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Abstract

The estimation of ancestry is central to the construction of a biological profile, and
has traditionally been done through the analysis of cranial morphoscopic traits.
Morphological traits of the dentition have also been used to assess population affinity,
though largely outside of the forensic sphere. The Daubert standard of evidence requires
that methods used in the forensic sciences be testable and have known rates of error. With
few exceptions, the methods employed by anthropologists in the analysis of cranial
morphoscopic and dental morphological traits do not comply with that standard.
Furthermore, no method exists for reliably producing an ancestry estimate from multiple
data sources.

This research examines 79 cranial and dental traits in a sample of 693 individuals
from various ancestry groups, including several newly or recently standardized traits that
have not been fully explored. The Asian/Native American sample was excluded due to
sample size. For the remaining sample, the pool of 79 variables was reduced to 34,
removing those that did not differ significantly among ancestry groups or were highly
correlated with other variables. These 34 variables were used to build classificatory
models using random forest modeling and naive Bayes classification.

Overall these models correctly estimated ancestry in 67%-84% of cases. In general,
the naive Bayes classifier performed better than the random forest models. Also, models
that combined cranial and dental data outperformed models based on a single data source.
Although the improvement of the combined data models over the cranial data models was
not statistically significant. Interestingly, the combined data model showed the most

marked improvement in estimating the ancestry of Hispanic individuals. This suggests that
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the cranium and dentition provide different information with regard to ancestry, and more
accurate ancestry estimates can be produced by combining them.

The methods used to produce ancestry estimates in this research comply with the
Daubert standard of evidence, making them applicable to modern forensic casework.
Additionally, the results highlight the potential improvement to ancestry estimation by
combining data from different regions of the skeleton, and the utility of the dentition in

forensic estimates of ancestry.
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Chapter 1:
Introduction

1.1 Background

Forensic anthropology is the application of the methods and theory of
anthropology, especially biological anthropology, within a medico-legal context.
Typically, forensic anthropologists are called in when remains are skeletonized and
the identity of the decedent is unknown. Identification begins with the construction
of a biological profile, which usually consists minimally of estimations of the
individual’s sex, age, ancestry, and stature. Ancestry is fundamental to the positive
identification of unknown individuals, but can be difficult to accurately estimate
because of constantly changing genetic substructures and cultural definitions and
ideals. This difficulty is further compounded by the fact that ancestry as assessed
from the skeleton and self-identified race may not be congruent (Gill 1995, Hinkes
1993).

The global degree of human variation is vast and clinally distributed
(Lewontin 1972, 1995, Livingstone 1962). However, some skeletal variation shows
geographic patterns (e.g. Cavalli-Sforza 1997, Cavalli-Sforza and Piazza 1994,
Dobzhansky 1962, Howells 1989, Jorde and Wooding 2004, Ousley et al. 2009,
Relethford 2009), which roughly correspond to the social concept of race, especially
as conceptualized in the United States (Ousley et al. 2009, Sauer 1992). The
correspondence between biology, geography, and culture when it comes to human
variation has been termed ancestry, and it is on this aspect of human identity that

forensic anthropologists can comment (AAPA 1996, Brues 1992, Edgar and Hunley
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2009, Hefner 2003, Kennedy 1995, Konigsberg et al. 2009, Ousley et al. 2009, Sauer
1992).

Forensic anthropological investigations are intrinsically tied to the legal
system. Forensic anthropologists are frequently called upon to present their
findings in a court of law; however, the guidelines governing the admissibility of
those findings have been subject to many revisions (Christensen 2004, Grivas and
Komar 2008). The first ruling with direct relevance to expert testimony is Frye v.
United States (1923). The “Frye Rule” essentially permitted expert testimony if the
methods informing the testimony were generally accepted by the appropriate
scientific community (Christensen 2004). However, by the latter half of the 20t
century, new methods were constantly employed, such that the “Frye Rule” was
frequently ignored or modified (Christensen 2004). This uneven application of the
“Frye Rule” led to the eventual enactment of the Federal Rules of Evidence in 1975.
These new rules stated that an individual qualified by, “knowledge, skill, experience,
training, or education,” may testify as an expert on appropriate scientific
information (Federal Rules of Evidence 1975). However, these new rules only
created confusion about the “Frye Rule” as the general acceptance criterion of the
latter was not mentioned (Christensen 2004).

The ruling in Daubert v. Merrell Dow Pharmaceuticals Inc. (1993), handed
down by the U.S. Supreme Court, provided an evidentiary standard to which all
scientific testimony must comply. Importantly, the Daubert ruling made the test of

general acceptance less important, “in order that a reasonable minority opinion may
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be admitted into evidence” (Christensen 2004:2). This allowed for the inclusion of
new techniques, like the emerging field of DNA analysis, although they may not yet
be widely accepted. The Daubert ruling also established standards that evidence
must meet to be considered scientific. These included a stipulation that the
method(s) informing the testimony be testable, subject to peer review, and that the
implementation of these methods be standardized and have known rates of error
(Christensen 2004).

Many methods, both metric and morphoscopic, have been devised to aid in
the estimation of ancestry from the human skeleton (e.g. Angel and Kelly 1990,
Baker et al. 1990, Byers et al. 1997, Christensen et al. 2014, Edgar 2009, 2015, Giles
and Elliot 1962, Gill 1998, Hefner 2009, Hinkes 1990, Krogman and Iscan 1986,
Ousley and Jantz 2006, Rhine 1990, 1993). However, existing methods are not
applicable in all circumstances (Gill 1998, Klepinger 2006, Rhine 1990) or may not
meet current evidentiary standards (Daubert v Merrell Dow Pharmaceuticals Inc.
1993). Adding to the “toolbox” of methods from which anthropologists can draw
when making ancestry estimates is vital to continued success in the identification of

unknown individuals.

1.2 Research Question and Hypotheses
This research will answer the question, “Can ancestry estimation methods in

forensic anthropology be improved through increased standardization, the inclusion
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of dental variables, and the infusion of more robust statistical methods?” The

question above will be answered by testing several interrelated hypotheses:

1)

2)

3)

Morphoscopic traits of the cranium will separate groups by ancestry in the

forensic context.

Previous work with morphoscopic traits (Hefner and Ousley 2014) has
suggested they can be used to accurately estimate ancestry in over 85% of cases.
This research will try to replicate those results, and explore what effect, if any,
that the addition of more cranial variables has on the rate of successful
classification.

Variation in dental crown morphology will separate groups by ancestry in the

forensic context.

In the United States, forensic anthropologists typically estimate ancestry as
white, black, Asian/Native American, or Hispanic (Bass 2005, Burns 2007, Byers
2011, Kennedy 1995, Klepinger 2006, Sauer 1992, 1993, Spradley et al. 2008,
Spradley and Weisensee 2013). If dental morphology alone is useful in
predicting ancestry, then it is expected that a classification model based on
dental morphological traits will be accurate more often than from chance; in this
case, accurate more than 25% of the time. Since there are four categories in
which an individual can be placed, features that have no predictive value would
be expected to classify individuals randomly.

The combination of cranial morphoscopic and dental traits will improve the

accuracy of ancestry estimates.
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Assuming the above hypotheses are supported, the combination of cranial
morphoscopic and dental morphological traits, will more accurately estimate
ancestry than either method independently. The inclusion of more traits will
allow the forensic anthropologist to make accurate assessments from remains
that may have damaged or missing elements that preclude the use of all traits in

a single method.

1.3 Importance

This project will provide a method of ancestry estimation that is accurate,
validated, and reliable, including probabilities and known rates of error. Previous
researchers (Hefner et al. 2012) have acknowledged that the defensible use of
morphoscopic data requires large datasets, standard protocols for recordation, and
statistics that are appropriate to the data being analyzed. This research meets those
goals. The addition of dental morphology allows for more data to be used in the
forensic estimation of ancestry. Teeth preserve well and are frequently recovered in
forensic contexts, but there are a limited number of methods for their application in
forensic anthropology that meet the evidentiary standard of Daubert. Additionally,
dental and cranial morphology develop differently and likely capture different
information with respect to ancestry (Martini et al. 2009, Scheuer and Black 2004).
Therefore, the inclusion of dental morphology in the forensic estimation of ancestry
may provide a broader picture of an individual’s ancestry. Furthermore, the

research proposed here focuses on standardization. Many of the cranial and dental
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traits employed in this research have been standardized (Hefner 2009, Turner II et
al. 1991); however, a few are newly standardized and have not been fully explored;
namely, palate shape, molar crenulations, diastema, and dental crowding.
Therefore, not only does this research contribute data on the frequency of these
traits in different populations, it also tests a standard method for defining and
recording these traits that is currently lacking.

These contributions are important to forensic anthropology because the
proposed methods comply with the established standards of admissibility in court
(Daubert v. Merrell Dow Pharmaceuticals Inc. 1993) and address the shortcomings of
forensic science in the United States enumerated by the National Academy of
Science report (NAS/NRC 2009). A thorough investigation of forensic science
conducted by a joint committee of the National Academy of Sciences and the
National Research Council revealed a state of fragmentation and inconsistency that
is incompatible with standards of evidence outlined in Daubert (NAS/NRC 2009).
Among the most significant problems addressed by this report is a lack of
standardization across forensic science disciplines; even in disciplines where
standards exist, they are frequently unclear and unenforced (NAS/NRC 2009). The
lack of consistency “pose[s] a continuing and serious threat to the quality and
credibility of forensic science practice” (NAS/NRC 2009:6). Following these
discoveries, the National Academy of Sciences called for more standardized
methods, research that addresses the accuracy and reliability of existing methods,

and the support of organizations that encourage such work (NAS/NRC 2009). In
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response to this call, many forensic sciences set out to make their own methods
more robust. Itisin part as a response to this call that this research has been

conducted.
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Chapter 2:
The History of Physical Anthropology and Race

“Physical anthropologists derive their professional existence in part from the
fact that human variability exists” (Rhine 1993:54). This variability has been used
to classify individuals into discrete groups termed ‘races,” and the study of race has
wavered in and out of focus in physical anthropology. However, the arbitrary
nature of biologically-based population boundaries and political implications of
studying race have led some to abandon its study entirely, resulting in two
diametrically opposed views concerning race in physical anthropology (Gill 1990,
Sauer 1993). There are those who believe biological races do not exist, have been
proven to not exist, and should be abandoned as a subject of study in physical
anthropology (e.g. Armelagos and Goodman 1998, Armelagos and van Gerven 2003,
Lewontin 1972, 1995, Livingstone 1962, Smay and Armelagos 2000). There are also
anthropologists who believe that human variation is patterned, that distinct
populations exist, and that ignoring their existence is essentially bad science (e.g.
Garn 1965, Gill 1990, Ousley et al. 2009, Sauer 1992, 1993).

Whether or not race is a biologically valid concept, or even an appropriate
term to apply to human variation, treating it as a taboo subject in physical
anthropology only serves to prevent the advancement of our understanding of it
(Gill 1990). Rather than a point of contention among anthropologists, and within
physical anthropology, an understanding of race, “...should be viewed as tantamount
to an effective understanding of [the] evolutionary process itself” (Gill 1990: viii).

Understanding the variation that has been used to classify groups into races, the
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mechanisms underlying that variation, and how that variation is truly distributed
can only strengthen future anthropological research, and understandings of human
variation.

To better understand what is meant when the term ‘race’ is applied, it must
be considered historically. An evaluation of the evolving meaning and accumulating
connotations of race helps pinpoint the variations used in delineating races, and
assess if continued study of those variations is a fruitful avenue for physical

anthropology.

2.1 The Origins of Human Races

An argument could be made that the idea of clearly divided races of human
beings was a product of long-distance nautical exploration during the 15t-17th
centuries (Brace 1995). Medieval explorers, like Marco Polo and Ibn Battuta,
traveled widely and observed first-hand the biological diversity of extant human
populations. However, the limitations of the available technology necessitated that
long-distance trips be broken into several shorter segments. Since human variation
is clinally distributed, the shorter segments of travel meant that the explorers were
exposed to human variation at multiple points along that continuum. Consequently,
the populations encountered did not appear to demonstrate any point at which a
stark change in phenotype occurred, rather these changes occurred gradually as
travel progressed (Brace 1995). The introduction of long-distance nautical travel,

allowed for the European discovery of the Western Hemisphere, and fundamentally
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changed how human variation was viewed. Suddenly, European explorers were
covering long distances at one time, and not observing any of the human variation
occurring between the point of departure and their destination. Since populations
more distant from one another in the clinal distribution were juxtaposed, the
dramatic differences observed suggested inherent differences in groups of
humanity.

Scientists during the Enlightenment (17t-19t centuries) were enthralled by
the emerging fields of taxonomy and systematics. This new focus is perhaps best
characterized by the work of Carolus Linnaeus. In his attempt to classify the
physical world in Systema Naturae (1759), Linnaeus treats human races as
taxonomic units equivalent to subspecies, identifying four distinct groups: Homo
sapiens afer, Homo sapiens americanus, Homo sapiens asiaticus, and Homo sapiens
europaeus. Although the Enlightenment is generally characterized by a decreased
influence of religion on science, several concepts rooted in religious ideology
remained influential. Among these, the Great Chain of Being had a notable effect on
Linnaean taxonomy (Brace 2005, Hefner 2007, Ta’ala 2015). The Great Chain of
Being posits that the world is hierarchically structured, with the most sophisticated
and complex beings at the top. Once the concept of separate groups of humanity
was introduced, the Great Chain of Being was expanded to include these groups in
the hierarchy; classifying them on the basis of biology, behavior, and culture (Ta’ala

2015). The Linnaean system of human taxonomy, the first systematic classification
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of human variation, influenced subsequent attempts to define human races (Hefner
2007, Sauer 1993, Ta’ala 2015).

Roughly contemporary with Linnaeus, Johann Blumenbach, proposed a
different racial classification scheme of humanity. Bearing in mind the considerable
variation in human cranial form, Blumenbach (1775) proposed five races:
Caucasian, Mongolian, Malayan, Ethiopian, and American. The primary difference
between this view and that proposed by Linnaeus is the mechanism of variation.
Whereas the Linnaean taxonomy is based on the idea of natural subdivisions in man,
and their inherent hierarchy, Blumenbach employs an idea akin to clinal variation:

“The variations of skin color, stature, body proportions, etc. which we have

been able to observe, considerable though they may appear at first sight,

have no absolute value; they all merge gradually one into another and,

accordingly, classification into human races is arbitrary.” (Bendyshe 1865

translation of Blumenbach in Comas 1960:16).

This approach to human variation, and his focus on skeletal morphology as a source
of data have led some to call Blumenbach the first physical anthropologist (Brace
1982, Cook 2006).

Though progressive for the time, the classification system of Blumenbach is
not without problems. Blumenbach was a monogenist; thus, the varieties of man
were a product of varying degrees of degeneration from the ideal human form
represented by an initial divine creation. Degeneration, as used by Blumenbach, is
not an inherently hierarchical concept (Brace 2005). In this context, degeneration

represented an absolute level of change from the hypothetical ideal, without a value

judgment on those changes (Brace 2005). For Blumenbach, degeneration occurred
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through a combination of environmental factors including migration, diet, disease,
and isolation (variables of striking resemblance to those we now recognize as key to
human adaptability) acting on a common ancestral population (Brace 2005, Hefner
2007). In fact, Blumenbach himself spoke to the accomplishments of non-Caucasian
races, and the equality of their intellects (Blumenbach in Bendyshe 1865). However,
since Blumenbach identified the Caucasian race as the ideal ancestral population
from which other races degenerated to varying degrees, future scholars would
adopt his work as hierarchical, asserting that those races that had deviated furthest
from the Caucasian ideal, were the most inferior. This idea has been wrongly
ascribed to Blumenbach himself (e.g. Gould 1994, 1996).

The study of race in the United States during the middle of the 19th century
was different than it had been in Europe, due largely to the prevailing political
climate. The science of race had serious political implications as the U.S. was
undergoing an unprecedented amount of immigration from Europe, and had more
frequent dealings with Native Americans as westward expansion continued. In this
socio-political climate, it was desirable to draw hard boundaries between groups of
people, and the idea of races as separate creations, or polygenesis, took hold (Hefner
2007). One prominent scholar to adopt this point of view was Samuel Morton.
Morton divided humanity into five races, the same as Blumenbach; however, these
races were not the product of the unique pressures of the local environment, but
separate lineages that arose in isolation from one another (Morton 1839). Morton’s

position in Crania Americana, and later reinforced by the examination of a series of

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



13

Egyptian mummies, is that distinct types existed too near in time to the Biblical
flood for the sons of Noah hypothesis, often espoused by monogenists, to be
accurate. Therefore, races must have been separate from an earlier point in time
(Morton 1839, 1844, Thomas 2001). Although Morton is often credited with its
inception (e.g. Thomas 2001), the more radical ideas regarding polygenesis and race
are more likely the work of Morton’s disciples, Josiah Nott and George Gliddon
(Cook 2006). Their book, Types of Mankind (Nott and Gliddon 1854), focused on
distinct creation events as the basis for human variation. They argue for a concept
of ‘zoological province’ from which each race of man originated, and to which each
race was ideally suited.

Though typological, Morton’s concept of race was not based on preconceived
notions of intellectual and cultural capacity. As an example, the monumental
architecture present in the Americas was largely considered to be the work of some
extinct population of ‘Caucasian peoples,” an idea referred to as the “Moundbuilder
Hypothesis,” as it was commonly believed that complex architecture was beyond the
capabilities of Native American groups (Cook 2006). Morton’s work in Crania
Americana (1839) demonstrated that individuals buried at the sites of this
architecture shared racial affinity to extant Native American populations (Cook
2006), thus supporting his own view that the mounds were of Native American
creation. Though his polygenist position on the nature of race has since been
abandoned, Morton had an immeasurable impact on American physical

anthropology. Like Blumenbach before him, Samuel Morton demonstrated the
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relationship between race and the features of the human skeleton, particularly
craniometric measurements (Cook 2006, Hefner 2007). This relationship and the

research it inspired form the foundations of physical anthropology.

2.2 The Founding Fathers of Physical Anthropology

Although the biological concept of race has roots in the Enlightenment and
early naturalists, its position in American anthropology can be traced to three
founding-fathers of the discipline: Ales Hrdlicka, Earnest Hooton, and Franz Boas
(Caspari 2009, Marks 2010). Each of these men contributed incalculably to the
development of physical anthropology in the United States, as well as to
anthropology more broadly. The biological data on race and our understanding of
genetics have advanced the conversation on race by monumental strides; however,
the general theoretical perspectives on race can be traced to the views of these three
men (Caspari 2009).

The American conversation concerning race in physical anthropology was
largely influenced by the political climate in the early 1900s and the increasing
interactions between the government and Native Americans as expansion continued
to push west. Where other sub-fields of anthropology were heavily engaged in
salvage anthropology, physical anthropology focused on typological studies of
Native Americans and Alaskan Natives. A fair amount of research that looks back on
this early work is justly focused on the racist overtones, but tends to obscure the

fact that scholars were asking significant anthropological questions, particularly
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about Native American origins (Cook 2006). As this research was published, it
became clear that there was no consensus regarding the definition of race. Race was
simultaneously employed to describe the biological variation of human populations,
the sociocultural meanings associated with that variation, and the supposedly stable
essence of a population, or a type (Caspari 2009). It was into this confused
academic sphere that Ales Hrdlicka, Earnest Hooton, and Franz Boas submitted their
views on race that individually shaped the research of the field for the century to

follow.

2.2.1 AleS Hrdlicka (1869-1943)

Ales Hrdli¢ka is known primarily for his work at the Smithsonian Institution.
He is also well-known as the founder of the American Journal of Physical
Anthropology, and germane to this research, he proposed an early classification
system for shovel-shaped incisors and other traits of the incisors (Hrdlicka 1920,
1921). However, his work concerning race has had a clear and lasting impact on the
study of race in physical anthropology. In his opinion, understanding human
variation is uniquely within the purview of the physical anthropologist, and as such,
his career was devoted to determining the range of normal human variation through
extensive description (Buikstra 2006, Caspari 2009). However, some have labeled
his views on race, and its centrality to applied anthropology, as deterministic and

unfounded (e.g. Blakely 1987, Caspari 2009).
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To understand Hrdligka’s point of view regarding the relationship between
race and physical anthropology, it is important to first consider his primary
influence, Paul Broca. Though now more famous for his contributions to
neuroscience, Broca was instrumental in shaping the trajectory of physical
anthropology in Europe (Cook 2006, Ta’ala 2015). Broca was a polygenist, believing
that the multiple origins, and fixity, of races was, “more scientifically sound,” than
the religious underpinnings of monogenesis (Ta’ala 2015:4). This belief was in
direct contrast to evolution by natural selection as proposed by Darwin (1859),
which was largely dismissed by contemporary European physical anthropologists
(Brace 1982, Ta’ala 2015). Eventually, the point was ceded that species change over
time, as evidenced by Broca’s own research with craniometrics; however, natural
selection as the primary mechanism of that change remained in doubt (Brace 1982,
Ta’ala 2015).

Hrdli¢ka was profoundly influenced by the French school of physical
anthropology (Brace 1982, Cook 2006). Using Morton and Broca as guides, Hrdlicka
sought to apply craniometrics to the questions of race that contemporary
anthropologists were facing. Hrdlicka was a typologist, and used the power of
craniometry to discretely subdivide humanity, establish the superiority of certain
groups, and undertake a quest for the discovery so-called pure races (Blakey 1987,
Caspari 2009, Ta’ala 2015). In the political climate of the early 1900s, Hrdlicka

sought to make physical anthropology an applied discipline, the methods and
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conclusions of which could be used in support of the eugenics movement and
biological determinism (Caspari 2009, Ta’ala 2015).

Though the more deterministic leanings of Hrdlicka’s work have largely
disappeared, the spirit of his methods persists in some studies of human variation.
Hrdli¢ka’s work was based on a minimal understanding of human genetics and
practically no statistical analyses (Ta’ala 2015), even going so far as to refer to
statistics as, “the invention of the devil,” and, “the ruin of the discipline” (Brues
1990). This emphasis on description and fear of statistical analyses persisted in
physical anthropological studies of race until the latter half of the 20t century, when
it was alleviated by the advent of computers and the modern evolutionary synthesis
(Huxley 1942). For Hrdlicka, the focus of physical anthropology in the United States
was primarily racial description and categorization (Blakely 1987, Caspari 2009,
Cook 2006). The goal of his work was to use science to demonstrate an inherent
link between the biological and social concepts of race; a link that was not
substantiated (Caspari 2009). Though his impact on the sub-discipline of physical
anthropology is immense, his is a legacy of description with respect to the

anthropological study of race.

2.2.2 Earnest Hooton (1887-1954)

Earnest Hooton had perhaps the most profound influence on modern
American physical anthropology (Caspari 2009, Cook 2006, Hefner 2007, Spencer

1981, Ta’ala 2015). If not for his contributions to the discipline—which were
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many—then for the voluminous number of students he mentored in physical
anthropology (Caspari 2009, Garn and Giles 1995). Therefore, examination of his
perspective on race is vital to understanding the perspective taken by later
members of his academic lineage. Though his impact on the field is widely agreed
upon, his perspective on race is somewhat less clear. Some have argued he was a
racist and a polygenist seeking to support the biological separation of races (e.g.
Wolpoff and Caspari 1997), while others (e.g. Brace 1981) view him as taking a
polyphyletic approach, viewing race as convergent toward similar forms due to
environmental pressure.

Hooton was different from contemporary anthropologists (e.g. Hrdlicka and
Boas) in several important ways, and those differences influenced how he perceived
the question of race. Firstly, Hooton was not trained as an anthropologist or even an
anatomist, as many of his contemporaries were (Cook 2006). His interest in
physical anthropology can be traced to his work with Sir Arthur Keith, an
association likely responsible for Hooton'’s interest in races and his conception of
them as discrete populations (Cook 2006). This typological approach allied him
with others, such as Frederic Putnam, who viewed the degree of human variation
within a population as evidence for multiple origins; this is especially evident in his
seminal 1930 work Indians of Pecos Pueblo (Cook 2006, Hooton 1930).

For Hooton, the races were not inherently tied to different creation events,
but rather to different environmental pressures acting on different populations of

hominins (Brace 1981, Caspari 2009, Hooton 1931b, Wolpoff and Caspari 1997).
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Race, therefore, could be viewed as a taxonomic unit, useful in the classification of
the species (Caspari 2009). The traits that defined these groups were not simply
inherited, but were indicative of the population’s evolutionary history. For Hooton,
there was a limited number of primary races, taxonomically equivalent to
subspecies. These races could undergo varying degrees of mixture to produce
secondary and tertiary races, thus explaining extant human variation (Caspari
2009). In spite of this approach to race, Hooton was not interested in human
variation as a whole, but rather as it applied to specific questions founded in
archaeology (Buikstra 2006). Early in his analyses of race, Hooton makes clear that
those skeletal traits most informative to this question would be non-adaptive
(Hooton 1918, 1926), a surprisingly modern position. He rightly assumed that traits
with adaptive significance would not be informative with respect to common
descent, a position reflected in his contribution to the first issue of the American
Journal of Physical Anthropology (Caspari 2009, Cook 2006, Hefner 2007, Hooton
1918).

There are two problems with correctly fitting the views of Earnest Hooton
into an examination of the race concept in physical anthropology. The first is that
Hooton applies the term ‘race’ to multiple phenomena, so it is difficult to ascertain
which aspect of human variation he is referring when ‘race’ is used. For example,
Caspari (2009) explores four different ways that Hooton employs the term ‘race’ in
Hooton’s (1918) “On certain Eskimoid characters in Icelandic skull.” First, Hooton

used race to describe continental groups, such as European and American, a scheme
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that would later be echoed by the geographical races of Garn and modern forensic
anthropology (Hooton 1918:71). Second, race described divisions within a
continental group, such as the European taxonomy proposed by Ripley (1899)
(Hooton 1918:55). Third, Hooton refers to his samples, Icelandic and Eskimo
individuals, as separate races (Hooton 1918:57). Finally, race is used as a synonym
for culture in the context of describing the behaviors of “civilized” and “primitive”
races (Hooton 1918: 54). Therefore, Hooton’s use of ‘race’ is difficult to understand
beyond the meaning of a group with some morphological or cultural commonality.
This ambiguity is cleared in a later publication in which Hooton (1936) describes
races as sharing morphological and anatomical features due to shared ancestry.
Despite some outmoded terminology and misguided beliefs concerning race,
many of Hooton’s contributions to the field are surprisingly enduring. Though
certainly not unique to Hooton, he was a proponent of the estimation of race from
the characteristics of the bones, even hinting at the fact that some of these traits are
correlated with one another (Caspari 2009, Hooton 1936), and that there is a certain
amount of variation in human crania that cannot be attributed to differences in
culture or environment (Cook 2006). Additionally, the methods devised by Hooton
were an early attempt at standardization, and many of them persist in modern
forensic anthropology (Hefner 2007), which will be further addressed in subsequent
chapters. Standardization of non-metric observations was not common, and Hooton
himself recognized the need for standardized data in making large comparisons

(Hooton 1946).
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Hooton’s mechanism for the emergence of human races is reminiscent of
later multi-regional models, but with a much earlier last common ancestor (Caspari
2009, Hooton 1931b). While this was a clear influence on Carleton Coon (discussed
below), Hooton did not believe that racial differences necessitated cultural or
mental inequalities, or at least that such inequalities had yet to be scientifically
proven (Hooton 1936, Ta’ala 2015). He was a proponent of the objective truth of
science, being quoted as saying, “[A] physical anthropologist...desires emphatically
to dissociate the finding of his science from the acts of human injustice which
masquerade as ‘racial measures’ or ‘racial movements’ or even ‘racial hygiene””
(Hooton 1936).

Before moving on to the final of the early anthropologists under examination
here, two of Hooton’s students, Carleton Coon and Stanley Garn, deserve mention.
Their takes on the position of physical anthropology with regard to race strongly
influenced the trajectory of race studies in later decades. Coon and Garn took
drastically opposed views on human racial variation (Hefner 2007). Garn, more
closely followed Hooton’s approach, with an emphasis on geography. Garn (1965)
identified nine geographically discrete races, with the postulate that similarity is a
function of distance between the large groups, and within smaller micro-races. This
idea is similar to the modern concept of ancestry that is addressed later in this
chapter. Carleton Coon, on the other hand, asserted that human races arose from
five different populations of Homo erectus that achieved sapience at different points

in their history (Coon 1962:658). Because of this deep time connection, and
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differing rates of achieving Homo sapiens status, Coon equated racial differences to
differences in cultural development. The general reaction to Coon’s work within the
anthropological community largely steered physical anthropologists away from

questions of race, and toward a focus on human variation (Marks 1995, 2010).

2.2.3 Franz Boas (1858-1942)

The name Franz Boas is practically synonymous with the American school of
anthropology. Due to his background in both physics and geography, it is
unsurprising that his vision of anthropology in the United States was highly
scientific. Therefore, his views on race are fundamentally different from his
contemporaries. Rather than viewing human variation in terms of separate groups
with stable traits, Boas acknowledged human variation as continuous (Boas 1918,
Caspari 2009, Marks 2010). In his view, the differences in so-called racial groups
are better explained by geography than anything inherently biological (Boas 1912,
Caspari 2009, Marks 2010). Furthermore, an understanding of human variation
requires consideration of the evolutionary mechanisms that cause it. For Boas, the
effects of environment and culture on biology are more substantial than the effect of
biology, in the form of race, on culture (Boas 1912, Caspari 2009). Franz Boas
became one of the most prominent opponents of racial science, and the concept of
racial typology.

Though known today predominantly for his work in cultural and linguistic

anthropology, Franz Boas was one of few American anthropologists whose research
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embodied the four-field approach. Perhaps Boas’s most obvious contribution to
physical anthropology was Changes in Bodily Form of Descendants of Immigrants
(1912). Boas’s work on race and human variation is rooted in the observation that
there is no consistent relationship between assumed racial traits and human
populations. In other words, no single racial feature can be used to divide human
populations (Boas 1912, Caspari 2009). Prevailing ideas concerning race at the time
identified cranial types, that were considered to be stable through time, such
individuals of one type would be largely similar to individuals of that same type
from later in a temporal sequence. This stability was the basis for the typological
perspective on race, that is types existed and could be used to consistently separate
human groups throughout time.

Using an immense set of craniometric data derived from Ellis Island
immigrants, Boas (1912) investigated whether the cranial types of immigrants were
passed on from generation to generation, and stable based on the population from
which they were derived. For example, would the children of Italian immigrants
display the same cranial type as their parents. Analysis of the cranial data, such as
comparisons of cranial indices, revealed considerable differences between
European-born parents and their American-born children. These results
demonstrated not only the plasticity of the human skull, but also the capacity for
cranial form to change within a single generation due to environmental factors
(Boas 1912). More than any other, this study undermined the racial typology of the

early 20t century (Gravlee et al. 2003). If cranial type can change within a single
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lineage over the course of a single generation, then there is no basis for the use of
types to characterize entire populations, especially in series comprising multiple
temporal elements (Boas 1912).

For decades, Boas’s results were taken as proof that racial types do not exist;
however, the analytical methods available to Boas in 1912 were limited. Therefore,
subsequent studies have used more advanced statistics to re-evaluate Boas’s data
and conclusions (e.g. Gravlee et al. 2003, Sparks and Jantz 2002). His original
conclusion was that environment played a significant role in cranial morphology.
Gravlee and colleagues (2003) reanalyzed the data and agreed with Boas’s overall
conclusions: there can be generational changes in cranial form without change to
the underlying genetics. The human cranium is plastic, and the differences observed
between populations can be explained by different environments. However, Sparks
and Jantz (2002), came to a slightly different conclusion. Although they agreed with
the idea of cranial plasticity as used previously (Boas 1912, Gravlee et al. 2003),
they found that the environmental response alone does not produce sufficient
variation to account for between group differences. In fact, a principal component
analysis of the Boas data revealed an East-West pattern that more clearly reflects
differences among European ethnic groups than it does differences between
American and foreign-born individuals (Hefner 2007, Sparks and Jantz 2002). The
non-racial approach to human variation advocated by Boas is a hallmark of the
“New Physical Anthropology” as described below (Washburn 1951). However, it is

important to consider that Boas did not argue that human variation is not patterned.
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He argued that racial typology and the concept of race cannot and should not be
used as the basis for prejudice (Ta’ala 2015).

The three perspectives described above illustrate the varying climate
regarding race as American physical anthropology approached the mid-twentieth
century. AleS Hrdli¢ka fought for an applied anthropology based in the typology
concept, and rife with racial description. Earnest Hooton also took a typological
approach to race, though in a more standardized fashion. Importantly, he began to
consider the mechanisms behind human skeletal variation and tried to account for
the effects of evolutionary forces like natural selection. However, the work of some
of his students (e.g. Carleton Coon) precipitated a shift away from race studies in
American anthropology as a whole. Franz Boas, took an entirely different approach.
He understood the interplay of biology, culture, and the environment, becoming
perhaps the most vocal opponent of racial typology. This thread, looking a human
variation as opposed to racial types, has continued through to the present day. Each
of these early anthropologists influenced both one another, and the trajectory of

physical anthropology.

2.3 Race and the “New Physical Anthropology”

Following World War II there was a change in science in general. There was
a shift away from description and measurement, and toward research based in
modelling and experimentation (Stini 2010). Advances in genetics and biology

necessitated changes in physical anthropology. Most notably anthropologists began
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to re-examine long-held notions on the validity of human races. This change came in
the wake of Nazi racial science, and was furthered by the American Civil Rights
Movement. If before the war anthropologists argued for some inherent, but
intangible, connection between biology, intellect, and culture, the war crimes of the
Holocaust left many physical anthropologists, especially those clinging to typology,
defending their interests in racial variation (Marks 2010).

For scholars interested in race after the war, population genetics and
biodistance became the more acceptable options (Cook 2006). However, American
physical anthropology faced an ideological dilemma. On one hand, the sub-
discipline was essentially founded on studies of human races, and it would be
unrealistic to abandon their study entirely. On the other hand, given the sensitive
nature of the topic, it became increasingly difficult to disentangle scientific positions
on race from social ones (Relethford 2010). Therefore, at this point, Marks (2010)
identifies four directions in which anthropological considerations of race divert.
First, some anthropologists sought to remove race entirely from the purview of
physical anthropology, focusing instead on evolutionary dynamics,
paleoanthropology, and non-human primates. The second approach was to retain a
formal idea of race, but downplay the implied behavioral and cultural differences
between races. The third and fourth approaches are somewhat tied together. Some
anthropologists sought to re-conceptualize race in terms of global human variation
and the effects of adaptation. In conjunction, many population geneticists were

stepping in and redefining race in terms of genetics, instead of anatomy. Near the
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end of the 20t century, the relationship between physical anthropologists and the
study of race had completely changed.

The removal of race from the sub-discipline of physical anthropology is best
characterized by the “New Physical Anthropology” of Sherwood Washburn (1951).
Washburn’s academic career was multi-disciplinary in many ways, which carried
over into his vision for American physical anthropology. His personal approach to
research was “an amalgamation of functional anatomy, population genetics, and
behavioral biology” (Stini 2010:177). This approach to studying humanity was
focused on the interplay between biology and culture, and how modern variation
was the result of generations of that relationship (Washburn 1951).

In 1950, Washburn organized the Cold Spring Harbor Symposium, along with
Theodore Dobzhansky, renowned population geneticist, where the ideas that
eventually became the “New Physical Anthropology” were first suggested. The
principal themes of the symposium were the origins and races of humankind, with
an emphasis on population variation, population genetics theory, examination of the
evolution of whole populations, and a re-evaluation of race through the lens of
genetic and population variation (Bates 1952, Marks 2010, Relethford 2010, Stini
2010). The Cold Spring Harbor Symposium did not redefine physical anthropology
outright, but rather was a gathering of some of the most prominent physical
anthropologists of the day, including Lewontin, Boyd, Hooton, Garn, Coon, Montagu,
Howells, and Angel, and a coalescence of ideas that had been circulating since the

end of World War II (Stini 2010).
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One year later, when the “New Physical Anthropology” was published it took
an unsurprisingly evolutionist bend. The “New Physical Anthropology” was
characterized by the study of the process of evolution in both human and non-
human primates. Classic evolutionary theory was used, underpinned by population
genetics. Most importantly for the question of human variation, races were no
longer considered appropriate units of analysis. Physical anthropologists were to
study populations and the relationship of body and skeletal form to function, but
study of the ‘types’ of man was considered anachronistic (Washburn 1951). The
“New Physical Anthropology” does not seem like a radical departure from modern
physical anthropology because it was the “New Physical Anthropology” that
survived. However, in a sub-discipline that built its reputation on the scientific
study of race, redefining it to exclude race studies was a risky move, and one that
likely saved the discipline from the fate of more overtly biased fields of study like
criminal anthropology, Bertillonage, and eugenics.

Following the “New Physical Anthropology,” many organizations felt
pressure to pronounce an official position on race and the future of race studies.
The United Nations Education, Scientific, and Cultural Organization (UNESCO)
drafted a team of scholars, including anthropologist Ashley Montagu, to pen their
position (Marks 2010, Ta’ala 2015). Montagu was in attendance at the Cold Spring
Harbor Symposium that spawned the “New Physical Anthropology” and was a vocal
opponent of the biological basis of race (Witkowski 2017). Although written by the

entire committee, the original UNESCO statement has come to be known as the
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‘Montagu statement’ because his influence is so readily apparent (Brattain 2007,
Marks 2010, Stewart 1961).

The original UNESCO statement on race was not as radical as the backlash it
provoked may suggest. The official stance was that all human populations were
biologically, intellectually, and culturally equal, and that race was more a social
construct than a biological fact (Brattain 2007, UNESCO 1951). However, this
statement was not well-received by many for two reasons. First, of the seven-
member committee that wrote the statement, only two (including Montagu) were
anthropologists. Though not inherently problematic, anthropologists had been the
preeminent scholars of race, and their exclusion from the committee was viewed by
many as an oversight resulting in an overly-idealistic and unfounded view of race
(Brattain 2007, Marks 2010). In addition, many felt that the absence of those more
familiar with the scholarship on race may have led to inaccuracies in the final
product (Brattain 2007, Marks 2010, Miiller-Wille 2007). Second, the language of
the statement is unscientific in many places, and the language used became a tool
for proponents of racial science to undermine the statement for lack of scientific
grounding (Marks 2010).

Eventually, UNESCO caved to the criticism and convened a second committee
to rewrite the statement on race. This time the panel was comprised mainly of
biologists, many of whom had known racial agendas based on their vehement
opposition to the original statement (Brattain 2007, Marks 2010). The revised

statement maintained the spirit of the original in less absolute terms. For example,
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rather than stating the equality of all races with regard to intellect and cultural
capacity, the second statement held that differences in these arenas between races
had yet to be scientifically supported (Brattain 2007, Marks 2010, Relethford 2010).
Following both the “New Physical Anthropology” and the UNESCO Statement in the
1950s, physical anthropology was essentially divided between those who had
abandoned race and those that were determined to keep the study of race at the
heart of physical anthropology.

Though popular, the “New Physical Anthropology” was not universally well-
received. Many of the opponents of the so-called Montagu statement were equally
vocal in their opposition of the “New Physical Anthropology”, arguing that physical
anthropology remained the most appropriate domain for the scientific study of
human variation, and by extension, race. The less extreme members of this group
(e.g. Stanley Garn) sought to retain the idea of races as a biological reality,
influenced by geography and evolution, and divorce the concept from intellectual
and cultural hierarchies (Garn 1965). This more moderate position was quickly
eclipsed by those who sought to use physical anthropology as a justification for
racism and segregation in the United States.

Many of the criticisms of physical anthropology at this time were
precipitated by the publication of The Origin of Races (Coon 1962). In this work,
Coon essentially equates races with sub-species of humanity, tracing their origins to
five geographically distinct populations of Homo erectus. He argues that each

population progressed to the status of Homo sapiens through parallel evolution with
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gene flow, although this far less important than in the polycentric model of
Weidenreich, on which Coon’s model is based (Trigger 1965, Weidenreich 1946).
Furthermore, Coon (1962:658) proposed that each race became “sapient” at a
different point in their history at that those differences equated to differences in
cultural development. For example, he argued that the European race was more
advanced than the African race because they transitioned to Homo sapiens earlier,
conclusions that are completely unsupported by the paleontological record. The
book was divisively received. Some praised the work for being a thorough review of
paleoanthropology to date, but disagreed with Coon’s conclusions (e.g. Hulse 1963,
Mayr 1962), others strongly objected to the likelihood of his evolutionary
mechanism and its implications for human races (e.g. Birdsell 1963, Dobzhansky
1963, Montagu 1963, Oschinsky 1963, Trigger 1965), while still others proffered it
as evidence for the need to keep the races separate (Jackson 2001, Marks 2010,
Relethford 2010).

The political climate in the United States when The Origin of Races (Coon
1962) was published necessitated that a decision be made. The uptake of
anthropological literature by racists and segregationists, like Carleton Putnam,
proved problematic for physical anthropology at large. Among all the
anthropological sub-disciplines, physical anthropology was already viewed as
legitimizing biological differences. Silence with regard to the adoption of their work
by segregationist groups would be construed as apathy at best and complicity at

worst, a positioned many critics levied against Coon himself (e.g. Dobzhansky 1963,
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Jackson 2001).

The combination of the vision of the “New Physical Anthropology” and the
controversy surrounding The Origin of Races led many physical anthropologists to
abandon the study of race with even more finality than following the “New Physical
Anthropology.” However, physical anthropologists had been the pre-eminent
scholars of race, and their abandonment of the topic left an academic vacuum.
Geneticists stepped in to investigate the biological differences in human
populations. The basis of these traits in genetics and not anatomy somehow made
the differences more objective, and their analysis more rigorous (e.g. Boyd 1940,
1950, 1963, Dunn and Dobzhansky 1952). Cultural anthropologists stepped in to
explore differences in ethnicity or ethnic groups, which effectively became a
substitution for studies of race, ultimately concluding that those differences
perceived as race were of social not biological origins (Marks 2010, Visweswaran
1998).

