships as exemplars of three-dimensional
coordinate systems. Landmark data in three dimensions is perturbed about mean form.
Perturbation models address the problems of reflection, translation, scaling, and rotation
as groups of three-dimensional points are compared. If groups of points are correctly
registered (centroids standardized as to scaling, reflective properties, and translation)
within the hemispheres of a three-dimensional sphere, then a perturbation model can be
applied. This model predicts that change in landmark groups occurs as a perturbation of
three-dimensional space as defined by landmark group, within which the points are
assumed to be able to “randomly” move independently of other landmarks. Perturbations
are examined as the deviations from isotropy, in which all landmarks are assumed to
exhibit equal spacing in three dimensions. The proposed functional variables and the
centroids from the regions of the mandible, face, and cranial base were loaded into a
stepwise regression using the stepwise variable selection procedure (option mixed
forward and backwards, 0.05 significance to stay, 0.05 to leave in JMP [from SAS
2009]). Stepwise regression selects subsets of effects for a regression model, then
sequentially extracts variables in model building, finally producing a model based on
minimum and maximum designated p-values for model inclusion. Models were judged
adequate in explanation if model r was greater than 0.7 (r > 0.7). Many of the models
tested below far exceeded this criterion. Details about the statistical underpinnings,
applications, and implications of the use of MANOVA, Morphologika, and stepwise

variable selection and reduction appear in Appendices B, C, and D.
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Results for Whole Skull

The results in Table 4-3 show poor prediction of the skull (Skull42) by the model (r =
0.5433). The effects of sample, size, and orb are significant. This result shows yet again
the fact the whole skull is not a module. Not only does the whole skull have differential
areas of integration within, but the whole skull also is predictable by population and sex,
and not by function. Therefore the whole skull fails all three tests of modularity.

Table 4-3. Stepwise Fit — Skull42 (42 landmark points, combination of the face, base, and
mandible)

Current Estimates

R Square
Square Adj

12901.744 | 125 103.21395 0.5433 0.5324 11.279284 | 602.0844
Parameter Estimate “F Ratio” “Prob>F"

Intercept 298.388709 | 1 0 0.000 >0.9999
Sample{5&7&8&9&6&3&4-2&1} -8.3979149 | 1 5998.144 58.114 <0.0001
Sample{5-7&8&9&6&3&4} 0 1 198.8513 | 1.941 0.1660
Sample{7&8&9-6&3&4} 0 2 381.5066 | 1.874 0.1579
Sample{7&8-9} 0 3 470.281 1.538 0.2080
Sample{7-8} 0 4 860.7994 2.163 0.0722
Sample{6-3&4} 0 3 678.0774 2.256 0.0853
Sample{3-4} 0 4 681.2361 1.686 0.1575
Sample{2-1} 0 1 31.8126 0.307 0.5808
Sex{2-1} -5.3254644 | 1 3548.165 34.377 <0.0001
Cranang 0 1 30.28178 0.292 0.5901
Orb 32.037819 1 4987.389 48.321 <0.0001
Manar 0 1 119.3517 1.158 0.2480
Imax 0 1 150.0533 1.459 0.2294
Imin 0 1 97.69754 | 0.946 0.3326
Angle 0 1 74.49471 0.720 0.3977

Step History

Step Parameter Action “Sig Sequence | R Square
Prob” SS

Entered <0.0001 | 6305.082 | 0.2232 100.02

2 Sample{5&78&889&6&3&4- | Entered <0.0001 | 5497.629 | 0.4178 45658 |3
281}

3 Sex{2-1} Entered <0.0001 | 3548.165 | 0.5433 11279 | 4
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Results for Skull Exclusive of Mandible

The results presented in Table 4-4 show several key points. Although the overall r is
low (0.6744), results show the skull is primarily driven by the integration with the
mandible and sample. It is expected that a combination of two possible modules (face and
base together as one unit here) would still be affected by sample because the skull as a
whole can be discriminated across populations easily (Howells, 1989). A comparison to
the entire skull from above (Skull42; see Table 4-3) shows sex has dropped out as a
predictive factor, which is expected; in the results for Skull42, this variable is only
weakly predictive, less so overall than sample. This finding also indicates that, across
sex, skull shape with mandible included is more similar in males and females than simply
the skull itself. This result further supports results introduced in Chapter 2 indicating the
mandible itself is a less useful discriminator for sex than the remainder of the skull. So
inclusion of mandibular information, as here, should force discrimination to drop (see
Chapter 2 and Humphrey et al. [1999] for further discussion).

Hypothesis testing here assumes the skull as a whole responds to factors such as
population and sex which gradually become less significant as lower levels of hierarchy
are reached, finally becoming non-predictive at the modular level or below. The results in
Table 4-4 thus suggest it is modules in combination—"“macromodules” such as the
cranial base and face together—that respond together to ecogeographic or populational
effects rather than modules in and of themselves. This response would seem to make
intuitive sense, as ecogeographical response is not inherited as modules are. Therefore
response cannot be intramodular; it must either be intermodular or as some yet

unexplained factor within modules.
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Table 4-4. Stepwise Fit — Skull28 (28 landmark points, whole skull exclusive of mandible)

SSE DFE MSE R R Square Cp AlC
Square Adj

4493.2824 | 125 35.946259 | 0.6744 | 0.6639 7.2039638 | 470.5646
Parameter Estimate “F Ratio” “Prob>F"

Intercept 80.2325419 | 1 0 <0.0001 >0.9999
Sample{5&8&4&1.06&6&7-9&3&2&1} -2.8097161 | 1 886.0208 24.648 <0.0001
Sample{5-8&4&1.06&6&7} 0 1 86.15173 | 2.424 0.1220
Sample{8-4&1.06&6&7} 0 2 91.63207 | 1.280 0.2816
Sample{4&1.06-6&7} 0 3 103.8754 | 0.962 0.4129
Sample{4-1.06} 0 4 121.3905 | 0.840 0.5024
Sample{6-7} 0 4 146.3164 1.018 0.4008
Sample{9&3-2&1} 0 1 12.7491 0.353 0.5536
Sample{9-3} 0 2 13.69048 0.188 0.8289
Sample{2-1} 0 2 74.78003 1.041 0.3562
Sex{2-1} 0 1 135.1015 | 3.844 0.0522
Cranang 0.19465329 | 1 177.4378 | 4.936 0.0281
Orb 6.20675075 | 1 160.1822 4.456 0.0368
Manar 0 1 3.055475 0.084 0.7719
Imax 0 1 8.561696 0.237 0.6274
Imin 0 1 13.73422 | 0.380 0.5386
Angle 0 1 38.08147 | 1.060 0.3052
(Imax-260336)*(Imin-160897) 0 3 116.7735 | 1.085 0.3581
Mand14 0.67999433 | 1 4240.384 117.965 <0.0001

Step History

Step Parameter Action “Sig Sequence | R Square
Prob” SS

Mand14 Entered <0.0001 | 8091.159 | 0.5864 35.572
2 Sample{5&884&1.06&6&7- | Entered <0.0001 | 853.6252 | 0.6482 13.406 | 3
9&38&2&1}
3 Cranang Entered 0.0215 | 200.1951 | 0.6628 97387 |4
4 Orb Entered 0.0368 | 160.1822 | 0.6744 7.204 5

Results for Mandible

The results in Tables 4-5 and 4-6 are interesting in that when the base and face are
analyzed for their predictive value on the mandible separately, sex and population are

strong predictors (Table 4-5). When the modules of face and base are combined, the
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effect of sex drops out (Table 4-6). This finding means that although the mandible is
probably not a module, the way the mandible varies in comparison to the remainder of
the skull is by population. This result might be an example of how ecogeographical
patterning works, with response not showing up at the modular level, but above, with
differences not found in males and females from a given spatial locus. At the level below
this (intermodular, as reported in Table 4-5) male and female skulls vary equally in the
way the mandible fluctuates with (or is predicted by) the remainder of the skull; this is
the level at which the variability of the mandible to the axes of both sex and population

demonstrated in Chapter 3 emerges.
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Table 4-5. Stepwise Fit — Mand14 (including base and face)

R Square
Square Adj

2878.9939 | 123 23.406455 | 0.7156 | 0.7499 6.19309 416.696
Parameter Estimate “F Ratio” “Prob>F”
Intercept 32.6647412 | 1 0 0.000 >0.9999
Sample{5&7&9&8&6&4-3&1&2} -1.991454 3 513.4855 7.313 0.0001
Sample{5&7-9&8&6&4} -0.5553606 | 2 333.1826 | 7.117 0.0012
Sample{5-7} 0 1 14.73156 | 0.627 0.4298
Sample{9-8&6&4} -2.4062921 | 1 215.7463 | 9.217 0.0029
Sample{8-6&4} 0 1 0.580087 | 0.025 0.8757
Sample{6-4} 0 2 31.51855 0.670 0.5138
Sample{3-1&2} 0 1 2.130763 0.090 0.7642
Sample{1-2} 0 2 24.53239 0.520 0.5959
Sex{1-2} -1.2153623 | 1 156.9644 | 6.706 0.0108
Cranang 0 1 2.168238 | 0.092 0.7622
Orb 0 1 30.91704 | 1.324 0.2521
Manar 0 1 30.96887 1.327 0.2517
Imax 0 1 42.33329 1.821 0.1797
Imin 0 1 63.50708 2.752 0.0997
Angle 0 1 26.34003 | 1.126 0.2906
Faceld 0.72710973 | 1 1766.641 75.477 <0.0001
Basel4 0.45508496 | 1 441.1701 18.848 <0.0001

Step History

Step Parameter Action “Sig Sequence | R Square
Prob” SS

Facel4d Entered <0.0001 | 8121.154 0.6728 41.636
Basel4 Entered <0.0001 | 484.078 0.7129 23.09 3
3 Sample{9-8&6&4} Entered 0.0009 429.6365 0.7485 10.855 6
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Table 4-6. Stepwise Fit — Mand14 (with face and base joined as Skull28)

Current Estimates

R Square
Square Adj

32.568755

Estimate

4005.9568 | 123

Parameter

0.6681

0.6519

9.0325338 | 459.6404

“F Ratio”

“Prob>F"

Step History

Intercept 40.6865481 | 1 0 0.000 >0.9999
Sample{5&7&9&8&6&4-3&1&2} -1.6638576 | 4 816.73 6.269 0.0001
sample{5&7-9&8&6&4} -1.0636551 | 3 749.8319 | 7.674 0.0001
Sample{5-7} 0 1 8.765894 | 0.268 0.6059
Sample{9-8&6&4} -3.3008527 | 2 403.7891 | 6.199 0.0027
Sample{8-6&4} 0 1 0.467118 | 0.014 0.9053
Sample{6-4} 0 2 4.139345 0.063 0.9394
Sample{3-1&2} 0 1 42.98442 1.323 0.2523
Sample{1-2} 0 2 78.95282 1.216 0.2999
Sex{2-1} -1.6670721 | 2 261.1111 4.009 0.0206
Cranang 0 1 29.86615 0.916 0.3403
Orb 0 1 101.45 3.170 0.0775
Manar 0 1 25.18724 0.772 0.3814
Imax 0 1 35.18977 1.081 0.3005
Imin 0 1 35.72234 1.098 0.2968
Angle 0 1 44.72273 1.377 0.2428
Skull28 0.63394243 | 1 3356.725 | 103.066 <0.0001
Sample{5&7&9&8&6&4-3&1&2)*Sex{2-1} | 0 1 4277429 | 1.317 0.2534
Sample{5&7-9&8&6&4}*Sex{2-1} 0 1 12.42046 0.379 0.5391
Sample{5-7}*Sex{2-1} 0 2 74.39689 | 1.145 0.3271
Sample{9-8&6&4}*Sex{2-1} -0.542264 1 14.12671 0.434 0.5114
Sample{8-6&4}*Sex{2-1} 0 2 61.8639 0.949 0.3900
Sample{6-4}*Sex{2-1} 0 3 77.86192 | 0.793 0.5002
Sample{3-1&2}*Sex{2-1} 0 2 50.16696 | 0.767 0.4665
Sample{1-2}*Sex{2-1} 0 3 79.50195 | 0.810 0.4908

Step Parameter Action “Sig Sequence | R Square
Prob” SS

Skull28

Entered

<0.0001

7078.115

0.5864

29.831

2 sample{9-8&6&4}*sex{2-1}

Entered

<0.0001

986.7544

0.6681

9.0325
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The results in Tables 4-7 and 4-8—showing that the face and mandible are the only
predictors of significance for the base and that the base, mandible, and orbit are the only
significant predictors for the face—are important as they suggest the pattern of
modularity in the skull is the most predictive of morphology. The predictive value of the
base on the face is lower than that for the mandible, possibly as a result of retained
biomechanical effects. The prediction of the base is quite poor, r = 0.4774. As is shown
in Chapter 5, it is likely that the cranial foramina provide an understanding into the basic
organizational system of the skull. It may be the use of multiple foramina in the definition
of the cranial base used here is driving the poor prediction; as is later shown the
foraminal pattern is not predictable by modular or functional constraints. Later (Chapter
5) results suggest none of the predictors used here work on the foraminal pattern, which

IS to be expected if that pattern is indeed primitive.
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Table 4-7. Stepwise Fit — Facel4d

R Square
Square Adj

2041.3476 | 126 16.201172 0.7184 | 0.6933 49434551 | 365.998
Parameter Estimate “F Ratio” “Prob>F"

Intercept 17.4420132 | 1 0 0.000 >0.9999
Sample{5&6&7&8&4&9&3&1.06-2&1} 0 1 33.85875 2.108 0.1490
Sample{5-6&7&8&4&9&3&1.06} 0 2 56.55974 1.767 0.1752
Sample{6&7-8&4&9&3&1.06} 0 3 81.99699 1.716 0.1672
Sample{6-7} 0 4 140.3222 2.251 0.0674
Sample{8-4&9&3&1.06} 0 4 92.48473 1.447 0.2225
Sample{4&9-3&1.06} 0 5 99.78496 1.244 0.2930
Sample{4-9} 0 6 106.2738 1.098 0.3674
Sample{3-1.06} 0 6 99.78797 1.028 0.4106
Sample{2-1} 0 2 66.03962 2.073 0.1302
Sex{2-1} 0 1 2.521843 0.155 0.6948
Cranang 0 1 0.105994 0.066 0.9359
Orb 4.48552813 | 1 83.13281 5.131 0.0252
Manar 0 1 9.293434 [ 0.572 0.4510
Imax 0 1 14.08279 0.868 0.3532
Imin 0 1 25.91909 1.608 0.2072
Angle 0 1 3.882678 0.238 0.6264
Mand14 0.50459375 | 1 1546.116 95.432 <0.0001
Basel4 0.18877569 | 1 72.9113 4.500 0.0358
Sample{5&6&7&8&4&9&3&1.06- 0 3 46.56781 0.957 0.4154
2&1}*Sex{2-1}

Sample{5-6&7&8&4&9&3&1.06}*Sex{2-1} | O 4 81.6643 1.271 0.2851
Sample{6&7-8&4&9&3&1.06}*Sex{2-1} 0 5 99.7058 1.243 0.2934
Sample{6-7}*Sex{2-1} 0 6 160.4115 1.706 0.1254
Sample{8-4&9&3&1.06}*Sex{2-1} 0 6 176.0356 1.887 0.0884
Sample{4&9-3&1.06}*Sex{2-1} 0 7 135.6574 1.210 0.3025
Sample{4-9}*Sex{2-1} 0 8 126.9812 0.978 0.4564
Sample{3-1.06}*Sex{2-1} 0 8 116.4459 0.892 0.5254
Sample{2-1}*Sex{2-1} 0 4 77.74135 1.208 0.3111
(imax-260336)*(imin-160897) 0 3 65.99553 1.370 0.2552
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Table 4-7 (cont.)

