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Abstract
Bone loss is an important skeletal indicator of past biological and environmental
stress. Cortical and trabecular bone, however, are differentially affected by internal and
external stressors. Thus, measurements of the cortical index, or total bone mineral density
(BMD) by dual energy X-ray absorptiometry (DXA), may not accurately reflect the
effects of stress on the skeleton. Peripheral quantitative computed tomography (pQCT)
potentially resolves this issue by separately calculating cortical and trabecular BMD, but
remains underutilized in bioarchaeology. This project had two major goals: 1) to evaluate
the effectiveness of pQCT in measuring cortical and trabecular BMD in archaeological
specimens; and 2) to test the hypothesis that females suffered greater bone loss than
males in a socially stressed population due to biological and social factors. Cortical and
trabecular BMD was measured at the distal end and midshaft of the radius and femur of
30 adult skeletons from Point of Pines Pueblo, Arizona. pQCT effectively measured
BMD in the archaeological sample. Females lost cortical and trabecular density in the
femur after young adulthood but showed no significant changes in the radius. Males lost
trabecular BMD after young adulthood in both elements but experienced no significant
changes in cortical density. The hypothesis that females suffered greater overall BMD
loss than males was not supported. Sex-specific activities may explain preferential bone
maintenance in the female radius, while hormonal differences likely maintained male
cortical density. These results demonstrate the importance of evaluating cortical and
trabecular bone separately, the usefulness of pQCT in bioarchaeological research, and
reveal new information about the health of this population.
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Chapter 1: Introduction
Age-related bone loss has been a major topic of study in archaeology since the
1960s (Agarwal and Grynpas 1996). The reasons for this interest are two-fold: it can
inform on the etiology of osteoporosis as a modern disease, and it reveals information
about the health of past populations. As osteoporosis becomes an increasing modern
health problem the medical community has focused new attention on the etiology and
natural history of the disease. Archaeological research has documented diverse sex- and
age-based patterns of bone loss in prehistoric populations but has consistently found a
lower prevalence of fragility fractures than seen in modern groups. The reasons for this
remain unclear, but higher physical activity levels in the past may play a role (Agarwal
and Glencross 2009). Identifying patterns of age-related bone loss in the past may
provide answers to questions about the impact of our modern lifestyle on the incidence of
the disease (Agrwal and Grynpas 1996).
Additionally, bone loss is an important skeletal marker of stress. The human
skeleton is a dynamic system that acts as a central storehouse of nutrients for the body’s
tissues (Stini 1998). As a result, it is sensitive to various types of stress and disruptions in
the environment. Changes in diet, physical activity, and hormones can all result in a loss
of bone density. Therefore, the measurement of bone loss is a good way to evaluate the
overall health of past populations as well as reveal information about past activity
patterns, stress, and nutrition (Agarwal 2012; González-Reimers et al. 2002).
In this paper both social and physiological stress are discussed. In both cases,
environmental factors (stressors) bring about a physiological disruption in an organism
(Goodman et al. 1988; Larsen 2002). The environmental stressors can be social/cultural
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(e.g. racism, overcrowding, divorce), biological (e.g. disease, malnutrition), or ecological
(e.g. drought, earthquake, pollution) in nature. In addition to considering the simple
stressor-organism interaction, cultural buffering systems, additional culturally introduced
stressors, and host-specific resistance factors are all important when studying human
populations. When specifically working with human remains, the accuracy and
specificity of skeletal indicators of stress must also be considered (Goodman et al. 1988).
Stress is a subject of interest in biological anthropology in general because it informs us
about humans’ ability to adapt to changing environments. Population-level analyses of
stress in the past, like this study, reveal information about human adaptation and
resilience during times of ecological and social change. Periods of drought, the
development of agriculture, and the introduction of colonialism are all examples of
stressors that have had huge health impacts on past populations. This information has
great relevance for understanding and predicting future human adaptability to our
changing social and ecological environment (Martin et al. 2013).
While bone loss is an important skeletal indicator of past stress, cortical and
trabecular bone respond to both internal and external stressors in different ways. These
tissues are lost at different rates over the life course and are differentially affected by
mechanical and hormonal factors (Frost 2003; Riggs et al. 2008). Moreover, males and
females differ in when they reach peak cortical and trabecular bone mass and the rate at
which they lose density in each bone type thereafter (Riggs et al. 2004; 2008). Thus,
measurements of the cortical index, or total bone mineral density (BMD) by methods
such as dual energy X-ray absorptiometry (DXA), may not accurately reflect the effects
of stress on the skeleton. Peripheral quantitative computed tomography (pQCT)
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potentially resolves this issue by separately calculating cortical and trabecular BMD, but
remains underutilized in bioarchaeology. What little archaeological research that has
been done using pQCT has mainly focused on changes in trabecular architecture, crosssectional geometry, and taphonomy (Agarwal 2012; Guichón et al. 2006; Pestka et al.