Finally, although race as a concept was relegated to the background,
questions of human variation persisted in physical anthropology. The analysis of
human variation needed to be re-conceptualized. Initial attempts with genetic
markers (e.g. Boyd’s 1950, 1963 serological analyses) have been deemed overly
arbitrary by some (e.g. Marks 2010), but demonstrated the potential for genetic
variation to provide a promising new avenue of research to physical
anthropologists. Based on a large sample of frequencies of the sickle-cell allele

Livingstone (1962:279) made his lasting pronouncement, “there are no races, only
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clines.” Acknowledging that a central question of physical anthropology is the
existence of population variability, Livingstone (1962) proposed, like Boas, a non-
racial approach to human variation with a focus on the clinal distribution of human
traits. This shift in perspective marks the beginning of the transition to the modern
view on race, with an emphasis on the forces of evolution over static racial types.
Most work on human variation for years after this point either dealt with clines (e.g.
Lewontin 1972, 1995), and therefore the non-existence of races, or looked to
biodistances between similar locally-adapted populations to answer questions of
human variation (Cook 2006). However, some physical anthropologists continued
to hold onto the idea that there are geographically patterned differences between
human populations, and some form of the race concept persisted in applied areas of
physical anthropology, like forensic anthropology, (Relethford 2010, Smay and
Armelagos 2000, Ta’ala 2015).

The dichotomous view on the appropriate treatment of race in physical
anthropology that began with the “New Physical Anthropology” (Washburn 1951)
persisted for decades ultimately necessitating pronouncements by professional
anthropological bodies. In 1996, the American Association of Physical
Anthropologists saw fit to make an official statement for the field. In summary the
AAPA has stated that all humanity is a single species and cannot be effectively
differentiated at a sub-specific level (AAPA 1996). They further acknowledged that
differences between populations exist, but are clinally distributed across the globe

and are the result of the interaction of genes and environment, and that no single
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trait, or even small subset of traits, can be used to effectively delineate populations
from one another (AAPA 1996). These points are directly related to the emphasis on
clinal variation proposed by Livingstone (1962) and the backlash against The Origin
of Races (Coon 1962). However, research into the geographic distribution of human
traits, and the ability of forensic anthropologists to accurately assess ancestry
indicated that human variation is not random. Therefore, the AAPA has also
acknowledged that human variation does seem to be patterned somewhat and that
“human beings who speak the same language and share the same culture tend to
select each other as mates” (AAPA 1996).

Physical anthropology in the latter half of the 20t century arrived at two
important conclusions regarding the place of race and race studies in the subfield.
First, the concept of race used by typologists breaks down in many cases.
Furthermore, the focus on description by early scholars served only to obscure the
mechanisms underlying human variation (Relethford 2010). Therefore, emphasis
should be placed on understanding what forces cause variation, not on creating
categories into which all of humanity must fit. Second, human variation can be
meaningfully and successfully analyzed without using race as a unit of analysis.
Livingstone (1962) demonstrated the potential for clinal analysis of human
variation, and to some extent, Garn (1965) demonstrated that geographic origin
may be a more meaningful unit of analysis; there is no need to impose hard
divisions on human variation (Lewontin 1972, 1995). Resolution of the seemingly

incongruous positions against race, but for patterned human variation, are further
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explored in subsequent sections.

2.4 The Modern Concept of Race

Anthropology has rejected the biological validity of races as stable, definite
divisions of the human species. Race is a social construct, based on a person’s
definitions of self. However, even as a social construct, race is in part the result of
the interaction between objective biological differences among global populations,
and the cultural perceptions of self and otherness (Marks 2010). Physical
anthropology is uniquely positioned to examine that interaction by reintegrating
biology with culture. Skeletal analysis provides no direct assessment of so-called
racial features like skin color, but allows for an assessment of geographical origins
on a broad scale, such as African, Asian, or European (Brace 1995: 171).

Physical anthropologists generally agree that human variation exists and is
geographically patterned, and that non-biological factors shape that pattern (Edgar
and Hunley 2009). However, argument continues over the extent of this pattern,
and appropriate nomenclature for its description (Edgar and Hunley 2009). This is
particularly important in the applied field of forensic anthropology. Social race is a
critical part of a forensic identification, but the skeleton provides biological
information only. Therefore, anthropologists estimate ancestry. Some argue that
the use of ‘ancestry’ is a lexical difference only, and recognizing this as a valid
concept only serves to reinforce ideas of racial typology in students of biological

anthropology (Armelagos and Goodman 1998, Armelagos and van Gerven 2003,
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Smay and Armelagos 2000). However, ‘race’, as it has been used historically, and
‘ancestry’, as it is used in forensic anthropology, are different things.

Race as a biological concept was conceived of as a framework for the
classification and description of inherent differences in groups of humanity, such
that they were clearly and consistently distinguishable (Blumenbach 1775, Caspari
2009, Cook 2006, Linnaeus 1759). The typological approach was based on the idea
that for every race there was an ideal type that was static and unchanging (Caspari
2009, Cook 2006). Although a specimen may not have matched exactly the suite of
traits that defined the type, it could be classified based on a higher or lower degree
of similarity to different types (Krogman 1962, Krogman and Iscan 1986).
Inherently tied to the idea of race were ideas about not only biological differences,
but differences in mental capacity and cultural sophistication (e.g. Coon 1962). As
mentioned above, the “New Physical Anthropology” (Washburn 1951), and the
demonstration that the majority of human variation is shared among groups
(Livingstone 1962, Lewontin 1972, 1995), made racial typologies more difficult to
accept. As aresult, physical anthropology as a discipline abandoned the study of
race for a time. In the absence of physical anthropologists, understanding the
differences among what were perceived as races fell to other disciplines (Marks
2010).

Although anthropology has moved beyond linking race with cultural
development, it has not really recovered from the impact of that connection (Smay

and Armelagos 2000). Therefore, the commonly held position today is that “races
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do not exist”; however, this position is equally dangerous as it, “...fails to advance
our understanding of the subject [and] tends to create a social taboo on a subject
greatly in need of rational, dispassionate examination” (Gill 1990: viii). The more
appropriate position is that races do exist, but as socially defined means of self-
identifying and claiming membership in groups; therefore, races have little
biological meaning (Konigsberg et al. 2009:77).

“[HJuman evolution has been, and is, characterized by many locally
differentiated populations coexisting at any given time, but with sufficient genetic
contact to make all of humanity a single lineage sharing a common evolutionary
fate” (Templeton 1998:632). This idea is the basis of the now preferred concept of
ancestry in physical anthropology. Ancestry is, “a scientifically derived descriptor of
the biological component of population variation” (Konigsberg et al. 2009:78).
Through examination of the forces of microevolution (i.e. natural selection, gene
flow, mutation, and genetic drift), human variation can be studied without a focus
on race, but instead on a geographic origin along a continuum of human variation, a
position that echoes the sentiments of anthropologists like Stanley Garn (1965).

Rather than assuming inherent differences in populations, the concept of
‘ancestry’ is based on the idea that different human populations share heritable
traits that make them more similar to one another and more dissimilar to
individuals in other populations (Brace 1995, Brues 1977, Ousley et al. 2009). This
current understanding of ancestry is based on the biological reality that

microevolutionary forces have affected populations differently, and resulted in
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recognizable differences. Ancestry considers the population history and the
resultant effect on the genetic structure of a population (Klepinger 2006,
Konigsberg et al. 2009, Ross et al. 2004, Spradley et al. 2008, Spradley and
Weisensee 2013). For example, ancestry intersects with social race by recognizing
that social barriers (and geographic barriers) frequently serve to magnify biological
differences between populations (Brace 1995, Ousley et al. 2009). Although the
majority of variation occurs within populations (Lewontin 1972, 1995, Livingstone
1962), the remaining 10-15% of variation is geographically structured such that
clusters of individuals correlate closely with self-assigned ancestry (Bamshad et al.
2004, Edwards 2003, Hubbe and Neves 2007, King and Motulsky 2002, Novembre et

al. 2008, Rosenberg et al. 2002).

2.5 Concluding Remarks

The culmination of recent genetic, craniometric, and morphoscopic studies
have reawakened old conversations regarding human variation. However, that
conversation is no longer focused on separating extant groups of humanity, but
rather on understanding the global pattern of human variation. Concurrent with
those explorations, anthropologists continue to grapple with the appropriate use of
the term race within biological anthropology. While it is true that the historical
concept of race is invalid in a biological sense, it is equally incorrect to claim that the
social concept of race has no bearing on biology. The concepts of race, patterned

human variation, and the use of ancestry in the forensic setting cannot be effectively
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understood from a biological or a cultural vantage point alone. The most
appropriate course forward is to recognize that humanity is a biocultural species,
and that especially with respect to race or ancestry, biology and culture must be
considered together (Brues 1993, Buikstra and Beck 2006).

Over 250 years of investigations into global patterns of human variation have
led to several conclusions. First, scholars recognize human populations show
certain physical differences, and that populations that are geographically closer to
one another tend to be more similar (e.g. Cavalli-Sforza et al. 1994, Eller 1990,
Relethford 2004). Second, physical and biological differences between human
populations are a function of different environmental pressures and have no
bearing on culture or intelligence (e.g. Armelagos and van Gerven 2003, Washburn
1951). Third, human variation is continuously distributed; that is, no boundaries
can be drawn between human populations that consistently delineate groups (e.g.
Lewontin 1972, 1995, Livingstone 1962). However, although continuous, human
variation is geographically patterned (Bamshad et al. 2004, Marks 2010, Novembre
et al. 2008, Relethford 2010). Therefore, it is reasonable to assume that the trained
anthropologist can identify an individuals’ general areas of origin along that

continuum (Sauer 1993).
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Chapter 3:
Estimating Ancestry in the Forensic Context

Race and ancestry can be difficult to reconcile, and the two concepts are often
conflated in critiques of forensic anthropology. Race is socially defined, and is
therefore beyond the scope of information estimable from the skeleton. Ancestry,
on the other hand, is firmly rooted in human variation and microevolution, and the
human skeleton provides many indicators of ancestry. Correctly estimating
ancestry is critical in the analysis of unknown human remains, for purposes of both
identification and in some cases repatriation. Forensic anthropologists have
developed a variety of methods to estimate ancestry from the skeleton. The
methods rely on the geographic pattern of human variation and focus on both
metric and morphoscopic data. Although ancestry estimation has a long history in
forensic anthropology, the stricter standards of evidence imposed by the Daubert
ruling have necessitated the re-evaluation of some methods. A thorough
understanding of the tools currently available, and their limitations, is necessary to

continue developing new methods for estimating ancestry in the forensic context.

3.1 What Is “Ancestry” and Why Do Forensic Anthropologists Estimate It?

As defined in the previous chapter, ancestry is “a scientifically derived
descriptor of the biological component of population variation” (Konigsberg et al.
2009:78). Itis for that reason that forensic anthropologists estimate ancestry and
not race when constructing a biological profile (Konigsberg et al. 2009). The

problem arises in that the social label, ‘race’, is what is reported when an individual
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goes missing; therefore, forensic anthropologists must relate the biological reality of
ancestry to the social reality of race (Kennedy 1995, Sauer 1992, 1993, Spradley and
Weisensee 2013). The practice of estimating ancestry, but aligning it with social
race in individual identification is seemingly incongruous. Therefore, some have
proclaimed that the practice of ancestry estimation in forensic anthropology is
tantamount to neo-racism and a rebirth of the typological approach to human
variation (e.g. Armelagos and Goodman 1998. Armelagos and van Gerven 2003,
Smay and Armelagos 2000). The primary argument is that there is no necessary
congruence between the social and biological labels. Meanwhile, practicing forensic
anthropologists defend ancestry estimation, acknowledging that it is imperfect, but
necessary (Hinkes 1993, Kennedy 1995, Sauer 1993, Ta’ala 2015). These
anthropologists argue that general patterns can be gleaned from the continuous
distribution of human variation, and that looking at those broad patterns allows the
anthropologist to appreciate human variation as a tool for identification (Gill 1990,
Sauer 1993). What then is the justification for aligning ancestry with the concept of
race? Itis here that a biocultural perspective on human variation, such as is
currently used within forensic anthropology, is particularly informative.

Race is a social construct not directly reflected in the biology of the
individual. However, as a social force, race influences biology in profound ways
(Ousley et al. 2009). Particularly in the United States, institutionalized racism and
anti-miscegenation laws of the past have created a social structure where black

individuals can trace their ancestry to West Africa (Ousley et al. 2009, Parra et al.
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1995, 1998), white individuals trace their ancestry to Europe (Spradley and
Weisensee 2013), and Hispanic individuals claim Native American, European,
and/or African influence depending on their geographic origin (Bonilla et al. 2005,
Cerda-Flores et al. 2002, Lisker et al. 1986, 1990, 1996, Rangel-Villalobos 2008,
Rubi-Castellanos et al. 2009).

In the prehistoric past, continental populations (i.e. African, Asian, and
European) were separated by vast geographic expanses, such that the forces of
evolution, particularly genetic drift and natural selection, served to differentiate
these populations from one another (Ousley et al. 2009). Without the technology to
efficiently cross these expanses, the homogenizing effects of gene flow were
negligible, causing further accentuation of differences among populations.

As the world becomes more interconnected, environmental deterrents to
gene flow are less pronounced (Templeton 1998). Therefore, the primary
mechanisms dictating the exchange of genes between populations are cultural
(Edgar 2007, Hefner 2007, Ousley et al. 2009, Parra et al. 1998, Sauer 1992). The
AAPA has recognized that “people who speak the same language and share the same
culture tend to choose each other as mates” (AAPA 1996). While mating structure
may not be an inherently biological process, in this case positive assortative mating,
it has a significant effect on biology (Manly 1985, Wright 1921). Positive assortative
mating is structured such that phenotypically similar individuals are more likely to
mate with one another, producing offspring that are phenotypically similar to both

parents. Although legal prohibitions against interracial marriage were abolished
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following the case of Loving v. Virginia in 1967, the sociocultural impact of centuries
of institutionally enforced isolation has had a profound impact on biology (Brace
1995). In the 50 years since Loving v. Virginia, the rate of interracial marriage in the
United States has increased only to 7% (US Census 2010). This relatively small
proportion suggests that even in the absence of legal barriers, the longer-lasting,
socio-cultural implications of these institutions have reinforced a positive
assortative mating structure on human populations, particularly in the United
States.

It is the combined effect of ancient differentiation and a history that has
created a sociocultural positive assortative mating structure in the United States
that allow forensic anthropologists to effectively align the concepts of ancestry and
race. For example, in the United States individuals who can trace their origins to
Africa are likely to have been identified, and self-identified, as “black” (Ousley et al.
2009, Parra et al. 1995, 1998, Sauer 1992). Although forensic anthropologists agree
that human variation is vast and continuously distributed, it is not unreasonable to
expect that the anthropologist can estimate a “general area of origin along that
continuum” that corresponds to the features of the remains being examined (Sauer
1993:82). This is not to say, however, that the labels applied to ancestry groups in
the United States are the most elegant solution to the race-ancestry disparity.
Relethford (2010) effectively describes the problem by comparing the labels
assigned to ancestry groups to height. Height is a continuous variable, but it is

convenient when describing an individual to reduce their height to a broad category,
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such as “short”, “average”, or “tall” (Relethford 2009, 2010). Based on this
categorization, few (if any) would assume that humanity exists at only three heights,
but rather that these labels are a convenient, if imprecise, means of discussing the
variation in human heights; the labels applied to ancestry groups (i.e. African, Asian,
European), and their subsequent alignment with social race as reported for missing
persons (e.g. white, black) accomplish the same objective (Relethford 2009, 2010).
The use of somewhat imprecise labels, and the biological realities on which
they are based, should not be interpreted as a validation of the outdated typological
approach to race (Hubbe and Neves 2007, Sauer 1992). Methods designed to aid in
the estimation of ancestry from the skeleton are not meant to “subdivide the entire
human species into discrete...categories” (Ta’ala 2015:10), but rather to estimate a
broad geographical origin of that individual, and/or the most likely race label
assigned to that individual during life (Sauer 1992, Ta’ala 2015). In the words of
Madeline Hinkes (1993:49), “we cannot know where a deceased individual placed
himself on the racial continuum, but we can determine from his remains the
preponderance of the various characteristics more often associated with one race
over another.” These estimates may not be correct. Individuals can identify with
multiple social races, the race with which an individual identifies may not be
concordant with biological ancestry (e.g. Klimentidis et al. 2009), and race labels
like “Hispanic” can represent several different geographic ancestries (Bonilla et al.
2005, Cerda-Flores et al. 2002, Lisker et al. 1986, 1990, 1996, Rangel-Villalobos

2008, Rubi-Castellanos et al. 2009). However, estimates of ancestry in the forensic
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context are based on the most-likely area of ultimate geographic origin of an
individual, and are used effectively in the identification of unknown human remains

(Hinkes 1993, Sauer 1992, 1993, Ta’ala 2015).

3.2 Methods for Estimating Ancestry

The human skeleton has long been observed to be highly variable, and this
variation seems to exhibit a geographic pattern (e.g. Bamshad et al. 2004, Cartmill
1998, Edwards 2003, Howells 1989, Hubbe and Neves 2007, King and Motulsky
2002, Novembre et al. 2008, Relethford 2009, Rosenberg et al. 2002) that is tied to
the effects of millennia of microevolution (e.g. Angel and Kelly 1990, Beals et al.
1983, 1984, Byers 2011, Garn 1965, Gill 1998, Klepinger 2006, Konigsberg et al.
2009, Relethford 2010, Ross et al. 2004, Spradley et al. 2008, Spradley and
Weisensee 2013, Washburn 1951). The geographic pattern of human variation and
the effects of microevolution on the human skeleton are most often focused on the
skull, and as such, the preponderance of ancestry estimation methods are derived
from intensive study of the human skull (e.g. Angel 1944, 1946, Angel and Kelly
1990, Boas 1912, Brues 1990, Giles and Elliot 1962, Gill 1971, 1995, 1998, Gravlee
etal. 2003, Hefner 2003, 2007, 2009, Hooton 1931a, 1946, Howells 1970, 1973,
1989, 1995, Hughes et al. 2011, Jantz and Ousley 2006, Rhine 1990, Sparks and Jantz
2002). Cranial and dental methods are the focus of this chapter and the remainder
of this dissertation. However, in the forensic context, the skull is not always

recovered, and a discussion of ancestry estimation methods would be remiss to not
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mention the many methods that have been developed for the estimation of ancestry
from the post-cranial skeleton (e.g. Baker at al. 1990, Bass 2005, Christensen et al.
2014, Craig 1995, DiBennardo and Taylor 1983, Gilbert and Gill 1990, Gill 2001,
Holliday and Falsetti 1999, Stewart 1962, Wescott 2005). These methods are
largely based on population differences in body proportions (Holliday and Falsetti
1999) that have long been known in biology and physical anthropology (Allen 1877,
Bergmann 1847). Subsequent sections of this chapter discuss ancestry estimation
as it relates to four larger groups of methods: trait lists, craniometrics, statistical

analysis of morphoscopic traits, and dental analysis.

3.2.1 Trait Lists

Phenotypic and skeletal differences between populations have been at the
root of the race concept since its inception. However, the traits most commonly
used in the forensic estimation of ancestry can largely be traced to Earnest Hooton.
Hooton preferred morphoscopic traits to measurements and indices because, “1)
they spring to the eye, [and are] qualitative as well as quantitative; 2) they are
dependent upon form differences rather than size/proportions; [and they are] more
certainly heritable” (Hooton 1931a: no page #, in Hefner 2003:15). Through years
of research, he eventually compiled a list of traits that came to be known as the
“Harvard List” (Brues 1990, Hefner 2007). The traits on this list reflected Hooton’s
desire to study non-adaptive traits, which therefore spoke to biological

relationships between populations (Hooton 1926, 1946). These traits focused on
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four categories: bone shape, feature morphology, suture shape, and feature
prominence (Brues 1990, Hefner 2007,2009), and were therefore inherently
different from the nonmetric traits identified by broader physical anthropology.
Nonmetric traits can be considered non-pathological skeletal variation,
characterized by the absence or proliferation of skeletal material (Buikstra and
Ubelaker 1994, Pink et al. 2016). The traits on which Hooton focused are traits of
the skeleton that closely reflect soft-tissue differences in the living (Pink et al. 2016).
Rather than focusing on discrete expressions of skeletal variation, as with nonmetric
traits, the Hooton traits focus on bone shape and feature morphology (Pink et al.
2016).

One of the biggest criticisms of cranial morphoscopic traits has been lack of
standardization, and the subjectivity of the method. Hooton himself was cognizant
of this problem (Hooton 1946). To test the replicability of his proposed traits,
Hooton enlisted several of his students, including Carleton Coon and J. Lawrence
Angel, to make observations on twenty skulls (Hooton 1946). The low degree of
consistency observed among his students led him to conclude that, “...the
observational techniques as practiced by these four men could do with a goodly
measure of standardization.” (Hooton 1946: no page #). Following these results,
Hooton’s vision for the future of the field included the creation of scales for the
standardization of observations, directions for making observations and
measurements, and the application of statistics to the analysis of these traits

(Hooton 1946: no page #). In spite of these early conclusions, the list of traits
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proposed by Hooton was passed down, largely unchanged, through Hooton’s
academic lineage (Brues 1990, Hefner 2003). At least two of Hooton’s students, J.
Lawrence Angel and Alice Brues, inherited the “Harvard List”, and its influence is
clear in their later work. The career of Angel ran the gamut of physical
anthropological research, but his approach to ancestry and ancestry estimation was
based on racial types, and reliant on ‘race traits’ throughout (e.g. Angel 1944, 1946;
Angel and Kelly 1990). This is also true of the career of Brues, though she was
considerably more focused on race in physical anthropology. A student of Hooton in
the late 1930s, Brues continued to contribute to the trait list approach by adding
new traits (e.g. nasal root contour) fifty years into her career (Brues 1990). Perhaps
her most lasting impact on the trait list in forensic anthropology was in the role of
advisor. As an advisor, she passed on the list of race traits that she had inherited
from Hooton to her students, among them Stanley Rhine.

The trait list method in the ‘Modern Period’ (Warren et al. 2011) of forensic
anthropology has become almost synonymous with the work of George Gill and
Stanley Rhine, predominantly the latter. Gill (1971:152) uses many of the features
typically associated with forensic ancestry estimation (e.g. orbit form, palate shape,
presence of a nasal sill) in his dissertation under the title of “continuous non-
metrical observations.” These traits persist throughout his work on ancestry
estimation in forensic anthropology (e.g. Gill 1995, 1998, Gill et al. 1988). In 1990,
Skeletal Attribution of Race was published, and the trait list method of ancestry

estimation in forensic anthropology was codified. Skeletal Attribution of Race was
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compiled by Gill and Rhine (1990) from the proceedings of the first meeting of the
Mountain, Desert, and Coastal (MD&C) Forensic Anthropologists. At this meeting, a
host of forensic anthropologists, including many Hootonian descendants, met to
discuss the issue of “racial identification from the skeleton” (Gill 1990: xi). The
resulting volume represents their collective knowledge, based on experience in
identifying human skeletons in the southwest United States. Although an important
volume in its own right, perhaps the most influential paper contained within it is,
“Non-metric Skull Racing” by Stanley Rhine (1990).

“Non-metric Skull Racing” has, in the 25 years since its publication, become
nearly the sole methodological reference for the application of cranial morphoscopic
traits to forensic matters (Hefner 2007, Hefner et al. 2012, Hughes et al. 2011). The
study seeks to take the trait lists of Hooton one step further, by establishing lists
that are effective in estimating ancestry, as compiled by a group of experienced
forensic anthropologists who explicitly defined those traits. Furthermore, Rhine
(1990) provides the researcher with illustrations of the most ‘typical’ individual
from each ancestry group. These lists and illustrations are consistently, and nearly
ubiquitously, used to teach the practice of estimating ancestry from the
morphoscopic traits of the skull (e.g. Burns 2007, Byers 2011, Warren et al. 2011).
However, there are problems with this study and the trait list method in general.
First, the sample sizes on which the trait lists presented are based are small, and
representative of only of the New Mexico population at the time of publication, a fact

acknowledged by Rhine himself (Hefner 2007, 2009, Rhine, 1990). Though he
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acknowledges that “this sample represents only a fraction of the variability to be
seen worldwide” (Rhine 1990:13), the information presented is rarely treated as
applicable to a limited sample (e.g. Hefner 2007, 2009). The second major problem
is in the assignment of traits to particular ancestry groups. First, no
acknowledgement is made of the occurrence of these traits in ‘unexpected’ ancestry
groups. Therefore, the trait lists are treated in a somewhat exclusive fashion.
Second, in several instances, traits are assigned to ancestry groups for which little or
no support was observed. For example, post-bregmatic depression and molar
crenulations are listed under traits typical of American Black individuals (Rhine
1990). However, a post-bregmatic depression was observed in a single individual,
and molar crenulations were not even recorded for any of the three American Black
individuals in this sample (Rhine 1990). Similarly, sagittal keeling is in the trait list
for the Southwest Mongoloid population, but was not observed in any Hispanic or
American Indian individuals in this sample (Rhine 1990). This suggests that at least
some component of the trait lists presented by Rhine (1990) is based on anecdotal
evidence and the experience of the attendees of the MD&C, not on direct
observations. These problems do not invalidate the traits included in trait list
approaches in and of themselves; however, the limitations and oversights of this
approach have not fully been addressed until recently (e.g. Hefner 2007, 2009,
Hughes et al. 2011).

The methodological problems with the Rhine (1990) study should not be

read as a condemnation of cranial morphoscopic traits. The problems raised with
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Rhine’s (1990) study have been primarily methodological, decrying the typological
nature in which traits are employed, and the small samples on which large
generalizations are based (e.g. Hefner 2007, 2009). The traits themselves, however,
have been successfully used in estimating ancestry for decades. Recent work has
investigated the efficacy of ‘trait list’ traits in estimating ancestry. Hughes and
colleagues (2011) devised a mathematical simulation to test the traits on Rhine’s
(1990) list, varying the list of traits used, number of traits on the list, and the point
at which one classification is made over another. Through all scenarios, cranial
morphoscopic traits were used to correctly estimate ancestry in over 90% of cases
(Hughes et al. 2011). Itis clear from these results that it is not the concept of cranial
morphoscopic traits that is flawed, but rather the ways in which they have been
conceptualized and analyzed. A move away from lists and toward trait frequencies
has opened up new avenues of research, and allowed the forensic anthropologist to

refine the analysis of cranial morphoscopic traits.

3.2.2 Craniometrics

The use of metric data in the analysis of population affinity has a long history
in anthropology, especially in American anthropology. That there were metric
differences in the crania of global populations was long known (e.g. Blumenbach
1776, Broca 1862, Camper 1791, Daubenton 1784, Hilaire 1795, Huxley 1863,
Retzius 1843), and the perceived objectiveness of metric data is an appealing

feature, especially under today’s stricter standards of evidence. However, the
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perceived objectivity of craniometric measurements does not ensure the objectivity
of the conclusions drawn from them. Both Hooton (1930) and Morton (1839) used
craniometric analyses to bolster the paradigm of racial types, conclusions which
have since been re-examined and largely debunked (e.g. Gould 1981, Kaplan et al.
2015). Even researchers who used craniometrics to argue against racial typology
(e.g. Boas 1912) have had their work re-examined in the context of our modern
understanding of human variation (e.g. Gravlee et al. 2003, Sparks and Jantz 2002).
On the one hand, researchers like Hooton were using craniometrics to
quantify real, observable phenotypic differences among world populations (Hooton
1930). On the other hand, Boas’s work effectively showed that craniometric data
could be used to demonstrate the plasticity of the human skeleton and debunk the
typological approach to race (Boas 1912). The re-examinations mentioned above
(Gravlee et al. 2003, Sparks and Jantz 2002) did little to resolve this debate. Gravlee
and colleagues (2003) are opposed to the use of craniometry to estimate population
affinity from the human skeleton, and their reanalysis of Boas’s data supported his
conclusions: that cranial measurements are too sensitive to environmental
conditions to be used in assessing population affinity. Sparks and Jantz (2002),
however, support the use of craniometrics in estimating individual ancestry. Their
reanalysis acknowledged the plasticity of the human cranium, but also found a
component of variation that cannot be explained simply by environment. These two

groups of researchers came to opposing conclusions using the same data,

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



53

illustrating that questions asked of the data are as important, if not more so, as the
data themselves (Kaplan et al. 2015).

In some ways, the conclusions of both Gravlee and colleagues (2003) and
Sparks and Jantz (2002) are correct. It is at the intersection of biology and
environment that the application of craniometric data to the forensic context enters
the discussion. The skeleton is plastic, responding and adapting to the environment.
At the same time, different environments result in different adaptations and
different skeletal morphology, producing distinct geographic patterns of variation.
Although not focused on crania, the classic example of this principle is the effect on
body size and proportions demonstrated by Bergman'’s (1847) and Allen’s (1877)
rules. Further research has demonstrated that these effects are not limited to the
post-cranial skeleton, and that a certain amount of cranial variation is correlated
with climate (Beals et al. 1983, 1984, Byers 2011, Gill 1998). Itis reasonable to
assume that centuries of evolutionary processes affect populations in contrasting
environments differently, resulting in a genetically coded signature of past
environmental adaptations. That relationship is the basis of craniometric, and
indeed all, ancestry estimation methods. The differences in cranial form highlighted
by craniometric analysis are not the result of inherent differences between distinct
racial types, nor are they random and uninformative with respect to ancestry.
Craniometric differences among groups are the cumulative effect of centuries, or

millennia, of microevolution acting on local populations.
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While studies of population affinity on a global scale generally dwindled in
physical anthropology until recently, that never really happened within the forensic
context. Although researchers were recognizing flaws in ancestry estimation, their
ultimate goal was the identification of unknown human remains; therefore, research
focused on methods that helped achieve that goal (Relethford 2010, Smay and
Armelagos 2000, Sauer 1993, Ta’ala 2015). Even to this day, craniometric methods
for the estimation of ancestry remain the most popular (Dirkmaat et al. 2008, Jantz
and Ousley 2006, Spradley and Weisensee 2013). Craniometric data are continuous,
and are perceived as a better representation of human variability, and consequently
more appropriate for the estimation of ancestry outside of a typological paradigm
(Algee-Hewitt 2011, Giles and Elliot 1962, Gill et al. 1988, Howells 1970, 1973, 1989,
1995, Konigsberg et al. 2009, Krogman and Iscan 1986, Olivier 1969, Ousley et al.
2009, Ousley and Jantz 2006, 2012, Relethford 1994, 2009, Relethford and
Harpending 1994, Roseman and Weaver 2004, Snow et al. 1979, Spradley et al.
2008, Wescott and Moore-Jansen 2001).

One of the earliest, statistically robust applications of craniometric data to
the problem of ancestry estimation was presented by Giles and Elliot (1962). Noting
that the cranium provides more information regarding ancestry than any other
skeletal element, and the difficulty in estimating ancestry based on visual inspection
alone, Giles and Elliot (1962) proposed the application of discriminant function
analysis (DFA) to craniometric data. This new approach allowed them to correctly

classify unknown individuals into broad ancestry groups in 82-88% of cases.
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Eventually, due to repeated success, an interest in assessing affinity from cranial
measurements was reawakened in physical anthropology.

The resurgence of using craniometric data is best represented by the career
of W.W. Howells (1973, 1989, 1995). Over a decades long career, Howells collected
data from an astounding 2524 individuals from 28 populations (Auerbach 2014,
Howells 1973, 1989, 1995). These data were used to answer questions of human
origins (Howells 1973), explore the geographic pattern of human variation (Howells
1989), and eventually demonstrate the utility of craniometric data to estimate
population membership at a scale more refined than the broad populations of Giles
and Elliot (Howells 1995).

Modern techniques for the estimation of ancestry from craniometric data are
more sophisticated but employ the same basic concept as the early work of Giles
and Elliot (1962). The most famous, and most often used, example of modern DFA
in the forensic context is the software package FORDISC (Jantz and Ousley 2006).
FORDISC is an expansion on the Giles and Elliot (1962) concept. This software relies
on a massive database of known individuals from a variety of populations to make
estimations of ancestry (Jantz and Ousley 2006). Furthermore, it utilizes a larger
battery of measurements, thus capturing more of the important interpopulational
variation. For the purposes of reliability and replicability, FORDISC has two major
advantages over previous discriminant function methods. First, ancestry (and sex)
estimates provided by FORDISC are accompanied by a posterior probability,

indicative of the likelihood of group membership. Second, a typicality probability is
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provided. This is perhaps the more important of the two statistics. The nature of
DFA is that it classifies any data it is ‘given’ into a pre-defined group; the typicality
probability is a gauge of the validity of that classification. These features have made
FORDISC the most widely-used software package in forensic anthropology for
craniometric analysis, and with it anthropologists can achieve correct classification
in 80-90% of cases (Ousley and Jantz 2012)

Recently, craniometric data are being generated and analyzed for new
populations (Spradley et al. 2008), combined with other datasets, such as cranial
morphoscopic traits (Hefner et al. 2014), and analyzed in new, statistically robust
ways (e.g. Algee-Hewitt 2011). However, craniometric methods for ancestry
estimation are prone to problems, like traditional trait-list methods. The primary
problem relates not to the data themselves, but rather to DFA, the statistical
approach employed most often in their analysis. The mechanics of DFA necessitate
that classification accuracy decreases when applied to populations not included in
the DFA reference sample (Elliot and Collard 2009, Feldesman 2002, Gotelli and
Ellison 2004, Krzanowski 2000). This has been a problem noted since Giles and
Elliot’s (1962) discriminant functions. Tests of those functions found that
individuals from populations other than those on which the functions are based
were incorrectly classified in 35-60% of cases (Birkby 1966). The problem of
correct reference populations has been repeatedly raised as a concern with
craniometric ancestry analysis (Elliot and Collard 2009, Feldesman 2002, Iscan and

Steyn 1999, Ramsthaler et al. 2007, Snow et al. 1979, Williams et al. 2005), to the
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point that some have argued that it should not be used (e.g. Kosiba 2000, Williams et
al. 2005). A secondary problem with craniometric methods, and one frequently
cited by proponents of morphoscopic traits, is that craniometric data are difficult to
generate from fragmented remains (Gill 1998, Hefner 2007, Hefner et al. 2012,
Rhine 1990). In the case of fragmented human remains, as are often encountered by
the forensic anthropologist, a craniometric analysis may not be possible.

Ancestry estimation methods employing craniometric data are effective and
extremely popular, especially under current strict standards of evidence. Many
have advocated against their use on the grounds of inaccuracy (e.g. Kosiba 2000,
Williams et al. 2005), claiming that programs such as FORDISC will provide an
ancestry estimate for a soccer ball if you let it (Freid et al. 2005, Ousley et al. 2007,
2009). These claims represent a lack of understanding of the statistics underlying
craniometric ancestry estimation, more than a failure of the methods. The more
pressing problem with craniometric methods is their inability to be applied to
fragmented or distorted remains. Skeletons in less than pristine condition are
frequently encountered by the forensic anthropologist; a circumstance that
necessitates that non-metric, morphoscopic methods for estimating ancestry be

available to supplement the repertoire of available techniques.

3.2.3 Morphoscopic Trait Frequencies

The problems associated with craniometric methods of ancestry estimation

and the traditional trait list method, have left a hole in the methodology of ancestry
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estimation that needs to be filled. Hughes and colleagues (2011) demonstrated the
utility of traditional morphoscopic traits in the estimation of ancestry. Therefore, it
is not the traits themselves that are problematic, but rather the ways in which they
have been applied. The ‘re-introduction’ of cranial morphoscopic traits under the
standards of evidence outlined by Daubert necessitated that their use be moved
away from typology and total reliance on researcher experience. This shift required
three major changes to trait-list methods. First, cranial morphoscopic traits should
be reported in terms of population frequencies. It is not useful for an accurate
understanding of human variation to report traits as indicative of a particular
population, when their actual distributions reflect more variation. Second, trait lists
are full of descriptions of traits and character states that are not conducive to
consistent recordation. To bring the analysis of cranial morphoscopic traits in line
with legal standards, a standard system based on anatomy and degrees of
expression needed to be implemented. Finally, the analysis of cranial morphoscopic
traits needed an infusion of statistical power. Traditional methods were based, at
best, on a percent match to typical trait-list traits, and at worst on the experience
and opinion of the observer (Hefner 2003, 2007, Hughes et al. 2011).

In response to these problems, Hefner (2003, 2009) presents definitions of
cranial morphoscopic traits. The term “macromorphoscopic” was coined to
distinguish the skeletal features used by forensic anthropologists from the
nonmetric traits employed in physical anthropology more broadly (Hefner and

Ousley 2006). This term was eventually shortened to “morphoscopic” (Hefner
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2009), which will be used in this research. Definitions of the cranial morphoscopic
traits and their character states are rooted in anatomy, and avoid the confusing
descriptive labels that had traditionally been applied to them. One of the best
examples of this change can be seen in his categorization of nasal bone contour.
Where Brues (1990) describes the states of this trait as “Quonset hut”, “tented”, and
“steepled”, the scale proposed by Hefner (2009) consists of numeric stages defined
by the angularity of the nasal bones in the defined region. This scale codifies
essentially the same variation as that proposed by Brues (1990), without the
descriptive labels that are somewhat arbitrary. Furthermore, standard recordation
practices allow rates of error for these methods to be known, a shortcoming of the
descriptive trait-list method. Finally, this work moves the analysis of cranial
morphoscopic traits away from the ‘trait-list’ method. Scores for morphoscopic
traits are not presented as characteristic of a particular ancestry group, but rather
the frequency of all expressions of a trait across populations are presented (Hefner
2009). This allows future researchers to examine in which populations a given
character state is most common, without ignoring the interpopulational variability
of that trait.

Recent work has focused on the statistical analysis of cranial morphoscopic
traits, and bringing ancestry estimation from cranial morphoscopic traits into
compliance with the standards defined by Daubert (e.g. Hefner 2007, Hefner and
Ousley 2014, Hefner et al. 2012, 2014, 2015, 2016). Primarily this work has focused

on applying non-parametric statistics, not typically used in physical anthropology,
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to the analysis of cranial morphoscopic traits. There has been considerable success
in analyzing morphoscopic traits using k-nearest neighbor modeling, random forest
modeling (RFM), support vector machines (SVM), artificial neural networks (aNN),
canonical analysis of principal coordinates (CAP), and a new method called the
optimized summed scores attributes (OSSA) (Hefner 2007, Hefner 2015, Hefner and
Ousley 2014, Hefner et al. 2014). In each of these cases, ancestry estimates have
achieved 78-88% accuracy, and demonstrate the future utility of cranial
morphoscopic traits in the estimations of ancestry. The use of cranial morphoscopic
traits is on the rise having been tested for reliability and replicability (e.g. Klales and
Kenyhercz 2015), proven to produce ancestry estimates comparable to those
derived from metric methods (Hefner et al. 2014), and expanded to include trait list
traits that have yet to be standardized (Maier et al. 2015, Maier 2016).

In spite of the recent interest in cranial morphoscopic methods, they are not
without problems. One of the biggest problems is the inherently subjective nature
of morphoscopic trait analysis (Hefner 2007). The utility of these traits lies in the
recognition of various character states, necessitating a judgment call by the
observer. For that reason, morphoscopic traits will never be completely objective,
but the subjectivity can be mitigated through improved standards, improved
methods of recordation, and more rigorous analysis (Hefner 2007). These problems
are being actively addressed (e.g. Hefner and Ousley 2014, Hefner et al. 2012, 2014,
2015, Maier et al. 2015, Maier 2016), but the problem of subjectivity in

morphoscopic trait analysis continues to be the most prevalent argument against
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their use (e.g. Algee-Hewitt 2011, Hefner 2007, 2009, Hughes et al. 2011,
Konigsberg et al. 2009). One of the other limitations of ancestry estimation from
cranial morphoscopic traits is in their analysis. An appropriate statistical
framework exists, and there are many applicable methods (Hefner 2007, Hefner and
Ousley 2014, Hefner et al. 2012, 2014, 2015, 2016); however, most of those
methods are not widely employed in physical anthropology and are somewhat
inaccessible to those less familiar with statistical software packages like R (R Core
Team 2016). Furthermore, the comparative data needed to draw robust
conclusions from the results of these analyses are not yet publically available. Both
of the problems are being addressed and are soon to be resolved. On a grant from
the National Institute of Justice (Award No. 2015-DN-BX-K012) the
Macromorphoscopic Databank is being developed by Dr. Hefner (Hefner 2017, Pink
etal. 2016). Upon its completion in 2017/2018, the databank will provide
researchers with a large comparative sample, and a user-friendly interface, similar
to FORDISC (Jantz and Ousley 2006), with which to analyze cranial morphoscopic
trait data. These advances, including the research contained in this dissertation,
represent a significant contribution to the pool of legally defensible methods from

which the forensic anthropologist may draw when making an estimate of ancestry.

3.2.4 Dentition

Finally, this discussion turns to a grossly under-used dataset: the dentition.