I

Step Parameter Actlon Slg Sequence | R Square
Prob” SS

Mand14 Entered <0.0001 | 4554.284 0.6728 11.739 2
Orb Entered 0.0153 100.6889 0.6877 7.4775 3
3 Baseld Entered 0.0358 72.9113 0.6984 4.9435 4

Table 4-8. Stepwise Fit — Basel4

Current Estimates

R Square
Square Adj

1982.7694 15.612357 0.4885 0.4774 9.9041397 | 360.213
Parameter Estimate “F Ratio” “Prob>F"
Intercept 45.3697071 | 1 0 0.000 >0.9999
Sample{1.06&8&5&6&7&3&4&9-1&2} 0 1 12.61948 0.087 0.3707
Sample{1.06&8&5&6-7&3&4&9} 0 2 56.32404 1.827 0.1651
Sample{1.06&8&5-6} 0 3 56.51477 | 1.213 0.3080
Sample{1.06-8&5} 0 4 86.92232 | 1.410 0.2346
Sample{8-5} 0 5 148.9029 | 1.981 0.0861
Sample{7&3&4-9} 0 3 84.04348 1.830 0.1452
Sample{7&3-4} 0 4 86.3847 1.401 0.2377
Sample{7-3} 0 5 114.6152 1.497 0.1957
Sample{1-2} 0 2 15.0388 0.478 0.6214
Sex{2-1} 0 1 16.70525 1.071 0.3028
Cranang 0 1 14.39981 0.922 0.3389
Orb 0 1 7.339902 0.468 0.4951
Manar 0 1 2.1698 0.138 0.7109
Imax 0 1 0.297785 0.019 0.8908
Imin 0 1 0.160484 | 0.010 0.9197
Angle 0 1 2.366437 | 0.151 0.6987
Mand14 0.26480387 | 1 276.9554 | 17.739 <0.0001
Facel4 0.19524231 | 1 84.43283 | 5.408 0.0216

Step History

Step Parameter Action “Sig Sequence | R Square
Prob” S

Mand14 Entered <0.0001 | 1786.694 0.4636 13.606

2 Faceld Entered 0.0216 84.43283 0.4855 9.9041 3
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Figures 4-2 through 4-7 and Tables 4-9 through 4-16 show selected results in support
of the stepwise analysis displayed above. The pattern of prediction of the cranial regions
from the other regions is broadly supported in the partial least squares (PLS) results
below. The relationship of the mandible and face is tighter (r = 0.820) than either the base
and face or the base and mandible (both rs approximately 0.6). Explanation of the
mandible by the face is approximately 67%; by the base it is approximately 46%. The
explanation of the morphology of the face by the base is also relatively good,
approximately 53% (not illustrated). The stepwise results mirror this pattern; the
mandible and face integrate strongly (selected with high value for prediction), but neither,
while significant, are strong predictors of the base.

Finally the results from the PCA factor analysis below of all three regions show an
extremely high contribution of PC1, 81% of total variation (Table 4-15). These data are
size-corrected, hence removing the allometric effect on the uncorrected PC1 axis, so the
pattern of equal influence of each region on the others would be expected to approximate
one-third to one-third to one-third of total variation, assuming equal-sided figures. While
it is not possible to prove this pattern here, it may be thought that this extremely high
loading on the size-corrected PC1 axis represents modularity. Given that the mandible
may not be a module, it might be expected that this proportion actually overestimates
modularity. The more sampling of true modules, the more their integration overall should

drop.
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Figure 4-2. Bivariate Fit of Mand14 by Facel4 (JMP plot)

Table 4-9. Orthogonal Regression of Facel4 and Mand14

| Facel4 | 147.2518 | 7.24394 |
Mand14 197.2115 9.673278

Correlation Intercept

0.8202 -42.5166 1.628015

139



30 o

- . .
20—
o 10-
5 J
@ 07
> 10—

'20_ .. "
L L L DL L
-0.2 001 0.3
X Scores

Figure 4-3. Partial Least Squares Scores for Facel4 and Mand14 (JMP plot)

Table 4-10. Partial Least Squares — Percent Variation Explained for Facel4 and Mand14

|1oo | | |1oo |6728 | ||6728
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Figure 4-4. Bivariate Fit of Facel4 by Basel4 (JMP plot)

Table 4-11. Orthogonal Regression of Facel4 and Basel4

| Basel4 | 126.3419 | 5.465818 |
Faceld 147.2518 7.24394

Correlation Intercept

0.6432 -113.093 2.06064
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Figure 4-5. Bivariate Fit of Mand14 by Basel4 (JMP plot)

Table 4-12. Orthogonal Regression of Mand14 and Basel4

| Base14 | 126.3419 | 5.465818 |
Mand14 197.2115 9.673278

Correlation Intercept

0.6809 -131.179 2.599222
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Figure 4-6. Partial Least Squares Scores for Mand14 and Basel4 (JMP plot)

Table 4-13. Partial Least Squares — Percent Variation Explained for Mand14 and Basel4

- XX-Plot Cumulative X YY-Plot Cumulative Y

|1 || ||1oo | | |4636

Tables 4-14, 4-15, and 4-16 and Figure 4-6 display the correlations across the three
primary regions of the skull. The results show tighter integration in the mandible and face
rather than in the mandible and base. These results broadly support those from
Ackermann (2005), contra Polanski and Franciscus (2006), suggesting a tight pattern of
integration in the face. Figure 4-6 shows the parallel ellipsoid plot of the 42 points of the

mandible, face, and base. As discussed and illustrated in Chapter 3, a tight relationship of
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points in these plots is indicated by a dark horizontal band. The deviance from this
pattern is shown by the trendline in red, which nowhere approximates a tightly bound
relationship. Table 4-16 is the pairwise comparisons of the three regions, mandible, face,
base, included to show the plot correlation bars; results broadly mirror those from the

earlier regressions above.

Table 4-14. Multivariate Correlations across Face, Base, and Mandible

I N I

Mand >0.9999 0.8202 0.6809
Face 0.8202 >0.9999 0.6432
Base 0.6809 0.6432 >0.9999

Table 4-15. Principal Components / Factor Analysis on Correlations across Face, Base,
and Mandible

2.4323 81.078 L 87.078
2 0.3904 13.012 = 94.090
3 0.1773 5.910 O 100.000

mand face base

Figure 4-7. Ellipsoid 3D Parallel Coordinate Plot of the Mandible, Face, and Base (JMP plot)
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Table 4-16. Pairwise Correlations among Mandible, Face, and Base

Plot Correlation

Variable

by Variable

Correlation

Count

Sig Prob

Face Mand 0.8202 130 <.0001 ]
Base Mand 0.6809 130 <.0001 ]
Base Face 0.6432 130 <.0001 ]

The series of comparisons in the stepwise analysis and PLS shows that the face and

base meet the modular definition of formation by function and by absence of effects

caused by population (sample) and/or sex. The mandible fails this test, AND, although

the base and face separately meet the modular definition, together as “Skull28” they vary

by sample. These results suggest the skull is wholly made up of modules, which,

although within themselves are invariant, across themselves in combination they respond

to ecogeographical and paramasticatory force.

Table 4-17 presents the results from above in tabular form, augmented by results from

other partitions of the skull.
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Table 4-17.

Effects of Functional Factors on Partitions of the Skull

Structure M14 /| RAM
Entire.Skull42 o * * — il rxx — N/A N/A N/A N/A .519 129
Skull28 *xx * * .02 weak *weak | *** — rxx N/A .645 130
Mand14 * — — — * rxx — N/A rkx *xx e .641 130
Alaskan Mand14 | * .00 *** .03* — ki N/A N/A N/A X 9603 27
Alaskan Skull28 — — — — — N/A N/A S — 8674 27
- *k%k
,\N/Igrr‘] (ﬁ'i‘s"a” *weak | — — * * N/A N/A N/A 463 | 115
Non-Alaskan xk . — 4651 115
— — — N/A N/A S
Skull28
Mand14 Males — — — *weak N/A Fkkk N/A — o .668
*kk
st = = = [ e [ w |-
Faceld CEES & .08 — — — — S — N/A *weak [ .752 130
Basel4 — P poc — — — — & — @ N/A .542 130
Mand14 — .030* .059* — t Bk — N/A Bk Lzl Lzl 752 130
Superior Face — — — * rkk * Corlow **** .342 130
Skull28 xhk * * * rxx — i N/A .645 130
Corpus8 — & & — — CEES N/A [ N/A [ x%% | *x=x .6451 130
Ramus8 & — — — & — — N/A [ ** | N/A | * 674 130
Anterior Face * * .326 130
Posterior Face ok — — Fokk ok okk N/A 441 130

*>0.05; > 0.01; ***<0.01; *** < 0.001
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Discussion

Ho1: Similar patterns of functional factors affect modules or macromodules of skull.

This hypothesis is not supported. There is a differential pattern of factors reflecting
function in the tested regions of skull and mandible. In the entire skull (Skull42) predictor
factors include orbital area, sample, and sex. Orbital area is a predictor in almost all
partitions, failing significance only in circumpolar populations. Orbital area is a
significant predictor of the morphology of the mandible itself though not nearly as strong
as for the skull, with orbit much more significant for the skull (skull p < 0.001; mandible
p < 0.05). The skull as a whole is not predicted by the cranial base angle, but the skull
exclusive of the mandible (Skull28) is.

Both skull and mandible are weakly predicted by sex (p < 0.05), while sample is
highly predictive of both (p < 0.01). Predictor variables for the mandible alone differ in
that the only significant contributory factors are skull shape, sex, sample, and orbital area.
When the skull is partitioned into mandible and cranium, both partitions are somewhat
explained by the model, with both cranial and mandibular shape predicted about equally
by the model (mandibular r = 0.641; cranial r = 0.643). Interestingly, there is a
divergence of trajectories not predicted by the model. While the skull is weakly predicted
by both bending strength at M1 and mandibular corpus area, neither predictor is
significant of the mandible as a whole. As will be discussed further, partitioning the
mandible into corpus and ramus shows that these effects are operating in the mandible
but only on the corpus; the ramus is not responding to these factors.

These results generally support some differences in male versus female morphology,

but this analysis suggests an essential conservancy of shape across sex, roughly similar
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shape being exhibited in males and females (Humphrey et al., 1999; Cheverud, 1998).
However, Bastir (2002) reported a higher degree of explanation by sex in mandibular
shape, 37% of total variance. As discussed in Chapter 5, it is probable those results
stemmed from the fact that Bastir performed a two-dimensional analysis, compared to the
three-dimensional analysis here. Interestingly, his values for male and female centroids
are two-thirds of the ones generated here, as predicted in the two-dimensional versus
three-dimensional analysis (male = 386.4; female = 366). (See Appendix D for centroid

numbers for males and females—male mean = 527.9; female mean = 508.6.)

Besides sample, the explanation of the mandible in females is only by relationship to
the skull. In other words, the female mandible reflects the overall skull shape more than
population, body size, or biomechanical force. This observation generates the hypothesis
that larger loading masticatory populations will be more differentiated in males versus
females, again tested in Ho2 here. The shape of the mandible, as discussed above, is
predicted primarily by sex, sample, orbital size, and most importantly, skull shape.
Figure 4-8 illustrates the non-isomorphy of the effect of the base and face on the male

mandible, the near isomorphy in the female mandible.
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Figure 4-8. Contour Plots for the Mandible in Males (sex = 1) and Females (sex = 2).

The face primarily responds to the influence of both the cranial base and the mandible,
with both factors maintaining significance, although the predictive value of the base on
the face is much reduced compared to the mandible (mandible p = 0.0001 as compared
with base p = 0.052). Model robusticity increases to r = 0.715. Interestingly, both

bending strength of the mandible and size of corpus maintain significance (though
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weakly), and as expected orbital size remains predictive. Most interestingly, both sex and
sample, and sex by sample interaction, become non-significant. As previously discussed
this finding is hypothesized to result as valid modules are sampled.

The cranial base responds to both mandibular and facial shape, and though, as in the
case of the face, the mandible remains highly predictive, the face is much less so.
Bending strength of mandible and size of corpus are still predictive. Model robusticity is
much reduced compared to that for the face and mandible, r = 0.542. Also most
interestingly, both sex and sample, and sex by sample interaction, become non-
significant. As discussed further below, this finding is also hypothesized to result as valid

modules are sampled.

Ho2: Circumpolar populations will be similar to others in predictive factors

producing morphology.

This hypothesis is also rejected. The predictive model for the shape of the mandible is
the highest in circumpolar populations (p = 0.9603), and orbital area, bending strength of
mandible, sex, and corpus area are also predictors. These results contrast highly with
those for the mandible in non-circumpolar areas (and results in those populations
generally are the same for the global mandibular comparisons). In the non-circumpolar
populations cranial base angle is a weakly significant predictive factor.

These results also support Nicholson and Harvati (2006) who demonstrated a major
source of variation in the mandible derived from partitioning high dental loading
populations such as the circumpolar against other global populations. They found PC1

accounting for 25.04% of the total variance, describing the overall shape of the mandible
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with PC2 separating circumpolar populations from all others. The explanation of robust
mandibles generally showing higher prediction of morphology from model factors is also
supported by results from partitioning male and female mandibles here. Males are
approximately r = 0.6; females, r = 0.4.

At the same time, the mandible itself is the only predictor of significance for the skull
in Alaskan populations, suggesting that in more robust populations morphology is tightly
integrated, possibly organized to produce anterior loading. These results broadly support
Hylander (1979, 1985) and Antdn (1995).

It would thus seem that circumpolar mandibles with higher paramasticatory loading do
exhibit morphology that allows partitioning from non-circumpolar populations (see
Figure 4-17). However, even in these populations, biomechanical vectors are not strong
enough predictors of shape to overcome the effects of other integrated regions of the
skull. The face and base are significant predictors of mandibular morphology as in all

populations, but somewhat less so in circumpolar populations.

Discussion

One of the initial questions addressed in this dissertation was why the biomechanical
model fails to robustly explain mandibular morphology. The analysis conducted here
shows the biomechanical effects are never as explanatory as cranial modularity, if we
consider cranial integration as having two aspects at different hierarchical levels,
modularity and/or integration. Even when the circumpolar populations (whose
explanation by the biomechanical model is very good) are compared, it is integration or

modularity with other parts of the skull that is more significant than biomechanics. The
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question therefore is what occurs at levels below traditional modules of the skull. This

question is addressed in Chapter 5.

Finally, the Flury hierarchy of the different relationships outlined above is shown in

Tables 4-18, 4-19, and 4-20. The Flury hierarchy of the whole skull of circumpolar

populations compared to noncircumpolar populations shows the extreme differences of

circumpolar populations in morphology. This result is not unexpected given the extreme

differences in circumpolar skull and facial morphology, and the fact that matrix

similarities across the skull as a whole are not similar (see Chapter 3, Table 3-15).

Table 4-18. Flury Hierarchy of Whole Skulls of Circumpolar and Non-Circumpolar
Populations (CPC shows Eskimos compared to skull of others, CPC=2)

| wea | | [
Equality Proport 68.118 1 <0.0001 68.118 402.640
Proport CPC 291.229 6 <0.0001 48.538 336.521
CPC CPC(5) 0.905 1 0.3414 0.905 57.292
CPC(5) CPC(4) 1.005 2 0.6049 0.503 58.387
CPC(4) CPC(3) 3.643 3 0.3027 1.214 61.381
CPC(3) CPC(2) 14.798 4 0.0051 3.699 63.739
CPC(2) CPC(1) 13.247 5 0.0212 2.649 56.941
CPC(1) Unrelated | 9.694 6 0.1381 1.616 53.694
Unrelated | — 56.000

The Flury hierarchy of the mandible in circumpolar populations compared to all other

global samples presented in Table 4-19 shows these differences are somewhat less than in

the skull overall, but it still does not show a pattern comparable to that observed in

modules.