2010; Schilling et al. 2008; Suby et al. 2009). This project significantly adds to the
literature on bone loss in the past by using pQCT to examine the complexities of bone
loss through the separate consideration of cortical and trabecular BMD.
This study had two major aims: 1) to evaluate the effectiveness of pQCT in
separately measuring both cortical and trabecular BMD in archaeological specimens; and
2) to test the hypothesis that females suffered greater bone loss than males across the life
course in a socially stressed population due to biological and social factors. Cortical and
trabecular BMD was measured using pQCT in the radii and femora of 30 skeletons from
the Mogollon site of Point of Pines Pueblo, Arizona. The population at this site
experienced increased social stress from the mid 13th century to late 14th century AD due
to increased social aggregation and an influx of migrants from the Colorado Plateau. The
data were evaluated within biocultural and life course perspectives in order to elucidate
the biological, environmental, and cultural factors that contributed to bone loss in this
population.
The following hypotheses were tested in addition to the aims mentioned above: 1)
patterns of BMD loss will differ significantly between cortical and trabecular bone; 2) the
individuals included in this sample previously identified by Rodrigues (2008) as
“immigrants” will show significantly lower BMD values than the rest of the sample; 3)
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both males and females will show a decline in BMD at earlier ages than in modern
populations due to the negative consequences of social stress on bone health.
This study will contribute important information about the health and stresses
experienced by the Point of Pines Pueblo population during a time of social transition. It
will also investigate how differences in reproductive biology affect female susceptibility
to accelerated bone loss during times of stress. Additionally, the results of this study will
help elucidate the effects of social stress on bone health. Finally, this data will contribute
to a growing body of literature on patterns of bone loss in past populations that improves
our understanding of the factors impacting the incidence of osteoporosis in modern
populations.
In this thesis, I outline the basics of the biocultural and life course approaches,
explain the current understanding of the pathophysiology of bone loss, and describe
previous archaeological research on bone loss relevant to this project, as well as the
archaeology of the Mogollon culture and Point of Pines Pueblo specifically. After
describing the materials and methods used in this study, I present the results obtained
through pQCT, discuss their implications for the health of this population and the results
of the hypotheses tested, and conclude with the broader significance of the results and
future research directions.
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Chapter 2: Theoretical Framework
Two major theoretical approaches were used in this study. First, a biocultural
perspective was used to explicitly consider the potential contributing biological and
cultural variables to bone loss in the Point of Pines Pueblo population. Additionally, a life
course approach was adopted in order to understand how bone maintenance was affected
by different biological, environmental, and social factors across the adult lives of these
individuals.

Biocultural Approach
Biocultural perspectives are those that specifically consider the interactions
between biological, social, and cultural variables and their impact on human wellbeing.
These approaches explore human variability in terms of biological or adaptive responses
to their physical, cultural, and social environments (Dufour 2006; McElroy 1990).
Biocultural studies are also generally problem-oriented rather than descriptive and
population-, rather than individual-, focused (McElroy 1990). One of the earliest and
most influential studies that used a biocultural approach was Livingstone’s 1958
publication on malaria and the distribution of sickle cell anemia in West Africa.
Individuals who are heterozygous for the sickle cell gene are resistant to the malaria
parasite carried by Anopheles mosquitos. Livingstone linked selection for the sickle cell
gene with the spread of slash and burn agriculture in West Africa, a practice that created
ideal environments for malaria-carrying mosquitos (Livingstone 1958). This study
demonstrated the impact of culture history on human biology. While Livingstone’s study
demonstrated the influence of the social environment on human biology as early as the

11

1950s, biocultural approaches in human biology and anthropology did not become widely
popular until a few decades later (Dufour 2006).
In bioarchaeology, the biocultural approach emphasizes the interaction between
the physical, social, and cultural forces that shape the human skeleton. Instead of
focusing on descriptions of individual pathologies, biocultural research uses populationbased studies that examine skeletal health indicators as adaptive responses to significant
environmental change. These environmental changes can be economic, political, social,
or subsistence-based (Agarwal and Glencross 2011). The skeletal body operates within
and responds to an environment that is composed of both natural and cultural forces.
Biocultural studies explicitly examine both aspects of environment and their impact on
the pathologies seen in the skeleton (Zuckerman and Armelagos 2011).