Traits of the dentition are highly heritable (Scott and Turner I 1997) and teeth
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preserve more readily than bone (Edgar 2005). Of particular interest to the forensic
anthropologist, teeth are often protected from trauma inside the oral cavity and are
therefore more likely to be recovered intact than cranial indicators of ancestry
(Kimminau 1993). Furthermore, dental traits have already been standardized and
tested for reliable recordation, helping to reduce the error inherent in ancestry
estimation (Edgar 2015). Despite acknowledgement of the forensic utility of the
dentition more than two decades ago, relatively little has been done to incorporate
teeth into the fold of forensic techniques (e.g. Edgar 2005, 2013, 2015, Irish 2015,
Pilloud et al. 2014). The inclusion of dental morphology in forensic anthropology
has largely been hindered by two factors. First, forensic anthropologists are
concerned with individual identification, while dental anthropologists have
traditionally focused on population-level variation. This difference in scope may
lead to a certain degree of data incompatibility, which will be touched on at the end
of this chapter. Second, on more than one occasion preeminent dental
anthropologists have voiced the opinion that dental morphology may be of little use
in a forensic setting (Lasker and Lee 1957: 418, Turner Il personal communication
in Irish 2015). These two factors have been difficult obstacles to surmount.
However, nearly a century’s worth of research has led to three inter-related
conclusions. First, global variation in dental morphology exists. Second, that
variation corresponds closely to broad, geographically-defined populations. Finally,
understanding these broad populations can allow forensic anthropologist to

accurately estimate ancestry based on the dentition.
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Population differences in the dentition have nearly as long a history in
physical anthropology as craniometric and cranial morphoscopic traits (e.g.
Dahlberg 1945, 1951, Hellman 1928; Hrdli¢ka 1920, 1921, Lasker 1950, Lasker and
Lee 1957). Ataround the same time that Boas (1912) was using craniometric data
to explore questions of race in American immigrants, and Hooton (e.g. 1918, 1931,
1946) was exploring the efficacy of cranial morphoscopic traits in assessing
population affinity, questions of origins, population movement, and race were being
answered with the dentition. Although these early works were encumbered by the
typological views of race that persisted at the time, they explored variation in the
human dentition and how that variation coincided with group membership.
Arguably the best known of these early attempts is “Shovel-Shaped Teeth” (Hrdlicka
1920). In this article, Hrdlicka explores in depth the trait that we now recognize as
incisor shoveling, and codifies a means for recording it. This paper made two major
contributions to the study of dental morphology and its global distribution. First,
this paper represents one of the first attempts to standardize the recordation of
dental morphology (Hrdlicka 1920). Second, it established shoveled incisors as
being a distinct form that is common in Native American and Asian populations and
uncommon in African and European populations (Hrdlicka 1920). Based on this
trait, ‘racial’ differences in the dentition of man began to be documented. The
following year, Hrdlicka (1921) observed several more incisor traits, documenting
their degrees of expression, and where appropriate, noting if the trait had any

‘racial’ significance (e.g. congenital absence of teeth is more common in Europeans).
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Other authors soon took up the mantle of describing ‘racial’ variation in the
dentition. Hellman (1928) focused on the Y-5 molar groove pattern in apes and
hominins, and its changing frequencies in modern populations. Hellman defined
degrees of deviation from the ancestral Y pattern, and discussed the populations in
which various forms of the trait occur (Hellman 1928). For example, he notes that
European populations have the highest frequencies of non-Y pattern molars and
that Native American populations can be difficult to classify because they frequently
have cusp 6 (Hellman 1928). Hellman (1928) describes the Y-patterned molar as
the ancestral condition and deviations away from that pattern as derived. Using this
as a basis, he proposed a hierarchy of world populations in terms of evolutionary
status, which is unsurprising for the time. Although the evolutionary hierarchy was
an unfortunate step, Hellman’s (1928) work added significantly to our knowledge of
global dental variation and our understanding of ancestral and derived dental traits.
More major work regarding the dentition as a tool for assessing ‘racial’
affinity comes from the latter half of the 20t century (e.g. Dahlberg 1945, 1951,
Lasker 1950, Lasker and Lee 1957). Until this time, researchers had focused
primarily on the global distribution of single (or small sets of) traits in narrowly
defined samples of world populations (e.g. Hellman 1928, Hrdlicka 1920). As these
data began accumulate, the door was opened for more comprehensive studies of
global dental variation. Dahlberg (1945) began to synthesize years of dental data to
gain an appreciation for the global pattern. His approach was unique in that he felt

it was important to understand the mechanisms that were driving differentiation of
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dental morphology in various populations. Though not explored in detail, he argues
for the significance of isolation and genetic drift in shaping the dental complex of a
given population, concluding that the trend in the human dentition is toward
reduction and simplification of size, form, and number of teeth (Dahlberg 1945).
This change occurs at different rates in different populations based upon the specific
conditions experienced by that population; therefore, geographically distant
populations will exhibit different suites of traits based upon their unique
microevolutionary histories (Dahlberg 1945). This conclusion is at the foundation
of the search for geographically based dental complexes that would continue his
worKk in last decades of the 20t century and beyond (e.g. Irish 1993, 1997, Scott and
Turner II 1997, Scott et al. 2013, Turner I 1983, 1985, 1987, 1990). Other focuses of
the time were the heritability of dental morphological features (e.g. Lasker 1950)
and the documentation of dental variation in more narrowly defined populations
(e.g. Dahlberg 1951). Taken together, the work in dental anthropology in the middle
of the 20t century would soon be synthesized into a comprehensive description of
the global variation in the dentition of man.

Perhaps the seminal work of the time regarding ‘racial’ affinities and the
dentition was Lasker and Lee’s (1957) “Racial Traits of the Human Teeth.” They
argue that the hopes for the use of dental features to assess race “have not been
fulfilled” (Lasker and Lee 1957: 401). The gross differences in teeth (i.e. presence,
absence, impaction) are globally uniform, and it requires closer inspection of the

cusps, grooves, and other features of the teeth to elucidate their potential utility
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(Lasker and Lee 1957). This work addresses two short-comings of previous
attempts to understand ‘racial’ variation in teeth. First, Lasker and Lee (1957)
suggest that a large study comparing many groups from many different populations
is needed to truly appreciate significant population differences. Second, they
undertake a tooth-class by tooth-class description of the major morphological

differences among world populations, lamenting the lack of standardization in trait

description and recordation (Lasker and Lee 1957). They argue (correctly) that this

lack of standardization makes data from different researchers difficult, if not
impossible, to compare (Lasker and Lee 1957). Finally, echoing the sentiments of
Dahlberg (1945), they conclude that there are major differences in morphology
between European, African, and Asian populations but in light of intragroup
differences and “the lack of distinct racial boundaries” the use of the dentition in
forensic applications may be limited (Lasker and Lee 1957:418). These early
studies anticipated the eventual codification of global patterns of dental
morphological variation. Expansion of our understanding of these patterns, and
refinement of the traits that define them would be the call of future dental
anthropologists. The question of forensic utility, however, would be essentially
dropped for several decades; its eventual re-emergence is discussed later in this
chapter.

The work of early researchers, despite its faults, laid the foundations for
American dental anthropology, especially as concerned questions of population

variation. The subsequent decades saw two major advances in the field of dental
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anthropology: 1) the development of standardized systems of data recordation, and
2) the collection of prodigious amounts of data from populations the world over.
Standardization in dental anthropology is often discussed in conjunction with the
Arizona State University Dental Anthropology System (ASUDAS; Turner II et al.
1991); however, it would be remiss to jump into this discussion at that point
without at least reviewing its forbears.

Early on, researchers recognized that dental morphology was expressed
along a gradient, and that simply recording a trait as present or absent would not
encompass the full range of its variation. In his 1920 work on shovel-shaped
incisors, Hrdli¢ka proposed a scale for the recordation of shoveling. Recognizing
various degrees of shoveling, he proposed a four-point scale that encompassed no
shoveling, trace shoveling, semi-shoveled, and shoveled (Hrdlicka 1920). However,
shoveling is but one of many traits that can be recorded. In 1956, Dahlberg
proposed a new, more comprehensive, system for standardizing the recordation of
dental morphological traits (Dahlberg 1956). This system comprised definitions
and plaster plaques of trait expressions on several traits including shoveling, double
shoveling, the hypocone, Carabelli’s trait, and the protostylid (Dahlberg 1956).
However, as Dahlberg (1956) himself suggested, the system left room for expansion
and improvement. Finally, the most comprehensive system, and today’s standard,
the Arizona State University Dental Anthropology System (ASUDAS) was proposed
by Christy Turner II and colleagues (1991). The ASUDAS comprises standard

definitions for 38 dental crown and root traits (as well as several associated traits of
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the oral cavity), descriptions of the trait and its various character states, and
accompanying plaques depicting degrees of expression for most traits (Turner II et
al. 1991). The standardization allowed by the ASUDAS definitions, descriptions, and
plaques has allowed for dental morphology to be one the most consistently
recorded datasets available to physical anthropologists (*85% concordance; Nichol
and Turner II 1986, Scott 1973, Scott and Turner 11 1997, Sofaer et al. 1972b). A
new guidebook is devoted exclusively to detailed descriptions and illustrations of
the Arizona State University Dental Anthropology System (Scott and Irish 2017).

As mentioned above, the second major change to this field was in the sheer
volume of data that was being collected specifically for dental anthropological work.
Like standardization, the majority of this work was done by Christy Turner Il and
his students, but the patterns that emerged and subsequent interpretations of those
patterns are the product of the efforts of many researchers. The combination of a
standard method to record dental morphology and the knowledge that population
differences in dental morphology exist led to the codification of geographically
based dental complexes. Dental morphological differences between spatially and
temporally disparate groups, are presumed to reflect different microevolutionary
histories (Scott and Turner I1 1988); therefore, if broad geographically defined
groups exist, then members of those groups would be more dentally similar to one
another than to members of a different dental complex. The task of many dental
anthropologists was to define those complexes, and test their validity through the

examination of many populations.
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With respect to global dental complexes, the two most widely known are
Sinodonty and Sundadonty, as defined by Christy Turner II (1983, 1985, 1987,
1990). These complexes are derived from the proposed ‘Mongoloid Dental
Complex’ discussed by Hanihara (1967). This complex was based on observations
of the deciduous dentition, and found five characteristics to be common in Asian
populations: shoveling, deflecting wrinkle, protostylid, metaconule, and cusp 7
(Hanihara 1967). Upon further examination, Turner II (1983, 1985, 1987, 1990)
discovered that while the ‘Mongoloid Dental Complex’ sufficiently described dental
variation in Northeast Asian populations and Native Americans, the dentition of
Southeast Asian populations was markedly different. Therefore, two complexes
(Sinodont and Sundadont) were proposed (Turner I 1983, 1985, 1987, 1990).
These complexes are geographically separate and can be characterized by differing
degrees of dental complexity. The Sinodont dentition is characterized as mass
additive, while the Sundadont complex is more generalized (Turner I 1983, 1985,
1987 1990, Scott and Turner Il 1997).

The Sinodont dental complex that characterizes Northeast Asian and Native
American populations is the most morphologically complex in the world (Scott and
Turner II 1997: 236). These populations exhibit high frequencies of shoveling,
double shoveling, winging, interruption grooves, odontomes, enamel extensions,
cusp six, and the deflecting wrinkle (Scott and Turner Il 1997, Turner I 1990).
Traits found in markedly low frequencies in Sinodont populations are relatively few,

but include the mesial canine ridge, metaconule, cusp 7, four-cusped lower molars,
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and Y-shaped groove pattern on the lower molars (Scott and Turner Il 1997).
Several of these features are in disagreement with the ‘Mongoloid Dental Complex’
proposed by Hanihara (1967). This is likely a reflection of sample size, and not of
error on the part of the researchers. Sinodont populations have low frequencies of
traits like the metaconule and cusp 7 on a global scale (Scott and Turner II 1997),
but when compared specifically to European populations, as in Hanihara (1967), the
frequencies of these traits may appear elevated. Finally, although Sinodont crown
traits are characterized by added complexity, root traits in Sinodont populations
tend to be simple, showing higher frequencies of undivided roots (Scott and Turner
I11997). One notable exception to this generalization is the relatively high
frequency of three-rooted lower first molars. This root feature has been effectively
used in conjunction with genetic and linguistic data to support a three-wave model
of the peopling of the New World (Turner I1 1971, 1985).

The Sundadont dental complex is very different. Characteristic of Southeast
Asian, Polynesian, and Micronesian populations (Scott and Turner Il 1997), the
Sundadont dentition is more generalized and is characterized by retention of traits
rather than by intensification (Turner I 1983, 1987, 1990). On a global scale,
Sundadont dental morphology falls in the middle range of variation. That is,
Sundadont populations exhibit no crown or root traits that occur significantly more
or less in Sundadonts than in other world populations (Scott and Turner Il 1997).
The high frequency traits (e.g. Carabelli’s trait and cusp 6) and low frequency traits

(e.g. mesial canine ridge, cusp 7, and four-cusped lower molars) that characterize
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the Sundadont dentition, are shared by other world complexes (Scott and Turner II
1997). As such there is no diagnostically Sundadont dental trait, and this complex is
best understood as the general impression given by all recordable dental traits.

A little understood, and potentially related, dental complex that characterizes
populations of Australia, New Guinea, and Melanesia is the ‘Australian Dental
Complex’ (Townsend et al. 1990). This complex was described by Townsend and
colleagues in 1990. They found that the frequencies of cusp 6 in aboriginal
Australian populations were among the highest in the world, a result which
corroborates the work of previous researchers (Smith et al. 1981, Townsend et al.
1990). The resulting ‘Australian Dental Complex’ includes high frequencies of cusp
6, metaconule, and Carabelli’s trait, and low frequencies for cusp 7 and the
protostylid (Townsend et al. 1990). In spite of these apparent commonalities, an
‘Australian Dental Complex’ complex should be defined with caution (Scott and
Turner I 1997). There are many traits that group populations of the Sahul-Pacific
region together, but there are also traits that separate them; in fact, only the
frequency of the metaconule separates populations included in the ‘Australian
Dental Complex’ from other populations in a statistically significant way (Scott and
Turner I 1997). This complex is presented here not as an argument for or against
its validity, but as a step toward understanding global dental variation, and the work
that has been done to record it.

Behind Sinodonty and Sundadonty, the next most recognized world dental

complex is the sub-Saharan African dentition, or the Afridont dental complex (Irish
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1993, 1997, 2013). Like the Asian complexes, work with the Afridont dental
complex has been done almost exclusively by a single author. Joel Irish recorded
data from 32 populations across Africa and subjected them to a biodistance analysis
(Irish 1993, 1997). He found a morphological divide between North African
populations and those south of the Sahara Desert, leading him to define the sub-
Saharan African dental complex, also called Afridonty (Irish 1997, 2013). There are
11 traits that characterize sub-Saharan African populations. These populations
have globally the lowest or second lowest frequencies of double shoveling and
enamel extensions and the highest or second highest frequencies of presence of the
third molar, two-rooted lower second molars, three-rooted upper second molars, Y-
shaped groove pattern on the lower molars, Carabelli’s trait, two-rooted upper
premolars, cusp 7, Tome’s root, and the mesial canine ridge (Irish 1997).
Furthermore, Scott and Turner II (1997) have noted a general lack of root fusion
among Afridont populations, and that cusp 7, the mesial canine ridge, and a Y-
shaped groove pattern on the lower second molar are considered “distinctive
indicators” of the Afridont dental complex (Scott and Turner I1 1997: 236).

The last major geographically-based dental complex is the European
dentition. There have been several attempts to define a European dental complex.
In the same article in which the ‘Mongoloid Dental Complex” is defined, Hanihara
(1967) also proposes a ‘Caucasoid Dental Complex’, consisting minimally of high
frequencies of Carabelli’s trait. Mayhall and colleagues (1982) made another

attempt to define a European dental complex based on the analysis of American

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



73

White dental casts. This definition of the complex included a single high-frequency
trait (Carabelli’s trait) and six traits that were absent or found in very low
frequencies (shoveling, winging, odontomes, protostylid, cusp 6, and cusp 7)
(Mayhall et al. 1982: 256). Since then, the definition of this complex has been
expanded, and the complex itself has been relabeled the ‘Eurodont’ dental complex
(Scott et al. 2013). There are six traits found in high frequencies in the Eurodont
dentition: Carabelli’s trait, multiple lingual cusps on lower premolars, three-cusped
upper second molars, four-cusped lower first molars, four-cusped lower second
molars, and two-rooted lower canines (Scott et al. 2013). However, the hallmark of
the Eurodont dental pattern is the high number of traits that are absent or found in
low frequencies. These include: winging, shoveling, double shoveling, the mesial
canine ridge, enamel extensions, Y-shaped groove pattern of the lower second
molar, cusp 6, cusp 7, protostylid, deflecting wrinkle, and the three-rooted lower
first molar (Scott et al. 2013). As can be seen from these lists of traits, the Eurodont
dentition is more frequently characterized by the absence of traits (Scott and Turner
I11997).

Having established that dental morphology varies significantly across the
globe, and that variation in morphology has a geographic pattern. Scott and Turner
I1 (1997) set out to compare dental morphology on a global scale. In a massive
undertaking involving data from 175 populations, Scott and Turner II (1997)
discerned 12 traits that are useful in discriminating between broad geographic

populations on the basis of dental morphology. These traits include shoveling,
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winging, Carabelli’s trait, the metaconule, enamel extensions, two-rooted upper first
(third) premolars, odontomes, two-rooted lower canine, four-cusped lower molars,
cusp 6, cusp 7, and three-rooted lower first molars. It should be noted that all of the
traits listed above are used in the definition of previously discussed global dental
complexes. Therefore, it should not be surprising that based on these traits, Scott
and Turner II (1997) were able to accurately distinguish among 5 broad geographic
groups that roughly correspond to those complexes: Sino-America, Sahul-Pacific,
Sunda-Pacific, Western Eurasia, and sub-Saharan Africa. This well-patterned
distribution of dental morphological variants is the basis for the use of the dentition
in the forensic estimation of ancestry discussed below.

The dentition has not been completely ignored in the forensic arena. Most
forensic anthropologists are aware of the correlation between marked shoveling of
the incisors and Asian ancestry or of the perceived correlation between Carabelli’s
trait and European ancestry. These traits frequently appear on non-metric trait lists
for the estimation of ancestry (e.g. Burns 2007, Byers 2011, Kimminau 1993, Rhine
1990, Warren et al. 2011). In fact, Rhine (1990) includes at least seven dental traits
(shovel-shaped incisors, winging, enamel extensions, buccal pits, Carabelli’s trait,
canine fossa, and molar crenulations) in the landmark “Non-metric Skull Racing”,
and those traits represent the extent of most forensic anthropologists use of the
dentition, despite years of research demonstrating its utility. The problem with this
approach, is that it too employs the trait-list method, characterizing certain traits as

indicative of specific ancestry groups with little consideration of interpopulation
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frequencies, and no application of statistics. As an example, Birkby and colleagues
(2008) provide a list of characteristics, both biological and cultural, that have aided
in the identification of migrants in Pima County, Arizona. Included on this list are
incisor shoveling, and enamel extensions, two of the traits proposed by Rhine
(1990) as indicative of “Southwestern Mongoloid” ancestry. These traits are
included based on the experience of the authors, but neither the frequency with
which these traits are encountered, nor the means by which this association was
confirmed are discussed. The use of the dentition, especially dental morphology, in
the forensic context was not attempted in earnest until recently.

Dental morphology has received the majority of the attention with respect to
ancestry estimation. The standard traits of the ASUDAS are easy to observe and
record, once a researcher has been trained to recognize these features, and do not
require any specialized equipment, making them ideal for a forensic setting (Edgar
2015). Although they are the more popular choice for ancestry estimation,
relatively few authors have presented the analysis of dental morphology in a
forensically applicable way (e.g. Edgar 2005, 2009, 2013, 2015, Irish 2015, Scott et
al. 2016). However, dental morphology has been used to demonstrate dental
morphological differences between individuals of European and African ancestry,
and that those differences allow the anthropologist to accurately estimate ancestry
in 90% of cases (Edgar 2005). The few dental traits included in Rhine’s (1990)
publication have largely been demonstrated to be ineffectual in the estimation of

ancestry, especially in isolation from other features (Edgar 2009). Finally, dental
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morphology has been used to effectively estimate ancestry through the application
of logistic discrimination equations (Edgar 2013, 2015). Although these efforts have
varied in demonstrating the utility of the dentition in estimating ancestry (46-89%
accurate depending on group comparison), they have provided a foundation on
which future analyses of the dentition can build. However, these methods share a
few drawbacks. Most notably, the logistic discriminant equations (Edgar 2013)
require that specific teeth be present for the equations presented to be applicable;
namely an unworn upper first molar to distinguish between Hispanic and non-
Hispanic populations, and an unworn lower canine and first (third) premolar to
distinguish between African and European populations (Edgar 2013). Furthermore,
the earlier research (Edgar 2005) while useful, can be cumbersome to apply and,
like OSSA, is limited only to estimating African or European ancestry.

More recently, the utility of the dentition in the forensic context as
demonstrated by Edgar (2005, 2009, 2013) has pushed other dental anthropologists
to apply their knowledge and vast datasets to forensic questions. Irish (2015)
presents a method for estimating ancestry from 10 ASUDAS traits considered to be
diagnostic of major world populations. In this method, traits are recorded relative
to established breakpoints, effectively dichotomizing the ordinal degrees of
expression inherent in the ASUDAS to simple presence/absence data (Irish 2015).
These frequencies are then compared to frequencies in five world groups: East
Asian, American Indian, White, Polynesian, and Black. An unknown individual is

given a summed score based on presence or absence of the defined traits and the
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population that corresponds to the highest summed scored is given as the ancestry
estimate (Irish 2015). Though this method seems logical, it is not yet appropriate
for the forensic sphere. The use of a large reference sample, certainly makes the
data on which this method is based robust; however, this method contains no
known rates of error making it in admissible under strict post-Daubert (Daubert v.
Merrell Dow Pharmaceuticals Inc. 1993) standards of evidence. A second method,
in development Richard Scott and colleagues (2016), applies more appropriate
statistical methods to the estimation of ancestry from dental morphology. Currently
called rASUDAS, this method combines the standardization of the ASUDAS, the
computing power of the program R (RCoreTeam 2016), and the classificatory power
of Bayesian statistics to arrive at a relatively robust estimate of ancestry for an
unknown individual. As this method is still under development, there are
considerations that have yet to be addressed. For example, for forensic applications,
rASUDAS should be based, on individual rather than population data to better
account for the range of human variation and to avoid becoming typological. Work
continues to be done in this area, and dental anthropology, specifically dental
morphology, is beginning to make a foray into forensic anthropology.

Dental morphology is not the only useful type of data derived from the
dentition when estimating ancestry. Recent work has explored odontometric
ancestry estimation. Like craniometric data, odontometrics provide some
advantages over dental morphology; namely, the data are continuous and

quantitative making them subject to more rigorous statistical analyses, and thus
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more applicable to the forensic context. Furthermore, dental metrics have the
additional advantage of being applicable to worn teeth, where dental morphology
may not be. Although researchers (Harris and Foster 2015, Pilloud et al. 2014) have
demonstrated success in estimating ancestry from dental measurements, this
technique has not been widely adopted. This is due in part to the specialized
equipment needed to take dental measurements and the specialized training needed
to take them correctly.

Dental metrics have also been employed with great success (over 90%
accuracy) in the estimation of ancestry from the juvenile dentition (Lease and Sciuli
2005). The importance of this study is two-fold. First, methods for ancestry
estimation in juveniles are very few; therefore, an accurate method from the
dentition expands the repertoire of the forensic anthropologist. Second, and
particularly germane to this research, this study represents the power of combining
data from different datasets to arrive at an ancestry estimate. Though metrics are
used, the Lease and Sciuli (2005) study combined odontometric and morphological
data to arrive at this accurate method.

The above described methods, especially those pertaining to dental
morphology, are not without problems and require refinement and validation.
Many of the data generated from an analysis of the dentition are non-continuous,
and the computing power and statistical approaches needed to properly analyze
these data have not been available until recently. Although methods, such as

discriminant function analysis, have been applied with success, their results may not
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hold up under the strict rigors of the medico-legal system, as dental morphological
data violate many inherent assumptions of these methods. Furthermore, the
addition of dental data to forensic anthropology is somewhat hindered by data
incompatibility. Where forensic anthropology is concerned with the individual,
dental anthropology has traditionally been concerned with populations. As a result,
traditional dental morphological data (e.g. Scott and Turner II 1997) has been
dichotomized and then coalesced into population frequencies, effectively erasing the
signal of individual variation important to the process of identification, and making
the application of existing dental data to forensic questions difficult.

Despite these difficulties, the estimation of ancestry from the dentition is a
promising avenue of future research, though still in its nascent stages. Forensic
anthropologists and dental anthropologists alike are beginning to recognize the
potential in drawing on the knowledge of these two fields, and research in this area
has boomed in the last five years (e.g. Adams 2015, George 2015, Irish 2015, Pilloud
et al 2014, Scott et al. 2016, Willermet et al. 2016). Research involving the dentition
has expanded to include odontometric estimations of ancestry and population
history (Adams 2015, George 2015, Pilloud et al 2014), user friendly applications for
the analysis of dental morphology (Irish 2015, Scott et al 2016), and the creation
and application of statistical methods more appropriate for the analysis of dental
data (Willermet et al. 2016). The application of dental anthropology to the forensic
context represents one of many future directions of expansion, especially in

ancestry estimation techniques.
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3.3 Concluding Remarks

Given the promise of dental morphology in ancestry estimation, and the
established utility of cranial traits toward these same goals, it stands to reason that
the combination of these two datasets may yield more accurate estimates of
ancestry than are possible from either data type independently. The teeth and the
skull develop differently, and are differently affected by the environment.
Therefore, an ancestry estimation method that combines the information available
from both sets of data may provide a clearer picture of individual ancestry. The
environment of forensic anthropology is primed for methods that synthesize data
from different sources to improve the methods available for individual
identification, especially as the statistical computing power available to the
individual researcher increases. The research outlined in the remainder of this
dissertation describes one such approach to the combination of cranial and dental

data in pursuit of estimating ancestry from the human skeleton.
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Chapter 4:
Materials and Methods

4.1 Materials

To explore the utility of combining cranial and dental traits in the forensic
estimation of ancestry, data were generated for a sample of 693 individuals of
European, African, Asian/Native American, and Hispanic ancestry (Table 4.1). A
maximum of 79 traits (12 cranial, and 67 dental) was collected for each individual,
and subjected to statistical analyses appropriate to the categorical and ordinal data
generated by morphological trait analysis. Previous research has indicated that both
cranial morphoscopic and dental morphological traits show negligible sexual
dimorphism because the traits analyses are dependent on shape, not overall size
(Hefner 2003, Scott and Turner II 1997); therefore, sexes were pooled for these

analyses.

Table 4.1: Sample composition for this research.

Collection European African Asian/ l\]atwe Hispanic | Total
American
M F Ul M F/ U M F | U M F |U
PCOME 2 0 0 0 0|0 2 1 0 76 | 4 |1 86
LSU 11 6 0 5 710 0 0 0 0 010 29
Texas State | 56 | 38 | O 3 210 0 0 0 5 10| 105
Ope;g“"” ol olo|lo]olo| 2]0/|o0]|31]|27]|2] 62
Terry 12 7 0| 54 (42| 0 5 0 0 0 00| 120
Hamann-
Todd 46 8 0| 64 |12| 0 0 0 0 0 0 |0| 130
UNM 96 | 52 | O 4 210 0 0 0 3 4 | 0| 161
Total 223|111 | 0 | 130 | 65| 0 9 1 0 115|136 | 3| 693
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4.1.1 Ancestry Groups

A brief note regarding the use of the terms “European”, “African”, and
“Asian/Native American” in this research. These terms, as applied in this
dissertation, are meant to denote ultimate, not proximate, geographic ancestry.
Furthermore, the individuals housed in the sampled collections are catalogued, in
most cases, by social race (e.g. white, black, etc.). Based on the concordance of
ancestry and social race in the United States cited in previous chapters (e.g. Sauer
1992), ancestry assignments were made based on the reported race of the
individual. Finally, the ancestry label “Hispanic” is used in this research for ease of
recognition. Within the forensic community there is a debate regarding the
appropriate nomenclature for the group of individuals to whom the label “Hispanic”
has traditionally been applied. The composition of these populations varies by
region within the United States, with Southwestern populations having European
and genetic contributions, and Southeastern populations exhibiting both of these
contributions in addition to an African component (Bertoni et al. 2003). Alternative
labels, such as “Admixed Native American” have been proposed (Anderson personal
communication 2015) but “Hispanic” is used here to avoid confusion. Finally, as
addressed in Chapter 1, these groups represent the most relevant categories for
forensic anthropology in the United States, and are not meant to be universally

applicable (Bass 2005, Burns 2007, Byers 2011, Kennedy 1995, Klepinger 2006,

Sauer 1992, 1993, Spradley et al. 2008, Spradley and Weisensee 2013).
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4.1.2 Sampled Skeletal Collections

For a method to be forensically relevant, the populations on which it is based
must reflect the composition of the extant population as accurately as possible.
Several craniometric analyses have demonstrated the effects of secular change on
the human skull (e.g. Jantz and Jantz 2000, Wescott and Jantz 2005). Although these
changes affect the size and shape of the cranial vault more than the facial skeleton
(Jantz and Jantz 2000), the individuals used in this research were limited to recent
individuals where possible; to ensure applicability to contemporary populations, no
archaeological specimens were used. Most individuals studied here were born in
the 20t century; however, in the interest of a robust sample size and more balanced
demographics, individuals from two older anatomical collections (i.e. Terry and
Hamann-Todd) were included. Descriptions of each collection and their respective

demographic profiles are below.

4.1.2.1 Robert ] Terry Anatomical Skeletal Collection

In the early 1900s, Robert Terry collected skeletons from cadavers used by
the medical school at Washington University in St. Louis. These skeletons largely
represent individuals whose bodies were left unclaimed after death and became
property of the state. As such, the earliest component of the Terry Collection
represents individuals of low socio-economic status. However, in the mid-twentieth

century, legislation was passed that required written permission from next of kin
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for a body to be used for scientific study. As a result, the later component of the

Terry collection represents individuals of middle to upper-middle class economic
status. Presently, the Terry Collection represents 1728 individuals of known sex,
age, and “ethnic origin” (Hunt 2016). These individuals were born between 1822

and 1943, and range in age from 16 to 102 years, with most over 45 years of age

4.1.2.2 Hamann-Todd Human Osteological Collection

This collection contains the skeletons of over 3000 individuals of known sex,
age, and ‘race’ collected by Drs. Carl Hamann and T. Wingate Todd between 1912
and 1938. As with the Terry Collection, most individuals represented by the
Hamann-Todd Collection were unclaimed and became property of the state, and
subsequently were meant for use as anatomy teaching tools. Similar to the Terry
Collection, the status of these individuals as unclaimed, likely means that they were
of low socioeconomic status. The adults range in age from 18-75 years of age,
meaning that all individuals in this collection were likely born after 1837 but before

1921.

4.1.2.3 FACES Lab Donated Skeletal Collection

The Forensic Anthropology and Computer Enhancement Services (FACES)
Lab is at the Louisiana State University in Baton Rouge, Louisiana. Legislation
passed in 2006 made the FACES Lab the central hub for missing and unidentified

persons throughout the state of Louisiana (Louisiana House Bill 1140 Act 227).
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During its existence, in addition to the unidentified whom they curate by law, the lab
has amassed a small collection of donated skeletal material, the earliest of which
was donated in 1982. This collection comprises 31 individuals of African and
European ancestry. These individuals are predominantly forensic cases that were

ultimately donated by the families for research and teaching purposes.

4.1.2.4 Texas State University Donated Skeletal Collection

This collection is composed of skeletons that were donated to Texas State
University for scientific study. As such, individuals in the collection have known sex,
age, and ancestry, as well as a variety of other information including occupation and
health status. Atthe time of data collection, Texas State University had received 306
donations, only a fraction of which had been completely processed and were
available for study. These individuals are aged between 18 and 102 years. As a
forensically driven, donation-based collection, individuals housed in the collection
have died since the collection’s establishment in 2008, and are born exclusively in

the 20th or 215t centuries.

4.1.2.5 Maxwell Museum Documented Skeletal Collection

The Maxwell Museum Documented Skeletal Collection was established in
1984, and includes over 278 individuals of known sex, age, and ancestry. The
collection is built through donation from the individual, the deceased’s family, or in

the case of unclaimed remains, donation from the Office of the Medical Investigator.
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Given its date of establishment (1984), all individuals in the Maxwell Museum
Collection died within the last 33 years, making it an appropriately modern sample

for forensic work.

4.1.2.6 Pima County Office of the Medical Examiner

The Pima County Office of the Medical Examiner (PCOME), located in Tucson,
Arizona, works with a high volume of unidentified human remains. Since 2001, the
PCOME has dealt with over 2100 cases of migrant deaths. Part of the mission of the
PCOME is to identify these individuals and return them to their countries of origin.
A byproduct of that process is that the PCOME houses those individuals who have
yet to be positively identified. Using a biocultural profile crafted by the
anthropologists at the PCOME (Birkby et al. 2008), the migrants at the PCOME have
largely been given an ancestry estimate of “Admixed Native American,” which is
used in this research to signify Hispanic ancestry. It is important to note that these
are not known individuals, and in many cases no ancestry estimate could be given;
therefore, an additional seven individuals for whom there is no ancestry

information were observed but will not be included in these analyses.

4.1.2.7 Operation Identification

Recent changes to the United States policy on border control have funneled
migrants into increasingly inhospitable environments; one of those routes is

through the Sonoran Desert. This has resulted in high numbers of migrant deaths in
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the Tucson area. However, Texas has also seen a rise in migrant deaths, and in 2012
the number of migrant deaths in Texas surpassed that of Arizona (USBP 2012). To
identify deceased migrants, many unknown burials were exhumed and brought to
the Forensic Anthropology Center at Texas State (FACTS) for storage and
processing. Presently, Texas State University curates over 100 individuals as part of
Operation Identification. As with the individuals at the PCOME, ancestry is not
known for many of these individuals; 23 individuals, for whom no ancestry estimate

was available, were not included in the following analyses.

4.2 Methods

4.2.1 Cranial Morphoscopic Traits

Cranial morphoscopic traits form the basis of the trait list method described
in the previous chapter. The use of these traits in the past has involved descriptions
of bone shape, suture configuration, trait degree of expression, or trait
presence/absence (Hefner 2009). Further research regarding these traits has
standardized their application, thus mitigating some of the subjectivity in their use
(e.g. Hefner 2007, 2009). Eleven of the twelve cranial morphoscopic traits used in
this research have previously been standardized and have demonstrated utility in
the estimation of ancestry from the human skeleton (Hefner 2009). These traits
include: the anterior nasal spine, inferior nasal aperture, interorbital breadth, malar
tubercle, nasal aperture width, nasal bone contour, nasal overgrowth, postbregmatic

depression, supranasal suture, transverse palatine suture, and zygomaticomaxillary
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suture shape (Table 4.2). For a full description of these traits and their degrees of
expression see Hefner 2009. These traits have been used effectively in the
estimation of ancestry (e.g. Hefner 2007, Hefner and Ousley 2014, Hefner et al.
2014, 2015), and have demonstrated low inter- and intraobserver errors (Hefner

2009).

4.2.1.1 Palate Shape

Though these 11 traits have been successfully employed, the trait lists

contain traits that have yet to be standardized, but may be useful in the forensic

Table 4.2: List of cranial morphoscopic traits observed for this research;
scoring system after Hefner 2009 unless otherwise noted.
Cranial Morphoscopic Traits

Trait References
Anterior Nasal Spine (ANS)

Inferior Nasal Aperture (INA)
Interorbital Breadth (I0B)

Malar Tubercle (MT)

Nasal Aperture Width (NAW)

Nasal Bone Contour (NB(C)

Nasal Overgrowth (NO)

Post-bregmatic Depression (PBD)
Supranasal Suture (SNS)

Transverse Palatine Suture (TPS)
Zygomaticomaxillary Suture Shape (ZSS)
Palate Shape (PS) Maier 2016

context. Among these traits is palate shape. The utility of palate shape as an
indicator of ancestry can be traced to the Harvard List developed by Earnest Hooton

(Brues 1990), a connection which has been explored in depth elsewhere (e.g. Hefner
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2003, 2007). Even given this seemingly deep history within physical anthropology,
there is little agreement on defining palate shape, or on a uniform means of
describing its variation. The original classification proposed by Hooton was that
“pinched” palates were characteristic of European individuals, “narrow” palates
were indicative of African populations, and Native American groups exhibited
“wide” palates (Hooton 1931b). Other classifications have been developed for use in
forensic anthropology. Krogman (1939) proposed that European populations were
characterized by “narrow” palates, African populations by “wide” palates, and Asian
or Native American palates as some “intermediate” form between the two extremes.
Finally, the classification presented by Rhine (1990) and most commonly employed
today, is that of Gill (1971, 1986, 1995) and Olivier (1969). Gill (1971, 1986, 1995)
describes European and East Asian palates as “triangular” or “parabolic,” African
palates as “hyperbolic,” and Native American palates as “elliptical” or sometimes
“parabolic.” Aside from sometimes contradicting previous classification schemes,
these descriptive terms are highly subjective, and with respect to geometry, are
inaccurate in their characterization of palate shape.

Previous research demonstrated the utility of palate shape as an indicator of
ancestry; however, the methods employed in that research necessitate the use of a
digitizer and computer, which may not be available in all forensic settings (Maier et
al. 2015). The current research proposes an ordinal scale, akin to those presented
in Hefner (2009), to standardize the recordation of palate shape, and eliminate the

need for subjective and inaccurate descriptive terms.
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Palate shape is here defined as the overall appearance of the maxillary
alveolus and dentition. Shape, assessed on a five-point scale following Maier (2016),
is depicted in Figure 4.1:

e Grade 1: the overall arcade has a rounded shape, and the posterior
teeth, especially third molars, move toward the midline of the mouth.
This curve can be considered ovular in shape, and has traditionally
been described as “elliptical”.

e Grade 2: is an intermediate shape between Grades 1 and 3. The
palate has less angled sides than in Grade 3, but is overall less ovular
and rounded than in Grade 1.

e Grade 3: the palate exhibits a highly curved, almost pointed, anterior
segment. The sides of the arcade angle away from the midline as the
arcade is followed posteriorly. This curve is triangular in shape, and
most closely aligns with the classic “parabolic” shape.

e Grade 4: is another intermediate state. Palates in Grade 4 are
intermediate between Grades 3 and 5. The anterior portion of the
curve is somewhat flattened as compared to Grade 3, but not to the
degree seen in Grade 5. Additionally, the angle of the sides is less
pronounced than in Grade 3.

e Grade 5: the anterior segment of the palate shape curve is flattened,

and the sides are roughly parallel to one another as the curve is
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followed toward the back of the mouth. This curve could be described

as rectangular, and is most similar to the “hyperbolic” shape.

This scale allows researchers to record a wider array of extant variation than
the existing three-shape system. Furthermore, assessment of a character state is
based on several factors that contribute to the overall appearance of the palate.
That these definitions are rooted in the morphology of specific areas of the palate,
not on an inaccurate description of overall palate shape, helps to make the

recordation of palate shape more objective, and certainly more standard.

4.2.2 Dental Traits

The dentition has long been used to explore human variation on the
population level, with recent applications to the forensic setting (e.g. Edgar 2009,
2013, Irish 2015, Scott and Turner II 1997, Scott et al. 2016). In this study, 27 traits
were recorded for appropriate teeth on both the right and left sides. Of those traits,
24 are derived from the ASUDAS (Turner Il et al. 1991). These traits include (Table
4.3): winging, shoveling, double shoveling, interruption grooves, tuberculum
dentale, canine mesial ridge, distal accessory ridge, premolar accessory cusps,
hypocone, Carabelli’s trait, parastyle, paramolar tubercle, enamel extensions,
premolar lingual cusp number, odontomes, groove pattern, molar cusp number,
deflecting wrinkle, anterior fovea, distal trigonid crest, protostylid, cusp 5, cusp 6,

and cusp 7. Definitions of traits and depictions of character states can be found in
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the original publication (Turner Il et al. 1991). As many dental morphological traits

can be affected by occlusal wear, care was taken not to score overly worn teeth.