Table 4-19. Flury Hierarchy of Mandible in Circumpolar Populations Compared to All Other
Samples (Mand14)

[ v [ [ [ T
I N T 7 N TS
Equality Proport 8.582 0.0034 8.582 295.335
Proport CPC 207.661 19 <0.0001 10.930 288.753
CPC CPC(18) 79.094 1 <0.0001 79.094 119.093
CPC(18) | CPC(17) 0.000 2 >0.9999 0.000 41.998
CPC(17) | CPC(16) 0.000 3 >0.9999 0.000 45.998
CPC(16) | CPC(15) 0.000 4 >0.9999 0.000 51.998
CPC(15) | CPC(14) 0.000 5 >0.9999 0.000 59.998
CPC(14) | CPC(13) 0.000 6 >0.9999 0.000 69.998
CPC(13) | CPC(12) 0.000 7 >0.9999 0.000 81.998
CPC(12) | CPC(11) 0.000 8 >0.9999 0.000 95.998
CPC(11) | CPC(10) 0.000 9 >0.9999 0.000 111.998
CPC(10) | CPC(9) 0.000 10 >0.9999 0.000 129.998
CPC(9) CPC(8) 0.000 11 >0.9999 0.000 149.998
CPC(8) CPC(7) 0.000 12 >0.9999 0.000 171.998
CPC(7) CPC(6) 0.000 13 >0.9999 0.000 195.998
CPC(6) CPC(5) 0.000 14 >0.9999 0.000 221.998
CPC(5) CPC(4) 0.000 15 >0.9999 0.000 249.998
CPC(4) CPC(3) 0.000 16 >0.9999 0.000 279.998
CPC(3) CPC(2) 0.000 17 >0.9999 0.000 311.998
CPC(2) CPC(1) 0.000 18 >0.9999 0.000 345.998
CPC(1) Unrelated | -0.002 19 >0.9999 0.000 381.998
Unrelated | — 420.000

Finally, as was observed in other modular comparisons, even in circumpolar as well as
non-circumpolar populations, modularity (or essential conservancy of modular shape) is
observed (see Table 4-20 below). In Chapter 3 it was shown that all populations except
circumpolar maintained invariance in the face and cranial base to axes of sex and
population. Here it is shown that when the full three-dimensional dataset for

Morphologika is used, this pattern remains operant even in the circumpolar populations.
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The facial module result below demonstrates this, and it also holds for the base (not

illustrated).

Table 4-20. Flury Hierarchy of Circumpolar Facial Module

I A N S I R
B 7 T T =T TR

Equality Proport 3.266 0.0707 3.266 25.656
Proport CPC 22.388 14 0.0710 1.599 24.390
CPC CPC(13) 0.000 1 <0.0001 0.000 30.002
CPC(13) | CPC(12) 0.000 2 >0.9999 0.000 32.002
CPC(12) CPC(11) 0.002 3 >0.9999 0.001 36.002
CPC(11) CPC(10) 0.000 4 >0.9999 0.000 42.000
CPC(10) CPC(9) 0.000 5 >0.9999 0.000 50.000
CPC(9) CPC(8) 0.000 6 >0.9999 0.000 60.000
CPC(8) CPC(7) 0.000 7 >0.9999 0.000 72.000
CPC(7) CPC(6) 0.000 8 >0.9999 0.000 86.000
CPC(6) CPC(5) 0.000 9 >0.9999 0.000 102.000
CPC(5) CPC(4) 0.000 10 >0.9999 0.000 120.000
CPC(4) CPC(3) 0.000 11 >0.9999 0.000 140.000
CPC(3) CPC(2) 0.000 12 >0.9999 0.000 162.000
CPC(2) CPC(1) 0.000 13 >0.9999 0.000 186.000
CPC(1) Unrelated | -0.002 14 >0.9999 0.000 212.000
Unrelated | — 240.000

Summary

This chapter tested a series of model-bound functional predictions and relationships of
modules of the skull through two hypotheses. The first hypothesis stated there would be
no differences in predictive functional factors for the mandible and the skull. Testing this
hypothesis was a necessary first step in examining the hierarchical relationship of the
modules of the skull. As was the case in Chapter 3 where it was first tested to see if the

mandible could simply be regarded as another cranial element, here in Chapter 4 it was
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necessary to see if factors affecting cranial form were identical for the mandible and
skull. Had that been the case, further analysis would have been uninformative.

Rejection of the hypotheses was not unexpected, given the results from Chapter 3. The
results rejecting Ho1 were not trivial insofar as it is necessary, in order to explain modular
structure, to first examine shape and factors affecting that shape at all levels of analysis,
here starting “top down,” and proceeding to finer and finer levels of analysis. One of the
major results was that much of the total variability in macromodules occurs by sample,
which is not unexpected because population differences are hypothesized to develop
early in ontogeny (Bastir and O’Higgins, 2006; Gonzalez et al., 2010). These results
support Bastir et al. (2005), O’Higgins and Jones (1998), O’Higgins et al. (2001), Strand-
Vittarsdétir et al. (2002). Differences in the predictive factors affecting each module were
observed and described. Following and building upon the results rejecting Ho1, it was
shown different predictive factors affected the traditional modules of face and base,

suggesting these two are possible valid modules.

Modular theory predicts modules arise as a means for functional independence of
somatic systems. As was discussed in Chapter 2, independence is a prerequisite for
structures to evolve while maintaining overall homeostasis. Each developing function can
operate semi-independently, but the point is each module must have some degree of
different functionality or modular definition is impossible. Here, first macromodules and
then modules were described as having different factors producing shape (in being
produced by different functions). Second, these different functional effects manifest as

covariance matrix differences, as the functions producing the principal components are
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not equal. After the covariance matrices are formed, there are several ways to compare
their levels of integration; here the Flury hierarchy was used to show the increasing
proportionality of structure as modules and parts of modules are compared. This
proportionality does not exist for non-modules.

In this dissertation’s analysis, the mandible differs from both the facial and cranial
base modules, although, as expected— given a higher degree of spatial and functional
integration beginning in ontogeny—the mandible and face enjoy a closer (less
significantly different) relationship than the mandible and the base.

There are many defining attributes of modules including autonomous genetic
organization, hierarchical organization, specific location, connection to other modules,
and sequential transformations in development (Raff, 1996; McCollum, 1999; also see
Chapter 2). Here it has been demonstrated that robustly defined modules exhibit three
properties as well as shared attributes, internal integration, invariance across axes of sex
and population, and functional autonomous definition. The mandible and neurocranium
are different from face and base individually in that they vary by population and sex, and
thus they might be more properly classed not as modules, but as areas possibly formed of
two modules. A new definition proposes they are structures integrated with both the face

and base together to form macromodules.
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CHAPTER 5
MODULAR APPLICATION AND IMPLICATIONS

Research presented here has demonstrated that some regions of skull exhibit three
properties that can be used to define them as modules. The properties of internal
integration, invariance, and definition by function have been applied to four regions of
the skull using four datsets and four primary means of analysis. The four regions,
neurocranium, face, cranial base, and mandible have been tested using data from W.W.
Howells, I. Hanihara, Fortext (a database constructed from the literature), and three-
dimensional digitized data collected at the AMNH and NMNH. Statistical analysis has
combined Cronbach’s Alpha, the Flury hierarchy, stepwise linear regression, and Partial
Least Squares (PLS) to examine patterns and expression of modularity both as statistical
probability and biological reality.

The definition of modules by properties has been detailed as a necessary first step in
avoiding circularity of analysis, non-repeatability of results, and general confusions in
biological science over the meaning of modularity. Several definitions of modules have
been used here—areas of integration, areas exhibiting invariance, and areas defined by
functional relationships. All these definitions together produce a meaningful biological
entity. In this chapter is added a fourth definition, delineation from similar modules in
different taxa, which adds the temporal dimension to modular definition. The
commonality of all these definitions taken together is that they apply to structure(s) that,
in John Hawks’s words (speaking on canalization as a useful character for phylogenetic
reconstruction), “ have a clean distribution of variation—they should vary relatively little

within species, but relatively much between species” (Hawks 2006).
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If modules fail these basic definitions they are not well defined and useless both as a
conceptualizing principle and as a biological reality for two main reasons. First it is
possible modules vary highly within species, but if that variability exceeds the patterned
variation in morphology (by canalization) at a certain level they become random, and
hence incomparable to those in other species. Conversely (and more difficult to test)
modules may fail definition in not varying between species, but if they do not then (at
least at some level) function never changed and the conception of modularity itself is
obviated.

Attributes define “how” entities are; properties measure what they are. Any entity can
be defined by attribute, but without a quantifiable property the entity is not a testable unit.
The thrust of the dissertation is that modularity provides the only conceptual framework
for hypothesis testing in biological morphology that is robust. This is saying nothing new:
modularity in the broad sense is simply categorization of structure into constituent parts.
What is relatively new is the attempt to explain modularity as the means by which new
functions can emerge without systemic disruption (discussed in Chapter 2). Building on
this idea, the definition of modules as areas of greater internal integration than external
(discussed in Chapters 2 and 3), as areas of relative invariance, and as areas representing
function (discussed in Chapters 3 and 4) follows naturally. The final step is to examine a

module (here the facial) in other taxa.

All modular definitions by property used herein derive from current discussions and

applications of modularity in the literature. These definitions by property are just

necessary extensions of modular definitions by attribute into the past and into intraspecies
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analysis of patterned expression. It is necessary to understand extant morphology before
comparing it to fossil representatives. All biological structures and change in those
structures need two organizing aspects, qualification and quantification, that is to say,
attribute and property. Without a defined entity which exhibits both, analysis cannot
proceed. Attribute cannot be quantified; either “it is or it isn’t” a vertebrate. Similarly,
properties cannot be qualified—a measurement approximating 150mm is no “more or
less” an average cranial breadth than it is the average rostral length in Canus familiaris.
This chapter extends the definition by property for modules to different taxa, looks
for the reason why the mandible is not a module, examines patterning that may underlie
modularity itself, and finally shows that the way modularity itself is measured influences
the way it is defined. Without these final extensions, even definition of modularity by
property is uninformative: it requires functional differences from other modules for
modules to have meaning, it requires a reason why the mandible is not a module rather
than simply showing it isn’t, it requires some form of explanation for emergence of the
current pattern of modularity, and finally it needs to be assessed as to how measurement
itself affects definition. Hawks (2006) observes, “We should be aware that the kinds of
characters that tend to be most useful for phylogenetic reconstruction will have certain
evolutionary characteristics.” This chapter attempts to define those characteristics.
Earlier chapters demonstrated that some regions of skull exhibit three properties that
can be used to define them as modules. The face and cranial base are internally
integrated, they remain invariant to the axes of sex and population when assessed by their
covariance structure, and they can be defined by function in their relationship to other

areas of the skull. The neurocranium, in contrast, was shown to be internally integrated,
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but was shown to be bimodal in distribution across sex, and non-proportional in
covariance structure across sex and population. This variability (in contrast to the
patterned variation of modules) likely results from the neurocranium either consisting of
more than one module (response to ecogeographical patterning suggests this) or could
possibly result from under-definition by use of Howells’s data. That is unlikely given it
was shown in Chapter 3 that the Howells data actually has redundancy; Cronbach’s
Alpha gives results commensurate with too many, rather than too few, measured points.
The mandible itself is discussed separately below, but it primarily fails the tests of
modularity in not being internally integrated, not being invariant to the axes of sex and
population, and probably being representative of more than one function (also tested
below).

The discussion in this chapter is divided into four sections:

1. Mandibular Modularity

This section further details results from earlier chapters that demonstrated the modern
mandible is not a module. These results generally support earlier research in other taxa
suggesting the mandible is comprised of two modules (Atchley et al., 1985; Leamy
1993; Cheverud et al., 1997; Mezey et al., 2000; Klingenberg et al., 2003). Results
herein broadly support earlier research in suggesting there are two major
developmental areas, the ramus and the corpus in humans (or the alveolar process and
ramus in Rodentia), with the difference being that in humans neither area can be
adequately defined as a module. Additionally, the results to this point of the
investigation show the contribution of biomechanical force to the morphology of the

mandible is relatively small, thus addressing the original question taken up by this
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dissertation: why is the biomechanical model insufficient to explain mandibular
morphology? The results here show biomechanical vectors are not highly explanatory
of morphology, and they are most likely secondary to modular structure in formation

of morphology.
2. Modular Taxon Specificity

The second section expands the current definition of modules because it includes
taxon-specificity among the properties of modules detailed in earlier chapters. As
modules represent changing functional organization through time, as previously
discussed, this taxon-specificity may be assumed to be a necessary property of

modules.
3. Cranial Nerve Patterning and Foramina

The third section builds on taxon specificity to theorize and test cranial organization
that may underlie modularity itself. In this section it is demonstrated that the cranial
nerve patterning in development of the skull is the equivalent of a module in that it is
invariant, highly explained by model formation, and functional in providing the
original structure underlying all succeeding functions. It is hypothesized here that the
cranial nerve (CN) patterning, being primitive, represents fundamental organization
antecedent to present modularity, being a source of constraint therein. If so, this might
mean that unlike modules, CN patterning, if primitive in the Hominidae, is probably

specific to the sub-family level.
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4. Dimensionality

Last, the fourth section discusses dimensionality as a factor that must be addressed in
modular study. A robust definition of a three-dimensional structure requires a three-
dimensional definition. The underlying principle is that globally the skull varies more
on the width axis than the other two axes. Analysis that removes this source of
variability or treats it as inconsequential may be compromised. It is shown here that
changes in dimensionality of measurements can change results when PCA is
performed for individuals representing taxa in the Flury hierarchy analysis. This
phenomenon indicates that three-dimensional analysis covariance structure is not the
same as that derived from two dimensions. Covariance matrices derived from this
reduced source of information (two dimensions) are not equivalent to matrices
constructed in three dimensions. By extension this observation means phylogenetic

analyses failing to control for this factor are possibly compromised.

Mandibular Modularity

The first question addressed in this dissertation concerned the morphology of the

mandible. Definitions for morphology were discussed in light of biomechanical and

integrative models. The original suggestion was that the mandible could not be explained

solely with a biomechanical model and that the summation of morphology might be

better explained through integration with the remainder of the cranium. This question was

then addressed by inclusion of the mandible as a possible module. Results presented in

earlier chapters have shown the mandible, although partially integrated with the

remainder of the cranium, does not fit a robust definition of a module, showing high

variability across sex and population and possibly dual functions. The question then
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becomes whether the mandible is composed of two modules, as suggested to be the
pattern in Rodentia (Atchley et al., 1985; Leamy, 1993; Cheverud et al., 1997; Mezey et
al., 2000, Klingenberg et al., 2003), one module combined with a non-modular area, or
two non-modular areas. This dissertation’s results support previous research in
suggesting that in humans, as well as in other taxa, there are two major developmental
areas in the mandible, as proposed by earlier lines of research (Lin 1993; Hans and
Enlow, 1996; Nicholson and Harvati, 2006). It may be more likely the corpus is a module
given presence of the alveolar process and lack of nasopharyngeal spatial requirements
which are exhibited by the ramus. The ramus in turn, probably responds directly to
biomechanical effects in transmitting force for mm temporalis. Corpus and ramal areas
have been distinguished as separable morphological units in H. heidelbergensis (Rosas,
2001), and prediction under an integrated architectonic model suggests the ramal width
should correlate with nasopharyngeal requirements as well as body mass and the middle
cranial fossa (Hans and Enlow, 1996; Estenson, 1999). Here the mandibular regions of
corpus and ramus are tested for shared covariance structure and by stepwise regression.
Two 8-point subsets (of the original 14-point datasets in Chapters 3 and 4) were
constructed for each area (see Appendix C). Table 5-1 presents the comparisons of the
ramus versus the corpus. There is no shared proportional covariance structure, as would
be expected from the internal structure in a single module. This result disproves the idea
that the mandible is a unitary unit, but does not prove the ramus and corpus are modules,

as modules are expected to exhibit this differential Flury structure.
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Table 5-1. Flury Hierarchy of the Ramus Compared with the Corpus

I A N E R R
B 7 T T =T TR

Equality Proport 0.943 0.3315 0.943 60.449
Proport CPC 50.234 12 0.0000 4.186 61.506
CPC CPC(11) 9.272 1 0.0023 9.272 35.272
CPC(11) | CPC(10) 0.000 2 1.0000 0.000 32.000
CPC(10) | CPC(9) 0.000 3 1.0000 0.000 28.000
CPC(9) CPC(8) 0.000 4 1.0000 0.000 38.000
CPC(8) CPC(7) 0.000 5 1.0000 0.000 46.000
CPC(7) CPC(6) 0.000 6 1.0000 0.000 56.000
CPC(6) CPC(5) 0.000 7 1.0000 0.000 68.000
CPC(5) CPC(4) 0.000 8 1.0000 0.000 82.000
CPC(4) CPC(3) 0.000 9 1.0000 0.000 98.000
CPC(3) CPC(2) 0.000 10 1.0000 0.000 116.000
CPC(2) CPC(1) 0.000 11 1.0000 0.000 136.000
CPC(1) Unrelated | 0.000 12 1.0000 0.000 158.000
Unrelated | — 182.000

The bivariate plot and correlation table below show a high degree of correlation and
explanation of the morphology of the corpus by the ramus. There is approximately 57%
explanation of form with a correlation between the two regions of 0.7571 (see Figures 5-

1 and 5-2 ; Tables 5-2 and 5-3).
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Figure 5-1. PLS Scores

Table 5-2. Partial Least Squares — Percent Variation Explained, Corpus by Ramus

X-Plot Cumulative X Y-Plot Cumulative Y
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Figure 5-2. Bivariate Fit of Cor8 By Ram8

Table 5-3. Orthogonal Regression of Cor8 By Ram8

| Ram8 | 150.732 | 8.138105 |
Cors 115.7191 7.056548

Correlation Intercept

0.7571 -56.9167 1.145316
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Tables 5-4 and 5-5 show the stepwise fit for the ramus (Ram8) and the corpus (Cor8).
These results show that both the corpus and the ramus respond to both population and sex
in expression of morphology. These results indicate neither the mandible itself nor the
two major divisions into corpus and ramus exhibit the stability and invariance of
modules.