Some of the first bioculturally-oriented bioarchaeology studies were published in
1977 in Blakely’s edited volume, Biocultural Adaptation in Prehistoric America. This
included Buikstra’s landmark contribution on biocultural change among prehistoric
populations in the Illinois River Valley. Buikstra found that the increased population
density, transition to a maize-based diet, intergroup violence, and changes in settlement
patterns likely increased infant mortality, chronic disease, and trauma during the
transition from the Middle to Late Woodland periods (Buikstra 1977). It is also in this
chapter that she introduces the term “bio-archaeological” to describe her interdisciplinary
research team and strategy that synthesized archaeological and osteological methods and
data (Buikstra 1977:68-69).
The transition to agriculture in particular has been, and continues to be, a hot topic
of biocultural research in bioarchaeology (Zuckerman and Armelagos 2011). The social
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and economic shifts that accompanied the change in subsistence had drastic health
consequences, although the particular results vary by time and space. Cohen and
Armelagos (1984) edited a critical volume on the subject, Paleopathology at the Origins
of Agriculture. More recently, Cohen and Crane-Kramer have published Ancient Health:
Skeletal Indicators of Agricultural and Economic Intensification (2007), as an update to
Cohen and Armelagos’s original work. Recent biocultural studies have focused on a
variety of topics including the health effects of climatic shifts, Colonialism, social
identity, changes in social relations, and unequal distribution of resources (Zuckerman
and Armelagos 2011).
The biocultural model is central for all aspects of bioarchaeological research, but
it is particularly important for this study. Given that age-related bone loss is affected by
many interacting biological and cultural factors (Agarwal and Grynpas 1996), which will
be described in Chapter 3, it was crucial to maintain a biocultural perspective in this
project.

Life Course Approach
In disease epidemiology, the life course approach examines how disease risk
varies, and potentially accumulates, over the life stages of an individual. This risk is
affected by material, biological, and social exposures. Biological, behavioral, and
psychosocial pathways are all considered in this approach (Ben-Shlomo and Kuh 2002).
There are several models within the life course approach that focus on how different risk
factors are timed throughout the life of an individual, which are discussed below.
Life course models can be divided into two major categories: critical period
models, and accumulation of risk models. Critical period models state that exposure
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during a specific critical period of an organism’s life or development permanently alters
or damages the structure or function of that organism (Ben-Shlomo and Kuh 2002). A
prime example of this is the period of early human neural development between the
second and fourth week of gestation. Interruptions in normal growth during this period
can result in severe defects of the brain and spinal cord, for example spina bifida, which
is related to insufficient maternal folate during early gestation (Rice and Barone Jr 2000).
While in some versions of the critical period model later life exposures may still
influence disease risk in an additive way, critical period exposures result in permanent
changes, particularly during fetal development (Bassey et al. 2002; Ben-Shlomo and Kuh
2002). A variation of the critical period model includes later life effect modifiers. This
model argues that a critical period results in a predisposition for certain pathologies that
will only completely manifest with (or without) additional modifiers or stressors later in
life (Ben-Shlomo and Kuh 2002). For example, during the Dutch Hunger Winter of 19441945, infants born to mothers who experienced famine during early gestation were born
with normal birth weights, but had high rates of obesity later in life after the famine had
ended. This contrasted to infants exposed to famine during gestation in the U.S.S.R. who
did not develop higher rates of obesity as food shortages continued as the children grew
up (Schulz 2010). Early gestation represented a critical period for the metabolic changes
that rendered these children more susceptible to obesity, but plentiful food, or the absence
of famine, was required in order for the pathology to manifest.
Alternatively, accumulation of risk models focus instead on negative or positive
health factors that may accumulate steadily over the life course. These factors can have
stronger effects during developmental stages, but not to the same degree as the critical
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period model. Accumulation of risk models also recognize “risk clustering” and “chains
of risk.” Variables determining disease risk are often correlated with one another
resulting in “risk clustering” early in life (Kuh et al. 2003). This is particularly true of
variables correlated with socioeconomic status. Individuals living in poor socioeconomic
circumstances are more likely to have low birth weight, access to worse nutrition, and
experience greater psychosocial stress. Additionally, exposure to one risk factor can
increase the probability of exposure to another, which in turn can lead to another, and so
on, creating accumulating “chains of risk” (Ben-Shlomo and Kuh 2002). For example
maternal malnutrition could predispose a child to becoming overweight, which then
reduces physical activity in adolescence, which then leads to obesity, diabetes, and heart
disease in adulthood.
In addition to critical time periods, “sensitive periods” are also recognized in life
course models. Sensitive periods are times during the life course when exposures have
stronger effects on development and/or disease risk than they would during other periods.
This differs from critical periods, as critical periods are specific windows of time when
an exposure can have adverse or beneficial effects on development and later disease risk.