Table 4.3: List of dental morphological traits observed for this research. Trait
definitions after Turner II et al. 1991 unless otherwise noted.
Dental Morphological Traits
Trait Teeth References
Winging Upper Central Incisors
(WING)
Shoveling Upper Central Incisors
(UI1_SHOV)
Upper Lateral Incisors
(UI2_SHOV)
Lower Central Incisors
(LI1.SHOV)
Lower Lateral Incisors
(LI2.SHOV)
Double Shoveling Upper Central Incisors
(UI1_DSHOV)
Upper Lateral Incisors
(UI2Z_DSHOV)
Interruption Groove Upper Central Incisors
(UI1_IG)
Upper Lateral Incisors
(UIZ_IG)
Tuberculum dentale Upper Central Incisors
(UI1_TD)
Upper Lateral Incisors
(UI2_TD)
Upper Canines (UC_TD)
Canine Mesial Ridge Upper Canines (BUSH_C)
(Bushman Canine)
Distal Accessory Ridge Upper Canines (UC.DAR)
Lower Canines (LC.DAR)
Premolar Accessory Upper First (Third)
Cusps Premolar (UP1.ACUSP)
Upper Second (Fourth)
Premolar (UP2.ACUSP)
Hypocone Upper First Molar
(UM1.HYPO)
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Upper Second Molar
(UM2.HYPO)

Upper Third Molar
(UM3.HYPO)

Carabelli’s Trait

Upper First Molar
(UM1.CARA)

Parastyle

Upper First Molar
(UM1.PARA)

Paramolar Tubercle

Upper Second Molar
(UM2.PARA)

Enamel Extensions

Upper First Molar
(UM1.ENEXT)

Upper Second Molar
(UM2.ENEXT)

Upper Third Molar
(UM#.ENEXT)

Lower First Molar
(LM1.ENEXT)

Lower Second Molar
(LM2.ENEXT)

Lower Third Molar
(LM3.ENEXT)

Premolar Lingual Cusp
Number

Lower First (Third)
Premolar (LP1.LCUSP)

Lower Second (Fourth)
Premolar (LP2.LCUSP)

Odontomes

Upper First (Third)
Premolar (UP1.0DONT)

Upper Second (Fourth)
Premolar (UP2.0DONT)

Lower First (Third)
Premolar (LP1.0DONT)

Lower Second (Fourth)
Premolar (LP2.0DONT)

Groove Pattern

Lower First Molar
(LM1.GPATT)

Lower Second Molar
(LM2.GPATT)

Lower Third Molar
(LM3.GPATT)

Molar Cusp Number

Lower First Molar
(LM1.CUSPNO)
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Lower Second Molar
(LM2.CUSPNO)

Lower Third Molar
(LM3.CUSPNO)

Deflecting Wrinkle

Lower First Molar
(LM1.DWRIN)

Anterior Fovea

Lower First Molar
(LM1.ANTFOV)

Distal Trigonid Crest

Lower First Molar
(LM1.DTC)

Lower Second Molar
(LM2.DTC)

Lower Third Molar
(LM3.DTC)

Protostylid

Lower First Molar
(LM1.PROTO)

Lower Second Molar (LM2.
PROTO)

Lower Third Molar
(LM3.PROTO)

Cusp 5 (Hypoconulid)

Lower First Molar
(LM1.CUSP5)

Lower Second Molar
(LM2.CUSP5)

Lower Third Molar
(LM3.CUSP5)

Cusp 6 (Entoconulid)

Lower First Molar
(LM1.CUSP6)

Lower Second Molar
(LM2.CUSP6)

Lower Third Molar
(LM3.CUSP6)

Cusp 7 (Metaconulid)

Lower First Molar
(LM1.CUSP7)

Lower Second Molar
(LM2.CUSP7)

Lower Third Molar
(LM3.CUSP7)

Molar Crenulations

Upper First Molar
(UM1.CREN)

Upper Second Molar
(UM2.CREN)

Pilloud et al. 2017a
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Upper Third Molar
(UM3.CREN)
Lower First Molar
(LM1.CREN)
Lower Second Molar
(LM2.CREN)

Lower Third Molar
(LM3.CREN)
Diastema Scored by Diastema Pilloud personal
Location (DIASTEMA) communication 2015
Dental Crowding Scored for Maxilla Pilloud personal
(CROWDING_MAX) and communication 2015
Mandible
(CROWDING_MAND)

Several standard ASUDAS traits were not observed. In modern skeletal
samples, teeth are often fixed in their sockets, and removal is discouraged as it may
damage the surrounding alveolar bone. Therefore, root traits (e.g. two-rooted
canine, 3-rooted lower first molar, Tome’s root) were not recorded. Second, the
ASUDAS trait “Pegged-Reduced-Missing M3” was not recorded because it is
impossible to distinguish congenital absence from surgical removal in modern
skeletal collections without taking dental radiographs of each individual. Finally,
several other traits (e.g. labial convexity, distosagittal ridge, torsomolar angle) were
not recorded because they do not demonstrate sufficient inter-population variation
(Scott personal communication 2015). The remaining three traits, molar
crenulations, diastema, and dental crowding, are recent developments on which
relatively little data have been collected (Pilloud et al. 20174, Pilloud personal
communication). They are examined to aid in the further analysis and application of

these traits to the forensic context.
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4.2.2.1 Molar Crenulations

Molar crenulations are one of the few dental traits presented by Rhine
(1990) as indicative of ancestry. However, there is no standard definition of molar
crenulations, nor a standardized means of recording their presence available to
forensic anthropologists. The presence of molar crenulations is widely
acknowledged in the non-human primate and hominin evolution literature (e.g.
Berger et al. 2015, Carbonell 1965, Dumont 1999, El-Najjar 1978, Halie-Selassie
2001, Leakey 1965, Swindler 1988, Vogel et al. 2008, von Koenigswald 1982,
Weidenreich 1937, Williams 1985), but relatively little attention has been given to
their presence in the human dentition. Lasker and Lee (1957: 410) make a passing
mention of this trait, referring to it as “molar wrinkling,” and describe it as
characteristic of “Mongoloid molars,” a conclusion reached by other researchers as
well (e.g. Jacob 1967, Pedersen 1949). Others found this trait was more common in
African populations (e.g. ElI-Najjar and McWilliams 1978, Herrick and Walsh-Haney
2010, Kiernberger 1955, Rhine 1990, 1993, Truesdell 2005).

The pattern here called ‘crenulations’ has long been recognized as potentially
indicative of population affinity. However, little has been done with respect to the
standardization and evaluation of the variation in this trait. There are potentially
several reasons for this. First, objectively classifying the degree of crenulation is
difficult (Grine 1981). Second, a minimal amount of wear obscures the expression
of the trait (Grine 1981, Pilloud et al. 2017a). Finally, there is little agreement on

how the trait should be defined. Previous studies (e.g. Truesdell 2005) have
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attempted to offer objective means of recording crenulations, but have done
relatively little to clarify its definition.

Here, crenulations are defined as “curved fissures and ridges that surround
the primary ridges (i.e. cristids) of each main molar cusp” following Pilloud and
colleagues (2017a:164). Additionally, following that presentation, the scoring
system advocated will be used in this research. Molar crenulations are recorded on
a 3-point scale (Figure 4.2) as follows:

e Grade 0: No crenulations.
e Grade 1: Molar crenulations are shallow and do not involve all cusps.
e Grade 2: Molar crenulations are deep and involve all major cusps of

the tooth.

4.2.2.2 Diastema

Anatomically speaking, a diastema is any gap between the teeth greater than
0.5mm (Keene 1963). Irish (1997) identified the midline diastema, a gap between
the central incisors, as characteristic of the sub-Saharan African Dental Complex, but
as this is not a standardly recorded dental trait, there are few comparative data.
Others (Lavelle 1970, Pilloud personal communication2015) have suggested that
the presence of a diastema to either side of the canine (i.e. between canines and
lateral incisors, or canines and premolars), although common overall, may be more
common in African populations. However, the work to date has had a population

focus, and the utility of the diastema as an estimator of ancestry in forensic
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Figure 4.2: Recordation scale for molar crenulations; maxillary (top) and mandibular

(bottom) teeth are presented.
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anthropology has not been explored.
Diastemata in this sample were recorded following a scale proposed by
Pilloud (personal communication 2015) (Figure 4.3):
e Grade 0: No diastema
e Grade 1: Any gap between two central incisors

e Grade 2: Any gap between the canines and adjacent teeth

4.2.2.3 Dental Crowding

The inclusion of dental crowding for ancestry estimation is based on the
disparity between tooth size and jaw size in some populations (Lavelle and Foster
1969, Moorees and Reed 1954), particularly Asian and Native American
populations. Studies of tooth size have demonstrated that Asian and Native
American populations fall in the intermediate range on the world scale of tooth size,
while African populations tend to have large teeth, and European populations have
small teeth (e.g. Pilloud et al. 2014, Schmidt 2008). However, studies of craniofacial
size show a different pattern, with Asian populations exhibiting among the smallest
jaws (Hanihara 1993, 1996, Howells 1989, Nicholson and Harvati 2006).
Furthermore, studies of secular change in the face and jaws (e.g. Heim 2013, Jonke
et al. 2007, Lavelle 1973, Smith et al. 1986, Truesdell 2005) indicate the degree of
reduction in jaw size associated with modern diets differs among populations.
Taken together, this evidence suggests that the incidence of dental crowding may be

useful in the forensic estimation of ancestry. Although dental crowding differs from
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the other features in this study in that it has a more pronounced environmental
component (i.e. it may be tied more strongly to socioeconomic status, and can be
erased through the intervention of orthodontia), more recent studies (e.g.
Normando et al. 2013) have confirmed a strong genetic component to dental
crowding; therefore, it is included to explore what, if any, utility it may have in the
forensic estimation of ancestry.

Dental crowding was recorded by quadrant of the mouth following the
definition outlined by Pilloud (personal communication 2015) (Figure 4.4):

e Grade 0: No crowding

e Grade 1: Crowding present

4.2.3 Data Collection and Processing

Data were recorded using a custom-made UserForm Macro in Microsoft Excel
2011 (Figure 4.5). This macro allows all data input to occur on a single screen, while
the researcher selects a predetermined trait value from a drop down menu. The
macro then uses researcher input to populate a single row of a spreadsheet. This
method helps minimize user error while recording data, and produces a
spreadsheet that is readily analyzed in statistical packages such as R.

Dental morphological data were recorded for both the right and left sides of
the arcade. For analysis, the individual count method (Scott 1977, Scott 1980,
Turner I1 1967, Turner Il and Scott 1977) was employed to reduce data redundancy.

The underlying premise of the individual count method is that dental traits are
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Grade 0-No Crowding Grade 1-Crowding Present
Recordation scale proposed for dental crowding.

Figure 4.4
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threshold traits (Falconer 1965, 1967, Scott and Turner Il 1997), therefore the
highest degree of expression for that trait in an individual is the most reflective of
the individual’s genotype (Scott 1980). In some cases, a dental trait’s character
states do not have an inherent hierarchical order (e.g. groove pattern). In those
instances, in the case of asymmetry, the value for the left side was used in analysis.

If the left tooth was absent, the antimere was used.

4.2.4 Statistical Analyses

4.2.4.1 Frequency Distributions

Scores for each of the traits were compiled into frequency distribution tables.
These tables are a representation of the frequencies of each trait score in a given
population. Presenting data in this format helps prevent typological associations of
a given trait with a particular ancestry group, and more accurately presents the
range of variation for a given trait. Furthermore, if a trait did not show any

variation, it was removed from further analyses

4.2.4.2 Intraobserver Error

To assess intraobserver error approximately 10% of the individuals scored
at each collection were scored a second time (n=73). The second observation was
conducted at each collection 4 days after the initial observation, to maximize the

period between observations. Intraobserver error was calculated using the
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weighted Cohen’s Kappa statistic (Cohen 1968). The kappa statistic is a statistically
robust method for determining the degree of agreement between two observers, or
the same observer on different occasions. This statistic is more robust than percent
agreement because it incorporates the possibility that observers agree by chance
alone (Cohen 1960). The unmodified statistic can be overly conservative, in that it
‘judges’ any disagreement with equal ‘wrongness’. However, a transformation of
this statistic, weighted Cohen’s Kappa is more appropriate for ordinal data, such as
those generated in this research (Cohen 1968). The weighted statistic recognizes
degrees of agreement, and weights them differently in the ultimate calculation of the
level of agreement. For example, given a trait observed on a five-point scale, the
weighted statistic recognizes that scores of 4 and 5 agree more than scores of 1 and
5. In the case of binary variables, the weighted statistic is equal to the unmodified
statistic; therefore, equal-weighted Kappa will be used in the R package irr (Gamer

et al. 2012) to generate rates of intraobserver error for all traits in this research.

4.2.4.3 Chi-Square Test

Data were examined for frequency differences among ancestry groups using
the chi-square test in R (RCoreTeam 2016). The chi-square test can be used to
assess differences between samples when the data are non-continuous and non-
normal, making its use appropriate for the categorical and ordinal data generated in
this research (Drennan 2009, Freund et al. 2010, Welkowitz et al. 1976, Krzanowski

2000).
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As the chi-square test was used repeatedly to compare frequencies for many
traits, the Bonferroni correction was used to adjust the p-values. As the number of
statistical tests increases, in this case chi-square tests on 79 variables, the likelihood
of a type I error, or incorrectly assessing a comparison as significantly different, also
increases (Freund et al. 2010). Therefore, for a given number (m) of hypotheses
tested and the desired level of significance («), each individual hypothesis is
required to meet a level of significance equal to a/m. For example, if individual chi-
squares were calculated for all 79 recorded variables in this research, then the
adjusted alpha for significance of each test would be a=0.00063291, to mitigate to
possibility of a significant p-value due to chance.

The results of the chi-square tests are used as a univariate means to remove
uninformative variables from further analysis. If a given trait does not show
significant differences among ancestry groups, it is unlikely to be informative in the

classification of unknown individuals.

4.2.4.4 Correlation

Every individual was scored for 79 variables. Some traits were observed on
the same tooth (e.g. cusps 5, 6 and 7 are recorded on each of the mandibular
molars), or the same trait was observed on the same class of tooth (e.g. shoveling
was recorded on the central and lateral incisors). Previous researchers have
demonstrated strong correlations between dental morphological traits, at least

within a tooth class, (e.g. Kirveskari and Alvesalo 1982, Mizoguchi 1985, Scott and
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Turner I1 1997, Sofaer et al. 1972a), and among cranial morphoscopic traits (Hefner
2009). However, no measures of correlation between cranial and dental traits have
yet been reported, and it is reasonable to assume these traits may be correlated
with one another. Including redundant data in the classification model, even when
the model can handle correlation, only serves to overinflate the accuracy of the
model. To prevent that, polychoric correlations were calculated between all pairs of
variables using the hetcor() function in the package polycor (Fox 2016). A
polychoric correlation is appropriate for these data because it is designed to be used
with ordinal data. The polychoric correlation assumes a latent continuous
distribution underlying an ordinal recordation scale, and uses a polychoric series to
account for that discrepancy by estimating the Pearson’s correlation coefficient
between two variables as if they were continuous (Pearson 1900, Ritchie-Scott
1918).

For these data, pairs of variables with correlations over an absolute value of
0.75 are examined for possible removal from model-building. The value of 0.75
represents an arbitrary lower boundary of correlation values considered to indicate
a strong relationship between variables (e.g. Drennan 2009, Evans 1996, Hinkle et
al. 2003, Shortell 2001, Wellkowitz et al. 1976). In each pair of strongly correlated
variables, one variable will be removed to maximally reduce strong correlations in
the dataset, but retain as many variables as possible for the generation of

classificatory models.
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4.2.5 Classificatory Models

The primary statistics used, random forest modeling and naive Bayes
classification, both require a training and a test set of data. A random 70% of the
individuals (n=485) in the total sample are used as the training data, while the
remaining 30% (n=208) are used to test the model. For the sake of reproducible
results, a random seed is set in R before subsets are generated, and before any
modelling takes place. Setting the random seed in R ensures that while individuals
are chosen from the larger sample at random, every time the analysis is run, the
same individuals are placed in the training and test samples. This step allows for
reproducible point estimates of accuracy for both types of classification.

To fully appreciate the accuracy of each model, mean accuracies and ranges
are calculated. After the point estimates are obtained, different randomly selected
training and test samples (n=30) will be generated to be used for model validation.
Models based on these randomly generated sets will be used to calculate a mean and
confidence interval for model performance, illustrating the range of accurate
classification for each model. This measure presents a more accurate picture of
overall model performance than a point estimate alone.

Finally, this research addresses three hypotheses, concerning different
subsets of the data (i.e. cranial data, dental data, and both datasets combined).
Therefore, each type of modeling will be implemented on three subsets of variables:
cranial variables only, dental variables only, and cranial and dental variables

combined.
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4.2.5.1 Random Forest Modeling

Random forest modeling (RFM) is an extension of simpler decision tree
methods. The trees in both families of methods predict group membership on the
level of a categorical variable, based on the values of a set of predefined predictor
variables (Breiman et al. 1984, Feldesman 2002, Mercer 2013, Quinlan 1987). A
subset of the data, termed the training set, is used to build a model and find
sectioning points for each variable that best separate the data into the levels of the
response variable, in this case ancestry (Breiman et al. 1984, Feldesman 2002,
Quinlan 1987). Each variable is used as a node in a tree, such that a decision
regarding class membership is made at each junction as the tree proceeds (Breiman
et al. 1984). An unknown individual is run through the tree, following the decision
rules at each node, until it reaches a terminal node where it is classified (Breiman et
al. 1984). This method makes very few assumptions, and is very robust in that it can
handle large sets of data (Breiman et al. 1984, Feldesman 2002, Quinlan 1987). The
random forest extension of the decision tree method employs ensemble methods to
add robusticity (Breiman 2001, Breiman and Cutler 2004). In a RFM many decision
trees are generated from random subsamples of the training set, and each tree uses
arandom subset of the predictor variables at each node introducing two layers of
randomness (Breiman 2001, Breiman and Cutler 2004, Liaw and Wiener 2002). The
twofold randomness of the RFM ensures that every tree in the forest is unique, and
helps to avoid the dangers of over-fitting the model to the data (Breiman 2001,

Breiman and Cutler 2004, Liaw and Wiener 2002). The final classification of an
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unknown individual comprises the majority vote of the forest (Breiman 2001,
Breiman and Cutler 2004, Strobl et al. 2008).

Furthermore, tree-based classification methods provide a variety of methods
for dealing with missing data. Most often data imputation is used to replace missing
data with a value based on similar individuals (Breiman et al. 1984); this is
especially applicable when predictor variables are continuous. Surrogate variables
can also be employed (Breiman et al. 1984). When a decision tree encounters an
individual with missing data at a given node, the use of surrogate variables allows
the tree to pass the individual to the next node based on another variable that
results in a similar split as the variable for which the data are missing (Breiman et
al. 1984, Rieger et al. 2010). The final option is to pass individuals with missing data
on to the majority resultant node, and continue classifying from there. This method
is the default in cforest() (Hothorn, personal communication 2016), requires the
least data manipulation, and is the best representation of the actual data structure.
Here, missing values were analyzed using the third option.

An extension of random forest modeling, using conditional inference trees, is
used here because it employs a variable importance measure more appropriate for
the structure of these data. Variable importance measures in traditional random
forests, like the Gini Index used by the randomForest package (Liaw and Wiener
2002), can be biased toward variables with more levels (Deng et al. 2011,
Hapfelmeier et al. 2014, Hothorn et al. 2006b, Jensen and Cohen 2000, Kass 1980,

Shih 2004, White and Liu 1994), variables with a considerable amount of missing
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data (Hapfelmeier et al. 2014, Kim and Loh 2001), and spuriously correlated
variables (Hapfelmeier et al. 2014, Strobl et al. 2008). These biases are the result of
the criterion used to calculate variable importance, which in most cases is some
measure of the decrease in impurity in the resultant nodes (Breiman et al. 1984,
Kim and Loh 2001, Shih 2004). These biases are important to consider, as the
variable importance measure is used in building the forest. At each node, a random
subset of variables is selected, and the variable that best splits the data, is chosen for
that node. Therefore, biased measures of variable importance, can bias the whole
forest.

When comparing two predictor variables, measures of decrease in impurity
are more likely to find a large decrease when variables can take more levels (Deng
etal. 2011, Hothorn et al. 2006b, Jensen and Cohen 2000, Kass 1980, Shih 2004,
White and Liu 1994). Consider two randomly generated variables that have no
relation to the response. The first can be recorded on ten levels, and the second on
only two levels. Simply because the first variable has more potential splits to
examine, a split with a greater decrease in impurity is more likely to be found for
that variable, even though both variables bear no relationship to the response
(Jensen and Cohen 2000). This pattern extends even if the variable with fewer
levels does correlate with the response (Dobra and Gehrke 2001). In other words,
the relative importance of variables with different numbers of possible responses
cannot be accurately assessed using impurity measures (Shih 2004).

A similar problem is encountered when a variable has a large amount of
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missing data. A splitting rule at a given node is based on the data that are present,
ignoring the missing data (Breiman et al. 2004). Therefore, a variable with a large
amount of missing data is less likely to be misclassified, and more likely to be
considered important (Kim and Loh 2001). To borrow an extreme example from
Kim and Loh (2001:596), consider a classification case with two possible responses
(e.g. European and African ancestry), and a variable X that is missing for all but two
individuals. If we further assume that these two individuals have different values
for variable X, and belong to different classes, then any split that places these
individuals in different nodes will result in an impurity score of 0, and elevate the
relative importance of variable X in the overall classification model.

The final bias with regard to variable importance, as calculated by traditional
random forests, relates to the problem of spurious correlation (Strobl et al. 2008).
Consider two variables, one of which is highly correlated with the response, while
the other is highly correlated with the first variable, but has little relationship to the
response variable. Variable importance measures based on a decrease in impurity
would likely indicate that both variables are important in predicting the response,
though the second variable is not related to the response (Strobl et al. 2008). In
other words, variable importance measures for traditional random forests are
indicative of which variables effectively separate the data into the levels of the
response variable, but do little to indicate which predictors bear a strong
relationship to the response. Though this is not necessarily a problem for

classification applications, it makes future variable selection difficult.
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One solution to the above described biases is to use permutation importance
measures of variable importance when growing forests (Hapfelmeier et al. 2014,
Hothorn et al. 2006b, Rieger et al. 2010, Strobl et al. 2008). Permutation importance
is measured by comparing the accuracy of a tree before and after the random
imputation of a single predictor variable, and averaging that difference over all trees
in the forest (Hapfelmeier et al. 2014, Strobl et al. 2008). The random permutation
of the predictor variable destroys its relationship to the response; therefore, the
difference in the two accuracies reflects the importance of that single variable to the
overall accuracy of the forest (Hapfelmeier et al. 2014). Though effective, basic
permutation importance cannot account for the effects of missing data. An
alteration to the permutation importance formula that allows for missing data is
provided by Hapfelmeier and colleagues (2014). In essence, the random
permutation is performed on the individuals placed in the daughter nodes of a split
rather than on the values of the split variable (Hapfelmeier et al. 2014). This allows
the importance of the variable to be assessed, without the complications of missing
data and surrogate variables.

Random forest models were generated using the cforest() command from the
party package (Hothorn et al. 20064, Strobl et al. 2007, Strobl et al. 2008). The
cforest() command is most appropriate for these data because the predictor
variables in this data set are expressed on many different levels, and data derived
from human skeletal materials are likely to have a large number of missing values.

Additionally, permutation importance, and the transformation by Hapfelmeier and
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colleagues (2014), is the default variable importance measure in cforest(). Variable
importance values were examined using the varimp() command from the same
package in order to graphically represent the relative importance of the variables in
the model.

In each of the three models, the pool of randomly selected predictors
available at each node was roughly equal to the square root of total available
predictors, and were selected with replacement, per the suggested parameters
proposed by Breiman and Cutler (1984). Every forest is composed of 225 trees; this

number was kept odd to avoid ties in forest voting.

4.2.5.2 Naive Bayes Classification

Unlike the statistical methods discussed so far, naive Bayesian classification
draws on assumptions from a different school of statistical thought. Bayesian
statistics are founded on the assumption that prior knowledge of a problem can
inform the acceptance or rejection of a hypothesis. This has been formalized as

Bayes’ theorem:

dle: .
p(gla) = A&

in which, p(c;j/d) is the probability of some observation, d, occurring in class ¢;. In the
case of this research that would be the probability of a given individual being a

member of a given ancestry group. The term p(d/c;) is the probability that members
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of class ¢j have some variable d. This term will be explored in more depth in the
explanation of naive Bayes classification below, but it can be thought of as a
measure of compatibility between the variable (d) and the class (c;). For this
research, this term represents the likelihood of observing a given variable (e.g. ANS
score 5) in each ancestry group. The next term, p(c;), may be the most important to
the Bayesian approach. This term accounts for the frequency of a given class in a
sample. This amounts to the prior knowledge that informs a Bayesian analysis. As
an example, if the majority of an analyzed sample belongs to the European ancestry
group, the probability of an unknown individual from that population being
European is higher. The final term, p(d), is the probability of the variable occurring.
This variable can effectively be ignored, as this probability is the same for all
possible classes, and does not affect the relative probabilities of class membership
(Domingos and Pazzani 1997, Langley et al. 1992, Rish et al. 2001).

The naive Bayes classifier relies on an expansion of the second term of Bayes
theorem. The probability of the evidence (d) given class (¢;) is calculated as the
product of the probabilities of the individual predictor variables (Friedman et al.
1997, Rish et al. 2001). For this probability to be accurate, it is naively assumed that
the predictor variables are independent of one another, hence the name (Domingos
and Pazzani 1997, Friedman et al. 1997, Rish et al. 2001). This unrealistic
assumption of the Bayes classifier was thought of as a problem for many years;
however, despite this seeming handicap, the naive Bayes classifier has consistently

performed well on many data types (Domingos and Pazzani 1997, Friedman et al.
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1997, Langley et al. 1992, Rish et al. 2001). Naive Bayes classification has been
shown to outperform more sophisticated classification methods, like decision trees
(Domingos and Pazzani 1997), and has also been shown to perform optimally in the
case of correlated predictor variables, in addition to the independent variables
assumed by the method (Domingos and Pazzani 1997, Rish et al. 2001). These
revelations regarding naive Bayes classification, have reinvigorated interest in its
application to classification problems.

For this research, naive Bayes classification provides two advantages. First,
although against methodological assumptions, the ability of the classifier to perform
well on correlated predictor variables is an attractive feature. Although the number
of highly correlated variables is reduced, a certain degree of correlation is expected.
The second advantage of this method is that it deals with missing data by effectively
ignoring it in probability calculations (Domingos and Pazzani 1997). The
probability of each variable occurring in a class is calculated only from individuals
who have data for that variable, without removing the other individuals from the
data. This expands the size of the sample that can be used to inform a classification.

Furthermore, it is conceivable that a given variable score and ancestry
designation never co-occur in the training set. This is problematic in that it
introduces a zero probability element into the numerator of the classifier, in effect
making the probability of an individual with that trait belonging to the given
ancestry group also zero (Domingos and Pazzani 1997). The training set cannot be

expected to completely represent the full range of extant human variation;
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therefore, Laplace smoothing was used to avoid the zero probability problem.
Laplace smoothing increases count data by one, to eliminate the possibility of a zero
count for a trait value (Domingos and Pazzani 1997, Niblett 1987). The naiveBayes()
function from the e1701 package(Meyer et al. 2015) in R was used to conduct naive

Bayes classification.

4.2.6 Statistical Comparisons of Accuracy

Finally, the different models will be compared to one another to assess if
differences exist in the rates of accurate classification, and if those rates ate
significantly different from chance. The first comparisons will be between model
accuracy and random allocation, using 25% as the benchmark for random
assignment (four groups). Second, the different data types will be compared to one
another to determine if there is a significant difference in accurate ancestry
assessment if different data types are used. Finally, RFM and naive Bayes will be
compared to one another to assess if one statistic is the more powerful choice.

All of the comparisons will be assessed by calculating the z-score for
proportions. The z-score is indicative of a standard distribution for which p-values

are easily generated. Comparisons of proportions are calculated as follows:

D — Po

Where p is the target proportion, p, is the proportion to which it is being compared,
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and n is the size of the sample from which the proportions were calculated.
Differences were assessed as significant if they reached the threshold of the
appropriate adjusted p-value. In comparing data types for each model (i.e. Cranial
vs. Dental for the OOB model, Cranial vs. Dental for the RFM test model, Cranial vs.
Dental for the Bayes model, etc.), there are nine (9) potential comparisons;
therefore, the adjusted p-value is 0.00556. There are six (6) possible comparisons
when comparing the test set models to random chance (i.e. Dental RFM vs. chance,
Dental Bayes vs. chance, Cranial RFM vs. Chance, etc.); therefore, the adjusted p is
0.00833. Finally, comparing RFM to naive Bayes results in three (3) comparisons.

Therefore, the adjusted p-value for these z tests will be 0.01667.
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Chapter 5:
Results

5.1 Exploratory Data Analyses

5.1.1 Intraobserver Error

The results of the Cohen’s weighted Kappa test for intraobserver error can be
seen in Table 5.1. All variables were scored with “moderate agreement” or higher,
following the designations of Landis and Koch (1977). The lowest intraobserver
score (0.600) was seen in the recordation of Zygomaticomaxillary Suture Shape
(ZSS), while the highest score (1.000) was observed in the recordation of several
traits, including UI1 Interruption Groove, UI2 Interruption Groove, UP1 Odontome,
LP2 Odontome, LM2 Distal Trigonid Crest, LM2 Cusp 7, and LM3 Cusp 7. None of the
traits were scored inconsistently; therefore, no traits were excluded from

classificatory modeling on the basis of inconsistent recordation.

5.1.2 Frequency Tables

Frequency distributions for the 79 variables collected in this research are
shown in Appendix A. Two traits, upper second premolar odontome and lower first
premolar odontome showed no variation, that is no individual in this sample had a
recorded occurrence of odontome presence on these teeth. Therefore, these
variables were excluded from subsequent analyses.

Additionally, the Asian/Native American sample in the research is very small
(n=10), and for some traits contained as few as three recordable individuals.

Therefore, this small sub-sample was removed from further analyses so measures of
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between group differences, and later classification model accuracies were not

skewed by small sample size.

5.1.3 Chi-Square Tests

Once the Asian/Native American individuals, and the traits with no variation
were removed from the sample, chi-square tests indicated that 40 of 77 variables
exhibited significant differences among the 3 ancestry groups (Table 5.2). As 77 of
the original 79 variables were used in chi-square tests, an adjusted a was used to
assess statistical significance. In this case, tests needed to return a p-value below an
adjusted a=0.0006494, or have an adjusted p-value below 0.05. The 37 variables
that exhibited insignificant differences among groups were removed from further

analyses.

5.1.4 Polychoric Correlation

The matrix of polychoric correlation coefficients (Appendix B) revealed only
14 pairs of variables with correlations above the 0.75 cut off point. These pairs are
shown in Table 5.3. To reduce collinearity in the data before building the
classification models, UI1 Shoveling, LI1 Shoveling, UM2 Crenulations, LM2
Crenulations, UM3 Enamel Extensions, and LM1 Enamel Extensions were removed
from the data set. These variables were chosen because they maximally reduce

highly correlated data, with minimal reduction in the total number of variables.
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Table 5.1: Results of the weighted Cohen’s Kappa measure of intraobserver

reliability.
. Weighted Kappa Landis and Koch (1977)
Trait Value Designation
UI1 Interruption Groove 1.000 Almost Perfect
UI2 Interruption Groove 1.000 Almost Perfect
UP1 Odontome 1.000 Almost Perfect
LP2 Odontome 1.000 Almost Perfect
LM2 Distal Trigonid Crest 1.000 Almost Perfect
LM2 Cusp 7 1.000 Almost Perfect
LM3 Cusp 7 1.000 Almost Perfect
UP2 Accessory Cusps 0.986 Almost Perfect
LM1 Enamel Extensions 0.986 Almost Perfect
LM1 Distal Trigonid Crest 0.986 Almost Perfect
LM3 Enamel Extensions 0.985 Almost Perfect
LM3 Cusp Number 0.985 Almost Perfect
LM2 Protostylid 0.985 Almost Perfect
LM1 Cusp Number 0.974 Almost Perfect
UM1 Parastyle 0.971 Almost Perfect
UM3 Enamel Extensions 0.971 Almost Perfect
LP1 Odontome 0.965 Almost Perfect
LM2 Cusp Number 0.963 Almost Perfect
UM1 Enamel Extensions 0.962 Almost Perfect
LM2 Crenulations 0.962 Almost Perfect
UP2 Odontome 0.958 Almost Perfect
UM1 Hypocone 0.957 Almost Perfect
LM3 Protostylid 0.956 Almost Perfect
LM3 Distal Trigonid Crest 0.953 Almost Perfect
Mandibular Dental Crowding 0.953 Almost Perfect
LM2 Cusp 6 0.948 Almost Perfect
UM?2 Crenulations 0.948 Almost Perfect
LM1 Groove Pattern 0.946 Almost Perfect
UP1 Accessory Cusps 0.944 Almost Perfect
UM?2 Paramolar Tubercle 0.942 Almost Perfect
LI2 Shoveling 0.941 Almost Perfect
LM1 Cusp 7 0.931 Almost Perfect
LM1 Protostylid 0.930 Almost Perfect
LM1 Deflecting Wrinkle 0.927 Almost Perfect
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Maxillary Dental Crowding 0.926 Almost Perfect

LM3 Cusp 6 0.925 Almost Perfect

Nasal Overgrowth 0.922 Almost Perfect

C(%T?}?rﬂda(;s?;rife%e 0.922 Almost Perfect

LM2 Enamel Extensions 0.920 Almost Perfect

LM1 Crenulations 0.919 Almost Perfect

Winging 0.917 Almost Perfect

LM2 Cusp 5 0.917 Almost Perfect

UM2 Enamel Extensions 0.910 Almost Perfect

LM1 Cusp 6 0.907 Almost Perfect

LI1 Shoveling 0.906 Almost Perfect

UM1 Crenulations 0.905 Almost Perfect

UM1 Carabelli's Trait 0.901 Almost Perfect

LM1 Cusp 5 0.882 Almost Perfect

UI1 Double Shoveling 0.878 Almost Perfect

UI2 Double Shoveling 0.878 Almost Perfect

UI1 Tuberculum Dentale 0.876 Almost Perfect

LM3 Cusp 5 0.861 Almost Perfect

Diastema 0.853 Almost Perfect

LC Distal Accessory Ridge 0.836 Almost Perfect

LM1 Anterior Fovea 0.835 Almost Perfect

LM3 Groove Pattern 0.819 Almost Perfect

UM2 Hypocone 0.810 Almost Perfect
UC Tuberculum Dentale 0.792 Substantial
UI1 Shoveling 0.788 Substantial
UI2 Tuberculum Dentale 0.786 Substantial
UM3 Crenulations 0.778 Substantial
LM3 Crenulations 0.773 Substantial
Post-Bregmatic Depression 0.768 Substantial
UM3 Hypocone 0.765 Substantial
Anterior Nasal Spine 0.759 Substantial
LM2 Groove Pattern 0.754 Substantial
UI2 Shoveling 0.724 Substantial
Inferior Nasal Aperture 0.715 Substantial
Transverse Palatine Suture 0.714 Substantial
LP1 Lingual Cusp Number 0.714 Substantial
Nasal Aperture Width 0.702 Substantial
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Interorbital Breadth 0.666 Substantial
Malar Tubercle 0.658 Substantial

UC Distal Accessory Ridge 0.640 Substantial
Supranasal Suture 0.634 Substantial
Nasal Bone Contour 0.624 Substantial
LP2 Lingual Cusp Number 0.618 Substantial
Palate Shape 0.610 Substantial
Zygomatlcosmhzglellary Suture 0.600 Moderate

Table 5.2: Result of chi-square tests for differences between ancestry groups.
Significant differences assessed if p-value<0.0006494 or adj-p<0.05. Traits

above the bold line are significantly different among grou

S.

Trait Chi-Square Value | p-value | adj-p

LM2 Crenulations 115.45 2.20E-16 | 0.0000
UM?2 Crenulations 93.634 2.20E-16 | 0.0000

LI2 Shoveling 103.28 2.20E-16 | 0.0000
Nasal Overgrowth 102.49 2.20E-16 | 0.0000
UM?2 Enamel Extensions 94.844 2.20E-16 | 0.0000
LI1 Shoveling 107.00 2.20E-16 | 0.0000
Anterior Nasal Spine 189.09 2.20E-16 | 0.0000
Inferior Nasal Aperture 327.48 2.20E-16 | 0.0000
Transverse Palatine Suture 121.32 2.20E-16 | 0.0000
Nasal Aperture Width 292.13 2.20E-16 | 0.0000
Interorbital Breadth 153.44 2.20E-16 | 0.0000
Nasal Bone Contour 134.64 2.20E-16 | 0.0000
Palate Shape 217.34 2.20E-16 | 0.0000
Zygomaticomaxillary Suture Shape 80.67 2.20E-16 | 0.0000
LC Distal Accessory Ridge 94.22 7.77E-16 | 0.0000
UI1 Shoveling 85.21 4.74E-14 | 0.0000

UC Distal Accessory Ridge 83.668 9.55E-14 | 0.0000
LM1 Enamel Extensions 70.602 3.08E-13 | 0.0000
LM1 Crenulations 59.765 3.25E-12 | 0.0000
LM2 Enamel Extensions 60.576 3.44E-11 | 0.0000
UM1 Crenulations 52.063 1.34E-10 | 0.0000
UI2 Shoveling 68.446 6.25E-10 | 0.0000

LM?2 Groove Pattern 47.563 1.16E-09 | 0.0000
Supranasal Suture 44.717 4.55E-09 | 0.0000
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LM3 Crenulations 44.459 5.15E-09 | 0.0000
UM3 Enamel Extensions 42.585 1.26E-08 | 0.0000
UM3 Crenulations 42.455 1.34E-08 | 0.0000
Canine Mesial Ridge (Bushman Canine) 46.814 2.04E-08 | 0.0000
Post-Bregmatic Depression 30.339 2.58E-07 | 0.0000
UM2 Hypocone 47.136 8.92E-07 | 0.0001

UM1 Enamel Extensions 33.522 9.34E-07 | 0.0001
LM1 Cusp 5 43.401 4.22E-06 | 0.0003

LM1 Cusp Number 30.014 4.86E-06 | 0.0004
Maxillary Dental Crowding 23.913 6.42E-06 | 0.0005
Winging 33.611 8.00E-06 | 0.0006

UI2 Double Shoveling 33.177 9.69E-06 | 0.0007
LM3 Enamel Extensions 23.362 1.07E-04 | 0.0083
LM1 Deflecting Wrinkle 27.63 1.10E-04 | 0.0085
LP1 Lingual Cusp Number 41.285 1.60E-04 | 0.0124
UM3 Hypocone 32.308 3.56E-04 | 0.0274

UI2 Interruption Groove 23.473 6.53E-04 | 0.0502
UC Tuberculum Dentale 33.297 8.69E-04 | 0.0669
LM1 Anterior Fovea 22.022 1.20E-03 | 0.0924
UI1 Double Shoveling 21.392 1.56E-03 | 0.1201
LM2 Cusp 5 28.144 1.71E-03 | 0.1318

Malar Tubercle 20.971 1.86E-03 | 0.1430

LM1 Protostylid 19.885 2.90E-03 | 0.2235
LM1 Cusp 7 21.169 6.71E-03 | 0.5168

LM2 Protostylid 23.779 8.21E-03 | 0.6322
LM3 Protostylid 26.314 9.69E-03 | 0.7460

UP1 Accessory Cusps 8.8302 1.21E-02 | 0.9309
UI2 Tuberculum Dentale 22.027 1.50E-02 | 1.0000
LM2 Cusp Number 12.287 1.53E-02 | 1.0000
UM1 Hypocone 16.721 3.32E-02 | 1.0000
Mandibular Dental Crowding 6.6488 3.60E-02 | 1.0000
LM3 Cusp 5 18.36 4.92E-02 | 1.0000

UM1 Carabelli's Trait 23.661 5.03E-02 | 1.0000
LP2 Lingual Cusp Number 23.539 5.21E-02 | 1.0000
LM1 Distal Trigonid Crest 5.8899 5.26E-02 | 1.0000
UI1 Interruption Groove 189.09 1.08E-01 | 1.0000
LM3 Cusp 7 12916 1.15E-01 | 1.0000
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LM1 Groove Pattern 4.2732 1.18E-01 | 1.0000
LP2 Odontome 4.0355 1.33E-01 | 1.0000

LM2 Distal Trigonid Crest 3.5097 1.73E-01 | 1.0000
LM3 Distal Trigonid Crest 2.6281 2.69E-01 | 1.0000
LM3 Groove Pattern 4.9429 2.93E-01 | 1.0000
LM2 Cusp 7 4.5651 3.35E-01 | 1.0000

LM3 Cusp 6 11.141 3.47E-01 | 1.0000

LM3 Cusp Number 4.3097 3.66E-01 | 1.0000
UM1 Parastyle 1.7264 4.22E-01 | 1.0000

UP2 Accessory Cusps 1.6147 4.46E-01 | 1.0000
UI1 Tuberculum Dentale 7.7364 4.60E-01 | 1.0000
UP1 Odontome 1.4259 490E-01 | 1.0000
UM2 Paramolar Tubercle 10.532 5.69E-01 | 1.0000
LM1 Cusp 6 6.4391 5.98E-01 | 1.0000
Diastema 2.1799 7.03E-01 | 1.0000

LM2 Cusp 6 3.3208 7.68E-01 | 1.0000

Table 5.3: Pairs of traits with polychoric correlation coefficients exceeding
|0.75]. Traits removed from classification models are italicized.

Trait 1 Trait 2 Correlation Coefficient
Ul1 Shoveling UI2 Shoveling 0.86860787
UI2 Double Shoveling 0.83466392
LI1 Shoveling 0.86506956
LI2 Shoveling 0.77344532
LI1 Shoveling Post-Bregmatic -0.9457385
Depression
UI2 Shoveling 0.76477853
LI2 Shoveling 0.9892549
UM1 Enamel Extensions 0.77942298
UM_2 Crenulations UM1 Crenulations 0.78671532
UM3 Crenulations 0.7628298
LM?2 Crenulations LM1 Crenulations 0.80163239
LM3 Crenulations 0.8134159
UM3 Enamel Extensions UM2 Enamel Extensions 0.75523545
LM1 Enamel Extensions UM1 Enamel Extensions 0.81926265

All correlations significant at p<0.01
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After all exploratory data analyses were completed, 34 variables remained

(Table 5.4), with which the classificatory models could be trained and tested. These

variables represent those traits that are consistently recorded, exhibit significant

differences among ancestry groups, and are not strongly correlated with one

another.

Table 5.4: The final 34 variables used for classification modeling.

Cranial
(n=11)

Maxillary Dental
(n-12)

Mandibular Dental
(n=11)

Inferior Nasal Aperture

UM2 Enamel Extensions

LI2 Shoveling

LC Distal Accessory

Nasal Aperture Width UC Distal Accessory Ridge e
Anterior Nasal Spine UI2 Shoveling LM2 En?mel
Extensions

Palate Shape

UM1 Crenulations

LM2 Groove Pattern

Nasal Overgrowth

UM1 Enamel Extensions

LM3 Crenulations

Inter-Orbital Breadth

UM3 Crenulations

LM1 Crenulations

Shape

Transverse Palatine Suture UM3 Hypocone LM3 En?mel
Extensions
Zygematicomaxitary Sutnre Maxillary Dental Crowding LM1 Cusp 5

Nasal Bone Contour

Mesial Canine Ridge

LM1 Deflecting

(Bushman Canine) Wrinkle
. . LP1 Lingual Cusp
Post-Bregmatic Depression UM2 Hypocone Number

Supranasal Suture

UI2 Double Shoveling

LM1 Cusp Number

Winging

5.2 Classification

5.2.1 Cranial Variables

After exploratory data analyses, 11 cranial variables remain for building

classification models. The random forest model was built using no surrogate

variables, and selecting from a pool of 3 random variables at each node, selected

This resource was prepared by the author(s) using Federal funds provided by the U.S.
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with replacement. The preliminary estimate of model accuracy was assessed using
a measure of out-of-bag (OOB) accuracy. To calculate this measure of accuracy, the
individuals not used in building a given tree are run through the tree to generate a
measure of classification accuracy. This measure tends to over-fit the data, but
provides an idea of model performance before further testing is attempted. The
point estimate of OOB accuracy for cranial traits is 74.5%. The model was run 30
times, with every iteration producing a random training test set. The average OOB
accuracy for the cranial trait model was 75.5%, with a 95% confidence interval of
74.3%-76.8% (Table 5.15). The point estimate confusion matrix for OOB accuracy
can be seen below (Table 5.5). This matrix is useful in evaluating asymmetries in
correct classification and biases in the model; however, it is important to remember
this matrix represents one specific randomly generated training and test set. Row
percentages (Row%) can be interpreted as the percent of correct classifications of
the observed individuals. For example, the top left cell has a row percent of 83.2%,
meaning that 83.2% of individuals of African ancestry were classified correctly.
Column percentages (Col%) can be interpreted as the positive predictive value, that
is, how often the model is correct when it predicts a specific ancestry. Looking at
the same top left cell, when the model predicts African ancestry, it is correct 76.5%
of the time.