It is possible to hypothesize that areas as responsive to biomechanical vectors as these
areas are never modules; see the discussion of the neurocranium in Chapter 4. Table 4-17
showed that highly loaded facial structures such as the face in circumpolar populations
are well explained by biomechanics, experiencing loading throughout, yet retain modular
invariance. The simple increase in biomechanical force vectors in the circumpolar
population increases the predictability of the mandible by biomechanics (more than 95%
of all variability in the mandible is explained). At the same time the facial and cranial
base modules do not become variable. This result suggests that biomechanical force
vectors cannot swamp the phylogenetic signal of modularity, even in the most highly
loaded populations. The face and base remain invariant across sex and population even
within the circumpolar populations (in three-dimensional analysis) while the mandible
(and ramus and corpus individually) does not. These results broadly support the high
degree of explanation of morphology in circumpolar populations through masticatory and
paramasticatory use originally demonstrated in Hylander’s (1976) predictions. However,
here it is shown that, although predictive, biomechanical factors are less predictive than

integrative ones; biomechanical vectors do not swamp integration.
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The results in Tables 5-4 and 5-5 show that although the ramus and corpus are
separate areas, they do not meet robust definitions of modularity, being highly influenced

by sample (stepwise regression control probability r = approximately 0.7 for both).
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Table 5-4. Stepwise Fit for Factors Producing Ramus

R Square
Square Adj

2007.1707 | 120 16.726423 0.7651 | 0.7474 7.7438811 | 375.8031
Parameter Estimate “F Ratio” “Prob>F"
Intercept -4.715491 1 0 0.000 1.0000
Sample{5&7&9-3&6&8&4&1&2&1.06} -0.9927091 | 6 830.8722 8.279 0.0000
Sample{5-7&9} 0 1 23.58807 | 1.415 0.2366
Sample{7-9} 0 2 65.33669 | 1.985 0.1419
Sample{3&6&8-4&1&2&1.06} -1.070922 5 678.8177 | 8.117 0.0000
Sample{3-6&8} -2.90634 1 273.1306 | 16.329 0.0001
Sample{6-8} 0 1 0.538472 0.032 0.8585
Sample{4&1-2&1.06} -1.3653516 | 3 479.0327 9.546 0.0000
Sample{4-1} 3.26677628 | 1 341.6649 20.427 0.0000
Sample{2-1.06} -6.0616017 | 1 127.1545 7.602 0.0067
Sex{2-1} 0 1 7.215257 | 0.429 0.5136
Cranang 0 1 0.003316 | 0.000 0.9888
Orb 0 1 1.602357 0.095 0.7584
Manar 0 1 15.43624 0.922 0.3388
Imax 0 1 18.95125 1.134 0.2890
Imin 0 1 27.31404 1.642 0.2026
Angle 0 1 18.35571 | 1.098 0.2968
Basel4 0.34818632 | 1 243.9122 | 14.582 0.0002
Faceld 0.2608278 1 165.6274 9.902 0.0021
Cor8 0.63119075 | 1 165.6274 47.879 0.0000

Step History

Step Parameter Action “Sig Sequence | R Square Cp
Prob” SS

1 Cor8 Entered 0.0000 | 4896.925 0.4372 87.915 2
2 Facel4d Entered 0.0000 | 644.1144 0.6486 52.13 3
3 Sample{4-1} Entered 0.0010 | 415.5331 0.6972 35.754 7
4 Sample{3-6&8} Entered 0.0005 | 247.0804 0.7261 23.26 8
5 Basel4 Entered 0.0009 | 205.531 0.7502 13.203 9
6 Sample{2-1.06} Entered 0.0067 | 127.1545 0.7651 7.7439 10
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Table 5-5. Stepwise Fit for Factors Producing Cor8

R Square
Square Adj

2064.4703 | 125 16.515763 | 0.6768 | 0.6683 10.180753 | 369.4623
Parameter Estimate “F Ratio” “Prob>F"
Intercept 18.0910935 | 1 0 0.000 1.0000
Sample{5&7&1.06&6&8&4&9-3&1&2} -2.8919439 | 2 698.6086 21.150 0.0000
Sample{5&7&1.06-6&8&4&9} 0 7 91.03599 | 0.778 0.6072
Sample{5-7&1.06} 0 7 91.03599 | 0.778 0.6072
Sample{7-1.06} 0 7 91.03599 | 0.778 0.6072
Sample{6&8&4-9} 0 7 91.03599 | 0.778 0.6072
Sample{6-8&4} 0 7 91.03599 0.778 0.6072
Sample{8-4} 0 7 91.03599 0.778 0.6072
Sample{3&1-2} -1.3819942 | 2 698.6086 0.2150 0.0000
Sample{3-1} 0 7 91.03599 | 0.778 0.6072
Sex{2-1} 0 1 51.08017 | 3.146 0.0786
Cranang 0 1 5.696978 0.0343 0.5591
Orb 0 1 27.20721 1.656 0.2005
Manar 0 1 1.111233 0.067 0.7965
Imax 0 1 5.492894 0.331 0.5662
Imin 0 1 14.27024 0.863 0.3547
Angle 0 1 0.752352 | 0.045 0.8320
Basel4 0.51117493 | 1 984.0705 59.584 0.0000
Faceld 0.18700363 | 1 77.4748 4.691 0.0322

Step History

Step Parameter Action “Sig Sequence | R Square
Prob” SS

Faceld Entered 0.0000 | 3514.327 0.5471 57.448
2 Sample{3&1-2} Entered 0.0000 | 767.2658 0.6665 13.066 4
Basel4 Entered 0.0322 | 77.4748 0.6786 10.181 5

In the results above, the biomechanically influenced variables—Imax, Imin, manar—fail
to achieve significance as predictors for either the ramus or the corpus. This finding
confirms results introduced in Chapter 4 showing relatively little effect on mandibular

morphology from biomechanical vectors in non-circumpolar populations.
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Modular Taxon Specificity

The second section extends the definition for modularity to include taxon-specificity.
Results introduced below suggest the facial module in Homo exhibits a unique pattern
that differs from the module in non-Homo taxa. Results here tend to support recent
research suggesting modules can be used for phylogenetic analysis (Gonzélez-José et al.,
2008). Looked at from a perspective of evolutionary sequence, modules are taxon-
specific representations of changing function and structural organization of the skull.
Phylogenetic modeling using modules can provide a way to assess variation through time
in taxa without using the entire skull all at once.

Here a comparison is made of the facial module from 180 samples digitized with
Morphologika 2.5 of modern humans to the facial module in non-Homo and archaic
Homo individuals, using a three-dimensional analysis and Flury hierarchical
comparisons. Results below show the facial module meets all definitional requirements
for modularity introduced previously (definition by function; invariance; delineated
function in an analytical model [r > 0.7]). Here it is shown that the facial module also
meets the definition of a taxon-specific modular structure. This result is demonstrated
below as supported by the similarity of the module to 12 archaic representatives of Homo
(with Neandertals included) and discrimination from the archaic non-genus Homo
representatives.

This section details the testing of the final criterion proposed for a robust definition of
modularity, taxon-specificity. As was previously discussed, current research has begun to
emphasize the fact that modules can be used to model evolutionary process, and recently
the broad outlines of hominine evolution have been recreated in a cladistic analysis using

modular characters in combination (Gonzélez-Joseé et al., 2008). Although the main
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import of the article was to demonstrate the applicability of the use of continuous
variables to cladistic analysis, results were interesting in showing how change in modules
represents changing functions through time. Here, three-dimensional data were extracted
from the publication, portioned, and reanalyzed here as modules.

Figure 5-3 is the lateral view of the anterior facial module and mandibular region in

modern humans (n = 180).

Figure 5-3. Anterior facial block and mandible, 24 landmarks (screen capture from
Morphologika 2.5).

The modules used by Gonzélez-José et al. (2008) are all ones mentioned previously in
Chapter 2 as exemplifying the major reorganizational factors operating during the

Pleistocene to form the skull in Homo—facial retraction (anterior rotation); flexure of the
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cranial base; changes in the masticatory apparatus; and increasing globularity of the skull.

Table 5-6 lists the points defining anterior rotation in Gonzélez-José et al. (2008).

Table 5-6. Points used by Gonzalez-José et al. (2008) for face, in Common with This
Dissertation’s Morphologika Dataset

No.

1 Prosthion The midline point at the most anterior point on the alveolar process of
the maxillae
Ectomolare The most lateral point on the alveolar border (left)
3 Subspinale The most posterior point in the concavity between the anterior nasal
spine and prosthion, i.e., apical base
4 Alare The most lateral point on the margin of the nasal aperture (left)
Nasion The midline point where the two nasal bones and the frontal intersect
Maxillofrontale The point where the anterior lacrimal crest of the maxilla meets the
frontomaxillary suture (left)
7 Frontomalare orbit | The point where the fronto-zygomatic suture crosses the inner orbital
rim (left)
8 Glabella The most anterior midline point on the frontal bone, usually
above the frontonasal suture
9* Opisthocranion The posterior-most point of the skull in the medial sagittal plane; the
farthest chord length from glabella
10 Posterior nasal The posterior terminus of the palatal plane
spine
11 Alveolar point Posterior limit of the maxillary alveolar arch at the pterygoalveolar
suture (left)

* Landmark 9 opisthocranion was included in Gonzélez, et al.-José et al.’s facial module to provide a reference point for

anterior rotation. It was excluded here as it is not part of the facial module. All other points reflect the anterior facial block
from the Morphologika 2.5 database illustrated in Figure 5-3 above.

The implication of the article is important because, while the sample sizes are small, it
is an effort to begin to tease apart factors operating independently to a degree to produce
morphology, and, as has been shown here, analysis can be compromised if explicit level
of hierarchical analysis is lacking. The data from Gonzalez-José et al. (2008) are used
here (see Table 5-6 above ) to test the idea the face not only meets the criteria for a
module previously discussed, but also has a different modular pattern than that of

terminal Pliocene and Pleistocene non-Homo individuals, and a similar modular pattern
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to later Plio-Pleistocene representatives of Homo. Published three-dimensional

coordinates of the face using data from Gonzalez-José et al. (2008) using Morphologika

2.5 were loaded into Morphologika 2.5 by this researcher and compared to the three-

dimensional modern human sample used in Chapters 3 and 4. (Full details for

Morphologika 2.5 in terms of usage, program, and data analysis are in Appendix D.) The

Flury hierarchy was used to compare the covariance matrices from the fossils to the

covariance from the modern humans. The results in Tables 5-8 and 5-9 suggest

hierarchical comparisons can be extended to other taxonomic levels besides species.

Other results expanding on results here appear below in the Dimensionality section of

this chapter.

Table 5-7. List of Specimens (from Gonzalez-José et al. 2008)

CTL-004 Gorilla gorilla 9-0 { Ggor}

KNMER 1470 Homo rudolfensis 2.5-1.8 Hrud

CTL-006 Pan troglodytes 80 { Ptro A.L. 444-2
(reconstruction) Australopithecus afarensis $3.7—
3.0 Aafa

KNMER 1813 H. habilis 2.1-1.5 Hhab

Sts 5 A. africanus ca. 3.0-2.5 Aafr

KNMER 3733 H. ergaster 2—1 Herg

KNMER-406 Paranthropus boisei $2.3-1.4 Pboi-
406

Zhoukoudian { H. erectus 1.8—0.03 Here

OH 5 P. boisei $2.3-1.4 Pboi-OH5

D2700 H. erectus/H. ergaster 1.8 Here-Herg

SK 48 P. robustus ca. 1.5-2.0 Prob

Steinheim H. heidelbergensis 0.8-0.2 Hhei-S

WT 17000 P. aethiopicus ca. 2.7-2.3 Paet

Kabwe, Broken Hill 1 H. rhodesiensis 0.8-0.2 Hrho

Atapuerca 5 H. heidelbergensis 0.8-0.2 Hhei-A

Gibraltar 1, Forbes’ Quarry H. Neandertalensis
0.2-0.03 Hnea-G

La Chappelle-aux-Saints 1 H. Neandertalensis
0.2-0.03 Hnea-LC

La Ferrassie 1 H. Neandertalensis 0.2-0.03 Hnea-
LF

Patagonian, Ry "o Negro#797 H. sapiens 0.2-0
Hsap
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Table 5-8. Flury Hierarchy of Modern Homo sapiens versus non-Homo (12 facial
measurements)

T I S N S

Equality Proport 26.842 1 0.0000 26.842 125.152
Proport CPC 78.360 7 0.0000 11.194 100.310
CPC CPC(6) 19.950 1 0.0000 19.950 35.950
CPC(6) CPC(5) 0.000 2 0.9999 0.000 18.001
CPC(5) CPC(4) 0.000 3 1.0000 0.000 22.000
CPC(4) CPC(3) 0.000 4 1.0000 0.000 28.000
CPC(3) CPC(2) 0.000 5 1.0000 0.000 36.000
CPC(2) CPC(1) 0.000 6 1.0000 0.000 46.000
CPC(1) Unrelated | 0.000 7 1.0000 0.000 58.000
Unrelated | — 72.000

Table 5-9. Flury Hierarchy of Modern Homo sapiens against Pleistocene Homo

IV I A I R B

Equality Proport 0.209 1 0.6475 0.209 14.725
Proport CPC 7.494 7 0.3793 1.071 9.515

CPC CPC(6) 0.022 1 0.8825 0.022 16.022
CPC(6) CPC(5) 0.000 2 1.0000 0.000 18.000
CPC(5) CPC(4) 0.000 3 1.0000 0.000 22.000
CPC(4) CPC(3) 0.000 4 1.0000 0.000 28.000
CPC(3) CPC(2) 0.000 5 1.0000 0.000 36.000
CPC(2) CPC(1) 0.000 6 1.0000 0.000 46.000
CPC(1) Unrelated | 0.000 7 1.0000 0.000 58.000
Unrelated | — 72.000

The results in Tables 5-8 and 5-9 show the Flury hierarchical comparisons of the
principal component eigenvectors of 180 modern humans to, first, the PCA eigenvectors
of the non-Homo individuals from Gonzalez-José et al. (2008), followed by comparison
to the Homo individuals. Although the results are very preliminary, the comparison above
shows there is a quantifiable difference in the module of the face at taxonomic levels

above the species. In the Homo sapiens—non-Homo comparison there is shared matrix
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structure at the level of six principal components. In the within Homo—Homo sapiens
comparison there is proportionality or near proportionality of the matrices suggesting
conserved invariance of facial shape. Although Gonzalez-José and colleagues (2008) do
not suggest it, this taxon-specificity should be a defining characteristic of modules, as
genera-level or above morphological change results in major reorganizational
configurations. This idea was discussed in depth in Chapters 2 and 3. Further exploration

of the pattern of modularity is discussed below in the section on dimensionality.

Cranial Nerve Patterning and Foramina

In eutherian mammals, development of the central nervous system (CNS) precedes
subsequent development, providing a stable unified structure (Smith K, 1996; de Graaf-
Peters and Hadders-Algra, 2006). As discussed above this is the fundamental
organizational system for both the splanchnocranium and basicranium. Therefore the
facial and basicranial foraminal patterning developing early in ontogeny can be expected
to maintain aspects of constraint through life. Recent results suggest this pattern is
observable and loads differently in multivariate space than in mechanically influenced
regions of the skull (Anderson, 2000). Konisberg and colleagues (1993) have shown that
cranial modification affecting cranial modules does not produce significant differences in
foraminal position. Foraminal patterning is an example of what Mitteroecker and
Bookstein (2008) describe as conserved developmental processes in hominoids. In
addition to providing the probable pattern antecedent to modularity in the skull, the
foramina are unique in all being robust “Type 1” points as described by O’Higgins

(1999), possessing biological relevance, repeatability, and surety of measurement
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gathering. They are thus highly valid Type 1 points necessary for repeatability of
measurements and replication of results.

Figure 5-4 illustrates the area bounded by the facial foramina, and Figure 5-5 presents
a frontal view of the foramina as derived from Morphologika 2.5. Figure 5-6 shows the
positioning of the supraorbital, infraorbital, and mental foramina (the illustration is
misleading, as the Morphologika 2.5 illustration shows, because in lateral view the
foramina form a straight line, and in frontal view they nearly form a rectangle).
Interestingly, the basicranial and facial foramina maintain an angle of 90 degrees to each

other, another possible example of invariant relationships in the skull.

Figure 5-4. Area Bounded by Facial Foramina

176



Figure 5-5. Anterior View of Constrained Area Bounded by Facial Foramina (screen
capture from Morphologika 2.0)

Figure 5-6. Lateral View of Supraorbital (SO), Infraorbital (10), and Mental Foramina (MF)
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Table 5-10 shows that the foraminal pattern in the skull does not respond to any of the
functional, population, or structural predictors for the skull.
Table 5-10. Stepwise Fit for Foraminal Pattern in Morphologika 2.5 (stepwise fit for

foraminal6, probability to enter 0.05 and probability to leave 0.05; 5 rows not used due to
excluded rows or missing values)

Current Estimates I I R N

SSE DFE MSE R R Square Cp AlC
Square Adj

1417.963 122 11.622647 0.8936 | 0.8512 8.6120671 | 309.5829
Parameter Estimate “F Ratio” “Prob>F"
Intercept 25.2037797 | 1 0 0.000 1.0000
Sample{5&7&8&4&6&9&3-2&1} 0 1 0.625615 0.053 0.8176
Sample{5-7&8&4&6&9&3} 0 1 14.95626 0.640 0.5293
Sample{7&8-4&6&9&3} 0 2 17.46541 0.495 0.6867
Sample{7-8} 0 3 32.22666 | 0.686 0.6030
Sample{4&6&9-3} 0 4 59.11045 | 1.283 0.2805
Sample{4-6&9} 0 4 69.64111 | 1.209 0.3094
Sample{6-9} 0 5 109.4111 1.617 0.1487
Sample{2-1} 0 6 3.755106 0.159 0.8529
Sex{2-1} 0 2 22.37209 1.940 0.1663
Cranang -0.1190353 | 1 62.85785 | 5.408 0.0217
Orb 0 1 18.75862 | 1.622 0.2052
Manar 0 1 0.391624 | 0.033 0.8552
Imax 0 1 0.242081 0.021 0.8859
Imin 0 1 0.004115 0.000 0.9851
Angle 0 1 1.7931 0.153 0.6962
Skull28 0.78547706 | 1 8269.066 | 711.461 0.0000
Ufac9 1 20.12994 1.742 0.1893

Step History

0
Step Parameter Action “Sig Sequence | R Square
Prob” SS

Skull28 Entered 0.0000 | 8206.328 0.8781 12.269

2 Cranang Entered 0.0217 | 62.85785 | 0.8836 8.6121 3

This is a highly explanatory model and probably samples the primitive architecture of

Homo. It may well be expected that cranial base angle is explanatory, as this angle also
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develops early in ontogeny and is constrained in Homo. The only other model as
explanatory as this one was the biomechanical model for the face and mandible of
circumpolar populations. The other predictor is also interesting: Skull28 is the shape of
most of the facial, neurocranial, and mandibular regions together, and the pattern shows a
relationship with the foramina of the skull, probably by fundamentally preceding all later
growth. (The caveat is some of the foramina are mirrored in the comparative sample).

It is interesting that, out of all the comparisons of factors influencing models, two
stand out. The pattern of prediction of circumpolar facial and mandibular morphology by
biomechanics was extremely strong (r > 0.9). Here, the pattern of prediction, by very
different factors for the possible underlying structure of the skull, is nearly equally high

(r >0.85).

These results could in a way be considered as a return to the original question
addressed in the thesis—why the biomechanical model is a necessary, yet insufficient,
model for prediction of the mandible and face. Results in this thesis have shown that
generally biomechanics are not good predictors of morphology, becoming strong only in
extreme cases such as the circumpolar populations. It is hard to posit a pattern in the skull
that is less influenced by biomechanics than foraminal pattern, as it completely precedes
the development of all muscles. One way to regard these results is to regard them as the
poles of variation in the skull. It may be at the hierarchical level below that of modularity
when whole skull integration again becomes the chief organizing factor. This might mean
the cranial foramina pattern and cranial base angle may represent the fundamental

integration pattern in the skull of Homo. Results here, coupled with the results on
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circumpolar prediction of morphology by biomechanics, show why the dichotomy
between biomechanical analysis and structural analysis exists. At one extreme of the
spectrum biomechanical model is more explanatory than any other. At the other extreme,
at the level of fundamental integration patterns in the skull, the structural model is highly
explanatory. In between these poles is where modularity operates most efficiently.
Support for this idea is drawn from recent research suggesting phenotypic change occurs
most efficiently when change is neither constrained by earlier developing, canalized
relationships nor by recent adaptations (Eroukmanoff and Svensson, 2008). As was
discussed in Chapter 2 current evolutionary theory predicts change occurs at the level of

“least resistance,” here hypothesized as in, not across, modules.

Dimensionality

Dimensionality of measurements is the final factor that must be addressed in modular
study. A robust definition of a three-dimensional structure requires a three-dimensional
definition. Across the world the skull varies more on the axis of width than on the axes of
length and height (Wolpoff 2000; demonstrated in Chapter 3). This fact has implications
for modular definition and study in that much analysis simply removes this source of
variability and analyzes three-dimensional structure in two dimensions (Bastir et al.,
2006; Bookstein et al., 2003; Bastir and Rosas, 2005; Gonzalez et al., 2010). When lateral
radiographs are employed it is thus the most variable axis which is removed, and, as was
discussed in Chapter 3, this factor alone makes analysis of morphological structure
somewhat problematic. The question that has not been previously addressed is to what

degree use of two-dimensional analysis is commensurate with that derived from three
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dimensions. It is shown here that phylogenetic hypotheses of modular relationship
derived from two-dimensional analysis are not equivalent to those from three dimensions.

There are two main aspects to this basic problem of dimensionality. First, as discussed

before, lateral radiographs are missing the most variable axis (the mediolateral axis; here
referred to as the Y-axis). Second, there is a related problem which seems superficially
the same—much research simply records and uses data from one side of the skull,
recording three-dimensional coordinates from but one-half of the skull and sometimes
mirroring (Gonzélez-José et al., 2008).

Therefore there are three primary methods for collecting dimensional data for the

skull:

1. Data collected from one side of the skull in three dimensions (such as the original
data from Gonzélez-José et al. [2008], 46 points, used in Figure 5-7)

2. Data collected from both sides of the skull in three dimensions (in this study
represented by mirrored data; Gonzalez-José et al.’s [2008] data mirrored to make
a three-dimensional skull, under the assumption of bilateral symmetry, used in
Figure 5-8)

3. Data collected from one side of the skull in two dimensions only (as is typically
done with lateral radiographs; here represented by complete removal of the
mediolateral Y-axis from analysis; simple analysis of Gonzalez-José et al.’s [2008]
data without the Y-axis, used in Figure 5-9).

It is readily apparent that datasets 1 and 3 do not define the same object in the same

way. The collection of one side of the skull in three dimensions (Method 1) is not the

same as never collecting the Y-axis data in the first place (as in Method 3) because the
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additional Y-axis dimension contributes—slightly, if bilateral points are few—to
representational position variability. Therefore lateral radiographs which never had Y-
axis data will give different results from a three-dimensional representation of the same
three-dimensional object. In the broad sense a three-dimensional structure analyzed in
two dimensions is missing 33% of information if the three dimensions are roughly
equivalent in size. This point is illustrated by the fact that biological structure is usually
analyzed in PCA after the isometric removal of size based on all three axes (O’Higgins et
al., 1999). Removal of the isometric commonality of all measurements in three
dimensions and then analyzing two dimensions is not the same as removing the
allometric commonality from two dimensions originally. The PCA structure is not the
same. By extension, this means phylogenetic analyses failing to control for this factor are
likely to be compromised. In order to explicate the effect of dimensionality on
phylogenetic hypotheses, a series of comparisons of various taxonomic relationships is
depicted below. The data matrices in this part are not analyzed; the illustrations are only
used to show how hypothesized taxonomic relationships can change with dimensionality
of measurements. Obviously the PCA covariance matrices underlying the displays
change as well, but full statistical analysis of them is not performed in this first part of
this section.
Data used are derived from the published source Gonzalez-José et al. (2008). There

are two primary analyses:

1. The first analysis depicts the relationships of taxa using individual specimens

to represent taxa (n = 20). The analysis shows positioning of representative

members of taxa after procrustes removal and PCA in Morphologika 2.5.
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Specimens included are Homo sapiens; Gorilla gorilla; Pan troglydytes; Aust.
Afarensis; Aust. africanus; P. boisei406; P. boisei405; P.aethiopicus; P. robustus;
H. rudolphensis; H. Habilis; H. ergaster (Knm-Er 3733) / H. erectus / Dmanisi
2600 / H.s.n Gibralter, La Chappele, La Ferrasie / H. hei Broken Hill, Stenheim,
Atapuerca 5. The formal species attributions for these 20 individuals are
controversial in some cases (Gonzélez-José et al., 2008). The graphic display of

this list is in Figure 5-7.

2. The second analysis conducts Flury hierarchy comparisons of modules
composed of three-dimensional representations of the skull versus those from two
dimensions. Results show caution must be used not only to define modules used to
form hypotheses of taxonomy, but also to define the numbers of points and their

dimensionality.

Analysis 1

The plots below are intended to graphically display where the specimens would be
placed in relationship to one another in two-dimensional and three-dimensional analyses.
In Figure 5-7, note how the Homo sapiens clusters with the three Neandertals, with

Dmanisi being highly different. Figure 5-8 plots three-dimensional mirrored data, the
same three-dimensional data plotted in Figure 5-7 but with the difference that the Y-axis
is mirrored one side to the other to construct a fully three-dimensional skull (see Method
2 for collecting dimensional data above). Figure 5-8 illustrates that changing
dimensionality causes little difference in the generalized positional relationship from the

original 46-point combined modules in Gonzélez-José et al. (2008; shown as Figure 5-7):
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Dmanisi remains removed from the cluster of Homo sapiens and the Neandertals. In other
words, there is not much change in the plot due to mirroring the data to make three

dimensions.

46 Points 3D Gonzalez , 3 Modules,
01%i_ze Shape

012 L
[ X .
010

9087

Figure 5-7. Positional relationships using all 46 measurements from Gonzalez-José et al.
(2008)

Legend:

¢ Blue diamond = Dmanisi 2600

® Blue circles = Neandertals

¢ Red diamonds = Homo

¢ Black diamonds = Non-Homo
Green diamond = Homo sapiens
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Figure 5-8. Three-Dimensional, 40 Points Used (both sides with Y-axis, mirrored)

Legend:

¢ Blue diamond = Dmanisi 2600

® Blue circles = Neandertals

¢ Red diamonds = Homo

¢ Black diamonds = Non-Homo
Green diamond = Homo sapiens

Finally Figure 5-9 shows what occurs simply as a result of dimensionality.
Comparison of Figure 5-9 to Figure 5-8 and 5-7 shows that simple removal of the
mediolateral Y-axis changes the positional relationships. Not only is the formerly close
relationship of Homo sapiens to Neandertals in nearly all other graphs broken, but
Dmanisi now clusters even further from Homo sapiens and the Neandertals, in being even
more separated on both the Y- and X-axes. The point here is not to present a full

statistical analysis; obviously there would be differences in the covariance matrices
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underlying these visuals. The visuals are simply used as an illustration to warn against

regarding dimensionality as a trivial factor in two- versus three-dimensional

morphometrics.
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Figure 5-9. Bilateral Facial without Y-axis (same as Figure 5-8 with Y-axis removed)

Legend:

* Black asterisk (star) = Dmanisi 2600
® Blue circles = Neandertals
¢ Red diamonds = Homo
4 Black diamonds = Non-Homo
Green diamond = Homo sapiens
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Analysis 2

The second analysis conducts Flury hierarchy comparisons of modules composed of a
three-dimensional representation of the skull versus that from two dimensions. Results
show caution must be used to define not only modules used to form hypotheses of
taxanomy, but also to define the numbers of points and their dimensionality as well.

Analysis 2 also deals with modularity and dimensionality. The next comparisons in
Tables 5-11 and 5-12 show that the facial module is proportional in (archaic) Homo to
later, modern Homo sapiens and that modern Homo sapiens is not proportional to non-
Homo.

The same comparisons through the Flury hierarchy break down when the same
specimens are compared but the matrices compared are composed of unilateral one-side-
only matrices. The data are exactly the same in both the first set of comparisons and the
second (Comparisons 4 and 5, displayed as Tables 5-13 and 5-14), with the exception that
the right-side mirrored data are removed. These results, together with the results on
modular definitions and dimensionality in Analysis 1 (above) show that overall

dimensionality of measurements can greatly influence phylogenetic hypotheses.
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Table 5-11. Flury Hierarchy Comparing Face—Modern Humans against Archaic Homo
(three-dimensional, 12 measures)

I I N N N

Equality Proport 0.209 1 0.6475 0.209 14.725
Proport CPC 7.494 7 0.3793 1.071 9.515

CPC CPC(6) 0.022 1 0.8825 0.022 16.022
CPC(6) CPC(5) 0.000 2 1.0000 0.000 18.000
CPC(5) CPC(4) 0.000 3 1.0000 0.000 22.000
CPC(4) CPC(3) 0.000 4 1.0000 0.000 28.000
CPC(3) CPC(2) 0.000 5 1.0000 0.000 36.000
CPC(2) CPC(1) 0.000 6 1.0000 0.000 46.000
CPC(1) Unrelated | 0.000 7 1.0000 0.000 58.000
Unrelated | — 72.000

Table 5-12. Flury Hierarchy Comparing Face—Modern humans against Archaic Homo (two-
dimensional unilateral 8 measures with Y-axis removed)

I I N I I I

Equality Proport 10.478 1 0.0012 10.478 40.879
Proport CPC 21.740 7 0.0028 3.106 32.401
CPC CPC(6) 8.661 1 0.0033 8.661 24.662
CPC(6) CPC(5) 0.000 2 0.9999 0.000 18.001
CPC(5) CPC(4) 0.000 3 1.0000 0.000 22.000
CPC(4) CPC(3) 0.000 4 1.0000 0.000 28.000
CPC(3) CPC(2) 0.000 5 1.0000 0.000 36.000
CPC(2) CPC(1) 0.000 6 1.0000 0.000 46.000
CPC(2) Unrelated | 0.000 7 1.0000 0.000 58.000
Unrelated | — 72.000

The results displayed in Tables 5-11 and 5-12 show that phylogenetic hypotheses of
relationship are highly influenced by dimensionality of measurements used to test the
hypotheses. By excluding the Y-axis data from the original PCA to form the covariance

structure tested in the Flury hierarchy, results would indicate that matrix proportionality
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is not achieved in modern versus archaic Homo. This is not the case; the results in
Analysis 2 (above) already demonstrated this. These results reiterate that excluding the
most variable dimension in human skulls skews all downstream results in analysis.