Accuracy was also assessed using a holdout test sample. This measure of
accuracy provides a more generalized measure of classification accuracy because it

is calculated using individuals not included in the model, therefore, avoiding much

This resource was prepared by the author(s) using Federal funds provided by the U.S.
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Table 5.5: Confusion matrix of OOB classification for the cranial trait RFM.

Predicted Ancestry

E’ African Hispanic European
i
é n | Row%/Col% | n | Row%/Col% | n | Row%/Col%
=
E African | 114 | 83.2%/76.5% | 4 | 2.9%/6.2% | 19 | 13.9%/7.2%
g Hispanic | 11 | 10.2%/7.4% | 47 | 43.5%/72.3% | 50 | 46.3%/18.9%
=)

European | 24 | 10.3%/16.1% | 14 | 6.0%/21.5% | 196 | 83.8%/74.0%

of the overfitting of the OOB test. The point estimate of classification using the test

setis 71.6%. Mean accuracy for the test set is 75.2%, with a 95% confidence

interval of 73.0%-77.3% (Table 5.15). The point estimate confusion matrix for test

set accuracy is seen below (Table 5.6).

Table 5.6: Confusion matrix of test set classification for the cranial trait RFM.

Predicted Ancestry

> . . .
b= African Hispanic European
g
é n | Row%/Col% | n | Row%/Col% | n | Row%/Col%
=
E African |47 |81.0%/723% | 0 | 0.0%/0.0% | 11| 19.0%/9.6%
)
2 | Hispanic | 7 | 15.2%/10.8% | 17 | 37.0%/70.8% | 22 | 47.8%/19.1%
=)

European | 11 | 11.0%/169% | 7 | 7.0%/29.2% | 82 | 82.0%/71.3%
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The permutation importance measure calculated by the party (Hothorn et al.
20064, Strobl et al. 2007, Strobl et al. 2008) package indicates which variables are
most strongly related to ancestry. Following the recommendation of Strobl
and colleagues (2009) variables are deemed unimportant to predicting ancestry if
their importance value is less than or equal to the absolute value of the lowest
importance value among all variables. Variable importance for cranial variables is
shown in Figure 5.1; a dashed redline has been added to the figure to denote
importance. All variables plotted to right of the red line are deemed important to
the prediction of ancestry following the above cited recommendation (Strobl et al.

2009).
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Figure 5.1: Variable importance plot of cranial variables (abbreviations in
Table 4.2). Variables to the right of the red line are importantly associated
with ancestry following the recommendation of Strobl and colleagues (2009).
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The cranial data were also analyzed using a naive Bayes classifier. Unlike
many statistics, Bayesian statistics incorporate the distribution of the sample into
the analysis. The prior probabilities for each ancestry group, given the fixed random
seed training and test sets, are in Table 5.7. The same training set was used in the
analysis of all sets of variables; therefore, the prior probabilities of the ancestry
groups for the point estimates are the same in all analyses.

Table 5.7: Prior probabilities of group membership for the fixed seed training
set.

Ancestry ‘ \ ‘ Probability
African 137 0.28601252
Hispanic 108 0.22546973
European 234 0.48851775
Total 479 1.00000000

The conditional probabilities for each trait can be found in Appendix C.
Conditional probabilities are essentially the probability of a given trait score
occurring in an ancestry group. The combination of conditional and prior
probabilities yields a posterior probability for an individual and ultimately a
classification. For the fixed seed model based only on cranial traits, the point
estimate of accuracy is 75.5% (Table 5.15). Thirty runs of the naive Bayes classifier
using different randomly generated training and test sets, yielded a mean accuracy
of 79.6%, with a 95% confidence interval of 77.1%-82.1%. The confusion matrix for

the fixed seed Bayes classifier is seen below (Table 5.8).
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5.2.2 Dental Variables

Following the exploratory analyses outlined above, 23 dental variables

remained for modelling. As the number of variables was increased, the number of

Table 5.8: Confusion matrix of test set classification for the cranial trait naive
Bayes classifier.

Predicted Ancestry

African Hispanic European

n | Row%/Col% | n | Row%/Col% | n | Row%/Col%

African | 45| 77.6%/763% | 4 | 6.9%/10.0% | 9 | 15.5%/8.6%
Hispanic | 3 6.5%/5.1% | 28 | 60.9%/70.0% | 15 | 32.6%/14.3%
European | 11 | 11.0%/18.7% | 8 | 8.0%/20.0% | 81 | 81.0%/77.1%

Observed Ancestry

variables available at each node in the random forest is also increased. In this case,
every node drew from a pool of five potential variables when making a split. As
before, a point estimate and range were calculated for both the OOB sample and the
test sample. The point estimate of 00B accuracy for a model built using only dental
variables is 64.5% (Table 5.15). The mean OOB accuracy for the dental variable
model is 66.1%, with a 95% confidence interval of 64.7%-67.5% (Table 5.15). The
confusion matrix for the dental variables OOB accuracy can be seen below (Table
5.9).

The 30% test sample was also analyzed using the dental trait only model.

The point estimated for accuracy using the test set is 68.6%. Multiple iterations of
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training and test samples indicate an average test set accuracy of 67.4%, with a 95%

confidence interval of 64.7%-70.1% (Table 5.15). The confusion matrix generated

from the point estimate model of test set accuracy is seen below (Table 5.10).

Table 5.9: Confusion matrix of QOB classification for the dental trait RFM.

Predicted Ancestry

> . . .
= African Hispanic European
g
é n | Row%/Col% | n | Row%/Col% | n | Row%/Col%
=
E African | 69 | 50.4%/79.3% | 2 1.5%/7.4% 66 | 48.2%/18.1%
)
2 | Hispanic | 7 6.5%/8.1% |21 | 19.4%/77.8% | 80 | 74.1%/21.9%
=)

European | 11| 4.7%/12.6% | 4 | 1.7%/14.8% | 219 | 93.6%/60.0%

Table 5.10: Confusion matrix of test set classification for the dental trait RFM.

Predicted Ancestry

> . . .
= African Hispanic European
g
é n | Row%/Col% | n | Row%/Col% | n | Row%/Col%
=
E African |30 | 51.7%/81.1% | 2 | 3.5%/154% | 26 | 44.8%/16.9%
)
& | Hispanic | 6 | 13.0%/16.2% | 11 | 23.9%/84.6% | 29 | 63.1%/18.8%
=)

European | 1 1.0%/2.7% 0 0.0%/0.0% | 99 | 99.0%/64.3%

Permutation importance for the dental variables is shown in Figure 5.2; a

dashed redline has been added to the figure to denote importance. All variables
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plotted to right of the red line are deemed important to the prediction of ancestry
following the recommendation of Strobl and colleagues (2009).
Like the cranial data, the dental data were analyzed using a naive Bayes

classifier. The same training and test sets of data were used in calculating the
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Figure 5.2: Variable importance plot of dental variables
(abbreviations in Table 4.3). Variables to the right of the red line are
importantly associated with ancestry following the recommendation
of Strobl and colleagues (2009).
estimate of the prior probabilities; therefore, these probabilities are the same as in
the cranial traits only model (Table 5.7). For the fixed seed model based only on

dental traits, the point estimate of test set accuracy is 72.6% (Table 5.15). The mean

accuracy for this model is 70.5%, with a 95% confidence interval of 68.9%-72.1%.
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The confusion matrix for dental trait only naive Bayes classifier is seen below (Table

5.11).

5.2.3 Cranial and Dental Variables Combined

Finally, the full 34 traits of the combined dataset were used to build both a

Table 5.11: Confusion matrix of test set classification for the dental trait naive

Bayes classifier.

Predicted Ancestry

> . . .
= African Hispanic European
g
é n | Row%/Col% | n | Row%/Col% | n Row%/Col%
=
S | African |38 65.5%/73.1% | 2 | 3.5%/83% |18 | 31.0%/14.1%
[H]
& | Hispanic | 4 | 87%/7.7% |21 |45.7%/87.5% | 21 | 45.7%/16.4%
=)

European | 10 | 10.0%/19.2% | 1 | 1.0%/4.2% |89 | 89.0%/69.5%

Table 5.12: Confusion matrix of OOB classification for the combined data RFM.

Predicted Ancestry

> . . .
b= African Hispanic European
g
é n | Row%/Col% | n | Row%/Col% | n | Row%/Col%
=
E African | 116 | 84.7%/84.1% | 2 1.5%/51% | 19 | 13.9%/6.3%
)
& | Hispanic 9 8.3%/6.5% |34 | 31.5%/87.2% | 65 | 60.2%/21.5%
=)

European | 13 | 5.6%/9.4% | 3 1.3%/7.7% | 218 | 93.2%/72.2
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random forest model and a naive Bayes classifier. The point estimate of 00OB
accuracy for the RFM built using the combined data set is 76.8%. The mean OOB
accuracy for this model is 76.7%, with a 95% confidence interval of 75.5%-77.8%
(Table 5.15). The confusion matrix for the combined data OOB accuracy is in Table
5.12.

The point estimate of test accuracy for the combined data set RFM is 74.0%.
The mean test set accuracy for this model is 77.1%, with a 95% confidence interval
of 75.5%-78.7% (Table 5.15). The confusion matrix for this model is seen below

(Table 5.13).

Table 5.13: Confusion matrix of test set classification for the combined data
RFM.

Predicted Ancestry

African Hispanic European

n | Row%/Col% | n | Row%/Col% | n | Row%/Col%

African |47 | 97.9%/73.4% | 0 0.0%/0.0% 1 2.1%/0.8%
Hispanic | 7 | 16.3%/11.1% | 11 | 25.6%/100.0% | 25 | 58.1%/21.6%
European | 10 | 10.0%/15.6% | 0 0.0%/0.0% 90 | 90.0%/77.6%

Observed Ancestry

Overall variable importance, based on the permutation importance measure,
is shown in Figure 5.3; a dashed, red, line has been added to the figure to denote
importance. All variables plotted to right of the red line are deemed important to

the prediction of ancestry (Strobl et al. 2009).
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The naive Bayes classifier based on all 34 cranial and dental variables has a
point estimate accuracy of 83.3% (Table 5.15). The mean accuracy for this model is
83.8%, with a 95% confidence interval of 81.9%-85.7%. The confusion matrix for

the Bayes classifier using all variables can be seen below (Table 5.14).
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Figure 5.3: Variable importance plot of all variables used in these models.
Variables to the right of the red line are importantly associated with ancestry
following the recommendation of Strobl and colleagues (2009).

Point estimates of out-of-bag model accuracy, test sample accuracy, and the
confusion matrices were calculated from the random training and test samples

generated using a set random seed, allowing for reproducible results. Accuracy

ranges were generated through multiple runs (n=30) of each model using different
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randomly generated training and test sets. All measures of model accuracy are in

Table 5.15.

Table 5.14: Confusion matrix of test set classification for the combined data
naive Bayes classifier.

Predicted Ancestry

> . . .
b= African Hispanic European
g
é n | Row%/Col% | n | Row%/Col% | n Row%/Col%
=
E African |51 |87.9%/80.9% | 0 | 0.0%/0.0% 7 12.1%/6.5%
)
& | Hispanic | 2 | 43%/3.2% |31 |67.4%/93.9% | 13 | 28.3%/12.0%
=)

European | 10 | 10.0%/159% | 2 | 2.0%/6.1% |88 | 88.0%/81.5%

Table 5.15: Comparison of rates of accurate classification among models.

RFM OOB RFM Test Set Naive Bayes Test Set
Classification Classification Classification

. 95% . 95% . 95%
Eleimatte Ac“:uracy C(I):{:xi‘\e/:;: € Eleimatte Ac“:uracy C(I):{:xi‘\e/:;: € Es]:;imatte Acl\:uracy C(I)ll:g(li-‘e,:;:e
Cranial 74.3%- 73.0%- 77.1%-
Variables | 745% | 755% | o0 | 71.6% | 75.2% | oo | 75.5% | 79.6% | oo,
Dental 0 0 64.7%- 0 0 64.7%- o 0 68.9%-
variables | 645% | 66.1% | (oo | 68.6% | 67.4% | 00" | 72.6% | 70.5% | oo
Combined 0 0 755%' o o 755%' o o 819%'
Variables | 768% | 767% | Loy | 740% | 77.1% | oo | 83.3% | 83.8% | oo

5.2.4 Statistical Comparisons of Accuracy

The z-scores and p-values for all comparisons can be seen in Table 5.16. All

comparisons are significantly different than expected under random chance. In all

tests of accuracy, the models based on dental data alone perform significantly worse

than either the cranial variable model or the model with the combined data set
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(Figures 5.4-5.6). Accuracy for the combined model is consistently higher than the

cranial variable model, though these differences are not statistically significant

(Figures 5.4-5.6). Finally, the naive Bayes classifiers outperform the random forest

models for all datasets; however, the difference in accuracy is only significant for the

models based on the combined dataset (Figure 5.7).

Table 5.16: Statistical comparisons of accuracy rates.

Comparison

-~

p

Po

Adj-p

Z-score

p-value

Cranial RFM
v. Chance

0.7515

0.3333

0.00833

12.8023

<0.00001

Dental RFM
v Chance

0.6741

0.3333

0.00833

10.4506

<0.00001

Combined
RFM v.
Chance

0.7709

0.3333

0.00833

13.3927

<0.00001

Cranial
Bayes v.
Chance

0.7959

0.3333

0.00833

14.1523

<0.00001

Dental Bayes
v. Chance

0.7049

0.3333

0.00833

11.3878

<0.00001

Combined
Bayes v.
Chance

0.8379

0.3333

0.00833

15.4279

<0.00001

Dental v.
Cranial OOB

0.6610

0.7553

0.00556

-4.7970

<0.00001

Dental v.
Combined
00OB

0.6610

0.7665

0.00556

-5.4579

<0.00001

Cranial v.
Combined
00OB

0.7553

0.7665

0.00556

-0.5827

0.279947

Dental v.
Cranial RFM

0.6741

0.7515

0.00556

-2.5587

0.005249

Dental v.
Combined
RFM

0.6741

0.7709

0.00556

-3.2918

0.000497
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Cranial v.
Combined 0.7515 0.7709 0.00556 -0.6606 0.254306
RFM

Dental v.
Cranial 0.7049 0.7959 0.00556 -3.2254 0.00063
Bayes
Dental v.
Combined 0.7049 0.8379 0.00556 -5.1548 <0.00001
Bayes
Cranial v.
Combined 0.7959 0.8379 0.00556 -1.6275 0.051869
Bayes

Dental Bayes
v. Dental 0.7049 0.6741 0.01667 0.9401 0.173609
RFM
Cranial
Bayes v. 0.7959 0.7515 0.01667 1.4689 0.070916
Cranial RFM
Combined
Bayes v.
Combined
RFM

0.8379 0.7709 0.01667 2.2772 0.011393

5.3 Summary

The results of this research indicate that all of the observed cranial
morphoscopic and dental morphological traits can be reliably observed. About half
(40 of 77) of the recorded traits exhibited significant differences between groups
with the exception of the Asian/Native American sample, which was excluded due to
small sample size. Several traits (n=6) were removed from further analyses because
they were strongly correlated with other variables. The final analyses were
conducted on 34 variables from a sample of 683 individuals. Classification into the
correct ancestry group occurred in about 65-86% of individuals depending on the

dataset examined and the method applied. All classifications performed
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Figure 5.4: Plot of the mean out-of-bag (00OB) RFM accuracies and associated
distributions for each of the three data sets (combined in pink, cranial in
green, and dental in blue).

significantly better than chance. Finally, the models based on cranial data and
combined data significantly outperformed those based on dental data. The

combined data models also outperformed the cranial models, though this difference

was not statistically significant.
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Figure 5.5: Plot of the mean test set accuracies from random forest modeling
(RFM) and associated distributions for each of the three data sets (combined
in pink, cranial in green, and dental in blue).
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Figure 5.6: Plot of the mean test set accuracies from naive Bayes classification
and associated distributions for each of the three data sets (combined in pink,
cranial in green, and dental in blue).
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Chapter 6:
Discussion

This research is best interpreted through a comparison to previously published
models. Cranial morphoscopic traits and dental morphology have each been used in the
estimation of ancestry. Therefore, evaluation of the models presented here are considered
relative to those benchmarks. These models must perform comparably well to those in
existence to demonstrate the validity of the approach and to support the viability of

increased classificatory potential through the combination of datasets.

6.1 Intraobserver Error

The Cohen’s weighted Kappa measure of intraobserver error suggests that all of the
traits recorded in this research were recorded consistently. The range of intraobserver
error for the cranial morphoscopic traits is 0.600-0.922. This range is somewhat narrower,
but overall lower, than that reported by Hefner (2009). A comparison of these two studies
shows that some cranial morphoscopic traits are more consistently recorded than others,
though all of the traits in both studies exhibit moderate agreement or better. Table 6.1,

shows the 11 cranial morphoscopic traits that were examined in both studies.

Table 6.1. Intraobserver agreement of cranial morphoscopic traits in descending
order.

Current Research Hefner 2009
. Weighted- .
Trait Kappa Trait Kappa
Nasal Overgrowth 0.922 Nasal Overgrowth 1.000
Post-Bregmatic Depression 0.768 Transverse Palatine Suture 1.000
Anterior Nasal Spine 0.759 Inferior Nasal Aperture 0.964
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Inferior Nasal Aperture 0.715 Nasal Aperture Width 0.929
Transverse Palatine Suture 0.714 Malar Tubercle 0.929
Nasal Aperture Width 0.702 Interorbital Breadth 0.857
Interorbital Breadth 0.666 Zygomaticomaxillary Suture 0.857
Shape
Malar Tubercle 0.658 Post-Bregmatic Depression 0.820
Supranasal Suture 0.634 Nasal Bone Contour 0.810
Nasal Bone Contour 0.624 Supranasal Suture 0.468
Zygomatlcosﬁzglélary Suture 0.600 Anterior Nasal Spine 0.422

Although Kappa values cannot be directly compared because they were calculated
differently, there are patterns in the overall consistency of trait recordation. Nasal
Overgrowth, Inferior Nasal Aperture, and Transverse Palatine Suture are among the most
consistently recorded traits in both studies. Observations were least consistent for
Supranasal Suture and Nasal Bone Contour. The most consistently recorded traits are
unsurprising for a number of reasons. First, morphoscopic features of the nasal region
have been identified as some of the most useful in ancestry estimation (Brues 1990), and
consequently exhibit some of the most distinctive morphological differences between
groups. This distinctive morphology is easier to identify and repeatedly score than other
less pronounced traits. Another potential source of low error, at least in the case of Nasal
Overgrowth, is the recordation scale. Nasal overgrowth is scored as either present or
absent, not on degrees of expression. This simple scale reduces the likelihood of the same
observer scoring the trait differently on two occasions because the trait is either present or
not. Finally, the consistency in recordation of the Transverse Palatine Suture may also be
linked to the scale on which it is recorded. Unlike many of the other cranial morphoscopic
traits recorded by Hefner (2009), the scale for TPS is not truly ordinal. The variations

represented by the scale are more discrete. Therefore, the researcher is choosing among
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four different shapes, rather than scoring the observed trait on a degree of expression. In
this way, the recordation scale for TPS may require less subjectivity on the part of the
researcher than some other traits.

The traits that are the least consistently recorded are not surprising, but Nasal Bone
Contour is exceptional. Hefner (2009) reports an intraobserver agreement of 0.810. This
qualifies as “almost perfect” agreement by the standards of Landis and Koch (1977), but is
third from the bottom when the scores for all traits are ranked (Table 6.1). In this study,
NBC has an intraobserver agreement of 0.624, which is “substantial” agreement (Landis
and Koch 1977). Reports of interobserver accuracy in Hefner (2009:993), also indicate
difficulty in consistently recording Nasal Bone Contour (Fleiss’s k=0.231). As mentioned in
Hefner (2009), part of this discrepancy may be in unfamiliarity with the contour gauge
used to record NBC. An additional explanation may be difficulty in deciding on a shape
category when the observed contour does not exactly match one of the ideal contours
proposed on the recordation scale. It is in this second aspect that the creator of the scale
may have an advantage, explaining the higher intraobserver error reported in this and
other studies (e.g. Klales and Kenyhercz 2015). Less surprising are the relatively low levels
of intraobserver agreement observed for the Supranasal Suture. Hefner (2009) argues that
the difficulty in assessing this feature is due to the subjectivity inherent in determining the
degree of suture closure and obliteration. That conclusion is supported by this research,
though SNS was still recorded with relatively little intraobserver error. In summary, the
results of this research support the conclusion that cranial morphoscopic traits can be

consistently recorded and used in the forensic estimation of ancestry (Hefner 2009).

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



148

The morphological traits of the dentition exhibit lower levels of intraobserver error
than the cranial traits. Though the range of values is comparable (0.618-1.000), the mean
kappa value for the dental traits (0.904) is much higher than that for the cranial traits
(0.698). The amount of agreement previously reported for dental morphology hovers
around 85%, though it differs depending on the specific conditions of the study, with some
observers reporting intraobserver agreement as high as 90% (Sofaer et al. 1972b) or 95%
(Scott 1973). Although these measures are high, they are typically based on raw percent
concordance, not a kappa statistic (Nichol and Turner II 1986, Scott 1973, Sofaer et al.
1972b), and therefore do not account for agreement by chance. Despite this difference in
approach, the mean kappa value in this research is consistent with reported measures of
agreement for dental morphology (e.g. Nichol and Turner II 1986, Scott 1973, Scott and
Turner II 1997, Sofaer et al. 1972b). This demonstrates the high degree of replicability in
observing dental morphology.

Of all 67 dental traits observed in this research, only two, distal accessory ridge on
the upper canine (k=0.640) and lingual cusp number on the lower second premolar
(k=0.618), were notably less consistently recorded than the others. In both cases, the
feature in question is relatively small, and can be difficult to accurately score. The scale for
the canine distal accessory ridge is based on prominence of the ridge (Turner II et al.
1991); therefore, lower degrees of expression are difficult to distinguish from one another.
Premolar lingual cusps are also difficult to accurately score. Although the scale is based on
a count of lingual cusp number (Turner II et al. 1991), faint cusps can be difficult to detect,
and the presence or absence of a cusp may be affected by dental wear (Scott and Turner II

1997, Turner Il et al. 1991). Dental wear can play a critical role in evaluating the level of
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intraobserver agreement in dental morphology, especially in deciding whether a trait
should be recorded. The researcher must balance maximizing sample size with accurately
recording the traits observed; therefore, it is common for some traits to be scored
differently during different recording periods (Scott 1973). Therefore, dental wear may
explain the inconsistent recordation of these two traits.

More common than low kappa values among the dental data are traits with kappa
values indicating perfect agreement (k=1.000). In this sample, seven dental traits were
found to have 100% intraobserver agreement. These traits included interruption grooves
on the upper incisors, odontomes on the upper first and lower second premolars, the distal
trigonid crest on the lower second molar, and cusp seven on the lower second and third
molars. These high levels of agreement are mostly explained by the scales on which they
are recorded and the rarity of the traits in question. Interruption grooves are recorded on
a discrete, not an ordinal, scale. The trait is not scored by degree of expression, but rather
location on the incisor, increasing the likelihood of identical scores on repeated
observations. Odontomes and the Distal Trigonid Crest have a high rates of agreement, at
least in part, for a similar reason. Both traits are recorded on the basis of presence or
absence, making them easier to score consistently over repeated observations (Turner II et
al. 1991). In addition, they are relatively rare traits; odontomes have a world frequency of
0.0-6.5% (Scott and Turner I1 1997:191) and the distal trigonid crest has a world frequency
of 0.0 18.7% (Scott and Turner I1 1991:219). The rarity of these traits means that most
individuals are given a score of zero, and those scores are easy to duplicate upon repeated

observation (Scott 1973).
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The final perfect agreement traits, cusp 7 on LM2 and LM3, are more difficult to
explain. Cusp 7 on the first molar is rare outside of sub-Saharan African populations (5-
10% of people; Scott and Turner II 1997); and rarer still on second and third molars (Scott
personal communication 2017). Additionally, it is evaluated on a 5-point scale based on
degree of expression, providing more opportunity for disagreement. Therefore, perfect
intraobserver agreement is unexpected. The unusually high-level of intraobserver
agreement seen in this study is likely a product of the rarity with which this trait was
observed. On the lower second molar, cusp 7 exhibited any type of present expression in
only 0.475% of the sample, and only 4.198% on the third molar. These frequencies are
consistent with world frequencies reported by Scott and Turner II (1997), but those
frequencies reflect only the prevalence of cusp 7 on the first molar. Though cusp 7 is
expected to be common in African populations, the frequency of occurrence on second and
third molars is much lower than on the first. As with odontomes and the distal trigonid
crest, the rarity of this trait on these teeth helps account for the low degree of error as
discussed above.

One of the major arguments in favor of the inclusion of dental morphology in the
estimation of ancestry is that it has already been standardized and with minimal training
can be consistently recorded (Edgar 2015). With few exceptions, the results seen here
support those conclusions and the integration of dental morphological traits into forensic
analyses.

Four recently developed trait scales were also tested in this research. With the
exception of molar crenulations (k=0.503-0.909; Pilloud et al. 2017a), these traits have no

previously reported rate of intraobserver agreement, but to have any forensic utility, must
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be demonstrated to be consistently recordable. The single new cranial trait, palate shape,
exhibits the lowest intraobserver agreement of all the new traits (k=0.610). This is
consistent with the overall pattern of intraobserver error between the cranial and dental
traits, i.e., the cranial traits exhibit lower kappa scores than the dental traits. However, this
number is relatively low even among cranial traits. This suggests that although this scale is
an improvement on the purely subjective means of assessing palate shape, a certain degree
of subjectivity remains when deciding between different grades on the scale, and further
refinement may be possible.

Molar crenulations exhibited both the highest level of intraobserver agreement
(LM2 crenulation, k=0.962) and the most variation in agreement (k=0.773-0.962) among
the novel traits. The lowest agreement values for crenulations are on the third molars
(LM3, k=0.773; UM3, k=0.778), which are still considered “substantial agreement” (Landis
and Koch 1977). Third molars are often impacted or only partially erupted in some
individuals (e.g. Carter and Worthington 2015, Farman 2007, Hattab and Abu Alhaijah
1999, Saker et al. 2008). Decisions regarding the appropriateness of scoring third molars
in those cases are subject to the same inconsistencies described above for scoring dental
morphology on worn teeth (Scott 1973). Excluding intraobserver scores for third molars,
the level of agreement on molar crenulations is maintained at the “almost perfect” level
(Landis and Koch 1977). These values are broadly consistent with those reported by
Pilloud and colleagues (2017a).

Diastemata (k=0.853), maxillary dental crowding (k=0.926), and mandibular dental
crowding (k=0.953) each exhibit “almost perfect” intraobserver agreement as defined by

Landis and Koch (1977). Each of these traits are recorded on essentially a presence-
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absence scale, which makes them easily replicable. Importantly, for continued applications
to the forensic context, each of the four new traits were recorded with “substantial

agreement” or better (Landis and Koch 1977).

6.2 Associations with Ancestry

Based on chi-square analyses, 37 traits did not exhibit significant differences among
ancestry groups. Of those 37, 36 non-significant traits were dental. Many of the non-
significant traits are seen infrequently, even in groups where they are most common.
Therefore, non-significant association with ancestry may be a product of the sample or the
statistic used to measure significance, not indicative of a lack of relationship between a
dental morphological feature and a population. Furthermore, the few Asian/Native
American individuals observed were removed from analysis due to small sample size.
Some of the non-significant traits, especially those associated with the Sinodont dental
complex (e.g. double shoveling, interruption grooves, odontomes), may have exhibited
significant associations with ancestry had the Asian/Native American sample been
analyzed.

Of the novel traits, palate shape, maxillary dental crowding, and molar crenulations
(on all recorded teeth) were significantly related to ancestry. Diastemata and mandibular
dental crowding showed no significant differences among ancestry groups. The non-
significance of mandibular crowding, may be associated with the lack of an Asian/Native
American sample in these analyses. Though these individuals were not analyzed, they
were observed, and the frequency distributions in Appendix A include the Asian/Native

American sample. Examination of the table for mandibular crowding shows the
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Asian/Native American sample exhibited a 100% frequency for mandibular crowding,
compared to78.7% in Europeans, 76.5% in Hispanics, and 66.4% in Africans. These
numbers align with the expected distribution of dental crowding due to the disparity
between tooth and jaw size discussed in Chapter 4. However, when the Asian sample is
removed, the remaining three frequencies are comparable. Similarly, diastemata are
relatively evenly distributed among the groups analyzed. Diastema grade 1 is most
common in individuals of African ancestry, and diastema grade 2 is slightly more common
in Hispanic individuals, but the differences are minor and the overwhelming majority of
individuals exhibit no diastemata.

Although the frequency distribution of palate shape (Appendix A) aligns closely with
the classic 3-shape model, it also demonstrates a considerable amount of variation in palate
shape that was not captured under the three-shape system. With one exception, all five
grades of palate shape expression were observed in every ancestry group. A palate shape
of grade 1 was not observed in any African individuals. This sample does not encompass
the full range of human variation, and it is likely that some individuals of African ancestry
would exhibit palates scored as grade 1. However, the classic understanding of palate
shape would place African individuals at the higher end of the scale; therefore, lower
frequencies of grades 1 and 2 are not surprising. In the European sample, over half
(53.2%) of all individuals were scored as grade 3, which most closely approximates the
classic parabolic arcade shape. When the two adjacent grades, 2 and 4, are considered as
well, then the middle three grades of the scale account for 90.1% of all European palates.

Similarly, the majority of African individuals (93.2%) are encompassed by grades 3-5,
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where grade 5 most closely resembles the hyperbolic shape usually associated with African
ancestry.

The three-shape system for assessing palate shape is employed by ascribing the
observation to one of three shapes, each of which is aligned with a particular ancestry
group, i.e. Asian/Native American, European, or African. Individuals of Hispanic ancestry
highlight one of the major flaws with this system, as they are not consistently thought of as
members of any of the three ancestry groups used in the scale. Genetically, Hispanic
populations are diverse and represent contributions from each of the ancestry groups
represented by the old system to varying degrees depending on region of origin (e.g.
Bertoni et al. 2003, Bonilla et al. 2005, Cerda-Flores et al. 2002, Lisker et al. 1986, 1990,
1996, Rangel-Villalobos 2008, Rubi-Castellanos et al. 2009). In these results, Hispanic
individuals most frequently exhibit palate shapes of grade 2 (42.3%). If grades 1, 3, and 5
correspond to the elliptical, parabolic, and hyperbolic shapes, respectively, then the high
frequency of grade 2 in the Hispanic sample suggests that the expression of palate shape in
Hispanic populations was not being adequately evaluated with only three shapes, and
justifies the addition of more shapes to the recordation of this trait.

Also somewhat surprising is the high frequency of grade 4 (44.6%) in the African
sample. If the three-shape system was based on accurate associations between shape and
ancestry, as previous research has suggested (e.g. Maier et al. 2015), then grade 5, which
most closely resembles the hyperbolic shape, should have been most frequently expressed
in African populations. Although grade 5 was present more often in the African sample
(22.6%) than in the other samples, grade 4 was the most frequent expression. The high

frequency of grade 4 has two potential explanations. First, it is possible that the original
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parabolic-hyperbolic-elliptical scheme, as proposed by Olivier (1969), and the current
research are based on samples with different population histories. Although the effect of
this potential difference cannot be known, it is reasonable to assume that different samples
would express different proportions of the various levels of palate shape.

The second explanation seems more likely. The high frequency of grade 4 and
lessened frequency of grade 5 can be attributed to differences in recordation scales. Under
the three-shape paradigm, grades of 4 and 5 on the current scale would likely be classified
as hyperbolic. In these results, those two grades together represent 67% of the African
individuals observed, which aligns with previous characterizations of African palates as
hyperbolic. However, when grades 4 and 5 are both available as potential scores, more
precision is allowed in assessing palate shape. Under this system, scores that may
previously have been classified as hyperbolic, but are not as extreme as the shape seen in
grade 5, can be given their own category. Grade 5 palates exist and are observed more
frequently in African populations. However, it represents an extreme of trait expression
that is not seen as often as more moderate expressions. The differentiation between
moderate and extreme forms of the “hyperbolic” shape cannot be captured by the three-
shape system.

Whatever additional meanings may be imparted onto the frequency distribution of
palate shape, the scale implemented in this research demonstrates a significant association
with ancestry. Furthermore, clear definitions regarding different palate shapes and the
elimination of subjective shape labels helps to mitigate the subjectivity inherent in

observing this trait, and will allow its use to inform forensic estimations of ancestry.
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The frequency distribution of maxillary dental crowding suggests it is most common
in European individuals (52.8%) and least common in African individuals (26.6%). The
Hispanic sample (29.6%) exhibits frequencies of maxillary dental crowding more
comparable to the African sample, and the Asian/Native American sample, though not
tested for associations, exhibits an intermediate frequency (40%). Dental crowding is
caused by a disparity in tooth and jaw size (Lavelle and Foster 1969, Moorees and Reed
1954). It was hypothesized that Asian/Native American populations would exhibit the
highest frequencies of crowding due to the disparity between intermediate tooth size
(Pilloud et al. 2014, Schmidt 2008) and generally small cranial and jaw dimensions
(Hanihara 1993, 1996, Howells 1989, Nicholson and Harvati 2006). This is not supported
by these results. However, a high frequency of dental crowding in European populations is
not surprising. Europeans, generally, trend toward small teeth on a global scale (e.g.
Hanihara and Ishida 2005), and especially when compared to broadly defined African and
Asian populations (e.g. Pilloud et al. 2014). Their cranial dimensions also tend to be
smaller than many groups (Hanihara 1993, 1996, Howells 1989, Nicholson and Harvati
2006). Some research on secular changes in the human skull has suggested that cranial
dimensions are changing faster than tooth size, and that this pattern is especially apparent
in recent individuals of European ancestry (e.g. Heim 2013, Jonke et al. 2007, Lavelle 1973,
Smith et al. 1986). The pattern of dental crowding observed here is consistent with those
conclusions.

The association of dental crowding with the European sample highlights another
interesting consideration. It has been argued that dental crowding is not useful in studies

of population affinity because it is too affected by environmental variables like socio-

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



157

economic status to accurately reflect biological relationships (e.g. Corruccini et al. 1990,
Hughes et al. 2001, Kawala et al. 2007, Townsend et al. 2009, von Cramon-Taubadel 2011).
However, the results presented here appear to support the conclusions of Normando and
colleagues (2013) that there is a considerable genetic component to the presence of dental
crowding in an individual. The majority of the Hispanic sample (93.0%) represents
migrant individuals. This population is typically of lower socioeconomic status, and has
poor dental health (Birkby et al. 2008). Similarly, most of the African sample (88.2%) is
derived from the Hamann-Todd and Robert ]. Terry Collections, which were predominantly
built from unclaimed individuals of presumed lower socio-economic status with more
restricted access to dental care. Finally, 77.5% of the individuals in the European sample
are curated in donated collections. In these collections, most individuals are of lower
socioeconomic status; only individuals who donated themselves to the collections tend to
be of middle class backgrounds (e.g. Komar and Grivas 2008, Wilson et al. 2007). Given the
histories and demographics of the different collections, it is reasonable to assume that the
individuals observed for this study had fairly comparable access to orthodontia. It should
also be noted that many individuals (36.1%) in this sample are derived from older skeletal
collections, such as the Terry and Hamann-Todd collections, and had died before
orthodontic intervention was commonplace. Therefore, socioeconomic status and access
to orthodontia should have a negligible effect on the expression of dental crowding, at least
in this case, and the pattern observed can be attributed to differences among ancestry
groups.

The presence of molar crenulations on any molar is significantly associated with

ancestry (p<0.0001). In general, European individuals exhibit the highest frequencies of
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absence, or grade 0 crenulations (36.23%-87.29%). At the other extreme, individuals of
African ancestry exhibit the highest frequencies of grade 2 crenulations (30.93%-68.33%).
However, the distribution of different grades of crenulations varies by molar number. The
third molar is the most variable in the expression of crenulations, as with other aspects of
morphology and development (Butler 1939, Dahlberg 1945, Townsend et al. 2008). The
general pattern of absence and extreme presence described above holds for the third
molars, i.e. the highest frequency of grade 0 occurs in the European sample and the highest
frequency of grade 2 occurs in the African sample. However, crenulations are more
frequently present on third molars. For example, although grade 0 on third molars is most
frequently expressed in the European sample, grade 1 rather than grade 0 is most common.

The second molar may be the most diagnostic for estimating ancestry using
crenulations alone. For this tooth, grade 0 is most frequently observed in European
individuals (86.2% maxillary, 80.6% mandibular), and is the most common score for those
individuals. Furthermore, any expression of crenulations is most common in the African
sample, with grade 2 practically absent in the non-African samples (< 6.0% in both jaws).
The first molar exhibits a similar pattern to the second with one notable exception: absence
of crenulations is most common for all groups except on the mandibular first molar in the
African sample. The relative frequencies of presence are comparable to the second molar,
meaning the African sample exhibits crenulations the most frequently and the European
sample the least frequently, but the absolute presence of crenulations is least on the first
molar.

The distribution of crenulations in the Hispanic sample is more difficult to

characterize. Overall, the Hispanic sample expressed all grades of crenulations in more
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balanced proportions than either the African or European samples. There is a trend
toward crenulation presence rather than absence, but it is very slight and dependent on
which molar is being observed. In general, the frequency of crenulations on the first molar
in Hispanic individuals is more similar to that of the European sample, while the frequency
on the third molar is more similar to the African sample. Crenulations on the second molar
are intermediate, falling between the frequencies for the European and African samples. A
grade 0 score for crenulations is most often recorded on the first molars (66.7-77.3%) of
either jaw for Hispanic individuals, and grade 2 score is most often recorded on the third
molars (30.9-44.4%), a gradient in expression based on tooth position not seen as clearly in
the non-Hispanic samples. Though not included in classificatory modeling, the small
Asian/Native American sample shows an interesting distribution of crenulations. The
overall trend is toward the presence of crenulations, either grade 1 or grade 2. The only
teeth in which absence is more common than presence are the first and second molars of
the maxillary dentition. However, the sample size of the Asian/ Native American
population for this trait is < 6 with an average sample size of 4 individuals; therefore, the
patterns observed may not be characteristic of the larger population.

The trend of European individuals exhibiting absence of crenulations, and Hispanic
and African individuals exhibiting some form of presence is consistent with the distribution
of crenulations observed in other literature. The relatively few mentions of crenulations in
human molars that exist suggest that this trait is most commonly observed in African (El-
Najjar and McWilliams 1978, Herrick and Walsh-Haney 2010, Kiernberger 1955, Rhine
1990, 1993, Truesdell 2005) and Asian/Native American (Jacob 1967, Lasker and Lee

1957, Pedersen 1949) populations. These results support those assertions. The unique
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graduated pattern of the Hispanic molars may be tied to genetic information from both
European and Native American populations being expressed in this population.
Importantly these results confirm that molar crenulations are a trait of forensic interest,
and that using the proposed scale allows for consistent recordation, encompassing the

spectrum of existing variation.

6.3 Hypothesis 1-Cranial Morphoscopic Traits Perform Well in Ancestry Estimation

6.3.1 Comparison to Other Models

The mean accuracies of the models generated from cranial morphoscopic traits are
generally comparable to those previously reported with respect to classification accuracy
(Table 5.15). The naive Bayes classifier generated from these data is an accurate classifier
in 79.6% of cases, which is negligibly less accurate than the classifier reported by Hefner
and Ousley (80.4%; 2014). This sample is imbalanced in favor of European individuals,
which may increase the number of incorrect classifications returned with a Bayes classifier.
The prior probability of an individual being European is higher than the other ancestry
groups; therefore, it is more likely that individuals will be misclassified into this group
since it is the most probable assignment. Even with the imbalanced sample, the classifier
generated here performs comparably to one generated with a more balanced sample
(Hefner and Ousley 2014), demonstrating the power of cranial morphoscopic traits in the

estimation of ancestry.

The random forest model generated has an average correct classification rate of
75% (75.5% OO0B, 75.2% Test set). Though an analysis of classification accuracy confirms

that all models based on cranial traits alone classify correctly at a rate significantly greater
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than chance (p<0.00001), the accuracy rate of the models presented is about 10% less than
that reported by Hefner and Ousley (2014). This difference may have more than one
potential cause, one of which is the use of slightly different variables. This random forest
model uses a newly standardized cranial variable, palate shape, and removes the malar
tubercle since it was not significantly associated with ancestry. This change in variables
could affect classification accuracy. However, palate shape demonstrated a strong
association with ancestry, and, as discussed below, was found to be among the most
important cranial classificatory variables; therefore, it’s inclusion would not logically
decrease model accuracy. The second, and more likely, explanation for the difference in
accuracy between the two models is slightly different implementations of random forest
modeling. The models in this study were generated using the cforest() command in the
party package of R (Hothorn et al. 20064, Strobl et al. 2007, Strobl et al. 2008). The primary
difference between cforest() and many other implementations of random forest modeling,
is the measure of variable importance. As variable importance measures are used at each
node to select from the randomly generated pool of predictor variables, different measures
can result in vastly different forests, and consequently different rates of accurate
classification. As far as the author is aware, the specific method of building a random forest
in Hefner and Ousley (2014) is not disclosed, but based on the reported measures of
variable importance, mean decrease in accuracy and mean decrease in the Gini Index, in a
related publication (Hefner et al. 2014), it does not seem likely that cforest() was used. The
difference in forest construction likely accounts for the discrepancy between the two

accuracy rates.