Building on this finding, it is shown below that modular analysis within a given taxa
(here modern humans) is also highly affected by the dimensionality of the measurements
used in the construction of the modules. Although the mandible is not a module, the
hierarchical structure of analysis when using a 14-landmark dataset (Table 5-13)
compared to a 9-landmark unilateral dataset (Table 5-14) shows a tendency to approach
matrix proportionality simply through measurement dimension. Although neither
mandibular dataset achieves the proportionality expected of a module, the unilateral
mandibular measurement dataset approaches close to proportionality as the Y-axis is
removed. This finding means that unlike the facial dataset illustrated above, the
variability in the mandible in human groups is highly driven by width. The point is that
simply using variable dimensions can cause groups to be more or less similar, both in
their display and in the covariance structure itself.

Tables 5-13 and 5-14 show that matrix comparisons are dimension-specific. The

mandible almost becomes a module when analyzed in two dimensions.
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Table 5-13. Flury Hierarchy of Man14 (3D)

W | [ | [
B 7 T T O
Equality Proport 8.582 0.0034 8.582 295.335
Proport CPC 207.661 19 0.0000 10.930 288.753
CPC CPC(18) 79.094 1 0.0000 79.094 119.093
CPC(18) | CPC(17) 0.000 2 1.0000 0.000 41.998
CPC(17) CPC(16) 0.000 3 1.0000 0.000 45.998
CPC(16) CPC(15) 0.000 4 1.0000 0.000 51.998
CPC(15) CPC(14) 0.000 5 1.0000 0.000 59.998
CPC(14) | CPC(13) 0.000 6 1.0000 0.000 69.998
CPC(13) | CPC(12) 0.000 7 1.0000 0.000 81.998
CPC(12) | CPC(11) 0.000 8 1.0000 0.000 95.998
CPC(11) CPC(10) 0.000 9 1.0000 0.000 111.99
CPC(10) CPC(9) 0.000 10 1.0000 0.000 129.998
CPC(9) CPC(8) 0.000 11 1.0000 0.000 149.998
CPC(8) CPC(7) 0.000 12 1.0000 0.000 171.998
CPC(7) CPC(6) 0.000 13 1.0000 0.000 195.998
CPC(6) CPC(5) 0.000 14 1.0000 0.000 221.998
CPC(5) CPC(4) 0.000 15 1.0000 0.000 249.998
CPC(4) CPC(3) 0.000 16 1.0000 0.000 279.998
CPC(3) CPC(2) 0.000 17 1.0000 0.000 311.998
CPC(2) CPC(1) 0.000 18 1.0000 0.000 345.998
CPC(1) Unrelated | -0.002 19 1.0000 0.000 381.998
Unrelated | — 420.000

190




Figure 5-14. Flury Hierarchy of Man9 (2D)

I A N S I R
B 7 T T =T TR

Equality Proport 63.205 0.0000 63.205 546.754
Proport CPC 483.536 14 0.0000 34.538 485.550
CPC CPC(13) 0.000 1 0.9937 0.000 30.013
CPC(13) | CPC(12) 0.000 2 1.0000 0.000 32.013
CPC(12) CPC(11) 0.012 3 0.9997 0.004 36.013
CPC(11) CPC(10) 0.000 4 1.0000 0.000 42.002
CPC(10) CPC(9) 0.000 5 1.0000 0.000 50.002
CPC(9) CPC(8) 0.000 6 1.0000 0.000 60.002
CPC(8) CPC(7) 0.000 7 1.0000 0.000 72.002
CPC(7) CPC(6) 0.000 8 1.0000 0.000 86.002
CPC(6) CPC(5) 0.000 9 1.0000 0.000 102.002
CPC(5) CPC(4) 0.000 10 1.0000 0.000 120.002
CPC(4) CPC(3) 0.000 11 1.0000 0.000 140.002
CPC(3) CPC(2) 0.000 12 1.0000 0.000 162.002
CPC(2) CPC(1) 0.000 13 1.0000 0.000 186.002
CPC(1) Unrelated | 0.002 14 1.0000 0.000 212.002
Unrelated | — 240.000

Summary

Formerly it was shown when modules are used to form phylogenetic hypotheses these
hypotheses must be tested by properly defined modules. Even when properly defined,
results are influenced by the dimensionality of modules as measured. The dimensionality

of the measurements themselves can drive results.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

This dissertation began with the basic question of why a biomechanical model did not
suffice to define the mandible in modern humans. It ends with the position that as
currently defined, modules are untestable quantities. In order to arrive at this conclusion
it was necessary to show that the mandible is integrated with the skull and that increasing
complexity of modeling through several historical periods of cranial research was
necessary to demonstrate this integration. In conjunction with biomechanics, integration
was then defined as the primary operant factor in production of the human skull. The
mandible, as part of the integrated skull, was here described as part of a complex system
that changed through both direct selection and stabilizing selection through the
Pleistocene. Some of this selection resulted from biomechanics, some not. Systemic
change was described as avoided by the action of the sister factor to integration,
modularity. Modularity was defined as areas of heritable functional integration. The
question of the production of mandibular morphology beyond biomechanics became
reframed as the position of the mandible in a modularized system. Biomechanical force
reflects function within an integrated system—it cannot explain the system, which is
hierarchical.

This being said, it remained to be seen whether modularity or integration is more
explanatory for the morphology of the skull, including the mandible. It was demonstrated
that the skull was more modular than integrated, a necessity whether the skull is
partitioned as traditionally defined or in terms of modules. Modules were then described

as representative of function, with such semi-autonomous functional regions requiring
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further robust definition to be accepted as true modules. Localized areas of invariance in
the skull were then tested to the degree to which they conformed to a definition of
modularity, defined as expected areas of relative invariance to effects of sex and
population within a species. This definition assumes at least some degree of maintenance
of morphological form as defined by function; basic functional requirements are assumed
to be the same across sex and population within a species. These regions of invariance
were then defined by properties as well as attributes, finally producing a definition of a
module as an heritable area of localized functional integration which tends to remain
stable (invariant) within species.

The above definition of modularity in a single species (Homo sapiens sapiens) was
compared to examples of other taxonomic levels (by testing taxon-specificity in the face).
The underlying logic here was that modules can be expected to differ though phyla as
they represent changing functional reorganization of the skull. The various properties of
function—internal integration, invariance across population and sex—were coupled with
variance through time in evolving taxa to ultimately provide a new definition of
modularity. Next it was demonstrated that some parts of the skull are modular, while
other parts are not, and that even in the highest loading biomechanical populations some
regions remain modular and invariant across population and sex. Penultimately it was
demonstrated there are patterns of organization underlying modules—cranial nerve
patterning for example. Finally it was shown that even correctly defined modules can be
subjected to unsatisfactory analysis if dimensionality of their measurements (three-
dimensional) is not preserved; phylogenetic hypotheses of relationship can be skewed by

simply using two-dimensional data. Modular testing must be in three dimensions.
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Conclusions

Three-dimensional morphometrics used as an analytic tool in biology is still a
relatively new endeavor. As is common with the introduction of such new processes and
applications, manipulation has outstripped modeling; it always takes some time for
integration of theory and methods. Using three-dimensional modeling for study of
modularity is a prime example, because presently there exists no robust definition of a
module. Modularity without measuring is only a concept. This dissertation has sought to
provide the way to define modules through properties, without which statistical analysis
IS unsatisfactory. It is easy to extract “modules” from two- or three-dimensional data and
analyze and compare them. It is much less easy to define the modules a priori through
properties as well as attributes.

As was demonstrated herein it is necessary to form and test hypotheses of modularity
which not only reflect areas of statistically defined integration, but biological reality as
well. This is but a first pass at describing temporal and spatial complexity in biology.
Definitions of modularity need both attributes and properties: without attributes we
cannot categorize entities, without properties we cannot statistically compare them.
Evolutionary theory predicts structural change in morphology will follow constrained
paths such as lines of least resistance; it also predicts patterns of morphology build on
prior states such as basic neurocranial developmental patterns.

No amount of complex mathematical modeling divorced from biological realities will
ever be able to completely describe cranial shape. For an appreciation of the complexity
and ultimate unsatisfactory results of strictly mathematical modeling see the Santa Fe
Institute’s working paper “Extreme Degeneracies Characterize the Module Identification

Problem for Complex Networks” (Good, de Montjoye, and Clauset 2009). This paper sets
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forth the asymptotic properties of mathematical models of modularity and shows
optimum modular partitioning at best produces models which degenerate into multiple
equal probabilities. This finding means we must reference other quantifiable properties as
necessary conditions for biological modularity—invariance, taxon specificity, function—
in addition to mathematically defined integration. All these properties are indispensable
for meaningful scientific definition. Both the appreciation that constraint plays a role in
prior states and awareness that modularity remains the heritable, stable, integrated pattern
in evolutionary change are necessary to define the hierarchical transition from skulls
showing high variability in the singular to patterned variation in the aggregate.
Modularity provides the means to establish where variability leaves off and patterned

variation commences. Modules are inherited patterns of functional integration.
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APPENDIX A
SAMPLE COMPOSITIONS BY LOCATION

In this dissertation, the data analyzed in Chapters 3, 4, and 5 come from these sources:

¢ W.W. Howells (1996) dataset, n = 2554
¢ T. Hanihara (used with permission), n =113

¢ Fortext (a lab-collected and literature-derived dataset prepared by this author for

the dissertation), n = 150

¢ A morphometric three-dimensional dataset (collected at the American Museum of
Natural History [AMNH], the National Museum of Natural History [NMNH], and

the Maxwell Museum of Anthropology), n = 180

Details about the locations from which these samples are drawn and their composition

follow in the sections below.

W.W. Howells 1996 Data

The 2,554 individuals in Howells’s study of human craniometric variation come from
these 28 locations (illustrated on http://arts.anu.edu.au/bullda/howells_map2.png):

1. Europe, Oslo, Medieval Norse

2. Central Europe, Hungary, Zalavar

3. Central Europe, Carinthia, Austria, Berg

4. East Africa, Kenya, Teita

5. West Africa, Mali, Dogon

6. South Africa, Zulu
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

South Australia, Lake Alexandrina Tribes
Tasmania, Tasmanian

Melanesia, New Britain, Tolai

Oahu, Hawaii, Polynesia, Mokapu

Easter Island, Polynesia

Chatham Islands, Polynesia, Moriori
North America, Early Arkiara

Santa Cruz Island, California, North America
Peru, South America, Yauyos

Northern Hokkaido, Japan

Southern Japan, northern Kyushu
Haikou City, China, Hainan

Taiwanese Aboriginals, Atayal

Phillipine Islands

Late Period Guam

Gizeh, Egypt, 26th—30th Dynasties

South Africa, San

Andaman Islands

Southern and Southeastern Hokkaido, Japan, Ainu
Siberia, Buriat

Inugsuk, Greenland, Eskimo

Shang Dynasty, China, Anyang
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T. Hanihara Data

The 113 individuals in the Hanihara dataset are all male and all from locations in

Japan.

Fortext Data

The recent H. sapiens mandibular sample Fortext (n = 256; ncompiete = 150) comprises
two datasets, one deriving from direct measurement and observation of mandibles
(originals and casts) and one composed of literature-derived metric values.

The osseous sample that was directly measured comprises:

1. Modern European-derived American individuals (n = 35)

2. Prehistoric Amerindian individuals (n = 57)

These specimens are housed in the Maxwell Museum of Anthropology, Albuquerque,
NM, and the Phoebe Hearst Museum of Anthropology, University of California,
Berkeley, CA.

The osseous sample is supplemented with literature-derived (scaled photographic)
values for the following populations:

1. Aboriginal Australians, n = 25 (Milicerowa, 1955)

2. Greenland Eskimo, n = 32 (Fiirst and Hansen, 1915)

3. Lapps, n =25 (Schreiner, 1935)

4. Later 19th—early 20th century Norwegians, n = 29 (Schreiner, 1939)

5. Medieval Norwegian, n =22 (Schreiner, 1946)

6. Ugandans, n =31 (Gorny, 1957)
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Figure A-1 illustrates the geographic spread of this collection. Not all individuals
exhibited all points; where subsets of full samples were used, it is noted in the text and in

statistical tables.

Figure A-1 Locations of Fortext Populations

Morphometric 3D Data

Data collected with Morpologika 2.5 came from three museums: the National Museum
of Natural History (NMNH) of the Smithsonian Institution in Washington, DC, the
American Museum of Natural History (AMNH), in New York, NY, and the Maxwell
Museum of Anthropology, Albuquerque, NM. Figure A-2 illustrates the locations of the
morphometric three-dimensional data collected at NMNH and AMNH. (The numbers in
the figure correspond to the numbers in the text for the NMHN and AMNH sections

following the figure.)
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Figure A-2. Locations for NMNH and AMHN Individuals Measured
(1-5 NMNH collections; 6-10 AMHN collections)
NMNH Collections

1. Aleutian Islands (latitude 57° 25° 35 N, longitude 153° 50° 30” W), Aleuts, n =
20 (Hrdlicka, 1945)

2. Mongolia (latitude 45° 45' 0" N, longitude 106° 16' 0" E), Mongolians, n =
2045.75

3. Southern China, n =20

4. Germany, n = 20 (primarily from a pre-WWII tuberculosis sanitorium; crania were
sectioned)

5. Australians, n =20

AMHN Collections
6. Point Hope, Alaska, Alaskan Islanders, n = 20

7. Greeks, n=20

8. Mexico City, Mexico (northern Mexico), n = 20
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9. West Africans, n =20

10. Egypt, 2nd Dynasty, Nubians, n =20

Maxwell Collections

The Maxwell samples came from three collections:
¢ The documented collection in the UNM Anthropology repository (Euroamericans

from the body donation and Office of the Medical Investigator programs), n = 20
¢ UNM Prehistoric Amerindians (with cranial deformation), n =20

¢ Spencer R. Atkinson Collection from the University of the Pacific Dental School,

San Francisco', highly admixed population, n= 20

! These individuals were opportunistically gathered by Spencer Atkinson from the streets of Mexico City in
the early 1900s (see details in McCabe 1997).
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APPENDIX B
METHODOLOGY

Five types of methodology are described in this appendix:

¢ Biomechanical Modeling / Molding
¢ Cranial Base Angle and Radiography
¢ Photography

¢ Fortext

¢ Howells Measurements

Biomechanical Modeling / Molding

The biomechanical model is functionally multifactorial, including lever arms, pivot
points, locations of great bending strengths, and materials composition. The
biomechanically expressed function of the mandible here is addressed by use of a proxy,
the bending strength of the mandible using beam analysis. Prior studies have modeled the
M1 position as being the most reflective of positioning of force-transmission in
biomechanical modeling (Benveniekus, 1995), and, in the present study, loading vectors
were assessed at M1 force-production vectors such as Imax/Imin-theta (bending and
torsional strength; see Figure 4-1) of the mandible, which strongly correlate with mm.
temporalis and masseter moment arms for force production and hence regions of the
neurocranium as well as mandibular corpus dimensions. Second moments of area around
the superoinferior (ly) and labiolingual (lx) axes were calculated. Modeling was done as a
solid beam, following Dobson and Trinkaus (2002). The implications of solid beam

versus ellipsoid (hollow and solid) are discussed therein.
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Figure B-1 shows the relation of bending strength of the mandible at M2 that is used
here as a proxy for biomechanical force. Cross-sectional moments of inertia (Imax/lmin-
theta) are digitized after non-adhesive silicone molding of the mandibular periosteal
contours of the corpus at M/2. Periosteal molds of the mandible at M1 were sectioned
through the midline, traced on scaled paper, then scanned and analyzed using a macro
written by Teri Rosenbaum of the University of Utah (see Figure B-2). Iyax/Imin Was

calculated using Scion Image.