6.3.2 Variable Importance
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The eleven cranial morphoscopic variables used in building these models are
recorded on 2 (NO, PBD), 3(NAW, ANS, IOB, ZSS, SNS), 4(TPS), or 5(INA, PS, NBC) point
scales. Previous studies (Deng et al. 2011, Hapfelmeier et al. 2014, Hothorn et al. 2006Db,
Jensen and Cohen 2000, Kass 1980, Shih 2004, White and Liu 1994) have found that
variable importance measures that are based on a decrease in node impurity, such as the
Gini Index, can be biased toward variables measured on more levels. Therefore,
permutation importance is the most appropriate measure of variable importance for these
data, and is the default variable importance measure in cforest(). The three most important
cranial variables in this research are the inferior nasal aperture (INA), nasal aperture width
(NAW), and the novel variable palate shape (PS). The three least important variables are
post-bregmatic depression (PBD), nasal bone contour (NBC), and the supranasal suture
(SNS). These traits are measured on 5, 3, 5, 2, 5, and 3-point scales respectively. As a point
of comparison, the cranial morphoscopic traits that are both included here and reported as
important by Hefner and colleagues (2014:6) are inferior nasal aperture (INA) and nasal
bone contour (NBC), while the least important traits are nasal aperture width (NAW) and
transverse palatine suture (TPS). The most striking differences are between nasal aperture
width and nasal bone contour. The difference in the importance of these two variables
between the two models may be a difference in recordation, or a difference in sample
composition. However, given the different implementations of random forest modeling
used, and the number of levels for each variable, 3 for nasal aperture width and 5 for nasal
bone contour, the reversal of importance between models may be demonstrating the bias

of decrease in impurity measures toward traits with more levels described above.
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6.3.3 Accuracy

Although the model is slightly less accurate than those previously reported, the
overall patterns of performance are very similar. As with Hefner and Ousley (2014), the
RFM models are most often correct in classifying African individuals (76.5% OOB, 72.3%
Test set), while Hispanic individuals are the least accurately classified (72.3% OOB, 70.8%
Test set). This finding is slightly different for the Bayes classifier, with European
individuals being most accurately classified (77.1%) instead of African individuals. This
change in the pattern to the Bayes classifier is unsurprising since the European component
of the sample has the highest prior probability of the groups included in modeling. The
disparity between the highest rate of correct classification and the lowest is smaller for the
RFM model (1.5-4.2%) than for the Bayes classifier (16.3%). Therefore, although the Bayes
classifier is more accurate overall, the random forest model may be more generalizable,
and performs more consistently across all ancestry groups assessed. The models based on
cranial traits show a slight classification bias. When individuals are classified incorrectly,
they are most often classified as European. This pattern is particularly pronounced for
Hispanic individuals, with on average 17.5% of individuals classified as European being
Hispanic. This bias may reflect a component of European ancestry in the Hispanic
individuals analyzed in this sample, but is more likely an effect of the sample imbalance
toward individuals of European ancestry. All the models classify based on the prevalence
of traits in a given ancestry group. Since the European sample is larger, the variation
expressed by a single individual is more likely to align with the variation in European

sample, making a misclassification as European an expected outcome. In sum, results
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support hypothesis 1 that cranial morphoscopic traits can be used to effectively group

individuals by ancestry.

6.4 Hypothesis 2- Dental Morphological Traits Perform Well in Ancestry Estimation.

6.4.1 Comparison to Other Models

Classification models based on dental crown morphology correctly classify
individuals about 68% of the time (66.1% OOB; 67.4% Test set; 70.5% Bayes), a rate
significantly different from chance (p<0.00001). These results are somewhat lower
compared to previous attempts to use dental morphology in estimating ancestry (e.g. Edgar
2005, 2013, Scott et al 2016); however, the methods are not directly comparable. Edgar
(2005) employs logistic regression and Bayesian classification and reports an accurate
classification rate of 90%. This is considerably higher than found in this study, but the
Edgar (2005) study only compares European and African American individuals. The
models presented here also include Hispanic individuals. The presence of a third group
increases the potential for an individual to be misclassified. Even if individuals were
classified randomly, adding a third potential classification increases the chance of
misclassification from 50% to 67%.

The later study by Edgar (2013) is more comparable in research design to this
study. Using discriminant functions, Edgar (2013) reports accuracies ranging from 66.7-
89.3% in differentiating European or African Americans from Hispanic Americans. Success
in differentiating European and African Americans from each other ranged from 71.4-
100% (Edgar 2013). Finally, two geographically distinct Hispanic populations, Southwest

and Florida Hispanics, were differentiated from each other in 46.2-72.7% of cases. Edgar
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(2013) examines two Hispanic samples, making the sample composition comparable to
that of this study, but 3-way classification is not attempted; therefore, results cannot be
directly compared. However, the results presented here are consistent with the results of
both sets of equations including a Hispanic sample.

Perhaps the approach closest to that taken in this research is that of Scott and
colleagues (2016). That presentation describes a method for assessing ancestry from
dental morphology, including root traits, using naive Bayes classification. In a comparison
of three groups, Western Eurasia, Sino-American, and Sub-Saharan African, the program,
called rASUDAS, correctly classified individuals in 78.53% of cases. This program still
outperforms the models in this research, but the basis of the design is the most similar and
the rate of accurate classification is the most comparable. The difference observed here is
likely attributable to several differences in research design. First, the three group model
presented by Scott and colleagues (2016) includes a sample of Sino-American, or
Asian/Native American, individuals. That group was the most accurately classified (96.7%)
by rASUDAS, which improves the classification accuracy overall. That population is absent
in the analyses presented here, and the most closely related population, the Hispanic
sample, has considerable influences from other populations, e.g. European and/or African
populations (Bertoni et al. 2003, Bonilla et al. 2005, Cerda-Flores et al. 2002, Lisker et al.
1986, 1990, 1996, Rangel-Villalobos 2008, Rubi-Castellanos et al. 2009), and may not
represent the Sino-American dental pattern. Interestingly, Hispanic individuals were the
most accurately classified in the models used in this research, possibly supporting the
classificatory power of Sinodont dental features observed by Scott and colleagues (2016).

The second difference between the two studies is the traits included. The rASUDAS
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program incorporates data from root traits in addition to crown traits. Several of these
root traits (e.g. 3-rooted lower first molar, Tome’s root, 2-rooted lower canine) are
indicative of ancestry, and information derived from those traits is not included in the
current models. Finally, in its current form rASUDAS, is based on mean frequencies for each
trait, and does not incorporate individual variation. Using mean frequencies creates an
expected expression for each trait in each population. While this approach certainly
reduces noise in the data and may lead to more accurate classifications, it does account for
the degree of variability extant in human populations. This is a concern being addressed by
further refinement of the rASUDAS program and the collection and analysis of individual

dental morphological data (Pilloud et al. 2017b)

6.4.2 Variable Importance

Visual inspection of the variable importance plots for the dental morphology models
reveal four roughly defined groups of traits (Figure 5.2). The most important traits are the
distal accessory ridge on the mandibular canine (LC.DAR) and enamel extensions on the
mandibular second molar (LM2.ENEXT). That group is closely followed in importance by
crenulations on the maxillary first molar (UM1.CREN) and the distal accessory ridge on the
maxillary canine (UC.DAR). The majority of the dental crown traits fall in the bottom two
groups with respect to importance. The next most important group of traits includes
crenulations on the mandibular first and third molars as well as the maxillary third molar
(LM1.CREN, LM3.CREN, UM3.CREN), groove pattern on the mandibular second molar
(LM2.GPATT), shoveling on the maxillary and mandibular lateral incisors (UI2.SHOV,

LI2.SHOV), and enamel extensions on the maxillary first and mandibular second molars
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(UM1.ENEXT, LM2.ENEXT). The final group of traits, which are significantly associated
with ancestry but not powerful with respect to classification, includes lingual cusp number
on the mandibular first (third) premolar (LP1.LCUSP), the mesial canine ridge or Bushman
canine (BUSH_C), the hypocone of the maxillary second and third molars (UM2.HYPO,
UM3.HYPO), the hypoconulid on the mandibular first molar (LM1.CUSP5), maxillary dental
crowding (CROWDING_MAX), double shoveling on the maxillary lateral incisors
(UI2.DSHOV), the deflecting wrinkle on the mandibular first molar (LM1.DWRIN), incisor
winging (WING), enamel extensions on the mandibular third molar (LM3.ENEXT), and cusp
number on the mandibular first molar (LM1.CUSPNO).

Although many of the observed dental morphological traits included are associated
with geographically-based dental complexes, and are therefore expected to be indicative of
ancestry, only one of the four most important traits, enamel extensions (Scott and Turner II
1997, Turner I1 1990), meets that criterion. Molar crenulations have been suggested
multiple times in the past to be indicative of ancestry (El-Najjar and McWilliams 1978,
Herrick and Walsh-Haney 2010, Jacob 1967, Kiernberger 1955, Pedersen 1949, Rhine
1990, 1993, Truesdell 2005), but their standardized recordation is new to this study, and
they are not included in previously defined dental complexes. However, the high
placement of molar crenulations in terms of variable importance supports the utility of this
trait in estimating ancestry.

Perhaps the most surprising finding with respect to variable importance is that of
canine accessory ridges, both maxillary and mandibular. This trait is not associated with
any geographically defined dental complex (Scott 1977, Scott and Turner II 1997).

However, canine distal accessory ridges, at least on the mandibular canine, have been
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suggested to be correlated with tooth size; higher degrees of expression being more
common in teeth with greater mesio-distal dimensions (Noss et al. 1983). Odontometric
studies have suggested that African populations have among the largest teeth in the world,
while European populations have some of the smallest, and Asian and Native American
populations have teeth of intermediate size (e.g. Pilloud et al. 2014). Furthermore, in a
comparison between Southwest American Indian and American White samples, the
mandibular canine distal accessory ridge was seen more frequently in the Native American
sample (Scott 1977). In these results distal accessory ridges were more pronounced in
both African and Hispanic individuals. This trait has also been suggested to be among the
more sexually dimorphic dental crown traits (Noss et al. 1983, Scott 1977), but there are no
significant differences by sex for this trait in this sample (UC: X*=15.55, df=10,p=0.1132;
UC: X?=12.954, df=10,p=0.2268). Therefore, the importance of the canine accessory ridge
in these models, is likely highlighting the utility of tooth size in assessing ancestry,
supporting previous conclusions (e.g. Pilloud et al. 2014).

Another interesting result is that many (8 of 9) of the traits in the fourth group
described above, those least important to classification, are associated with geographically
defined dental complexes. There are two likely reasons why these traits are important in
defining a dental complex but not important in estimating ancestry. First, many of these
traits (e.g. winging, shoveling, double shoveling, deflecting wrinkle, enamel extensions) are
characteristic of the Sinodont dental complex, which is not well-represented in this sample.
Individuals of Native American or Asian ancestry exhibit Sinodont dental features, and
neither group is included in these analyses. Although there is a Hispanic sample, and a

significant component of Hispanic ancestry is thought to be Native American (Bertoni et al.
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2003), the dental morphology of Hispanic populations is not well understood, and based on
the importance of the variables analyzed, does not seem to align well with the Sinodont
dentition. The second reason for this disparity is simple prevalence of the traits. For
example, the mesial canine ridge is strongly associated with African ancestry (Edgar 2009,
Irish 1997, Scott and Turner 11 1997). However, the trait itself is rare, occurring in only
about 12-35% of individuals expected to exhibit the sub-Saharan African dental complex
(Irish 2013 == in Scott and Irish edited volume). Though much more common in African

individuals, it is so rarely present that it is not heavily weighted in classification.

6.4.3 Accuracy

In stark contrast to the models based on cranial traits, dental models most often
correctly classify individuals as Hispanic, at least in two of three models (84.6% Test set;
87.5% Bayes). Although, the out-of-bag accuracy is highest for individuals of African
ancestry (79.3%), it is closely followed by Hispanic individuals (77.8%) continuing a
pattern of improved performance in classifying Hispanic individuals. This difference
between the cranial and dental models likely reflects the influence of Sinodont dental traits
on the Hispanic sample. In the work of Scott and colleagues (2016) the Sino-American
sample was the most accurately classified, suggesting that Sinodont dental traits are useful
in differentiating among groups. In this study, the only sample that would be expected to
consistently exhibit Sinodont features is the Hispanic sample. The fact that it is the
Hispanic sample that is most accurately classified, supports the classificatory potential of
dental morphology, in particular the features associated with the Sinodont dentition.

These results further highlight that the Hispanic dentition is not well understood.
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The variable importance plots suggest that odontometric differences are driving the
models; however, if that were the case, African individuals would be expected to have high
rates of correct classification because of the higher prevalence of distal accessory ridges
and large teeth. Although the dental models classify African individuals correctly, the
degree to which Hispanic individuals are correctly classified suggests a greater influence of
overall morphology than size-related traits in classification. Taken together, it is some
combination of dental morphology and odontometric differences that seem to be driving
the classification of these individuals based on the dentition.

The correct classification rate for the European sample is lowest across the board
(60.00% OOB; 64.29% Test set; 69.53% Bayes). This result is similar to the pattern
observed by Scott and colleagues (2016). The likely explanation for the poor performance
of European individuals in both studies is the general lack of morphological features in the
Eurodont dentition, and difficulty in modeling trait absence as important. Rarely is the
positive expression of a trait indicative of European ancestry. Therefore, the presence of a
so-called non-European trait (e.g. shoveling, cusp 7, enamel extensions), can cause that
individual to be incorrectly classified into a group in which that trait is more common. This
effect is further amplified when population means are used, as in rASUDAS. Models based
on means are more likely to misclassify individuals whose morphology does not align with
the most common expression of traits in a given population. In other words, European
individuals with uncharacteristic positive expressions of traits are more likely to be
misclassified in means based models that do not account for the possibility of that

expression.
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Like the models based on cranial data, individuals who were misclassified were
most often misclassified as European; however, unlike the cranial models the rates of
misclassification were more comparable between groups. That is, although European was
the most common misclassification, it occurred only marginally more often than
misclassification into a different group, and neither African nor Hispanic individuals were
more frequently misclassified as European. For example, an average of 10.7% individuals
classified as African were actually Hispanic, while 11.5% on average were actually
European. This indicates that the models based on dental morphology, are not consistently
misclassifying one ancestry group more than another.

Furthermore, there is a greater magnitude of difference between the highest and
lowest correct classification rate in the random forests (19.3%-20.3%) than in the Bayes
classifier (18.0%). This result runs counter to that observed in the cranial models, for
which the random forests were more stable. The results for the dental models suggest that
the Bayes classifier is more stable, in that the rate of accurate classification is more
comparable across ancestry groups, possibly suggesting it is more appropriate in the
analysis of dental morphology. Taken together, the various results derived from the dental
morphological data support the effective use of dental morphology in the forensic context,

and support the second hypothesis of this research.

6.5 Hypothesis 3- Combining Cranial Morphoscopic and Dental Morphological Traits
Results in a Model that Outperforms Either Dataset Alone

6.5.1 Comparison to Other Models

Models based on the combination of cranial morphoscopic and dental morphological
traits are on average accurate in 79% of cases (76.7% OOB; 77.1% Test set; 83.8% Bayes).
This resource was prepared by the author(s) using Federal funds provided by the U.S.
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This combination of data sets has not been previously reported; therefore, there is no
direct comparison appropriate to these models. The most similar study combined cranial
morphoscopic traits with cranial measurements (Hefner et al. 2014). The techniques used
in that study accurately classified individuals in 85.5-89.6% of cases when both data types
were used (Hefner et al. 2014); a 4-10% improvement over the performance of cranial
morphoscopic traits alone (Hefner et al. 2014, Hefner and Ousley 2014). Although the
overall accuracy of the models presented here is lower, the magnitude of the differences
between models is comparable with the combined models performing more accurately on
average 2-11% of the time, as compared to the cranial variable models.

Similar to the models based on dental traits, the combined dataset models perform
best when classifying Hispanic individuals. When classifying an individual as Hispanic,
both the random forest and Bayesian classifier were correct in over 87% of cases (87.2%
00B; 100.0% Test set; 93.9% Bayes). In two of three cases, the models perform worst in
classifying individuals of African ancestry (73.4% Test set; 81.0% Bayes), though still
significantly better than chance (p<0.00001). In the remaining model, European
individuals were least accurately classified (72.2% OOB). However, on average, the
European sample is least often classified correctly (77.1%). These results are somewhat
unusual because both datasets independently perform well at classifying individuals of
African ancestry. Although European individuals are least accurately classified in the
dental models, neither the cranial nor dental models performed poorly in classifying
African individuals. The combined data models still perform well for African and European
samples, with an average correct classification rate over 77%, but they are

underperforming the classification of the Hispanic sample by roughly 15%. This
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discrepancy may highlight the value in combining dental and cranial data. In examining the
accuracy rates across all models for the African sample, there is an increase in accuracy for
the combined models compared to both the cranial and dental models, but the rates of
accuracy are fairly consistent throughout. This pattern largely holds true for the European
sample as well, although there is a considerable decrease in accuracy for the dental traits
models. The relative consistency of accurate classification in European and African
samples suggests concordance between the cranial and dental data. In other words, the
cranial and dental data reveal similar information, so relatively little classificatory power is
gained through their combination, at least in European and African samples. However,
between the lowest and highest rate of classification for the Hispanic sample there is a 22%
difference, with the models based on combined data performing best. This suggests that
cranial and dental variables are capturing different information with respect to ancestry

for Hispanic individuals, and their combination results in a more powerful classifier.

6.5.2 Variable Importance

The accuracy in classification for the models based only on cranial traits is
significantly higher (p<0.01) than those based only on dental traits. Therefore, it is not
surprising of the 34 traits used in the combined data models, only one dental trait,
shoveling on the mandibular lateral incisor, is included in the top ten classificatory
variables. However, it is interesting that the relative importance of many of the dental
variables is different when combined with the cranial data. This is also true to a certain
extent among the cranial variables, e.g. anterior nasal spine becomes more important than

palate shape in the combined model. Of the 23 dental morphological variables included in
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these models, only three maintain their relative degree of importance from the dental
variables only model. That is, when the dental variables in the combined model are
ordered by importance, only three of them occupy the same position as in the dental
variables only model. The majority of the remaining traits maintain the same level of
importance relative to one another, but their overall place in the order is different when
the cranial variables are included. On average, the magnitude of change in importance in
the combined model is greater for dental variables. For example, the four biggest changes
in dental variable importance can be seen in shoveling of the lateral mandibular incisor
(LI2.SHOV), shoveling of the lateral maxillary incisor (UI2_SHOV), crenulations on the
mandibular first molar (LM1.CREN), and lingual cusp number of the mandibular first
(third) premolar (LP1.LCUSP). Both shoveling traits increased in importance by seven
places, while crenulations decreased by seven places, and lingual cusp number decreased
by nine places. On its own, shoveling is a relatively unimportant classificatory variable in
the dental models, an effect almost certainly due to lack of Sinodont dentitions in this
sample. However, when combined with information from the cranium, shoveling becomes
one of the most powerful dental predictors of ancestry. The increased importance of
incisor shoveling, coupled with the improved performance in correctly classifying Hispanic
individuals, supports the hypothesis that the interaction of cranial and dental traits is key

to correct ancestry estimations.

6.5.3 Accuracy

Finally, the results of these models tentatively support the third hypothesis of this

research. Using both random forest modeling and naive Bayes classification, the models
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based on combined data more accurately classify individuals than any models based only
on one type of data. The improvement in accuracy ranges from about 1-13% depending on
the models being compared. In all cases, the difference in accuracy between combined data
models and dental data models was statistically significant (p<0.001) (Table 5.16). The
magnitude of these differences is consistently within the range of 10-13%. However, the
combined data and cranial data models were never statistically significantly different.
Although there is a lack of significant difference between these two types of models, the
combined data models consistently classified individuals more accurately than the cranial
data models. The difference between the cranial models and combined data models was
consistently in the range of 1-4%. The greatest degree of difference was observed in the
naive Bayes classifier, with the combined data model classifying 4.2% more of cases
correctly. This improvement suggests a practical difference when data types are combined,
at least for the Bayesian classifier, and the comparison between cranial and combined
Bayes model is very nearly significant (z=-1.6275, p=0.051869). This result is not
surprising given the superior performance of the Bayes classifier for all data types.

The differences in accuracy observed among models based on different data types
are of practical, if not statistical, significance. Of the three data types, the dental
morphology based models performed worst, and the sample used in this research lacked
the population likely to be best classified using dental morphology, the Asian/Native
American population. The cranial data perform well on their own, though not as well as in
previous studies (e.g. Hefner and Ousley 2014, Hefner et al. 2014). This too may be in part
due to the lack of an Asian/Native American sample. The models that combine the cranial

and dental data perform best, and the magnitude of that improvement is expected to
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increase with a more balanced sample. The analysis of an Asian/Native American sample
will likely improve the performance of the dental variables models, and to a lesser extent
the cranial variables model. Improvement to both of those models should result in a

greater improvement to the combined data model.
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Chapter 7:
Conclusions

7.1 Performance of the ‘Novel’ Traits

The ‘novel’ traits performed well. Of the four traits explored, only diastemata
did not demonstrate any utility in estimating ancestry. Given that the midline
diastema has been consistently associated with African ancestry (Irish 1997, Scott
and Turner I 1997), the lack of significant differences observed for this trait is
surprising. Underperformance of the trait is likely indicative of the need for
refinement in the recordation scale. Non-midline diastemata are not strongly
associated with ancestry, and the addition of these data may have obscured any
pattern inherent in the distribution of the midline diastema.

Dental crowding as an indicator of ancestry was moderately successful.
These results offer some support to previous conclusions that there is a genetic
component to dental crowding (Normando et al. 2013). The distribution of this trait
suggests a pattern related to population and tooth/jaw size discrepancy, not one
related to socioeconomic status, as might be expected. However, only crowding in
the maxilla demonstrated any significant relationship to ancestry. Mandibular
crowding may demonstrate a relationship with ancestry in the analysis of a more
balanced and representative sample. Recording this trait on a scale more refined
than presence or absence may serve to increase its utility. Adding variations in
location and severity of crowding into the scale may serve to further separate

different ancestry groups, and improve the classificatory power of this trait.
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Palate shape and molar crenulations represent novel scales of recordation
for traits already associated with ancestry. Both palate shape and crenulated molars
are presented by Rhine (1990) as important ancestry traits, but neither has been
explored in as much depth as the more well-established cranial and dental traits.
The scale used to record palate shape in this research was previously presented by
the author (Maier 2016) and is here tested using a more robust sample. More than
other ‘novel’ traits in this research, the scale presented for palate shape most closely
resembles the work presented by Hefner (2009), in that it is an attempt to impose a
standard system of recordation on a traditionally subjectively assessed trait. The
relatively low intraobserver error and high level of importance in classification for
palate shape support the utility of this trait in ancestry estimation proposed by
previous studies (e.g. Maier et al. 2015, Rhine 1990).

Like palate shape, molar crenulations have also been suggested as indicative
of ancestry (e.g. El-Najjar and McWilliams 1978, Herrick and Walsh-Haney 2010,
Kiernberger 1955, Rhine 1990, 1993, Truesdell 2005) without having been
thoroughly defined or tested. Although some research has tested the association of
crenulations with ancestry (e.g. Truesdell 2005), crenulations were not clearly
defined, and group comparisons were somewhat limited. These problems were
initially addressed by Pilloud and colleagues (2017), and the scale used in that
research is further explored here. Consistent with those results, intraobserver error

is low for the recordation of molar crenulations. Additionally, crenulations on at
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least one molar are highly important in both the dental variables and combined
variables models, confirming their utility in ancestry estimates.

Two conclusions can be drawn from the success of the ‘novel’ traits. First,
under-used sources of data, like the dentition, can provide forensic anthropologists
with better means of estimating ancestry. Second, many of the traits found on the
trait lists (e.g. Rhine 1990) are indicative of ancestry, and can be used successfully in
the estimation of ancestry. Two of Rhine’s (1990) traits that had been minimally
examined, palate shape and molar crenulations, have been proven useful. This
conclusion echoes that of Hughes and colleagues (2011), and demonstrates the
importance of continued investigation of morphoscopic methods. As ‘new’ traits are
defined and recorded and new methods of analysis continue to expand and improve,
the ability of the forensic anthropologist to accurately estimate ancestry must also

improve.

7.2 Support of the Hypotheses

Although the models using only cranial morphoscopic traits underperformed
those previously published (e.g. Hefner 2007, Hefner et al. 2014, Hefner and Ousley
2014), the results support the continued use of morphoscopic traits in ancestry
estimation. Potential reasons for the difference in performance, e.g. differing
statistical approaches and sample compositions, have been discussed in the
previous chapter. Two important conclusions can be drawn from the results of the

cranial trait models. First, as discussed above, palate shape can be an important
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indicator of ancestry, and more cranial traits should be standardized for use in these
types of analyses. The traits defined by Hefner (2009) are not an exhaustive list of
the cranial morphoscopic traits that have been associated with ancestry in the
course of physical anthropological study. The performance of palate shape in these
models demonstrates the utility in exploring more, previously unstandardized,
cranial traits.
Second, these results support the value of continuing morphoscopic trait analysis.
Morphoscopic methods of ancestry estimation are less popular than metric methods
because of the subjectivity inherent in their use. However, if properly standardized
and analyzed, cranial morphoscopic traits can provide a wealth of information with
respect to ancestry. Recently, there has been a small, but meaningful, push toward
reinvigorating the use of cranial morphoscopic traits in ancestry estimation (e.g.
Hefner 2009, Hefner et al. 2014, 2015, Maier 2016, Maier et al. 2015). This study
furthers that movement. Morphoscopic traits are applicable in some circumstances
in which metric methods are not (e.g. Gill 1998, Hefner 2007, Hefner et al. 2012,
Rhine 1990). Therefore, ensuring that cranial morphoscopic methods meet the
required legal standard provides the anthropologist a greater number of tools at his
or her disposal when constructing a biological profile.

One of the most important conclusions is that dental morphology can be used
to accurately estimate individual ancestry. Previous authors (e.g. Edgar 2005, 2013,
Irish 2015, Scott et al. 2016) have suggested this utility, but none of those studies

approached this question in the same way as this research. The relatively high rate
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of accurate classification supports the further inclusion of dental morphology in
forensic estimations of ancestry. Although not as accurate as models based on
cranial traits, the dental trait models performed significantly better than chance.
These models would likely improve with the analysis of a more representative
sample. Additionally, these models support the further exploration of non-standard
dental traits in the estimation of ancestry. Molar crenulations appeared among the
most important dental variables for estimating ancestry, although they are not
currently among the standard dental morphological traits observed. The durability
of teeth makes them an excellent ancestry indicator in many circumstances, and
dental morphology can be reliably recorded and is largely standardized. The
demonstration of their classificatory potential adds support to the use of dental
morphology in estimating ancestry.

Finally, the principal hypothesis of this research, that the combination of
cranial and dental data will perform better than either type of data alone, is
tentatively supported. The models based on both cranial and dental traits
significantly outperformed the models based only on dental traits. The combined
models classify individuals more accurately than the cranial models, especially in
classifying Hispanic individuals, but the magnitude of that improvement is not
statistically significant. In classifying European and African individuals, the
combined models are about 5% more accurate than the cranial models. However,
the combined models increase accurate classification of Hispanic individuals by

about 20% when compared to the cranial models. The increased performance of the
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combined models over the cranial models may be of practical, if not statistical,
significance. One reason for the marked improvement in the Hispanic sample may
be that the cranium and dentition are providing different information with respect
to ancestry. Previous studies (e.g. Hefner et al 2014, Lease and Sciuli 2005) have
explored the effects of combining morphological and metric data from a single
source (i.e. the cranium or the dentition), and demonstrated increased accuracy in
ancestry estimation. The performance of the combined variables models
demonstrates that combining data from different sources improves upon the
classificatory potential of either source alone. The simultaneous analysis of
different datasets can employ combinations of traits and trait interactions that may
be ignored in examining a single source, resulting in a more accurate ancestry

estimate.

7.3 Future Directions

The use of cranial morphoscopic and dental morphological traits,
independently and in combination with each other and other sources of data, in
ancestry estimation offers a promising avenue of future research. However, there is
room for improvement. The current research could be improved through the
analysis of a sample more representative of the four main ancestry designations
used by forensic anthropologists. As addressed several times, this sample lacked a
significant Asian/Native American component. The Asian/Native American
ancestry group represents an important component of the United States’ population,

and the variation represented by these individuals is not accounted for in the
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models presented here. The addition of Asian and Native American samples, and
more data in general, would serve to improve the accuracy of the models and
broaden their applicability. Furthermore, the populations analyzed are exclusively
from the United States. It may be informative to collect data on so-called parent
populations from continental Africa, Europe, and Asia as a comparative base to the
variation expressed in the United States. Such a study may reveal new patterns of
variation, or help explain the patterns seen in U.S. populations, especially in
populations with complex population histories and documented gene flow, such as
the U.S. Hispanic population.

Secondarily, the need for continued reappraisal of existing methods, and the
exploration and adoption of new methods has been demonstrated. The list of traits
with the potential to be helpful in ancestry estimation has not been exhausted, and
new methods continue to be developed. The next step is to refine trait definitions
and scales so they are maximally effective in the estimation of ancestry. Fine-tuning
the methods available, and implementing new methods, will add to the repertoire of
tools available to the forensic anthropologist when making an ancestry estimate.

Finally, ancestry estimation in the forensic context can continue to be
improved through the addition of more datasets and the application of different
statistical methods. It is only within the last decade that the same type of statistical
rigor has been applied to the categorical and ordinal data represented by
morphoscopic and morphological traits, as has previously been applied to metric

data. Many methods of analysis exist and are appropriate to these types of data, but
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have largely been inaccessible to anthropologists unfamiliar with statistical
software packages. As anthropologists become more versed in statistics and
statistical software platforms, the number of ‘new’ methods applied to skeletal and
dental data will only increase.

The subjectivity of ancestry estimation, especially from morphoscopic traits,
continues to be a concern for forensic anthropologists. Even as methods are refined
and standardized to mitigate subjectivity, the ultimate estimation of individual
ancestry remains somewhat subjective. In many cases, the anthropologist must use
his or her experience to synthesize an ancestry estimate from a combination of
many data types (e.g. craniometrics, cranial morphoscopic traits, dental
morphology, and dental metrics). This second source of subjectivity can be
eliminated, or at least reduced, by employing methods that consider multiple data
sources simultaneously. This approach is already being used successfully in the
estimation of other aspects of the biological profile, like age (e.g. Boldsen et al. 2002,
Garvin and Passalacqua 2012), and there is little reason a similar approach cannot
be applied to the estimation of ancestry. The models presented here represent that
approach, and have demonstrated the power of combining data sources in ancestry
estimation.

Ancestry in forensic anthropology will always be among the most difficult
components of the biological profile to estimate. Improving techniques for DNA
extraction and analysis will aid in these estimations, but there will continue to be

circumstances in which DNA analysis is not pragmatic. Unknown population
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histories, changing definitions of ancestry and race, and changing demographics
serve to make this estimation more difficult, and more subjective, than other
components of the biological profile. In response to this problem a call has been
issued to ensure the accuracy, replicability, and reliability of methods in forensic
science (Daubert v. Merrell Dow Pharmaceuticals Inc. 1993, NAS/NRC 2009). This
research has met that call by providing statistically based models for the analysis of
cranial morphoscopic and dental morphological data. The models presented here
do not conclude the conversation on improving ancestry estimation methods, but
rather add to the corpus of methods from which the anthropologist can choose
when making an ancestry estimate. Further research in this vein, and continued
critical evaluation of existing methods can only serve to make ancestry estimation,

and by extension forensic anthropology, more robust.
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Appendix A: Frequency Tables

Frequency distribution for Anterior Nasal Spine (ANS).
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European: African: Asian/Nat.Am.: Hispanic:
n=296 n=191 n=10 n=141
ANS n % n % n % n %
1 52 17.57 148 | 77.49 6 60 53 37.59
2 122 41.22 37 19.37 4 40 57 40.43
3 122 41.22 6 3.14 0 0 31 21.99

Frequency distribution for Inferior Nasal Aperture (INA).

Eu;‘:g ;gn: Anlelc;z Asian/Nat.Am.: n=10 | Hispanic: n=124
INA| n % n % n % n %
1 4 1.21 |76 | 39.18 3 30 7 5.65
2 16 485 | 67| 34.54 1 10 3 2.42
3 84 | 2545 | 42 | 21.65 5 50 41 33.06
4 |109| 33.03 | 7 3.61 1 10 44 35.48
5 | 117 | 3545 | 2 1.03 0 0 29 23.39
Frequency distribution for Interorbital Breadth (IOB).
Eu;‘:g;;m. };lelcgz Asian n/i\lla(;.Am.. Hispanic: n=153
IOB| n % n % n % n %
1 | 143 | 43.73 9 4.64 1 10 63 41.18
2 | 160 | 4893 | 101 52.06 7 70 72 47.06
3 24 7.34 84 43.3 2 20 18 11.76
Frequency distribution for Malar Tubercle (MT).
European: African: Asian/Nat.Am.: Hispanic:
n=327 n=193 n=10 n=153
MT | n % n % n % n %
0 | 136 | 41.59 | 82 42.49 0 0 42 27.45
1 | 136 | 41.59 67 34.72 5 50 61 39.87
2 43 13.15 30 15.54 3 30 36 23.53
3 12 3.67 14 7.25 2 20 14 9.15
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Frequency distribution for Nasal Aperture Width (NAW).
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Eu;‘:gze:n: African: n=193 ASlann/ :]f J.Am.: Hispanic: n=153
NAW | n % n % n % n %
1 170 | 52.47 | 8 4.15 2 20 38 24.84
2 130 | 40.12 | 59 30.57 6 60 98 64.05
3 24 | 741 | 126 65.28 2 20 17 11.11

Frequency distribution for Nasal Bone Contour (NBC).

Eu;‘:g;zn: African: n=161 ASlann/ i\]la ;.Am.: Hispanic: n=147
NBC n % n % n % n %
0 15 4.63 68 42.24 1 10 3 2.04
1 60 18.52 |33 20.5 0 0 25 17.01
2 30 9.26 4.97 2 20 9 6.12
3 124 38.27 1 0.62 2 20 61 41.5
4 95 2932 |51 31.68 5 50 49 33.33
Frequency distribution for Nasal Overgrowth (NO).
Eu;‘:?;’) :Zn: African: n=185 | Asian/Nat.Am.: n=7 | Hispanic: n=127
NO | n % n % n % n %
0 |275| 87.58 | 172 92.97 6 85.71 65 51.18
1 39 | 1242 13 7.03 1 14.29 62 48.82
Frequency distribution for Post-Bregmatic Depression (PBD).
European: | African: n=193 | Asian/Nat.Am.: n=10 Hispanic:
n=330 n=152
PDB n % n % n % n %
0 318 | 96.36 | 161 83.42 8 80 144 | 94.74
1 12 | 3.64 | 32 16.58 2 20 8 5.26
Frequency distribution for Supranasal Suture (SNS).
European: African: Asian/Nat.Am.: Hispanic:
n=328 n=194 n=10 n=152
SNS n % n % n % n %
0 167 50.91 145 | 74.74 4 40 84 | 55.26
1 46 14.02 4 2.06 0 0 7 4.61
2 115 35.06 45 23.2 6 60 61 |40.13
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Frequency distribution for Zygomaticomaxillary Suture Shape (ZSS).

Eu;f;) (()egn: African: n=180 | Asian/Nat.Am.: n=8 | Hispanic: n=148
ZSS | n % n % n % n %
0 36 | 11.69 13 7.22 5 62.5 55 37.16
1 | 123 | 3994 45 25 2 25 44 29.73
2 149 | 48.38 122 67.78 1 12.5 49 33.11

Frequency distribution for Transverse Palatine Suture Shape (TPS).

Eu;::[; ;egn: 'L:llelc;g Asian/Nat.Am.: n=10 | Hispanic: n=146
TPS | n % n % n % n %
0 | 45 14.38 14 8 3 30 63 43.15
1 85 27.16 37 | 21.14 3 30 56 38.36
2 | 173 | 55.27 | 124 | 70.86 4 40 25 17.12
3 10 3.19 0 0 0 0 2 1.37

Frequency distribution for Palate Shape (PS).

Eul:':g ;gn: African: n=177 | Asian/Nat.Am.: n=10 | Hispanic: n=142
PS| n % n % n % n %
1 4 1.72 0 0 1 10 28 19.72
2 | 39 16.74 12 6.78 4 40 60 42.25
3 | 124 | 53.22 46 25.99 2 20 36 25.35
4 | 47 20.17 79 44.63 2 20 16 11.27
51| 19 8.15 40 22.6 1 10 2 1.41

Frequency distribution for Winging (WING).

Eul:':f;;n: Alf1r=1(:;3n: Asian/Nat.Am.: n=3 | Hispanic: n=54
WING | n % n % n % n %
1 10 7.3 6 6.82 1 33.33 18 33.33
2 0 0 0 0 0 0 1 1.85
3 126 | 9197 | 82 | 93.18 2 66.67 35 64.81
4 1 0.73 0 0 0 0 0 0
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Frequency distribution for Maxillary Central Incisor Shoveling (UI1_SHOV).

European: African: . e Hispanic:
n=131 n=99 Asian/Nat.Am.: n=2 n=63
UllifHO n % n % n % n %
0 85 | 64.89 | 53 | 53.54 0 0 12 19.05
1 31 | 23.66 | 32 | 32.32 1 50 14 22.22
2 11 | 84 13 13.13 0 0 16 254
3 3 | 2.29 1 1.01 1 50 13 20.63
4 1 | 0.76 0 0 0 0 2 3.17
5 0 0 0 0 0 0 6 9.52
6 0 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0
Frequency distribution for Maxillary Lateral Incisor Shoveling (UI2_SHOV).
European: African: . o Hispanic:
n=135 n=127 Asian/Nat.Am.: n=4 n=69
UIZ"§HO n % n % n % n %
0 74 | 5481 | 49 | 38.58 0 0 13 18.84
1 39 | 2889 | 45 | 3543 1 25 20 28.99
2 17 | 1259 | 28 | 22.05 1 25 17 24.64
3 4 2.96 4 3.15 1 25 6 8.7
4 0 0 0 0 1 25 10 14.49
5 1 0.74 1 0.79 0 0 2 2.9
6 0 0 0 0 0 0 1 1.45
7 0 0 0 0 0 0 0 0
Frequency distribution for Maxillary Central Incisor Double-Shoveling (UI1.DSHOV).
Eu;f)f;:n: African: n=95 | Asian/Nat.Am.: n=3 | Hispanic: n=64
UI1. o o o o
psHov | ™ %o n %o n %o n Yo
0 133 | 99.25 95 100 3 100 57 89.06
1 1 0.75 0 0 0 0 4 6.25
2 0 0 0 0 0 0 2 3.13
3 0 0 0 0 0 0 1 1.56
4 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0
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Frequency distribution for Maxillary Lateral Incisor Double-Shoveling (UI2.DSHOV).

Eu;‘:f:;n: Anlefiuzl : Asian/Nat.Am.: n=4 | Hispanic: n=70

DISJI{lz(iv n % n % n % n %

0 141 | 99.3 | 110 | 98.21 4 100 58 82.86

1 1 0.7 2 1.79 0 0 8 11.43

2 0 0 0 0 0 0 3 4.29

3 0 0 0 0 0 0 1 1.43

4 0 0 0 0 0 0 0 0

5 0 0 0 0 0 0 0 0

6 0 0 0 0 0 0 0 0

Frequency distribution for Maxillary Central Incisor Interruption Groove (UI1.1G).

Eul:‘:fzgn: African: n=105 | Asian/Nat.Am.: n=3 HIISIEZI;C:
UI1.IG n % n % n % n %
0 140 | 100 105 100 3 100 63 96.92
M 0 0 0 0 0 0 0 0
MD 0 0 0 0 0 0 0 0
Med 0 0 0 0 0 0 1 1.54
D 0 0 0 0 0 0 1 1.54
Frequency distribution for Maxillary Lateral Incisor Interruption Groove (UI2.1G).
European: African: Asian/Nat.Am.: Hispanic:
n=142 n=129 n=4 n=73
UI2IG | n % n % n % n %
0 129 | 90.85 117 90.7 3 75 51 69.86
M 1 0.7 3 2.33 0 0 3 4.11
MD 0 0 0 0 0 0 0 0
Med 5 3.52 3 2.33 0 0 5 6.85
D 7 4.93 6 4.65 1 25 14 19.18

Frequency distribution for Maxillary Central Incisor Tuberculum Dentale (UI1.TD).

Eulf:f; gn: 'L:llelcg; : Asian/Nat.Am.: n=3 | Hispanic: n=64
UIL.TD | n % n % n % n %
0 111 | 8043 | 78 | 76.47 2 66.67 42 65.63
1 17 (1232 | 14 | 13.73 0 0 15 23.44
2 7 5.07 8 7.84 1 33.33 5 7.81
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3 2 1.45 2 1.96 0 0 2 3.13
4 1 0.72 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0
Frequency distribution for Maxillary Lateral Incisor Tuberculum Dentale (UI2.TD).
European: African: Asian/Nat.Am.: Hispanic: n=71
n=142 n=129 n=4
UI2Z.TD | n % n % n % n %
0 78 54.93 75 58.14 2 50 23 32.39
1 36 25.35 24 18.6 1 25 26 36.62
2 12 8.45 18 13.95 0 0 11 15.49
3 14 9.86 9 6.98 1 25 9 12.68
4 2 1.41 2 1.55 0 0 0 0
5 0 0 0 0 0 0 0 0
6 0 0 1 0.78 0 0 2 2.82
Frequency distribution for Maxillary Canine Tuberculum Dentale (UC.TD).
Eul:':fggn: African: n=162 ASlan{l l:;t.Am.: Hispanic: n=92
UCTD | n % n % n % n %
0 116 | 64.44 | 69 42.59 2 40 49 53.26
1 36 20 35 21.6 2 40 23 25
2 15 | 833 | 27 16.67 1 20 15 16.3
3 9 5 12 7.41 0 0 2 2.17
4 4 2.22 12 7.41 0 0 2 2.17
5 0 0 3 1.85 0 0 1 1.09
6 0 0 4 2.47 0 0 0 0

Frequency distribution for Maxillary Canine Distal Accessory Ridge (UC.DAR).