O X

Figure B-1. lllustration of axes used to calculate Polar J (Polar J = lax +lmin)
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Figure B-2. Sample lllustration of Mandibular Molds (showing periosteal contours of
Egyptian mandibula in the NMNH collection)

To form the molds, Siliconix material resin is mixed with polymer and allowed to set
to the desired consistency, then wrapped around the corpus. Because teeth will prevent a

full encirclement of the corpus at this position, after setting up the molded impressions,
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they are then removed, so that the previously taken measures across lingual and buccal
digitized distances across M2 at the alveolar plane can then be verified. Each silicone
impression is then bisected through the coronal plane to provide a perfectly flat surface
for placement on graph paper. The measure across the lingual-buccal position at M2 is
then used to orient the ends of the mold, after which the internal surface of the mold is
traced to the paper. Next, the resultant shape is digitized using a two-dimensional
digitizer, thus describing the relative bending strength and torsional orientation of the

corpus at M2.

Cranial Base Angle and Radiography

Cranial flexion (as a reflection of orthogrady) influences the basicranium and hence
the entire skull (see Figure 4-2). Frontal and lateral cephalometry of the skull was
accomplished with the skull in standard fixed position, immobilized by insertion of steel
pins into the left and right external auditory meatii. Crania are radiographed in norma
lateralis to establish the cranial base angle. Frankfurt Horizontal position for the
cephalometry is checked by leveling the skull to the left orbitale and the right and left
porion positions (standard method). Position from the x-ray machine is constant, and
correction for parallax is checked by scaling the cephalometric films to the previously
collected digitized measures of the frontal and sagittal measures of the skull and
mandible.

The position of the mandible in anatomical position is assured by anchoring the
mandible in occlusion to the skull by a series of several expandable rubber straps, which
are checked three times during the cephalometry. Radiography, when possible, used

existing facilities associated with collections accessed. When a collection did not have an
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x-ray machine, a portable x-ray machine from Washington University was used (provided
through the kindness of Dr. Erik Trinkaus).

Shape in the skull (defined as form with size removed) is defined by using
landmarks with known homologies, through prior knowledge of processes of
morphogenesis. O’Higgins (2000) discusses a hierarchy of landmarks such that Type |
results from the meeting of structure and knowledge of histology; Type Il results from the
use of easily defined points, with or without strict biological interpretation (e.g., easily
replicated projecting features); and Type Il results from there being present at least one
deficient coordinate such as a point placement on a rounded bump or within a fossa. The

great majority of landmarks used here (see the list in Table 4-1) are Type I.

Photography

Photography of the skull is accomplished with the skull remaining in fixed position
after radiography, with a 35mm camera set at a fixed distance. This methodology is used
to provide exact orbital area for estimate of body mass following Kappelman (1996).
Correction for parallax will be made by comparison to digitized measures and the frontal
cephalometry. Additionally, if completeness of the skeleton allows, femoral head
measures (cubed) were taken to provide a secondary estimate of body mass, following

Trinkaus and Ruff (1995).

Fortext

Quantification of mandibular ramal morphology was carried out using sliding calipers,
with accuracy to = 0.1 mm. Where published data and radiographs were used, scaled

photographs and radiographs in norma lateralis were analyzed to 0.1 mm. Comparison of
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results obtained were verified for accuracy by comparison to published data for those

specimens.

Osteometric Points

The following standard osteometric points were employed:

¢ Infradentale (Martin, 1928)

L 4

Superiormost condyle (Twiesselmann, 1973)

*

Superiormost coronoid, defined as the coronoid portion of Twiesselmann

(1973:17, #24)

¢ Distal border M3 (Twiesselmann 1973:17, # 3; Franciscus and Trinkaus, 1995)

¢ Least indented anterior ramus (Twiesselmann, 1973:17, # 9; Franciscus and
Trinkaus, 1995)
¢ Least indented posterior ramus (Twiesselmann, 1973:17, #9; Franciscus and

Trinkaus, 1995)

¢ Most inferior point on the incisura semilunaris (Twiesselmann, 1973:17, #10)

Standard Measures

The following standard measures were used (also see Figure B-3):
¢ Mandibular length (ML), the direct midsaggital distance from infradentale to a
transverse line drawn between the centers of the mandibular condyles (Franciscus

and Trinkaus, 1995)
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*

Dental arcade length (DAL), the midsaggital distance from infradentale to the
middle of a line drawn tangential to the distal surfaces of the distal M3 roots

(Martin, 1928, #80)

Minimum ramus breadth (RAM), the minimum anteroposterior width of the ramus

(Martin, 1928, #71a; Franciscus and Trinkaus, 1995)

Superior coronoid-condylar distance (C-C), the maximum breadth taken from the
superiormost point of the coronoid to the condylar midpoint in the sagittal plane

(Twiesselman, 1973:17, #12)

Depth of semilunaris incisura (CCD), the depth of incisura taken from a line
between the superiormost points of the condyle and coronoid processes to the most

inferior point on the incisura (Twiesselman, 1973:17, #11)

Incisure area (INCISURE), calculated as the result of CCD multiplied by C-C, as

employed by Schultz (1933) and Weidenreich (1936).
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TOTH

Figure B-3. lllustration of Mandibular Points Used In Fortext

Key:

ML Mandibular Length

RAM Ramus Breadth

CORPUS Corpus Depth

ALVCR Aveolar Line to Coronoid

ALVCN Alveolar Line to Condyle

ALVUP Alveolar Line to Bottom Mandibular Notch
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Lateral 8knll hMeaswrement Points

Figure B-4. lllustration of Cranial and Mandibular Points Used In Fortext*

Key:

GOL Maximum Cranial Length (M1), #1
NPL  Nasion-Porion Length (M43), #12
XCB  Maximum Cranial Breadth, #5
ZYB  Superior Facial Breadth (M43), #8
NPH Nasion-Prosthion (M48), #13

NLB  Nasal Aperture Breadth (M54)

! Not all measurements points were used in all analyses.
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Additional Measurement Definitions

This dissertation’s research methods used both traditional anthropometric and
clinically derived, architectonic measurements. A set of functionally defined points, lines,
angles, and areas was derived from clinical research and evolutionary theory (Martin,
1928; Weidenreich, 1936; Twiesselman, 1973; Howells, 1989; Enlow, 1996). This
second dataset is necessary, because traditional anthropomorphic measures do not include
many internal cranial measures or measures derived from a model of architectonic

integration.

Howells Measurements

Table B-1 lists 47 of the original 77 craniometric measurements for more than 2,500
individuals from 28 populations (Howells, 1973, 1989) used in this dissertation. No
analysis here uses any more than the 47 below. See text for subsets of measurements used
in specific analyses. Table B-2 lists the codes for population affiliation for each

individual (each population is coded by values 1-28).

Table B-1. Howells Craniometric Measurements Used

Variable Variable Variable Definition
No. Abbreviation

1 POP Population affiliation for each individual, coded as 1-28. See Table B-2 for
coding designations.

2 SEX Designation of male or female for each individual: Male = 1, Female = 2.
Populations are represented by both males and females.

3 GOL Glabello-occipital length

4 NOL Nasio-occipital length

5 BNL Basion-nasion length

6 BBH Basion-bregma height

7 XCB Maximum cranial breadth

8 XFB Maximum frontal breadth

9 STB Bistephanic breadth

10 ZYB Bizygomatic breadth
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Variable Variable Variable Definition

No. Abbreviation
11 AUB Biauricular breadth
12 wCB Minimum cranial breadth
13 ASB Biasterionic breadth
14 BPL Basion-prosthion length
15 NPH Nasion-prosthion height
16 NLH Nasal height
17 OBH Orbit height, left
18 OBB Orbit breadth, left
19 JUB Bijugal breadth
20 NLB Nasal breadth
21 MAB Palate breadth, external
22 MDH Mastoid height
23 MDB Mastoid breadth
24 ZMB Bimaxillary breadth
25 SSS Zygomaxillary subtense
26 FMB Bifrontal breadth
27 NAS Nasio-frontal subtense
28 EKB Biorbital breadth
29 DKS Dacryon subtense
30 DKB Interorbital breadth
31 NDS Naso-dacryal subtense
32 WNB Simotic chord (least nasal breadth)
33 SIS Simotic subtense
34 IML Malar length, inferior
35 XML Malar length, maximum
36 MLS Malar subtense
37 WMH Cheek height
38 SOsS Supraorbital projection
39 GLS Glabella projection
40 FOL Foramen magnum length
41 FRC Nasion-bregma chord (frontal chord)
42 FRS Nasion-bregma subtense (frontal subtense)
43 FRF Nasion-subtense fraction
44 PAC Bregma-lambda chord (parietal chord)
45 PAS Bregma-lambda subtense (parietal subtense)
46 PAF Bregma-subtense fraction
a7 OoCC Lambda-opisthion chord (Occipital chord)
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Table B-2. Population Coding Used

Population Population
Code

1 Norse: (Medieval), Europe, Oslo

2 Zalavar: Central Europe, Hungary

3 Berg: Central Europe, Carinthia, Austria

4 Teita: East Africa, Kenya

5 Dogon: West Africa, Mali

6 Zulu: South Africa

7 Lake Alexandrina Tribes: South Australia

8 Tasmanian: Tasmania

9 Tolai: Melanesia, New Britain

10 Mokapu: Oahu, Hawaii, Polynesia

11 Easter Island: Polynesia

12 Moriori: Chatham Islands, Polynesia

13 Arikara: (Early) North America

14 Santa Cruz Island: California, N. America

15 Yauyos: Peru, South America

16 Hokkaido: North Japan

17 North Kyushu: South Japan

18 Hainan: Haikou City, China

19 Atayal: Taiwan Aboriginals

20 Phillipine: Phillipine Islands

21 Guam: Late Period

22 Egypt: Gizeh, 26th-30th Dynasties

23 San: South Africa

24 Andaman: Andaman Islands

25 Ainu: S. and SE. Kokkaido, Japan

26 Buriat: Siberia

27 Eskimo: Inugsuk, Greenland

28 Anyang: Shang Dynasty, China
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APPENDIX C
STATISTICS

Each of the four sections detailing statistical procedures and applications used in this
dissertation’s analysis consists of two parts. The first describes the necessity and
appropriateness of the technique. Second, there is a graphical representation (usually a
flow chart) of the expectations and limitations of the technique used. The four statistical
procedures covered in this appendix are as follows:

¢ Cronbach’s Alpha

¢ Flury Hierarchy

¢ Stepwise Linear Regression

¢ Partial Least Squares (PLS)

Cronbach’s Alpha

The initial problem addressed in this dissertation is the identification of areas of
integration and their patterning. As a preliminary technique for the identification of areas
of integration, the decision was made to identify areas of the skull with significantly
higher or lower areas of correlations of measurements. In order to test for internal
consistency of cranial measures and compare average correlations within and across areas
of the skull in Howells’s and Hanihara’s datasets, Cronbach’s Alpha (a ) was used.
Cronbach’s Alpha is a popular reliability statistic (Cronbach, 1951). Cronbach’s Alpha
determines the internal consistency or average correlation of items in a sample to gauge

reliability of estimates. Computation of alpha is based on the reliability of a test relative
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to other tests with same number of items and then measuring the same structure (Hatcher,
1994). Cronbach’s a is defined as

a = (k/(k-1)) * [1 — X(s’/sum]

where the s;**?’s denote the variances for the k individual items and Ssum™*’s denotes
the variance for the sum of all items. Cronbach’s a will generally increase when the
correlations between the items increase, causing the coefficient also to be called the
internal consistency or the internal consistency reliability of the test. Cronbach’s a is used
only as an exploratory measure of the relationship of variables within the macromodules
(putative modules) here. As noted in the text, the statistical power of Cronbach’s a is
weak (high Type II error), and it is uninformative if used for different numbers of
measured points, being sensitive to the numbers of comparisons. In this dissertation, it is
used only with similar numbers of points, and only to examine relationships and form,
not to test, hypotheses. Figure C-1 summarizes the technique’s proper application and the

types of conclusion that can be drawn from the results.
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Applicability
Technique
and Limitations

Measures Similarity of
Correlations

Cronbach's
Alpha

Assumes Same Structure
of Data, "Small" and
Equal Numbers of
Measures

Determination

Results show differential
areas of intercorrelation.

Results suggest probable
over-definition of shape in
Howell's measures
(redundancy).

Useful only to generate ,
rather than test,
hypotheses.

Figure C-1. The Application of Cronbach’s Alpha

Flury Hierarchy

The second major statistical problem addressed in this dissertation was how to
robustly compare integration patterns across the skull. Traditionally covariance matrices
have been compared for the probability of being identical (or exhibiting equality as
referred to here). Given large numbers of measurements this comparison has been
described as highly unlikely, with such results either spurious or only found in cases
where very small numbers of points are measured in construction of the matrices
(Ackermann and Cheverud, 2000). Another informative approach is to compare results
when changing membership of given points in constructing matrices and bootstrapping;
the theory predicts less and less relationship of matrices as the correct placement of
boundaries between modules is reached (Klingenberg et al., 2001). The approach used
here is somewhat different: a priori—constructed modules (and/or macromodules) are

compared for structural similarity using the Flury hierarchy.
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Rather than mathematically establishing boundaries between modules, the Flury
hierarchy is used here to compare matrices derived from sets of non-overlapping cranial
points. Thus, while the boundaries between modules are not identified as such, regions
are not redundant in points used. The Flury hierarchy—as applied by Arnold and Phillips
(1999) and illustrated in Figure C-2—is used here to compare the structure of two (or

more) covariance matrices in a hierarchical fashion.

Unrelated
Equality

Proportionality

- Proportionality

Figure C-2. Flury Hierarchy (redrawn from Arnold and Phillips 1999)

Hierarchy provides a means to assess covariance structure (as seen in Figure C-2).
The large oblate spheroids preserve the same shape as the smaller, and are representative
of matrices exhibiting equality. The smaller oblate spheroid is proportional to both the
larger examples, differing only in size. The “true” spheroid represents matrices sharing
common principal components with the left side exemplars; the ‘lozenge” on the right
represents matrices with unrelated structure (here demonstrated by possessing straight

lines, smaller size, and 90° rotation of the long axis).
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The hierarchy operates on the fact that covariance matrices can share more complex
relationships between one another than just being equal or not. In fact, covariance matrix
equality in large datsets is extremely unlikely (Marroig and Cheverud, 2000). As
discussed in Chapters 2 and 3, matrices share structure up to and including equality, with
the assumption being made that matrices exhibiting proportionality or higher are
representing scaled exemplars of the same entity (e.g., allometrically scaled). For
example, one matrix might be identical to another except that each element of the matrix
is multiplied by a single constant (similar eigenvectors, different eigenvalues;
proportionality). This is the pattern expected in the “lines of least resistance” argument
for speciation discussed in the text; covariance matrices from same-species phenotypes
can be assumed to be represented by scaled similar modules, and functional differences
across species mean the shape of modules and their attendant covariance matrices are
different and non-proportional (Erouhkmanoff and Svensson, 2008).

The Flury hierarchy is an expression of log-likelihood ratio; models can be built up
or down and tested with the maximizing Akaike Information Criterion (AIC; see Akaike,
1974). The AIC works as a trade-off between precision and complexity. Overspecified
models are overly complex for the degree of precision they require and their AIC is
consequently too high. Well-fit models thus have lower AICs than higher. The AIC is not
a test on the model in the sense of hypothesis testing; rather it is a tool for model
selection. Here, the AIC in combination with p-values of the matrices being compared is
used to show the level of matrix comparability or structure. A low AIC indicates good fit;
a low p-value indicates the model is rejected, as overspecified. Nonetheless, the converse

is not necessarily true—a high p-value (acceptance given false) does not mean that the

218



given model is not overspecified (a Type II error). Figure C-3 summarizes the proper

application of the Flury hierarchy.