Eu;‘:i)g'a;n. }:llelcglsl Asian I/1 l:;t.Am.. Hispanic: n=89
UC.DAR | n % n % n % n %
0 132 | 79.04 53 34.19 2 40 39 43.82
1 24 14.37 39 25.16 1 20 16 17.98
2 7 4.19 29 18.71 2 40 16 17.98
3 4 2.4 12 7.74 0 0 9 10.11
4 0 0 14 9.03 0 0 4 4.49
5 0 0 8 5.16 0 0 5 5.62
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Frequency distribution for Maxillary Mesial Canine Ridge/Bushman Canine

(BUSH_C).
Eur:':i);a;n. }:llelcgg ASIanl/ll:;t.Am.. Hispanic: n=91
BUSH.C| n % n % n % n %
0 164 | 9535 | 112 70.89 5 100 83 91.21
1 4 2.33 24 15.19 0 0 7 7.69
2 4 2.33 14 8.86 0 0 1 1.1
3 0 0 8 5.06 0 0 0 0

Frequency distribution for Maxillary Second (Fourth) Premolar Accessory Cusps

(UP2.ACUSP).
European: African: Asian/Nat.Am.: . S
=130 n=153 n="7 Hispanic: n=95
UP2. o o o o
Acusp | ™ Yo n Yo n %o n %o
0 124 | 95.38 | 141 | 92.16 6 85.71 87 91.58
1 6 4.62 12 7.84 1 14.29 8 8.42

Frequency distribution for Maxillary First (Third) Premolar Accessory Cusps

(UP1.ACUSP).
European: African: Asian/Nat.Am.: . L
n=147 =160 n="7 Hispanic: n=94
UP1. o o o o
Acusp | ™ Yo n Yo n Yo n %o
0 144 | 97.96 | 155 | 96.88 5 71.43 85 90.43
1 3 2.04 5 3.13 2 28.57 9 9.57

Frequency distribution for Maxillary Second (Fourth) Premolar Odontome

(UP2.0DONT).
European: African: . e . o
n=112 n=149 Asian/Nat.Am.: n=7 | Hispanic: n=95
UP2. o o o o
ODONT | ™ Yo n %o n %o n )
0 112 | 100 | 149 | 100 7 100 95 100
1 0 0 0 0 0 0 0 0
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Frequency distribution for Maxillary First (Third) Premolar Odontome

(UP1.0DONT).
Eur:'f){)ze;m: African: n=154 | Asian/Nat.Am.: n=7 | Hispanic: n=92
UP1. o o o o
ODONT | ™ %) n %) n %o n %o
0 127 | 100 | 153 99.35 7 100 92 100
1 0 0 1 0.65 0 0 0 0

Frequency distribution for Maxillary Third Molar Hypocone (UM3.HYPO).

Eu;(;];(:)an. Anlef;“sl Asnanl/ll:e;t.Am.. Hispanic: n=83
:lj‘l\(/l:(') n % n % n % n %
0 17 | 24.29 12 9.6 0 0 30 36.14
1 18 | 25.71 28 22.4 3 50 15 18.07
2 18 | 25.71 32 25.6 0 0 24 28.92
3 10 | 14.29 36 28.8 3 50 11 13.25
4 6 8.57 12 9.6 0 0 3 3.61
5 1 1.43 5 4 0 0 0 0

Frequency distribution for Maxillary Second Molar Hypocone (UM2.HYPO).

Eu;:fggn. Anlelcgzr; ASIan{l l:gt.Am.. Hispanic: n=115

:IJ‘I\(/IPZ(.) n % n % n % n %
0 6 3.92 0 0 0 0 1 0.87

1 22 | 14.38 4 2.61 0 0 9 7.83
2 27 | 17.65 25 16.34 2 25 30 26.09
3 35| 22.88 50 32.68 1 12.5 35 30.43
4 49 | 32.03 41 26.8 3 37.5 36 31.3
5 14 9.15 33 21.57 2 25 4 3.48

Frequency distribution for Maxillary First Molar Hypocone (UM1.HYPO).

European: African: Asian/Nat.Am.: . L
n=145 n=144 n=7 Hispanic: n=120
:[Jyplo n % n % n % n %
0 1 0.69 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0
2 1 0.69 0 0 0 0 1 083
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3 4 2.76 6 4.17 0 0 0 0
4 47 | 32.41 29 20.14 2 28.57 44 36.67
5 92 | 63.45 | 109 | 75.69 5 71.43 75 62.5
Frequency distribution for Maxillary First Molar Carabelli’s Trait (UM1.CARA).
European: African: Asian/Nat.Am.: Hispanic:
n=148 n=142 n=7 n=120
g}l:lRi\ n % n % n % n %
0 67 | 45.27 |59 41.55 4 57.14 58 48.33
1 11 7.43 18 12.68 1 14.29 9 7.5
2 13 8.78 16 11.27 1 14.29 23 19.17
3 22 | 1486 | 20 14.08 1 14.29 13 10.83
4 12 8.11 18 12.68 0 0 5 4.17
5 18 | 12.16 6 4.23 0 0 11 9.17
6 3 2.03 3 2.11 0 0 1 0.83
7 2 1.35 2 1.41 0 0 0 0

Frequency distribution for Maxillary Second Molar Paramolar Tubercle

(UM2.PARA).
European: African: Asian/Nat.Am.: Hispanic:
n=151 n=156 n=8 n=119
II)JXIRZA n % n % n % n %
0 144 | 9536 | 152 97.44 8 100 117 98.32
1 3 1.99 1 0.64 0 0 1 0.84
2 1 0.66 1 0.64 0 0 0 0
3 1 0.66 0 0 0 0 0 0
4 0 0 1 0.64 0 0 1 0.84
5 2 1.32 0 0 0 0 0 0
6 0 0 1 0.64 0 0 0 0
Frequency distribution for Maxillary First Molar Parastyle (UM1.PARA).
European: African: . e . .
n=145 n=146 Asian/Nat.Am.: n=8 | Hispanic: n=112
quR{q n % n % n % n %
0 144 | 99.31 | 144 | 98.63 8 100 109 97.32
1 1 0.69 2 1.37 0 0 3 2.68
2 0 0 0 0 0 0 0 0

This resource was prepared by the author(s) using Federal funds provided by the U.S.

Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Frequency distribution for Maxillary Third Molar Enamel Extensions (UM3.ENEXT).

European: African: n=129 Asian/Nat.Am.: Hispanic: n=78
n=76 n=6
Ell{Il\]/E[;T n % n % n % n %
0 72 | 94.74 124 96.12 1 16.67 53 67.95
1 4 5.26 5 3.88 2 33.33 21 26.92
2 0 0 0 0 3 50 4 5.13
3 0 0 0 0 0 0 0 0

Frequency distribution for Maxillary Second Molar Enamel Extensions
(UM2.ENEXT).

Eur:':i);egn. };lelcgg Asian l/1 l:gt.Am.. Hispanic: n=124
Ellill\lg)z(T n % n % n % n %
0 145 | 82.86 | 149 | 93.71 2 25 58 46.77
1 23 | 13.14 7 4.4 6 75 41 33.06
2 6 3.43 3 1.89 0 0 23 18.55
3 1 0.57 0 0 0 0 2 1.61

Frequency distribution for Maxillary First Molar Enamel Extensions (UM1.ENEXT).

Eul:':fggn: African: n=151 Asnanl/l l:gt.Am.: Hispanic: n=121
Ellill\l/*:l)l(T n % n % n % n %
0 157 | 94.58 | 142 94.04 3 37.5 94 77.69
1 7 4.22 7 4.64 4 50 11 9.09
2 2 1.2 2 1.32 0 0 16 13.22
3 0 0 0 0 1 12.5 0 0

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Frequency distribution for Maxillary Third Molar Crenulations (UM3.CREN).

European: African: Asian/Nat.Am.: . L
=65 n=124 n=5 Hispanic: n=81
311:5\] n % n % n % n %
0 25 | 38.46 16 12.9 1 20 21 25.93
1 33 50.77 38 30.65 2 40 35 43.21
2 7 10.77 70 56.45 2 40 25 30.86

Frequency distribution for Maxillary Second Molar Crenulations (UM2.CREN).

European: African: . e . o
n=138 n=148 Asian/Nat.Am.: n=6 | Hispanic: n=111
(l:JIl;/;:ZN n % n % n % n %
0 119 | 86.23 | 53 35.81 3 50 71 63.96
1 19 | 13.77 | 64 43.24 2 33.33 37 33.33
2 0 0 31 20.95 1 16.67 3 2.7

Frequency distribution for Maxillary First Molar Crenulations (UM1.CREN).

European: African: Asian/Nat.Am.: n=6 | Hispanic: n=110
n=118 n=131
(IIJII::E}\I n % n % n % n %
0 103 | 87.29 | 64 | 48.85 4 66.67 85 77.27
1 13 | 11.02 | 47 | 35.88 1 16.67 22 20
2 2 1.69 20 | 15.27 1 16.67 3 2.73
Frequency distribution for Maxillary Dental Crowding (CROWD_MAX).
European: African: Asian/Nat.Am.: Hispanic:
n=142 n=139 n=>5 n=98
ROWDING | [0 [0 [ oy | n | % | n| u
0 67 47.18 | 102 | 73.38 3 60 69 | 70.41
1 75 52.82 37 | 26.62 2 40 29 | 29.59
Frequency distribution for Diastema (DIASTEMA).
European: S Asian/Nat.Am.: Hispanic:
n=131 African: n=77 n=5 n=72
DIASTEMA | n % n % n % n %
0 100 | 76.34 | 53 68.83 5 100 51 70.83
1 16 | 12.21 | 14 18.18 0 0 10 13.89

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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2 |15 | 1145 [10] 1299 | o | o | 11 | 1528

Frequency distribution for Lower Central Incisor Shoveling (LI1.SHOV).

Eul:':fgzn: African: n=142 | Asian/Nat.Am.: n=4 | Hispanic: n=60
S[l:II(l)V n % n % n % n %
0 164 100 141 99.3 3 75 39 65
1 0 0 1 0.7 0 0 14 23.33
2 0 0 0 0 1 25 6 10
3 0 0 0 0 0 0 1 1.67
4 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0
Frequency distribution for Lower Lateral Incisor Shoveling (LI2.SHOV).
European: African: Asian/Nat.Am.: Hispanic:
n=179 n=161 n=4 n=72
LI2. n % n % n % n %
SHOV
0 179 100 158 98.14 3 75 48 66.67
1 0 0 3 2.11 0 0 19 31.67
2 0 0 0 0 1 25 4 6.67
3 0 0 0 0 0 0 1 1.67
4 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0
Frequency distribution for Lower Canine Distal Accessory Ridge (LC.DAR).
European: African: Asian/Nat.Am.: Hispanic:
n=189 n=161 n=3 n=65
LC.DAR | n % n % n % n %
0 158 | 83.6 63 39.13 1 33.33 32 49.23
1 26 | 13.76 | 50 31.06 2 66.67 28 43.08
2 4 2.12 29 18.01 0 0 4 6.15
3 1 0.53 9 5.59 0 0 1 1.54
4 0 0 4 2.48 0 0 0 0
5 0 0 6 3.73 0 0 0 0

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Frequency distribution for Lower First (Third) Premolar Lingual Cusp Number

(LP1.LCUSP).
European: African: n=171 Asian/Nat.Am.: Hispanic: n=116
n=201 n=5

Lléll)llsP n % n % n % n %
A 0 0 0 0 0 0 0 0
0 135 | 67.16 | 71 41.52 3 60 50 43.1
1 15 | 746 |21 12.28 0 0 15 12.93
2 18 | 896 | 38 22.22 1 20 18 15.52
3 16 | 796 |23 13.45 0 0 16 13.79
4 6 299 | 8 4.68 1 20 6 5.17
5 7 348 | 5 2.92 0 0 7 6.03
6 1 0.5 0 0 0 0 1 0.86
7 0 0 0 0 0 0 0 0
8 3 149 | 5 2.92 0 0 3 2.59
9 0 0 0 0 0 0 0 0

Frequency distribution for Lower Second (Fourth) Premolar Lingual Cusp Number

(LP2.LCUSP).
European: African: Asian/Nat.Am.: Hispanic:
n=167 n=157 n=4 n=83
Llél:JZSP n % n % n % n %
A 0 0 0 0 0 0 0
0 65 38.92 51 32.48 1 25 39 46.99
1 23 13.77 17 10.83 0 0 14 16.87
2 34 20.36 50 31.85 1 25 14 16.87
3 27 16.17 22 14.01 2 50 13 15.66
4 14 8.38 14 8.92 0 0 0 0
5 3 1.8 0 0 0 0 1 1.2
6 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0
8 1 0.6 2 1.27 0 0 1 1.2
9 0 1 0.64 0 0 1 1.2

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Frequency distribution for Lower First (Third) Premolar Odontome (LP1.0DONT).

European: African: Asian/Nat.Am.: Hispanic:
n=179 n=166 n=>5 n=85
LP1. o o o 0
ODONT n Yo n %o n Yo n %
0 179 100 166 100 5 100 85 100
1 0 0 0 0 0 0 0 0

Frequency distribution for Lower Second (Fourth) Premolar Odontome

(LP2.0DONT).
European African: Asian/Nat.Am.: Hispanic:
:n=160 n=158 n=4 n=79
LP2. o o o 0
ODONT n %o n ) n Yo n %o
0 160 | 100 158 100 4 100 78 98.73
1 0 0 0 0 0 0 1 1.27
Frequency distribution for Lower Third Molar Groove Pattern (LM3.GPATT).
European: African: Asian/Nat.Am.: Hispanic:
n=70 n=122 n=5 n=62
LM3. o o o 0
GPATT n Yo n Yo n Yo n %o
X 54 | 77.14 | 104 | 85.25 5 100 55 88.71
+ 2 2.86 1 0.82 0 0 0 0
Y 14 20 17 13.93 0 0 7 11.29

Frequency distribution for Lower Second Molar Groove Pattern (LM2.GPATT).

European: African: Asian/Nat.Am.: Hispanic:
n=84 n=127 n=3 n=76
G[l‘?l\géT n % n % n % n %
X 60 | 71.43 59 46.46 3 100 52 68.42
+ 13 | 15.48 8 6.3 0 0 16 21.05
Y 11 13.1 60 47.24 0 0 8 10.53

Frequency distribution for Lower First Molar Groove Pattern (LM1.GPATT).

Eu;g[;%an: African: n=101 | Asian/Nat.Am.: n=2 | Hispanic: n=67
LM1. 0, (V) 0 9
geart | " | | " & . ° ’ -
X 3 5 2 1.98 0 0 6 8.96
+ 0 0 0 0 0 0 0 0

This resource was prepared by the author(s) using Federal funds provided by the U.S.

Department of Justice. Opinions or points of view expressed are those of the author(s) and do not

necessarily reflect the official position or policies of the U.S. Department of Justice.
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Frequency distribution for Lower Third Molar Cusp Number (LM3.CUSPNO).

European: African: Asian/Nat.Am.: Hispanic:
n=72 n=120 n=5 n=64
LM3.
o, ) [)) 0,
CUSPNO | ™ Yo n %o n %o n %o
4 30 | 41.67 | 38 31.67 2 40 23 35.94
5 29 | 40.28 | 53 4417 2 40 32 50
6 13| 18.06 | 29 24.17 1 20 9 14.06
Frequency distribution for Lower Second Molar Cusp Number (LM2.CUSPNO).
European: African: Asian/Nat.Am.: Hispanic: n=79
n=121 n=132 n=3 pamic: n=
LM2. o o o 0
cUSPNO | ™ Yo n Yo n Yo n %o
4 107 | 88.43 | 97 73.48 3 100 57 72.15
5 13 | 10.74 | 29 21.97 0 0 20 25.32
6 1 0.83 6 4.55 0 0 2 2.53
Frequency distribution for Lower First Molar Cusp Number (LM1.CUSPNO).
European: African: . e . C
n=84 =100 Asian/Nat.Am.: n=3 | Hispanic: n=67
LM1. o o o 0
cuspNo | ™ Yo n Yo n %o n %
4 16 | 19.05 1 1 0 0 1 1.49
5 63 | 75 93 93 3 100 57 85.07
6 5 | 595 6 6 0 0 9 13.43
Frequency distribution for Lower First Molar Deflecting Wrinkle (LM1.DWRIN).
E“;‘l‘;‘*za“: African: n=94 | Asian/Nat.Am.: n=1 | Hispanic: n=54
LM1. o o o 0
DWRIN | ™ %o n %o n %o n %
0 53 | 8548 | 72 76.6 1 100 26 48.15
1 4 6.45 13 13.83 0 0 10 18.52
2 5 8.06 6 6.38 0 0 16 29.63
3 0 0 3 3.19 0 0 2 3.7

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Frequency distribution for Lower First Molar Anterior Fovea (LM1.ANTFOQOV).

Eu;(;%%an. E:llelcgg ASIan{l l:zzlt.Am.. Hispanic: n=68
AliIJ'IMFl(.)V n % n % n % n %
0 30 44.12 22 22 0 0 34 50

1 23 33.82 41 41 2 100 23 33.82

2 11 16.18 25 25 0 0 11 16.18
3 4 5.88 12 12 0 0 0 0

Frequency distribution for Lower Third Molar Distal Trigonid Crest (LM3.DTC).

European: African: Asian/Nat.Am.: Hispanic:
n=72 n=120 n=>5 n=61
LM3.DTC | n % n % n % n %
0 69 | 95.83 | 119 | 99.17 5 100 60 98.36
1 3 4.17 1 0.83 0 0 1 1.64

Frequency distribution for Lower Second Molar Distal Trigonid Crest (LM2.DTC).

European: African: Asian/Nat.Am.: Hispanic:
n=114 n=129 n=3 n=77
LM2.DTC | n % n % n % n %
0 113 | 99.12 | 129 100 3 100 75 97.4
1 1 0.88 0 0 0 0 2 2.6
Frequency distribution for Lower First Molar Distal Trigonid Crest (LM1.DTC).
European: African: Asian/Nat.Am.: Hispanic:
n=77 n=96 n=1 n=62
LM1.DTC | n % n % n % n %
0 77 | 100 94 97.92 1 100 58 93.55
1 0 0 2 2.08 0 0 4 6.45

Frequency distribution for Lower Third Molar Hypoconulid (LM3.CUSP5).

E“;Z‘;ga“’ “;f:‘lci‘;“ Asian/NatAm.: n=5 H‘;‘:Z‘;‘“
LM3.
CUSP n % n % n % n %
5
0 31 4247 | 35 29.41 2 40 25 39.06
1 0 0 3 2.52 0 0 0
2 3 411 11 9.24 0 0 12 18.75
3 12 16.44 | 26 21.85 0 0 14 | 21.88

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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4 17 | 23.29 | 21 | 17.65 2 40 6 9.38
5 10 13.7 23 | 19.33 1 20 7 10.94
Frequency distribution for Lower Second Molar Hypoconulid (LM2.CUSP5).
European: African: . L Hispanic:
=120 n=132 Asian/Nat.Am.: n=3 =80
LM2.
(V) o, o, 0,
cusps | ™ Yo n Yo n %o n %)
0 106 | 88.33 94 | 71.21 3 100 55 | 68.75
1 1 0.83 1 0.76 0 0 1 1.25
2 3 2.5 6 4.55 0 0 5 6.25
3 4 3.33 9 6.82 0 0 13 | 16.25
4 4 3.33 19 14.39 0 0 6 7.5
5 2 1.67 3 2.27 0 0 0 0
Frequency distribution for Lower First Molar Hypoconulid (LM1.CUSP5).
European: African: . o Hispanic:
n=83 n=100 Asian/Nat.Am.: n=3 n=68
LM1. o o o 0
cusps | ™ Yo n Yo n %o n %o
0 15 18.07 1 1 0 0 1 1.47
1 2 241 1 1 0 0 0 0
2 6 7.23 3 3 0 0 2 2.94
3 16 19.28 10 10 1 33.33 10 | 14.71
4 25 30.12 33 33 1 33.33 31 | 45.59
5 19 22.89 52 52 1 33.33 24 | 35.29
Frequency distribution for Lower Third Molar Cusp 6 (LM3.CUSP6).
European: S . e Hispanic:
n=72 African: n=120 | Asian/Nat.Am.: n=5 n=64
LM3. o o o 0
cuspe | ™ Yo n %o n Yo n %o
0 59 81.94 91 75.83 4 80 54 | 84.38
1 2 2.78 4 3.33 0 0 2 3.13
2 6 8.33 18 15 0 0 2 3.13
3 3 4.17 5 4.17 0 0 2 3.13
4 2 2.78 2 1.67 1 20 3 4.69
5 0 0 0 0 0 0 1 1.56

This resource was prepared by the author(s) using Federal funds provided by the U.S.

Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Frequency distribution for Lower Second Molar Cusp 6 (LM2.CUSP6).

European: African: Asian/Nat.Am.: . S
n=120 n=132 n=3 Hispanic: n=78
LM2. o o o 0
cuspe | ™ %o n Yo n Yo n %
0 118 98.33 126 | 95.45 3 100 76 97.44
1 1 0.83 1 0.76 0 0 0 0
2 1 0.83 3 2.27 0 0 1 1.28
3 0 0 2 1.52 0 0 1 1.28
4 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0
Frequency distribution for Lower First Molar Cusp 6 (LM1.CUSP6).
European: African: . e Hispanic:
n=83 n=99 Asian/Nat.Am.: n=3 =68
LM1.
0, V) (V) 0,
cuspe | ™ Yo n %o n Yo n %)
0 77 92.77 93 | 93.94 3 100 59 | 86.76
1 3 3.61 1 1.01 0 0 3 441
2 1 1.2 3 3.03 0 0 4 5.88
3 2 241 1 1.01 0 0 1 1.47
4 0 0 1 1.01 0 0 1 1.47
5 0 0 0 0 0 0 0 0

Frequency distribution for Lower Third Molar Cusp 7 (LM3.CUSP7).

Eu;t;;;ezan: African: n=121 | Asian/Nat.Am.: n=5 | Hispanic: n=64

(;161213;7 n % n % n % n %

0 72 100 110 90.91 5 100 64 100

1 0 0 1 0.83 0 0 0 0

1A 0 0 0 0 0 0 0 0

2 0 0 4 3.31 0 0 0 0

3 0 0 3 2.48 0 0 0 0

4 0 0 3 2.48 0 0 0 0

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Frequency distribution for Lower Second Molar Cusp 7 (LM2.CUSP7).

Eul:':););gn: African: n=132 | Asian/Nat.Am.: n=3 | Hispanic: n=79
LM2. o o o 0
CUSP7 n %o n %o n %o n %o
0 120 | 100 | 129 97.73 3 100 79 100
1 0 0 2 1.52 0 0 0 0
1A 0 0 0 0 0 0 0 0
2 0 0 1 0.76 0 0 0 0
3 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0
Frequency distribution for Lower First Molar Cusp 7 (LM1.CUSP7).
European: S Asian/Nat.Am.: Hispanic:
=85 African: n=100 n=3 =69
LM1.
0, V) 0, 0,
CUSP7 n Yo n %o n Yo n Yo
0 83 97.65 |85 85 3 100 67 | 97.1
1 0 0 2 2 0 0 0 0
1A 0 0 0 0 0 0 0 0
2 0 0 9 9 0 0 0 0
3 1 1.18 4 4 0 0 1 1.45
4 1 1.18 0 0 0 0 1 1.45

Frequency distribution for Lower Third Molar Protostylid (LM3.PROTO).

Eu;(;]:;;an: African: n=133 ASIan{l l:z;t.Am.: HIZEZTC:
PIlJ{l\(/;%O n % n % n % n %
0 81 93.1 126 94.74 4 80 48 78.69
1 3 3.45 4 3.01 0 0 8 13.11
2 0 0 2 1.5 1 20 0 0
3 1 1.15 0 0 0 0 2 3.28
4 1 1.15 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0
6 1 1.15 1 0.75 0 0 1 1.64
7 0 0 0 0 0 0 2 3.28

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not

necessarily reflect the official position or policies of the U.S. Department of Justice.
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Frequency distribution for Lower Second Molar Protostylid (LM2.PROTO).

European: African: . o Hispanic:
n=154 n=143 Asian/Nat.Am.: n=3 n=86
LMZ' 0, (V) (V) 0
PROTO n ) n Yo n Yo n %o
0 141 | 9156 |121 84.62 2 66.67 68 | 79.07
1 10 6.49 16 11.19 1 33.33 16 18.6
2 0 0 6 4.2 0 0 1 1.16
3 2 1.3 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 1 1.16
6 1 0.65 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0
Frequency distribution for Lower First Molar Protostylid (LM1.PROTO).
European: African: . D Hispanic:
n=122 n=117 Asian/Nat.Am.: n=4 n=53
LMl' (V) V) (V) 0
PROTO | ™ Yo n %o n Yo n %o
0 100 | 8197 |75 64.1 2 50 47 | 88.68
1 22 18.03 | 35| 2991 2 50 2 3.77
2 0 0 7 5.98 0 0 3 5.66
3 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 1 1.89
6 0 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0
Frequency distribution for Lower Third Molar Enamel Extensions (LM3.ENEXT).
European: African: . o Hispanic:
n=87 n=127 Asian/Nat.Am.: n=5 n=52
LM3. o o o 0
ENEXT | ™ %o n %o n %o n %o
0 68 78.16 | 118 | 9291 1 20 35| 67.31
1 16 18.39 9 7.09 3 60 12 | 23.08
2 3 3.45 0 0 1 20 5 9.62
3 0 0 0 0 0 0 0 0

This resource was prepared by the author(s) using Federal funds provided by the U.S.

Department of Justice. Opinions or points of view expressed are those of the author(s) and do not

necessarily reflect the official position or policies of the U.S. Department of Justice.
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Frequency distribution for Lower Second Molar Enamel Extensions (LM2.ENEXT).

European: African: . S Hispanic:
n=165 n=144 Asian/Nat.Am.: n=3 n=89
LM2. o o o 0
ENEXT n %0 n Yo n %0 n %o
0 128 77.58 | 119 | 82.64 1 33.33 34 38.2
1 26 15.76 20 | 13.89 1 33.33 37 | 4157
2 10 6.06 5 3.47 1 33.33 17 19.1
3 1 0.61 0 0 0 0 1 1.12
Frequency distribution for Lower First Molar Enamel Extensions (LM1.ENEXT).
European: African: Asian/Nat.Am.: Hispanic: n=83
n=143 n=120 n=5 panic:n=
LM1. o o o 0
ENEXT n %o n Yo n %o n %
0 133 93.01 114 95 4 80 50 60.24
1 10 6.99 6 5 0 0 19 22.89
2 0 0 0 0 1 20 12 14.46
3 0 0 0 0 0 0 2 241
Frequency distribution for Lower Third Molar Crenulations (LM3.CREN).
European: African: . L Hispanic:
n=69 n=120 Asian/Nat.Am.: n=5 n=63
(IIJII\{/IEBI\.I n % n % n % n %
0 25 36.23 11 9.17 1 20 12 | 19.05
1 30 43.48 27 22.5 1 20 23 | 36.51
2 14 20.29 82 | 68.33 3 60 28 | 44.44

Frequency distribution for Lower Second Molar Crenulations (LM2.CREN).

European: African: Asian/Nat.Am.: . L
n=108 n=125 n=3 Hispanic: n=76
(]:‘II:IEZI\" n % n % n % n %
0 87 | 80.56 25 20 1 33.33 51 67.11
1 15 | 13.89 39 31.2 1 33.33 22 28.95
2 6 5.56 61 48.8 1 33.33 3 3.95

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Frequency distribution for Lower First Molar Crenulations (LM1.CREN).

Eu;(ll;%an: African: n=97 | Asian/Nat.Am.: n=1 | Hispanic: n=60
(I:‘ll:lEll\'] n % n % n % n %
0 58 76.32 23 23.71 0 0 40 66.67
1 14 18.42 44 45.36 0 0 17 28.33
2 4 5.26 30 30.93 1 100 3 5

Frequency distribution for Mandibular Dental Crowding (CROWDING_MAND).

European: African: Asian/Nat.Am. . L
n=178 n=149 :n=5 Hispanic: n=81
ROWDING. | T [ [ oy | n [ % | om |
0 38 | 21.35 | 50 | 33.56 0 0 19 23.46
1 140 | 78.65 | 99 | 66.44 5 100 62 76.54

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



208

er Triangle

-values in the U

Matrix with

Correlation

Appendix B

T9ELYTO0'0 [TETTISTEE0- |OVPTSEGZO'0 |OTBSO8B0'0 (TSETBLOT'O- |T66TSSLTO- [8TTSLITT'O (SEESLSS0'0 | LXINI'TAN
CLLSSTEO'O (VEPTETSE'0- |0S¥BOSST'O |TTLYSYLT'O (TTEVELOTO- |CELLEEET'O- |SPBTISTTO (SPTESYLT'O | LXINITAN
S8CIBLTO0- (T680STST 0 |PSTLIVIY'O (EVPPSYOLO'O |BOSOTLLTIO- |TZEGEOST0O- (Z¥6ZSO0T'0 |00Z0ZL60°0 | IXINIENN
99S08E6Z°0- [OTEVLLET'O |TLOOBLST O- |S9L9TEBD0- (068BEVT'0 |EBLELI6T'0 |EEEG6LLT0- [SELOGSLED-| NIYI'TNN
SOETLYTT0- [SYT006VT'0 |60STL960°0- (00TSSZOT0- |6TLIVE6E'0 |6EL6LTOC'0 (BLT60STED- |TETOLIOVO-| NIYITINN
LYTOTLTEO- (0E9TTBE0'0 |CTBSLS60°0- [SBSOLTIOT0- |LTLSTTTE'O |6CTS9SL00 (0ELBSLBT0- |LPSLTO6T'0-| NIYI'ENN
v8YL6¥00°0- [TPEESOTC'0 |LLLYTOVT O- |¥6OBTLST O- [OLTBOSET'0 |LLSYOEIT'0 |T9T9BYST'0- (TLBEEGET'0-| OdAHTIAIN
ECTETSEO0- |T699SYBT'0 |PIBOELSE'D- [BEBETETTO- |T6TZIVET'O [SPIVOTTIC'O |6SPO0EST O- [€0096980°0- | OdAH'ENN
TS¥L6860°0 (8860TSTO'0 |6€E0L9S80°0 |OT¥BSSTO'0- (ESLYES8T'0 |TLPTISSLT'O (LSLOTBTIE'0- |€ET90TLBTO- ¥vann
T88E008T0- (9E9EVSTO'0 |66LTTSET 0 [E68L86L0°0- [0TO8869E'0 |689STIST'0 (00OVOLIV'O- |ZOTI6CIVO- J HSN8
0€6€0900°0 VN|88TZSHYT'0 [LSTSSEST'0 |08SEVLIT'O- [LTL6L¥00'0 [€L09S660°0 [0T¥Z6980°0 | AOHSA ZIN
8VL08€S0'0- [S8YTYSLO'0 |[VBSSETBT'0 [TTHB90€0°0 [S86ZBLOT'0 |€9609LZ0°0- [995£8L00°0- [69TZLSOT'0-| AOHS ZIN
7STSLS60°0- [ESTYO9TO'0 (T9ZBTEST'0 |€29SS600°0 [OEYSBEYO'0 [S8YETSHO'0- |0ZLLTLEDO- [088¥68F0°0- | AOHS TIN
8¥PT860°0- |62L866C0°0 |09LT6LLED- [9ETLEGYTO- |TBEEST60°0- [TBOET6TIT'O |8STI660T'0 [86T9ZLVCO ONIM
¥90996T1°0- [ZLTOT6ST'0 |969LVLST 0- |ELT066ST°0- (TSLT6EGT'0 |9ESESOYT'0 (6V9EBIVE Q- |69VPEEBT O- Sd
T6TL60T0°0- |9650€600°0 [95T9609Z°0- |9TLIYOVT 0- [¥899SB0T'0 |T9TLITTO0- (TS6TLITT O |6T¥9L8SO0- SSZ
EVBLLSTO0 [S695669T°0 |OBTISTLEO- |LOEVPEET O- (90T8YY90°'0 |CSOLITITIT'O (I860L6ET0- |9ZOVCHS0°0- Sdl

0L8¥6T¥0°0- (PL99YSLO'0 |EVIESOBT'O |6ELES99T0- (E6EGTCTITO- |STIBEGIT'0 [LTITIT96T0 SNS
SE9LOVLTO PBEBTTIET O [ETTSOTLT0- |TYPSBEST'O |9TESTIST'O (TSPSTIBOE'0- |8S6S60TE0- agd
SOT¥LLS0°0 (000000000 LOVETS0T'0 |660¥E9TO0 |Z9¥06690°0- |0ESYBSYO'0 (ZELIBYO00- ON
8¥Z00000°0 |PLZ6VTIO0'0 [SESLSLOOO 9T8TTLSED- [SPO00ZOE0- |SETTOZIE'D |LOL¥PBIBTO J9N
¢8¢T10000°0 (000000000 |8880SZ89°0 |00000000°0 199154650 [LTOOEESI0- |STS69919°0- MVN
¥8LvEE00°0 |00000000°0 (SOEF88L0°0 |00000000°0 (000000000 87STS991°0- (TL0V8OVEO- g0l
69800000°0 (000000000 |SELSTOSZ'O |00000000°0 (000000000 |OO000000°0 69ELTTTL0 VNI
¥5000000°0 |00000000°0 (979009060 |00000000°0 (000000000 (000000000 |0000000070 SNV

SNS agd ON J8N MVN g0l VNI SNV

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not

necessarily reflect the official position or policies of the U.S. Department of Justice.



209

8YSTV800°0- |LLVLITLO0- [EPPOOEDD'0- [T6LETLST'O |PEBSBOET 0- |€BSSSTB0'0- (LBTTESLT'O [STZESYBT'O | ONIAMOYD
CIESESYTO VN|OTEVLETY'O |PTOVTLET'O [ETBLLOVT'O- [00TZS68C0- |9LTISTOT'0 |SS908SS0°0 | LXINI'TNT
66L99€CT'0 (S6ELTSLT'O- [BTT68YIT'0 |TTO0STBO'0 |0TSSES80°0- [LE66ETTET O [SPEVYLOT'O |BLS66680°0 | LXINITN
89E09S9T°0 |LETITHBE'0- [LB8LETOET'0 [TBLTO9E00- [LS696VLT 0 [OZT¥OYOL 0 |6¥T660TC0 |BPTVLOTT'O | LXINI'EWT
8£89959€°0- |986CTT9E'0 (T9STT6IE0- [TSLZOTETO- |BTBYOSTIY'O (€E0898ZIE'0 |YSOTEGSE'0- |SBI6COTY'0-| NIUD'TNI
6LLSBETE0- |TS6ESTTT'0 |TPOSSBLI'0- [YOSEBSET O |POLO6LLIV'O |TTEELYYE'D |ETOBLSEV'O- [0SBBSYEE'D-| NIYI'TNT
YBC68SET'0- |T68898LT'0 (LTEVTTOT O |L6SOEBTO'0- |09YZEOVT'0 (BTLOTTST'O [SEBEEITED- |69SLIVBT'0-| NIYI'EW
€9961€S50°0- |Z9¥95860°0 |SOE6LEED O- (0BTSYE6T 0- |LESLO0SY'O |ESTESYBT'0 |T6TV6VIT 0- (TS6LTTSE0-| SASNI TN
56862000~ |8EY0008T'0- |ELTOLIVYZ'O [6SST86T00 |ZL86ZC80'0 |€0886190°0- |¥90ZS0S0'0 (9Z0SSBZO'0 |NIMMA'TNT
SSOTZS000- |PI6ZYESD'0 |8Y688980°0 |8ESOTEZ0'0- |BETTTLOT'0 |TLEBOOOT'O |SPS0TOBT'0- |TLE6988ST'0- PNASNI TN
8LYOVL8T'0 (vYPPI66ET 0 [9687SOTO'0 |Z6VE6STET'0 |LTEO66SE'D- [STTBLB0T 0- |088009€E'0 |0SSTYYOE0 | LLVAO'TNT
SL9SL0L0°0- |98T866ST'0 |SOTTTLEQ'O- |BETYB090°0- |¥9090T6T°0 |BESESSYT'0 |89TTI8ST'0- |£L856L990°0-| dSNIT1'Td1
6SLYLIVO0- |B9TT6YYO'0 |LPST6L00°0- [T9SL6SED0- |0Z86096C°0 |B00668LC'0 |809STHIE Q- [89098EVT 0- yvaol
SO860EVT 0~ |BYBELSYE'0- |¥980VL8T'0 [0S98L6ST'0 |Z6L96CCT°0- |99EVIS9T'0- (099700ST'0 [EL889S0T'0 AOHS'TIN
6CL60S6T1°0- VN|8998S9LE0 |ESTO60LT'0 |€ETBITLOT'0- [TOEEYE60°0- |OT6ILSLTO |PSBETIITO AOHS'ZIN
SNS agd ON J8N MVN g0l VNI SNV

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not

necessarily reflect the official position or policies of the U.S. Department of Justice.



210

6ZS6TL60°0 [8LS8TEZS'0 [8ZTTETIV'O [690908L%'0 [9TS6TZITO- [¥69ST96T 0- [S6L8SLST'0- [62Z00ZTE0- [ LXINI TN
859/Z¥0T0- [SOOTL80S'0 |[YOPEEOEE'0 [099ZE60F'0 |SOLYPO9Z 0- [6SEETSIE 0- [90S0SHSZ 0- [ZT60L5SZ°0- | IXINI TN
GBEB0TOE 0- [ESTZZEBT'O |ESPTYSST0 [€Z8068ZF'0 |Z9E96LEY 0- [9L6896EE 0- |STLB8Z88Z 0- [Z089TL8E0- | IXINT'EWN
¥69YT6VZ'0 |TSLSLOEE'0 [€9E064ST°0 |TEPOSYET'0 [86ETZLBT'0 |9Z90LS9Z'0 [SYOSYPLZ'0 [89T90ZLTO | NIYDTWN
TLLOSYEE'0 |6VPOETLT'O |EZEIEVET'0 [E6S6T86T'0 |89LVZTSO'0 [LTI6ZTE0T'0 |0Z8668LZ'0 [S6FEVILTO | NIYIZWN
68596¥¥Z°0 |SO66¥9Z0°0 |0OEEFTOT'O [TSBI686T'0 |9¥T9SSTT'0 [ZH0S098Z'0 |ZZTYZOTST0 |PPS8STYI'0 | NIYI'ENN
OET6Y9ST'0 |¥8906900°0- [SYOSIEYO'0 |S9LOSZED0- (¥8962Z00°0 |90ZZOTTIT'O (L8YTITEZT'0 |ZZ998Y90°0 | OJAHZNN
OLTTLSST'O |SLTVZLIT O- [80SL8E00°0- |S6ESSSYO0- [€S9VEBBT'0 |STTTISTHT'O [96E09€L0°0 |66SL¥LSO0 | OdAH'ENN
LYOLZTTS'0 [SO9TO8SZ'0 [T¥B98IZE0 [Z9PIV66E0 [9Z¥BEZ00'0- [908ZESYO'0 [L98TSS80'0 [9£9TESSO0 ¥vaon

Ov8LL680°0 [€¥9Z6480°0 [9LLESSB0'0 |0ZF90LTITO [£90SS9ZT'0 [vZTLEVOE0 [ZS6ST80Z0 D HSNg
66VE€9ZZT0 €ELTVL669°0 [Z6€99YER'0 |STLOZPOE 0- [808L008E 0- |06T8ZSZY 0- [866580€Z°0- | AOHSA ZIN
TZSLITZT'O0 (000000000 L8L09898°0 [TLSOTLYZ O- |8TOEEBLI O- [99¥¥Z6E0°0- [TEGTHPZZTO-| AOHS ZIN
ZETYOTST'0 [00000000'0 [000000000 ZLEOSYEY 0- [#SLSS98Z°0- [8S6ST8TZ0- [OPEVEEZZ'0-| AOHS TIN
TY6SEL90'0 [SETO0000'0 |9Z69TO00'0 (000000000 SE9S00ST'0 |SPLLEBST'O [S68LLO6YO ONIM
€T£00000°0 [00000000°0 [TTTSTTO00 [€8000000°0 |Z86¥ZZT00 SY9TESPE'D [9TTBEEBE0 Sd
00000000°0 |00000000°0 (€6ZL698F'0 |60£9Z000°0 (€86T0000°0 |000000000 PEOTEBTED SSZ
90£Z0000°0 [8¥6£0000°0 (8L¥LS6Z0°0 |OEESTO00'0 (000000000 |0OOOO000'0 (000000000 Sdl
ZLTTZO000 [Z9¥E0YT6'0 [SOOTETEE'0 [SPT8BYOT'0 [SYILEEOT'O [ZZS89Y00°0 [88ZSZISL'O [LEL60069°0 SNS
6¥88TE09°0 VN|[ZLOTLTLT'O [#POT9S8L'0 [LLT6S8T9°0 [ETS9TO000 |[¥8680¥18°0 [S9STO0000 asd
STZ00000'0 [TZSYOTTO0 [8Z¥6ZT000 [9TZ00000'0 (000000000 [0OOOO000'0 [000000000 [0OOOO000 0 ON
€SY6SPOT'0 [ZOTHYE00'0 [S6V69Z8S'0 [€S6€8Z48°0 [8L8E8ETO0 [00000000'0 [000000000 [9LL¥000°0 29N
000000000 |9E9E0EZ0'0 (Z006+¥ZSO'0 |ETSFITIY'0 [BEYIZOET'0 |00000000'0 (OTZLESO00 |SLSI6E0TO MVN
070000000 |SSELLTE6'0 (0SOL88T90 |TLEVPISYY'O (PPLIOS8YO'0 |00000000'0 (69E¥9ZLS0 |8E6Z8Y00°0 g0l
00000000°0 |£09Z9ZL0°0 (T66TE988°0 |8¥8L89ZS'0 (LE6LZ990°0 |00000000'0 (689€8T00°0 |ESO8E000°0 VNI
000000000 |6070T9ZT'0 (8€8L96S0°0 |¥89¥ZITH'0 (S95S0000°0 |000000000 (FPTL80ST'0 |SO6LZITT0 SNV

D HSN8| AOHSA ZIN| AOHS ZIn| AOHS TIN ONIM Sd SSzZ Sdl

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not

necessarily reflect the official position or policies of the U.S. Department of Justice.