. Applicability -
Technique - Determination
and Limitations

Results show differential

patterns of matrix structure
macross areas of skull.
Compares Hierarchical Structure
Within Covariance Matrices,
Expands beyond simple
comparison of matrix
equality/non-equallity. Results suggest some patterns of
matrix proportionality reflect

probable pattern of species

differentiation (Line of Least

Flury Hierarchy EHHELTCR

Decision as to Hierachical Level . .
Represented has Subjective Demonstrates Relationship of
Component; Hierarchical Structure Across
Matrices, Not Probability of

Does not Give Results in Levels Diffferences Individually

Probability Value

C-3. The Application of the Flury Hierarchy

Stepwise Linear Regression

The third major use of statistical inference in the dissertation was stepwise linear
regression (also known as stepwise discriminant function). After regions of the skull were
shown to exhibit differential areas of integration through the use of Cronbach’s Alpha,
the Flury hierarchy was used to examine the covariance matrices for structural
similarities across multiple partitions of the skull. Results showed that some regions of
the skull could be considered modules under the definition of possessing proportional

covariance structure (see Chapter 3 of this dissertation).
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The next step was to find the predictor variables for morphology in the modular and
non-modular regions. The assumption was non-modular regions should have different
predictor values (such as sex and population) than modular regions. The decision was
made to analyze the pattern in which various factors affect the observed regions.
Morphology of each part of the skull in toto and by subset (macromodule or module) was
predicted by Stepwise Linear Regression. Stepwise linear regression is an approach to
selecting a subset of effects for prediction in a regression model, which is an example of
general linear models for prediction of the best linear model from a number of possible
models. The use of these model-building techniques begins with the specification of the
design for a comprehensive “whole model.” Less comprehensive submodels are then
tested to determine if they adequately account for the outcome under investigation.
Finally, the simplest of the adequate is adopted as the “best.”

In Chapter 4, several factors were used to predict the morphology of the centroids
(defined as point matrices for individuals from the global samples as defined in Appendix
A, standardized as to scaling, reflective properties, and translation). The predictor
variables included biomechanical force (using Iax/Imin as a proxy), the effect of
mandibular size (mandibular area), and other factors defined in Chapter 4. The
explanatory power of the regression was considered sufficient if r was greater than 0.7;
several regressions equaled or exceeded this value. Stepwise regression can sometimes be
misleading in that the significance levels on the statistics for models can violate standard
statistical assumptions given the model sometimes is used to select the “best” of a
priori—defined models rather than tested within a fixed model. It is based on methods

(e.g., F-tests for nested models) that were intended to be used to test pre-specified
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hypotheses. Figure C-4 summarizes the benefits and limitations of stepwise linear

regression.

. Applicability -
Technique - Determination
and Limitations

Results show differential patterns of
prediction of morphology by defined
factors: some areas welldefined
others poor.

Generallinear Modelusedto provide
the prediction of a variable using the
effects of otherv ariables (factors) and
theirinteractions.

Population and sex effectsin
prediction for macromodules ornon-

modules; no effects in prediction of
modules.Pattern of cranialforamina

Stepwise Regression not defined by fuctionalfactors,

Assumes normal distribution of
variables, test post facto defined
hypotheses ratherthan formal
hypothesis testing, has no completely
objective method of asessing
goodness of fit of chosen model.

Demonstrates cranialmorphology
cannot be completly predicted by
] factors used. Hierarchical Structure
Across Matrices, N ot Probability of
Levels Diffferences Individually

Figure C-4. The Application of Stepwise Linear Regression

Partial Least Squares (PLS)

Partial least squares (PLS) regression can be used to find the fundamental relations
between two matrices (X and Y); that is, PLS is a latent variable approach to modeling
the covariance structures in these two spaces. A PLS model will try to find the
multidimensional direction in the X matrix that explains the maximum direction in the Y
space. PLS regression is an important step in PLS path modeling, a multivariate data
analysis technique that employs latent variables. This technique is often referred to as a

form of variance-based or component-based analysis. If factors are few in number and are
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not significantly collinear, PLS provides a good explanation of one variable by another.

Figure C-5 summarizes this statistical technique.

Technique

Partial Least Squares (PLS)

Figure C-5. The Application of PLS Regression

Applicability

and Limitations

Technique used to extract latent
factors that account for large
amount of variation in
datasets.Bilinear factor modelof
redundancy analysis

Assumes the independent
variable s free from error.
Difficult assumption to justify
in biology.
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Determination

Results show differential
patterns of prediction of skull
by mandible:

.3625

Results show differential
patterns of prediction of
mandible by skull: .2890

(Table 3-14)

Demonstrates skull is more
affected by mandible than
mandible by skull;, possibly
through biomechanics in
mandible.




APPENDIX D
MORPHOLOGIKA 2.5

This appendix is organized into two sections:

¢ Morphometrics

¢ Digitizing
Morphometrics

Morphometrics provides the methodology to test three-dimensional relationships as
exemplars of three-dimensional coordinate systems. Landmark data in three dimensions
is perturbed about mean form. Perturbation models address the problems of reflection,
translation, scaling, and rotation as groups of three-dimensional points are compared. If
groups of points are correctly registered (standardized as to scaling, reflective properties,
and translation) within the hemispheres of a three-dimensional sphere, then a perturbation
model can be applied. This model predicts that change in landmark groups occurs as a
perturbation of three-dimensional space as defined by landmark group (shape), within
which the points are assumed to be able to “randomly” move independently of other
landmarks. Perturbations are examined as the deviations from isotropy, in which all
landmarks are assumed to exhibit equal spacing in three dimensions. If these assumptions
are allowed, it is possible to use Procrustes superimposition techniques in which the sum
of squared distances of equivalent landmarks in each landmark grouping (such as the

skull or mandible) is minimized by using the formula:
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The mean distance between all sets of points at a given location in 3D space is thus
removed. This formula is used to create the centroid for each specimen, and then centroid
sizes are compared. This technique works because the variability common to all points—
the summation of Euclidian distances to the centroid (mean of all points per specimen)—
is removed. This removal causes specimens to group based on centroids; it is essentially a
size-removal technique, if size is considered the initial underlying reason all points have a
relationship to the mean. (This methodology gives essentially the same results as the
Darroch and Mossiman [1985] size-removal technique.) This technique minimizes the
sum of squared distances between equivalent landmarks of forms; if all landmarks have a
relationship to their centroid, removing the relationship leaves the landmarks without this
extra source of variability. The centroids of the specimens themselves are then modeled
as points and assumed to have an isotropic distribution in Kendall’s shape space.
Deviations from this assumption are then analyzable in terms of their covariance
structure. Statistical analysis is thus performed on the data matrix formed by the aligned
landmark sets. Kendall’s shape space configurations are then treated as a linear space, in
which standard statistical techniques can be applied directly.

In order to statistically analyze relationships of non-isotropic distributions of points in
principal component analysis (PCA), a plane tangent to the curved Kendall’s shape space
is established. Figure D-1 shows that PC1 and PC2 are easily visualized as in a plane
tangent to the Kendall’s sphere. In order to construct an orthogonal axis to that plane,
PC3, it would be necessary to go into the sphere itself; hence representation here is of
necessity two-dimensional. Techniques used in PAST and Morphologika 2.5 allow use

of the PCA in Morphologika 2.0 as either full size-removal single-vector deconstruction

224



(SVD) or an option to preserve size-shape relationship. The more robust SVD

methodology is used for this thesis.
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Figure D-1. The projection of three-dimensional coordinates into tangent two-dimensional
space can be analyzed using multivariate techniques. Also the projection forms thin plate
splines (TPS) when extracted to two dimensions (figure from Morphologika 2.5 with
permission from Paul O’Higgins).

Digitizing

Methodology consists of immobilization of the mandible in fixed position to the
digitizer. Three-dimensional coordinates of the skull and mandible are recorded using a
Calypso three-dimensional spacer digitizer, accurate to 0.001 mm. Immobilization is

initially achieved by the anchoring of the mandible using non-adhesive modeling clay at

three points: the mental symphysis and both genial regions,. The internal and external
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mandibular measures are then digitized, with the position of the left mental foramen
repeatedly checked to insure continued immobility of the object. After the mandibular
measures are taken, the remainder of the skull is placed in anatomical position atop the
mandible, with the condyles in position in the glenoid fossa and the teeth in occlusion;
the posterior skull supported by a column of clay to maintain perfect occlusion. (While
this orientation is not in Frankfort Horizontal [FH], because all skulls are measured using
the same methodology, conversion of orientation to FH later is of little trouble).
Immobility of the mandible is checked by verifying the position of the left mental
foramen, and then a series of external cranial vault and facial measures are taken, with
constant rechecking of the mandibular and cranial immobility. After placement of the
skull into occlusion, nasion, left porion, and infraorbital foramen are used as constant
reference points to check cranial immobility atop the mandible. The inferior facial and
basicranial measures are then digitized, with the cranial immobilized in a fixed position
relative to the digitizer. Nasion, porion, and infraorbital foramen are again used as the
checkpoint for the inverted cranium, which will allow rotation of the series of inferior
points into congruence with the previously gathered mandibular and external cranial and
facial measure dataset.

Zero point in the research for this dissertation was as follows:

AMNH +82.900 +145.200 +37.600

NMNH +00107.500 +00145.000 +00039.200

Morphologika 2.5 allows visual inspection of shapes produced by the centroids, as

well as examination of the effects of allometry. Figures D-2, D-3, and D-4 are some
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screen captures from Morphologika 2.5. Figure D-2 is a lateral view of a 14-point three-
dimensional model of the mandible, and Figure D-3 is an oblique view of same. Figure
D-4 is a view of the anterior facial block. Table D-1 lists the three-dimensional points

used for digitizing in Morphologika 2.5.

Mean Reference Mandible
All Populations Sex=1,2
n=188

Figure D-2. Lateral mandible Analyzed in Chapters 3, 4, and 5
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Slide3 Reference Shape y="14
x =.18 Mandible, 16 pts.

Figure D-3. Oblique View Mandible Analyzed in Chapters 3, 4, and 5 (16 points)

D-4. Anterior Facial Block, Analyzed in Chapters 4 and 5
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Table D-1. Morphologika 2.5 Digitizing Points

Point No. | Digitizing Point
Points on the Mandible
1 Posterior condyle left (ML)
2 Mid-condyle left (CC)
3 Lateral condyle
4 Bottom incisura notch, middle
5 Coronoid tip
6 Most indented ramus (MRB)
7 Height at M1superior
8 Height at symphysis superior infradentale
9 Mental foramen left
10 Mental symphysis midline inferior, pogonion (ML)
11 Height at M1 inferior
12 Alveolar plane (1 = anterior)
13 Alveolar plane (1 = middle)
14 Alveolar plane (1 = posterior)
15 Gonial angle (gonion)
16 Most indented posterior ramus (MRB)
17 Internal ramus (mandfor = top of entry left)
18 Mentum osseum right
19 Mentum osseum left
20 Mentum osseum top
21 Mental foramen left
22 Mental foramen right
23 Right side coronoid tip (other half bicoronoid)
24 Right side condyle posterior (same position as #1)
25 Outer condyle right middle (#2)
26 Right lateral condyle (other part of bicondylar width; same as #3)
27 Right side gonion
28 Right side top of mandibular foramen
29 Lingual tuberosity right side
30 Lingual tuberosity left side
31 Mental foramen left
32 Left M3 distal
33 M3 mesial
34 M2 mesial
35 M1 distal
36 M1 mesial
37 P4 mesial
38 P3 mesial
39 Canine distal
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Point No. Digitizing Point

40 Canine mesial

41 Lateral incisor distal

42 lateral incisor mesial

43 Central incisor distal

44 Central incisor medial
Breadths

45 Canine base labial

46 Canine base lingual

47 M1 lingual left

48 M1 labial

49 M1 lingual alveolar border (across from #6)
50 M2 lingual

51 M2 labial

52 M3 lingual

53 M3 labial

54 Note on condition of dentition

Skull (note skull condition and any modification)

55 Mental foramen left (check nasion)
56 Cranial length glabella

57 Cranial length opisthocranion

58 Cranial breadth right

59 Cranial breadth left

60 Bizygomatic right

61 Bizygomatic left

62 Porion right

63 Porion left

64 Bottom of orbit left (for Frankfort Horizontal)
65 Infraorbital foramen left

66 Infraorbital foramen right

67 Nasion

68 Supraorbital foramen left

69 Supraorbital foramen right

70 Nasal capsule right at ethmoidal suture
71 Nasal capsule left at ethmoidal suture
72 Infraspinale

73 Maximum lateral flare nose right

74 Maximum lateral flare nose left

75 Maximum height nasal aperture

76 Incision

77 Internal zygomatic left side

78 Orbitale left (will give orbital breadth)
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Point No.

Digitizing Point

79 Temporal line anterior left at coronal suture

80 Temporal line anterior right at coronal suture

81 Temporal line left 15° from idealized 90° of measure at suture
82 Temporal line left 30° from idealized 90° of measure at suture
83 Temporal line left 45° from idealized 90° of measure at suture
84 Temporal line left 90° from idealized 90° of measure at suture
Crania (without mandible)

85 Infraorbital foramen left

86 Nasion

87 Porion left

88 Foramen magnum posterior (opisthion)

89 Foramen magnum anterior (basion)

90 PTM left

91 PTM right

92 Pharyngeal tubercle left

93 Pharyngeal tubercle right

94 Incision (internal incisor point)

95 Palate breadth on suture left

96 Palate breadth on suture right

97 Glenoid depth left
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APPENDIX E
CRANIAL BREADTH DISCRIMINANT ANALYSIS

The following analysis reinforces results from Hallgrimsson et al. (2007); Martinez-
Abadias, et al. (2009) and Betti, et al. (2010), showing that cranial widths drive much of
the variation in human skulls and are decoupled to a degree from length and width
measurements. As outlined in Chapter 5, this has significance for studies which examine
modularity in terms of two dimensions. Usually two-dimensional analysis uses lateral
imaging such as lateral radiographs for data collection. If the breadth of the skull is the
primary axis of variation, results describing three-dimensional structures such as the skull
are likely to be compromised. This is particularly true for studies of population
relationships based on phenotypic traits using two dimensions only (Gonzalez, et al.,
2010) and even more so if climate is included as a factor (Betti, et al., 2010).

The following sequence shows sequential variable sequencing in addition of variables
in discriminant function.

¢ The first variable distinguishing populations is facial breadth (XCB).
¢ The second is cranial breadth (FCB).
¢ The third is asterionic breadth (AUB).

This demonstrates the pattern of variation in the skull as a whole is driven by breadth
measurements, and suggests removal of breadth in two-dimensional analyses is the most
damaging axis of removal.

The discriminant function in Table E-1 is performed on the 21-variable subset derived
from W.W. Howells’s 47-measure dataset, the details for which are provided in Chapter 3

and Appendices A and B. Given the extremely large Howells dataset, all measures here
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are strong predictors (p = 0.0). The importance is seen in the f-value, unmistakably much

larger for the breadth measures.

Table E-1. Discriminant Function Analysis lllustrating Effect of Breadth Measurements

Measurements | F Ratio | Prob > F
GOL (glabello-occipital length) 79.938 0.0000000
XFB (facial breadth, #2) 524.828 0.0000000
XCB (cranial breadth, #1) 996.148 0.0000000
BNL (basion-nasion length) 78.418 0.0000000
BBH (basion-bregma height) 88.810 0.0000000
FRC (nasion-bregma chord) 52.709 0.0000000
PAC (bregma-lambda chord) 44.295 0.0000000
BPL (basion-prosthion length) 60.888 0.0000000
OBH (orbit height) 56.917 0.0000000
OBB (orbit breadth) 56.342 0.0000000
NPH (facial height) 79.525 0.0000000
NLB (nasal breadth) 54.195 0.0000000
MAB (external palate breadth) 34.149 0.0000000
ZMB (bimaxillary breadth) 32.991 0.0000000
BBH 2 88.810 0.0000000
AUB (biauricular breadth) 168.889 0.0000000
ASB (biasterionic breadth) 73.720 0.0000000
MDB (mastoid breadth) 21.063 0.0000000
MDH (mastoid height) 25.109 0.0000000
FOL (foramen magnum length) 27.312 0.0000000
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