211

9LY8EBST 0- [LZ8Z0LZO0 [0ZLOBLEDO- |[0¥¥BZITO0- [90EE0E000 |[Y6EL6ETO0 |LbPBEBZO0- [8Z9ELLOTO- [ ONIAMOYD
609468500 [S90965S¥°0 [POYTIZETY'O [L6L8TI8Y'0 [L¥SOLZO0°0- |09E6LY6T 0- [80ZS6Z9Z 0- [9STLEZIE 0- | LXINIT TN
GS808E90°0- [Z69TSZESO [POZHFIBIE'0 [E€90900S0 [LLSOTLOZ0- [£80TZTOZ0- [Z09ZEVST 0- [9EBSTTTZ0- [ IXINI TN
TE660E9T°0- |VBZET8IY'0 [ZZE00ETT'0 |6VL8YYEE'0 [ZLOTHITTO- [BE60ESST 0- [88ZLOVLT 0- [9566¥SS00- [ IXINI ENT
YTETEE9E'0 |LLIB6YEDO- [LST90ZZT'0 |TvvbS6ZZ'0 |Z9vLOTOT'0 |SEOZSTEE'0 |ZZEOZLOZ'O |SO890ZOE'0 | NIYD T
SYOSTSEY'0 |6LZ0680T°0- [6LTLLI600 [8SOTISTT'O |€6TZBLZO0 |TTLISY6E'0 |808ZESZZ'0 |T68YZOLZ'0 | NIYDTWI
8Y96984Z°0 |LOYTLZIT'O |0T6969ET'0 |6L¥90F8Z'0 |0T8TZ¥B0'0 |0ESY6ZOZ'0 |OEEESS60'0 |€8E900ZZ'0 | NIYDEWT
9EE6Z8ZE'0 |ZT6ET660°0- [88ZTZYTT'0 [€S8YOLLT'0 [Z09896Z0°0 [Z66TH00°0 |64L8S8LT°0 |000ZOLYT'O | SASND TN
00E€LLZTO'0 [9098YZLE'D [9TT6YTIYT'O [L8YYBILE'D |LLTTBBYT O- |8EETEYST O- |€8ETBOZT 0- |[TS6SSEST O~ [NIYMA TN
6LT6EZ07'0 |EVTYELZE'D [STIGTEEE'0 [SB066L8Z'0 [9STTT660°0- |0LTS68YT 0- [8E0TSSTO0- [8LZTZSTO'0 PNASND TN
ZLLBE6S00- [LZ68STT'O [9TE0TLITO [08ZSYIYT'O [08887880°0- [SSOZ6ZLZ0- [9TLSLZ600- [YOT96TST 0- | LLVAD TN
965ZSLST°0 |Z8Y0LZOT 0~ |OTT60TED 0 |£Z0¥L0ZO'0- |T90E9E00°0 |0ZBBLITO'0 |8ZTOT6L0'0 |TLBG6LEST'O | dSNITTd1
6L88SEVP'0 |ETVEBYLE'D |9VBSSBLT'0 |60ELZEEE'0 |€9E99LET 0 |TL90Z8Y0'0 |9SPESTSO0- |LS6ZTEZO0 ¥vaDl
LSEETSPE'0- |BETTOTTL'O |ESBLLYOL'O 956905980 [6E€9998Z'0- [ZEZOLOLEO- [LTSL86SY0- [PTTTI6S9S0-| AOHSIN
EEIVESET'0- |[TSO0EEE9'0 |9P098869°0 |ZESTYELL'O [8BZ99LEE0- [TPZB6L9E0- [YOEOT89Y0- [¥OTOSHISO-| AOHSZN
D HSNE| AOHSA ZIN| AOHS ZIN| AOHS TIN ONIM Sd SSZ Sdl

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not

necessarily reflect the official position or policies of the U.S. Department of Justice.



212

8VLIV669°0 |LSET969Y'0 (Z69BITTO0 |ZC8Y8TI60°0 [Z9YCTISSO'0 (TS006Lt0°0- |VLIST6C00- [ESETOVST'O | LXINI'TNN

SPSETSSL’0 |OLEEBYO0'0 (0BEESBSO'0 |9CLYEBO0'0 [8ZOYSOTT0- (TLLLBEBTO- |9PTLBLBT'0 [ LIXINITAN
00000000°0 TESETOST0- |8YPLLSEDO- |9T9STETO0- (6989EYSO'0- |6680STHT 0- |OFZSYESO'0 | LXINIENN
8L6ET6C6'0 |609CT000°0 CESTL98L'0 |PPSLLEBS'O (ZSYOOVET'O |#99STEST'0 (ZOOS99EE0 | NIYI'TN
6E6T9TYT'0 |LZOVELLS'O (000000000 0867879L°0 |00S8BETT'0 (OLEBISTT'O |BSBT6LIY'O | NIYITINN
0SL78768°0 |€8S¥E0SL'0 (000000000 |00000000°0 0ESLITYO'0 |TELYSBOZ'0 [SPP6Z6LE'Q | NIYI'EWNN
EVTTITIT00 [TT6ESEBE'0 |LITOOSTO0 |BESOSETO'0 (SE00TVETSO £L868L66V'0 [SO6L6LET'0 | OdJAH'TINN
TL6TET00°0 (€BYOTTZO0 |0680¥VSTO'0 |9LLLYSS0'0 [OEEESO00'0 |00000000°0 08E8YEOT'0 | OdAH'EAN
8€STEO00'0 |STZOZESE'0 (000000000 |O0000000'0 |000000000 (TSLVPLOTOO |86SLISTITO ¥vann
8S810S¥0°0 |€0Z00000°0 (St¥TO000'0 |00000000'0 [0ESLTO000 (¥PZTOO000'0 |EEELO000°0 (OOOOOO000 J HSNg
000000000 [6Z6TBETO'0 [9¥000000°0 [€E00THI00°0 [€L600LZL0 |¥86ZLOTE'0 [9¥Z¥SO60°0 |[Z¥L00000°0 | AOHSA ZIN
T0000000'0 [0E68E000°0 |¥ZES0000'0 [89ZETO00'0 [8BTHOELT'O [SSTSLTILY'O [POOSZ8S6'0 [TOO0D0000 | AOHS ZIN
00000000°0 (20000000’ [6STISYSO'0 [T8TTBZO0'0 (LLE6S0ETO0 |PT¥BLOT9'0 [SELBZTLS'O [000000000 | AOHS TIN
81¥¥0000°0 |Z0000000°0 (ESTE0ZTO0 |69¥PYYOP'0 |EBOTELZTO (TYCOTELE'0 |€6908CC00 (6LZTB0L60 ONIM
00000000°0 |00000000°0 (TEO000000 |6S5¥0000°0 |PSTOD000'0 (LSO0ZTZO0 |STLLILIOO (vPL68TSE0 Sd
80000000°0 |S0T00000°0 (SZOO0000'0 |€E0000000°0 |LEEOD000'0 (EO0SBETO'0 |6S6LSYIT’0 (TBSESCE00 SSZ
S0000000°0 (000000000 |ELTLZTO00 |99TCS000°0 (€E60VIZZO0 |EOOTTIZ6T'0 [S¥S6LIVE'Q (V9BETTLTO Sdl
OPTLS66¥°0 [999168E9°0 |TOO000000 (¥P6STO000'0 |E0000000°0 (LSPPL8I6'0 |PEETLSSS'O (SSPSYSYO'0 SNS
00000000°0 |990£0900°0 (Z¥SO0000'0 |ZSO00000°0 (LZ6¥990T°0 (PTLO0000'0 |S69C6T00°0 (0S6EE0SL0 agd
600000000 |00000000°0 (T¥¥P8LEOO'0 |8STB0E90'0 [T96LZOET'0 (TZ80¥S00'0 |0O0000000°0 (099S6TE00 ON
61S6T000°0 |SSEOT6ECO [TPESBLIT'O |BI6Z0EVO'0 (BVEBLEGDO (OSVPEETO00'0 |TLSETIVO'O (L6ETBYSLO J9N
Z¢60T€000°0 (¥¥S69Z00°0 |S¥Z00000°0 000000000 [STOO00000 |£800SS00°0 (8I8¥SYZO'0 |00000000°0 MVN
¢¥000000°0 (60€95900°0 |T895C000°0 |SCTISO000°0 (PL8SLTTITO |CL8TL000°0 [006S€0000 (¥PLEE0000 g0l
662000000 |Z¥EC0880°0 (800000000 |00000000°0 [ECTO00000 (PSTPPETO0'0 |€8088S00°0 (000000000 VNI
¥985¢000°0 |€8ZEBSOT'0 (000000000 |O0000000'0 |PETO00000 (£898TS00'0 |8869E0ST'0 (TOO000000 SNV
LXAANITAN| LXINT'EANN| NIYITWN| NIYITWN[ NIYI'EANN| OdAHTWN| OdAHEAN ¥vaon

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not

necessarily reflect the official position or policies of the U.S. Department of Justice.



213

£L8L9T0L0°0 |Z6TTETSO0 |6869EEVO'0 (TSSLYBO00- (L6L6¥FSO0- [TTT6TCEDO- [TTVPOZOST O |6CTOLISTO- | ONIAMOYD
PIS6YEY9'0 |BOVSETLY'O |60V9ESTT'O- (VE9TOTTIT'O (BEELETTO0- (T6S9LSYO'0- [OTSTTOVT 0~ [9SL66LYT'0 | LXINI'TINT
6¥7SSS89°0 |6S0L8YTL0 |T690ET60°0- (ELTT6ZSO'0 (9990CE00°0- (L9689910°0- [T6VLEETT O [TTSS8SZT'0 | LXINI'TNT
TLLL9LT90 |P8TTOTOP'0 |08¥99L90°0- (098SE690°0- (YIT866VT 0- (8YOVVETT 0- [TESESSST 0~ [POT6SYOT'0 | LXINI'ENT
S8LI98TT 0 |TSSBT96C 0 |TLVESTES'O |S89SEVYO'0 |ESTLVIVS'O |9S8SLTET'O |SSL6TEBT'O [PBELOOSE'0 | NIUI'TINI
00TEBGET0- |TT9T6Z0T0- |9¥8T6609°0 (CEBEBTEL'Q [LSTTLEL9'0 [L6EEVSOT'O [EOTL9EBT'O [S08T690F'0 | NIYITINT
8L9L6€80°0 |ZEEOSTTO0- 89T6YIVY'O (6LEETBIS'O [EVLVEEES'O (909TT99T'0 (LSLLSEBT'O (98TYPBYIV'O0 | NIYI'EWT
0LLESGED'D (OTPS69TT'0- (VPPSTS6LT'O [TTSS609T'0 |666LTLVE'Q |T86SLEST'0 |LSSTTOOE'0 |OLIVEGEE'OD | SASND'TNT
9Y8T9E6T'0 |PSTLEBYT'O |EEVEOECT'O (LSPYBEVT'O (OVTI6EBYT'O (OLLIE000°0- [BETVLETITO- [PSOVOEGT'O |NIIMA'TINT
T6ESSBET'0 |890CLOTO0- |68L9¥ZOT'0 (S60T06L0°0 [6TSETSYO’0 (VPBELYSOT'O [STEVBEET'0 [BEOTISSE'0 PNASNI'TINT
€8866C6E'0 |ST680V6C'0 |SLVETBET'0- (TOBTTLBT'0- [LOEYOYET O- [6EISEETO'0 (0BLE8TTT O [6£L9E6TTO0- | LLVAOTINT
T9870€€0°0 |Z68TOTTO0 |ETTY6860°0 [SESS0BST'O (Z9PTSS6T'0 (8T900ETT'0 (TT6IVEST'O [ES8BYIVIO | dSNOT'Td1
80L099TT'0 |8BTLSEIT'0- [SEEBTETT'0 [ST6ELBOE’0 [EETEGTICE'Q (€E99TTS0T'0 |BLLBIIVI'O |EESTSSSS'O ¥vaJl
686€SC89'0 |Z8TT66TS0 |SO6LLOTO0- [T¥99899T°0 (BI8ITIYT'0 (TSOTTTSTO- |PEBS9T00'0 |E099TLIEQ AOHS'TIN
T6CESETS0 |L¥PS60TS'0 (LTLO6TCTO- (PETVIOVT'O [68LESSTT'O (00ELIELOO- |968¥¥¥90°0- |6L8L09TE0 AOHS'ZIN
LXANTTAN| LXINT'EWNN| NIYITWN| NIYITNN| NIYIEANN| OdAHTAN| OdAH'EWN ¥vaon

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not

necessarily reflect the official position or policies of the U.S. Department of Justice.



214

T686S9TT'0 [ZEECTE80°0 |€0000000°0 |S80806L0°0 [TOO00000'0 |OO000000°0 (OOOO00000 LXENITAN
61100000 |¥¥SOE000'0 |0O0000000°0 (PO¥LOLZS'O |0S6€96C0°0 (000000000 |00000000°0 (000000000 | LXINITNN
0E¥06580°0 [EFOES008'0 |96T+0000°0 (06T6S¥98'0 |OSTSTISTO’0 (000000000 |00000000°0 (000000000 | LXINIENN
¢STT0660°0 (PEOG8BET'0 |6TZEE000'0 (TBTIB680°0 |L66LE000°0 |STZYILVL'O |60¥8SOY0'0 |¥89SSTEB'0 [ NIUDTIANN
9996.000°0 [ET80Z¥YC'0 |#PT900000°0 (T68E6E00'0 |€E0000000°0 (OT8LIS000 |PLI6T9T0'0 [TLTECTBO'0 | NIYITINN
SCP6IE00'0 [ELTOCTLS'O |SS8V0000°0 (879967000 |68T00000°0 |S¥9SSESO'0 (86¥FS960'0 |EEOSEBBE'0 [ NIYI'ENN
£SS£5966°0 [88061C00'0 |I8TO6ZEB'0 (ES0EBYED'0 |€868T000°0 (LOESLOTOO |L8L6VL6T'0 [TESOZEVE'Q | OdAHTIAN
OELOEO9T'0 [T9SELTO00 |TZET6Z60°0 (POLSO000'0 |S99SE000°0 (SBLITTLE'0 |PLE6E0SE'Q (LOLESTYS'0 | OdAHENN
075796000 [TTO00000'0 |S6ETYLS8’0 (9548SL00°0 |00000000°0 (TOOO00000 |TOO00000'0 |9S000000°0 ¥vanon
9rSrTS98'0 (LZSO00E00'0 |TSSTBI9E'0 (EL000000°0 |00000000°0 (0OOODOVOO0 |SEBEVETO'0 |EEESLLO00 J HSN8
¥8500000°0 (€££T0000°0 (99¥ZE060°0 [9¥¥8YEB0'0 (000000000 [OO000000'0 [0OO00000'0 [00000000'0 | AOHSA ZIN
€€S99€00'0 [L¥800000°0 [SYEYYOTT'O (LZO9SEGS'O |¥PTOO000'0 (000000000 (000000000 [00000000'0 | AOHS ZIN
09ZT0000°0 (8T98€000°0 [L¥9TESLO'0 |OTEGTZHL'O [LO00O000'0 (000000000 (000000000 [000000000 | AOHS TIN
O000EYZIT'O [(0ZO6ISYT'0 |TOTLST6Z'0 (6C08ESSE'0 |LS8STYEO'0 (000000000 |TTO000000 |LZTZLI600 ONIM
€9¥ESLT00 (LO6I¥6T00 |#OYO0000°0 (888TY¥608'0 |S#SS98EE'0 |00000000°0 |000000000 |¥ZHE0000°0 Sd
£LS6EL980°0 [BEE066080 |Po¥IZYIT'0 (06TC8660'0 |Z9€9066C°0 (000000000 |00000000'0 |STTISZTIO00 SSZ
6€£59020°0 [9¥¥98ETB'0 |¥6961C00°0 (LZ60ET000 |SCITIOFS'0 (000000000 |0O000000'0 |000000000 Sdl
TS9185S96°0 (OT9ESYEE'O |9886ET00'0 (TLOLETET'O |S8SYPE8BE'0 |T1SC00000°0 (88900000 |SSEB086T0 SNS
979476000 [OPTSBLIE'0 |CTOV0000°0 (ELSO9000°0 |9E00EESE’0 (000000000 VN|000000000 agd
SE6TS000°0 (EOTTZSLT'O |S9Y00C98°0 (99C0S8EV'0 |Z60EVCL8'0 |#0000000°0 |00000000'0 |96668ESS'0 ON
OVEOVLLLO [9TLTILYS'0 |SSTTOLIO0 (OSESOLET'O |EEELOTSP'O (L86SET000 |EEEVSO00'0 |T9SSTLO00 J9N
6648S6£7°0 (0S¥00T00'0 |00000000°0 (8Z¥H#0000°0 |00000000°0 (SBO096T00 |SPLIV6ED'0 |8TTSEVIO0 MVN
6C6VLELED [BBTCLETT'O |#969€000°0 (ZT6S8T00°0 |00000000°0 (¥¥O¥STO0'0 |L06SYYY0'0 |0Z61Z000°0 g0I
¢ST¥989%°0 (9vTOZ¥00°0 |00000000°0 [S6599000°0 |00000000°0 |9L¥T6E00°0 [LTI9CE000'0 |¥90ZEOTO0 VNI
STEVYL89°0 |¥SL¥0000°0 (000000000 |SOOT8YIT'0 |8SO00000°0 (S660S8Y0°0 (ZSTTESTO'0 |EBESTIBTO SNV
NIIMA TWTONdSNI TT| LLVdO'ZNT|  dSNDT'Td1 yvaol AOHS'TIN AOHS™ZIT| LX3NI'TAN

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not

necessarily reflect the official position or policies of the U.S. Department of Justice.



215

896ZL0¥T°0- (6986E89T°0- |PTOZEIE0'0 |YT696E9T 0 |629988EC0- |L66L0T60°0 [TTSSY690°'0 |9TZZI600°0 | ONIAMOYD
SLEVOBEE'0 [TETCO6VO'0 |69VTTLIE'0 |OBTEBEST'O- |9LS660VT'0 |9TVESBLS'O (OTLTIESBS'0 |S9TST6IB'0 | LXINI'TNT
€49LS89C°0 [TELSEBEOD'O- |ZTTBB06ST'0 |Z¥68YSTO0- |09680CZ0°0 |80TLBTCS'0 (L¥L86STS'0 |P6LOVE8S'O [ LXINI'TNT
CETI8LIT0 |T90L86T0°0- (PLVYOLLIT'O [ST6TET00°0- |60ES90TO0- |008806LZ°0 (0S6EBYIO0 |PTPS6LLYP'O | LXINIEWT
90r08S9T'0 (6SLVPYT0'0- [TEBILLST O |TTO6ZVET'0 |BTLSOVEE'D [6TZ00¥VIT'0 |8SPSLTO0'0 |¥6896S10°0-| NIYWI'TNI
69TTOVET'0 [6LTSLOTO0 |8VI¥B09Z'0- [B6TVETIT'0 |BYTESTOE'0 (BIBSTSET'0- |Z6E0S0TT0- (ZLIVBSTO'0-| NIYI'TNT
CPSEBTTIT'0 (LSTTIBOVT'O- |OELEBTIST'O- (B00VZZYT'O |SYPBTLYBT'O |6T9LESTT'O (PELTIVLOT'O |9LTSTIOT'O [ NIYI'EWT
PEBLSHEST'O [SESSBOSS'0 |L8VBSEBD'0- (T¥9SBSOT'0 |90STST6Z'0 (EBSTSTSO'0- |SLS8TELOO (ZTEBEZLE00-| SASNI' TN

E€L6TEBYE'D (L¥960900°0 |C0B9TLLOO- [9E96TVIT'O |TLEEVCTS'O |ELTGEVBE'Q |BEEEBYIT'O |NIMA'TINT
€€000000°0 959¥S860°0- |6SE6SYET'0 (ZSOSTS6T'0 |L9TOTSSE'D |LE66ETIVE'D [LOSSBETT'O PNASND' TN
590559€6'0 |6EBL6EITO LS0898TT'0- |STBT6STT'0- [9LL9L9TT'0 |TVBEESLT'O (LVISYPSYE'D | LLVAD'TNT
806ZL187°0 (L9€600¥0°0 |STSOTYSO'0 S8.£8L0ST°0 [TTBOSTEO0- [Z6¥E0080'0 |S8T66E60°0-| dSNOT'Td1
€06611¥00°0 (ZZTTO00000 |L6E¥Y000°0 (S000000°0 VLLBYTOV'0 |BESTI9SH'0 |EBTTO60E'0 ¥vaol
00000000°0 [0SO00000'0 |6TCELB90°0 (806499950 |00000000°0 06¥52686'0 |86TCV6LL0 AOHS'TIN
€T000000°0 (00000000 |ETS¥B900°0 |BLOZETZT'O |0OO00000'0 |OOO000000 8ETL9ETLO AOHS'ZIN
NIIMA TWTONdSNI TT| LLVdO'ZNT|  dSNDT'Td1 yvaol AOHS'TIN AOHS™ZIT| LX3NI' TN

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not

necessarily reflect the official position or policies of the U.S. Department of Justice.



216

¥6091598°0 (00000000°0 (000000000 |000000000 |TTTTIS90S'0 (SPPSSS9L9°0 (0S6TE9TO0 |BTEEIIVT'O | LXINI'TNN
¢LT90¥8T°0 |00000000°0 (000000000 [00000000'0 |ESOTBTS00 (0OT6ZTOCO0 (9ETBS66T0 |PESH6ISSS'0 | LXINITAN
60SS49Z¥°0 (00000000°0 (000000000 |000000000 |BSEBTO00'0 (LOTL8Y00°0 [SSSETS9B'0 |P6EGO6TIT'0 | LXINI'ENN
C9LYTYOY'0 |6Z8E9YPO'0 (BLYPPIBZT'O [TTIEYISE'O |00000000°0 (000000000 (000000000 |TOLZIE000 | NIYWITNN
¢0£0S088'0 |SESTSL90°0 (0ZO6YTISE'Q [SS0¥F8YTIE'0 |00000000°0 (000000000 (000000000 |TZEG0000'0 | NIYITINN
PLEBLTIV'O [SLET66SL’0 [LL1T0T96°0 |66L0¥6€0°0 |00000000°0 (000000000 (000000000 |8COTO000'0 | NIYI'ENN
L9%159SS°0 [TTOT66EV'O0 |0SOEE66E'0 |ECSELO000 |¥9L08000°0 (60¥¥L900°0 [BEBETZIO'0 |86960000°0 | OdAHTINN
SST9EVYTO0 (6S8ES000°0 (S6TS0TS0'0 |EOEEE000'0 |STEVYO00'0 (8TTS0000°0 (8C080000°0 |SELYPTO00'0 | OdAH'ENN
90€0¥E00°0 (68CC0000°0 |POSLSYPZO'0 |ESLSYC00'0 |6T000000°0 (000000000 [000000000 |¥#7000000°0 yvann
SLS98€00°0 (OEVE89TE’0 |L6STEYST'O |TTLIZSTO0 |ETO00000°0 (0OOOOOOOO0 [SSTEOODO'0 |96000000°0 J HSNg
18665959°0 [00000000°0 [00000000'0 [00000000'0 [069TLL99°0 |09SLLYTT'O |L9TTLOST'O |[EVBBISOZ'0 | AOHSA ZIN
TZ¥86¥7S'0 [00000000°0 [LT000000'0 [9TEZELOT'O |98EFOS00'0 |6EVELT6T'O |OTTVEZLO'0 |[L8T98IET'0 | AOHS ZIN
88v66864°0 (000000000 (00000000°0 (9LT¥0000°0 [T9EOYL00°0 [T9TLOLZT'O [€9ZT9000'0 |6ZSYETEO'0 | AOHS TIN
TLEBYCO6'0 |STLESTBE'Q (Z8LICT000 [6668E08T'0 |ECELSTLO0 |EV98SBTL'0 [TT999ZVE'Q [EL6S98TLO ONIM
€9¥9TSB8L'0 |CISTEO00'0 (618£0000°0 [IBELSZTO'0 |8Z000000°0 |0O0000000°0 (SSESCIOO0 [9699€816°0 Sd
506586850 (LETO0000'0 (890661000 |P6ECTSO0'0 |SLE6LLTIO00 (€98L0000°0 [B8SBESEET'0 |BLLETSO00 SSZ
OETLLOYO’0 (000000000 (6S8C0000°0 |TS60LELEO |ST¥O0000°0 (T8TO0000°0 [OET8Y000'0 |TTSSTCZO0 Sdl
TELB8TOLB'0 [EESESS00°0 [T6TLI9ETO0 |OPEBY900'0 |TOOD0000'0 (TOOO0000'0 [ETEETO00'0 |L6L9ETOP0 SNS
SS8SLEST0 VN|Z0000000°0 |00000000°0 |Z0000000°0 (6¥986ZE0°0 |6CE0ZY00'0 |PIFB00ZTO agd
P¥9EESS6’0 (000000000 [ZTOTO000'0 |9496T000°0 |¥000000°0 (BSOTTZO00 [L9SESTIT'O |BYOTESES™O ON
T9TTETO00'0 |6TTPTO00°0 (9L9¥TS60'0 (SLIBGEESS'O (ZSEVYOVO'0 (SYO0BLTIO0 (098709590 [I86SSTO00 J9N
879000000 (T¥9ET600°0 (ZTL88980°0 |¥ZSOZ¥00'0 000000000 (000000000 [OZETTO00'0 |000000000 MVN
LYBIVYETIT'0 (SO000000°0 (Z80£L0600°0 |OETTO0000 |ZZTO0000°0 (000000000 (865¥0000°0 |¥9¥00000°0 g0l
8¥9€S000°0 [9EE0ST00'0 [EVL6L000°0 |S¥PZST000°0 |TOO00000°0 (000000000 [60000000°0 |ZTTZ00000 VNI
99%Z¥000°0 (SOPIPITIE’0 [TSESL6L0'0 |TEBETOS0'0 |0O0000000°0 (000000000 [T¥SO0000'0 |TOOOO0000 SNV
ONIGMOYD| LXANT'TT| LX3NTTWT| LXINT'EWT| NIWD T NIWDTWI| NIWDEWT| SISNDTIAN

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not

necessarily reflect the official position or policies of the U.S. Department of Justice.



217

89¥S6LCT°0 |0ETOLIEO0- |LOGLYLLT'O [LO9VOLEST'O- |TSBLBTTZ'0- [OEBIBEET 0~ |ZLSTBSTED- | ONIAMOYD
€S79T000°0 09LEST89'0 |ETOSY60S'0 |Z9¥L8YED'D- [0SOLOLLTO- |E0BYS0ET'0 (#9SSBTTO0 | IXINI'TNT
€C8STLTS0 (00000000°0 PI9SYLIL'O |9LT8VEBO'0- |E00LTTSO0- [STLLETLO'0 |L6EST6TO0 | LXINI'TNT
¥8¥6SZT0°0 |00000000°0 |00000000°0 TOTTZSLT 0 |YTOOTZYT 0- ([YTZO0ZTO0- |0890ELB0°0- [ LXINI'ENT
€98ETLEDD (658955650 |64S0S8TC'0 (96TH0T000 6ECESTO8'0 [9LSEBTLS'O |L9TTLELT'O [ NIYI'TINT
SLS00T00°0 (0LStPS00°0 |Z8T69L9€°0 [ET9TTTISO'0 |00000000°0 06STVYEIB'0 |TVPLBIVOC'0 | NIYITNI
T6LVYES0'0 (¥8SBETLO0 |6TBTESBC'0 |CI6LT6S8°0 |00000000°0 |OO000000°0 PSSYOE9E’0 [ NIYI'EWT
SEE00000'0 (B06SB0SB'0 |ESBEGB9L'0 |9988E96Z°0 |#S06E900°0 |€899SZ00°0 (E8TO00000 SdSNI' TN
€0TESOLO’0 (0S000000°0 |¥8SYPTO00'0 (LBEOLE00°0 |6LT9E€BTO0 |TSY0OLLO0°0 (L¥Z06600°0 |TOEBTIZO0 [NIMMA'TNT
O¥8¥T000°0 (6¥9E99EV'0 |E968YBSS'0 |BOBTIEIB'0 |6ELSYETL'O [6ZTITSLB'0 |6L068EL0'0 |00000000°0 PNISNI'TNT
69€0¥9ST'0 [ETTO0000'0 |Z6TES900°0 (TSTTI6C00'0 |ETBTE0000 (STOTOO00'0 |TBTESEE0'0 (OVLOEGET'O | LLVAO'TNT
L6SELEOO’0 (295000000 |TYOBITLLO [LPTIETTLE'0 |S69TS000°0 (€806C900°0 |PLvLSLTO0 [(0SETCTITIO0 | dSNOTTd]
ST¥Z0000°0 (£68809T0°0 |06T0Z069°0 (€80C0¥L8°0 |T9T00000°0 |£8000000°0 808700000 |€9¥10000°0 yval
0Z8¥0YET'0 (000000000 |00000000°0 (9500000 |Z9TES6TO0 (99ESETVO'0 |LSTYBTO0'0 |L6T9T08Y°0 AOHS'TIN
8¥CTSEET'0 (000000000 |00000000'0 (EESLOVILO |¥BT6S696'0 (E6ST6080°0 |ECTIBEIT'O |SLISYO6Z'0 AOHS'ZIN
CONIGMOYD| LXANT'TWT| LXINT'TWI| LXINTEWT[ NI TWI[ NIYITWI| NIYDEWI| SISNDTIAN

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not

necessarily reflect the official position or policies of the U.S. Department of Justice.



Appendix C: Conditional Probabilities for Each Trait

218

Anterior Nasal Spine
Ancestry 1 2 3
Black 0.77372263 | 0.20437956 | 0.02189781
Hispanic 0.375 0.39423077 | 0.23076923
White 0.16666667 | 0.41428571 | 0.41904762
Inferior Nasal Aperture
Ancestry 1 2 3 4 5
Black 0.36170213 | 0.3475177 | 0.23404255 | 0.04964539 | 0.00709220
Hispanic | 0.07142857 | 0.16964286 | 0.29464286 | 0.28571429 | 0.17857143
White | 0.01702128 | 0.06382979 | 0.23829787 | 0.34042553 | 0.34042553
Interorbital Breadth
Ancestry 1 2 3
Black 0.0647482 | 0.51798561 | 0.41726619
Hispanic | 0.37272727 | 0.48181818 | 0.14545455
White 0.43722944 | 0.47186147 | 0.09090909
Nasal Aperture Width
Ancestry 1 2 3
Black 0.04347826 | 0.31884058 | 0.63768116
Hispanic | 0.22727273 | 0.66363636 | 0.10909091
White 0.53070175 | 0.37719298 | 0.09210526
Nasal Bone Contour
Ancestry 0 1 2 3 4
Black 0.34285714 | 0.17857143 | 0.03571429 | 0.17857143 | 0.26428571
Hispanic | 0.03636364 | 0.15454545 | 0.05454545 | 0.38181818 | 0.37272727
White | 0.05652174 | 0.17826087 | 0.10434783 | 0.36086957 0.3

This resource was prepared by the author(s) using Federal funds provided by the U.S.

Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.




Nasal Overgrowth

Ancestry

0

1

Black

0.92424242

0.07575758

Hispanic

0.51648352

0.48351648

White

0.87837838

0.12162162

Post-bregmatic Depression

Ancestry

0

1

Black

0.8467153

0.1532847

Hispanic

0.9266055

0.0733945

White

0.9527897

0.0472103

Supranasal Suture

Ancestry

0

1 2

Black

0.71223022

0.02877698

0.25899281

Hispanic

0.51818182

0.05454545

0.42727273

White

0.51515152

0.14718615

0.33766234

Transverse Palatine Suture Shape

Ancestry 0 1 2 3
Black 0.078740157 | 0.181102362 | 0.732283465 | 0.007874016

Hispanic | 0.420560748 | 0.401869159 | 0.14953271 | 0.028037383
White 0.117647059 | 0.248868778 | 0.597285068 | 0.036199095

Zygomaticomaxillary Suture Shape

Ancestry 0 1 2 3
Black 0.07751938 | 0.170542636 | 0.744186047 | 0.007751938

Hispanic | 0.348623853 | 0.348623853 | 0.293577982 | 0.009174312
White 0.097222222 | 0.393518519 | 0.50462963 | 0.00462963

This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Palate Shape
Ancestry 1 2 3 4 5
Black 0.00763359 | 0.07633588 | 0.26717557 | 0.46564886 | 0.18320611
Hispanic | 0.19230769 | 0.41346154 | 0.24038462 0.125 0.02884615
White | 0.01190476 | 0.1845238 | 0.51190476 | 0.19642857 | 0.09523810
Incisor Winging
Ancestry 1 2 3 4
Black 0.07575758 | 0.01515152 | 0.89393939 | 0.01515152
Hispanic | 0.33333333 | 0.04761905 | 0.5952381 | 0.02380952
White 0.06930693 | 0.00990099 | 0.91089109 | 0.00990099
Incisor Shoveling (Maxillary Lateral Incisor)
Ancestry 1] 1 2 3 4 5 6 7
Black | 0.3711340 | 0.3402062 | 0.1958763 | 0.0412371 | 0.0103093 | 0.0206186 | 0.0103093 | 0.0103093
Hispanic | 0.1818182 | 0.2545455 | 0.2545455 | 0.0727273 | 0.1454546 | 0.0363636 | 0.0363636 | 0.0181818
White 0.53 0.29 0.11 0.02 0.01 0.02 0.01 0.01
Double Shoveling (Maxillary Lateral Incisor)
Ancestry 0 1 2 3 4 5 6
Black | 0.91666667 | 0.02380952 | 0.01190476 | 0.01190476 | 0.01190476 | 0.01190476 | 0.01190476
Hispanic | 0.74074074 | 0.12962963 | 0.05555556 | 0.01851852 | 0.01851852 | 0.01851852 | 0.01851852
White | 0.93457944 | 0.01869159 | 0.00934579 | 0.00934579 | 0.00934579 | 0.00934579 | 0.00934579
Mesial Canine Ridge (Bushman Canine)
Ancestry 0 1 2 3
Black 0.697478992 | 0.12605042 | 0.109243697 | 0.067226891
Hispanic | 0.841269841 | 0.111111111 | 0.031746032 | 0.015873016
White 0.943089431 | 0.016260163 | 0.032520325 | 0.008130081

This resource was prepared by the author(s) using Federal funds provided by the U.S.
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Distal Accessory Ridge (Maxillary Canine)
Ancestry 0 1 2 3 4 5
Black 0.33898305 | 0.24576271 | 0.22033898 | 0.05932203 | 0.09322034 | 0.04237288
Hispanic | 0.44444444 | 0.17460317 | 0.17460317 | 0.11111111 | 0.04761905 | 0.04761905
White 0.752 0.128 0.064 0.04 0.008 0.008
Hypocone (Maxillary 3rd Molar)
Ancestry 0 1 2 3 4 5
Black 0.07368421 | 0.24210526 | 0.26315789 | 0.27368421 | 0.09473684 | 0.05263158
Hispanic 0.28125 0.203125 0.328125 0.140625 0.03125 0.015625
White | 0.26315789 | 0.24561404 | 0.24561404 | 0.12280702 | 0.0877193 | 0.03508772
Hypocone (Maxillary 2rd Molar)
Ancestry 0 1 2 3 4 5
Black 0.00869565 | 0.02608696 | 0.14782609 | 0.33913044 | 0.26086957 | 0.21739130
Hispanic | 0.02352941 | 0.07058824 | 0.23529412 | 0.29411765 | 0.32941177 | 0.04705882
White 0.04464288 | 0.15178571 | 0.17857143 0.1875 0.33928571 | 0.09821429
Crenulations (Maxillary 3r4 Molar)
Ancestry 0 1 2
Black | 0.1098901 | 0.3076923 | 0.5824176
Hispanic | 0.3103448 | 0.3965517 | 0.2931034
White 0.36 0.48 0.16
Crenulations (Maxillary 1st Molar)
Ancestry 0 1 2
Black 0.4742268 | 0.3814433 | 0.1443299
Hispanic | 0.75324675 | 0.19480519 | 0.05194805
White |0.85227273 0.125 0.02272727
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Enamel Extensions (Maxillary 2nd Molar)
Ancestry 0 1 2 3
Black 0.922413793 | 0.043103448 | 0.025862069 | 0.00862069
Hispanic | 0.494382022 | 0.348314607 | 0.146067416 | 0.011235955
White 0.817460317 | 0.142857143 | 0.031746032 | 0.007936508
Enamel Extensions (Maxillary 1st Molar)
Ancestry 0 1 2 3
Black 0.92920354 | 0.03539823 | 0.026548673 | 0.008849558
Hispanic | 0.76744186 | 0.104651163 | 0.11627907 | 0.011627907
White 0.94214876 | 0.033057851 | 0.016528926 | 0.008264463
Incisor Shoveling (Mandibular Lateral Incisor)
Ancestry 1] 1 2 3 4 5 6 7
Black | 0.9145299 | 0.034188 | 0.0085470 | 0.0085470 | 0.0085470 | 0.0085470 | 0.0085470 | 0.00854701
Hispanic | 0.6071429 | 0.2678571 | 0.0357143 | 0.0178571 | 0.0178571 | 0.0178571 | 0.0178571 | 0.0178571
White | 0.9469697 | 0.0075758 | 0.0075758 | 0.0075758 | 0.0075758 | 0.0075758 | 0.0075758 | 0.0075758
Distal Accessory Ridge (Mandibular Canine)
Ancestry 0 1 2 3 4 5
Black 0.39316239 | 0.29914530 | 0.16239316 | 0.05128205 | 0.03418803 | 0.05982906
Hispanic | 0.38333333 0.35 0.16666667 0.05 0.03333333 | 0.01666667
White 0.80714286 | 0.14285714 | 0.02142857 | 0.01428571 | 0.00714286 | 0.00714286
Lingual Cusp Number (Mandibular 1st Premolar)
‘2{‘:; A 0 1 2 3 4 5 6 7 8 9
Blac | 0.0075 | 0.4015 | 0.1287 | 0.2045 | 0.1363 | 0.0454 | 0.0303 | 0.0075 | 0.0075 | 0.0227 | 0.0075
k | 75758 | 15152 | 87879 | 45455 | 63636 | 54545 | 0303 | 75758 | 75758 | 27273 | 75758
Hisp | 00156 | 0.5312 | 01718 | 0.0937 | 00312 | e | 00156 | 0.0156 | 00156 | 0.0312 | 0.0156
anic | 25 5 75 5 5 25 25 25 5 25
Whit | 0.0065 | 0.6315 | 0.0921 | 0.0789 | 0.0789 | 0.0328 | 0.0394 | 0.0131 | 0.0065 | 0.0131 | 0.0065
e | 78947 | 78947 | 05263 | 47368 | 47368 | 94737 | 73684 | 57895 | 78947 | 57895 | 78947

This resource was prepared by the author(s) using Federal funds provided by the U.S.
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Groove Pattern (Mandibular 2nd Molar)

Ancestry

Y

+

X

Black

0.49462366

0.07526882

0.43010753

Hispanic

0.11111111

0.24074074

0.64814815

White

0.140625

0.171875

0.6875

Cusp Number (Mandibular 1st Molar)

Ancestry

4

5

6

Black

0.02631579

0.89473684

0.07894737

Hispanic

0.03846154

0.86538462

0.09615385

White

0.14516129

0.77419355

0.08064516
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Deflecting Wrinkle (Mandibular 1st Molar)

Ancestry

0

1

2

3

Black

0.77777778

0.09722222

0.08333333

0.04166667

Hispanic

0.47619048

0.19047619

0.30952381

0.02380952

White

0.77083333

0.10416667

0.10416667

0.02083333

Hypoconulid (Mandibular 1st Molar)

Ancestry 0

1

2

3

4

5

Black 0.02531

646 | 0.02531646

0.05063291

0.08860759

0.32911392

0.48101266

Hispanic | 0.03571

429 | 0.01785714

0.01785714

0.17857143

0.46428571

0.28571429

White

0.125

0.03125

0.09375

0.234375

0.265625

0.25

Crenulations (Mandibular 34 Molar)

Ancestry

0

1

2

Black

0.1136364

0.2386364

0.6477273

Hispanic

0.1836735

0.4285714

0.3877551

White

0.2941176

0.4705882

0.2352941
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Crenulations (Mandibular 1st Molar)
Ancestry 0 1 2
Black 0.28 0.42666667 | 0.29333333
Hispanic | 0.65217391 | 0.26086957 | 0.08695652
White 0.71929825 | 0.21052632 | 0.07017544
Enamel Extensions (Mandibular 3rd Molar)
Ancestry 0 1 2 3
Black 0.92473118 | 0.05376344 | 0.01075269 | 0.01075269
Hispanic | 0.65853659 | 0.19512195 | 0.12195122 | 0.02439024
White 0.7761194 | 0.17910448 | 0.02985075 | 0.01492537
Enamel Extensions (Mandibular 2nd Molar)
Ancestry 0 1 2 3
Black 0.822429907 | 0.121495327 | 0.046728972 | 0.009345794
Hispanic | 0.384615385 | 0.446153846 | 0.153846154 | 0.015384615
White 0.758333333 0.175 0.058333333 | 0.008333333
Maxillary Dental Crowding
Ancestry 0 1
Black 0.68 0.32
Hispanic | 0.6865672 | 0.3134328
White 0.4951456 | 0.5048544

This resource was prepared by the author(s) using Federal funds provided by the U.S.
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