There is no excess risk outside the critical period, whereas for sensitive periods the
excess risk still exists in other life stages, it is simply weaker (Ben-Shlomo anad Kuh
2002). Late childhood/preadolescence represents a sensitive period for the effects of
mechanical loading on the accrual of bone mass in the skeleton. This is the period in
which mechanical loading has its greatest effect on the increase in bone mass, but loading
still impacts bone maintenance both before and after this period (Kannus et al. 1995).
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Life course models are also not limited to studies of single generations but also
can examine inter-generational exposures and disease risk. Maternal and sometimes
paternal health, a product of a lifetime of exposure to risk factors, has a significant impact
on offspring health. For example, maternal condition strongly affects infant birth weight,
which has large impacts on the health of the individual decades later in life (Ben-Shlomo
and Kuh 2002). Creating multi-generational life course models of risk may help explain
geographical patterns in mortality and health inequalities that cannot be explained by
current socioeconomic circumstances alone (Leon 2000).
The consideration of material, biological, and social factors, as well as biological,
behavioral, and psychosocial pathways makes this approach a strong compliment to the
biocultural perspective. The life course approach could be categorized as a type of
biocultural approach itself. The life course approach is also a necessary framework with
which to study bone loss in the archaeological record. Bone accrual and loss is a natural
part of skeletal development and aging. The rate at which these occur, however, is
determined by many factors which exert varying levels of influence at different life
stages, which are reviewed in Chapter 3. A life course perspective is therefore crucial to
any study of bone loss, modern or archaeological.
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Chapter 3: Pathophysiology of Bone Loss
The primary functions of the human skeleton are to protect and support soft
tissues, provide a rigid structure and attachment sites for muscles, tendons and ligaments,
produce red blood cells, and act as a storehouse of calcium and phosphorus (Steele and
Bramblett 1988). To be effective at these various tasks, skeletal tissue is replaced through
bone resorption and formation, known as bone turnover (Parfitt 2003). Turnover allows
calcium and phosphorus homeostasis to be maintained in the body (Steele and Bramblett
1988) and for the skeleton to adapt to habitual mechanical strains (Frost 2000).
The skeleton is composed of two primary types of tissue: cortical and trabecular
bone. These tissues are identical in cellular composition, but differ in porosity. Cortical
bone is very strong, compact, and dense and makes up the walls of bone shafts and
external bone surfaces (White and Folkens 2000). Cortical bone has primarily a structural
or protective role in the skeleton, while trabecular bone is more metabolically active.
About 20% of the skeleton is composed of trabecular bone (Gruber et al. 2008), which is
composed of thin spicules, called trabeculae, and is much more porous and honeycomb in
structure (White and Folkens 2000). Interestingly, trabecular bone loss in males appears
to be mostly a product of trabeculae thinning, but a result of a reduction in trabeculae
number in females (Khosla et al. 2006a,b). Trabecular bone is found under the surface of
tendon attachments, in vertebral bodies, at long bone ends, in short bones, and in the
inside of flat bones (White and Folkens 2000). Trabecular bone is an important site of red
blood cell formation and fat storage. Both tissues are important for calcium and
phosphorus storage (Steele and Bramblett 1988).

17

At the most basic level bone loss is a result of an imbalance in bone replacement
when the rate of bone resorption or breakdown exceeds the rate of bone formation. This
imbalance naturally increases over time as part of the aging process, but the rate at which
this occurs can be influenced by many factors discussed below (Pietschmann et al. 2008).
Additionally, some individuals suffer significantly greater bone loss than others and an
increased risk of fracture leading them to develop osteoporosis. Osteoporosis is the most
common metabolic bone disorder, characterized by a loss of bone density and quality,
which predisposes a person to fracture risk (NIH Consensus Development Panel on
Osteoporosis Prevention, Diagnosis, and Therapy 2001). Osteoporosis-related fractures
are referred to as fragility fractures (Brickley and Agarwal 2003). The diagnosis of
osteoporosis in living patients is based on the definition provided by the World Health
Organization (WHO) as bone mineral content (BMC) or density (BMD) that is more than
2.5 standard deviations below the young adult mean for the population. Osteopenia is a
term used to describe low bone mass that is less severe than full-blown osteoporosis, and
it is defined as BMC or BMD that is between 1 and 2.5 standard deviations below the
young adult mean of the population (World Health Organization 1994).
Two types of cells control bone turnover in both cortical and trabecular bone:
osteoblasts, which are responsible for bone formation, and osteoclasts, which are
responsible for bone resorption. Osteoblasts and osteoclasts work together as a unit to
repair, redistribute, and replace bone (Parfitt 2003). An imbalance can occur in several
ways: a suppression of osteoblast formation or function, an increase in osteoclast
formation or function, or a combination of these. These can be regulated by a number of
local and systemic nonmechanical and biomechanical mechanisms (Gruber et al. 2008).
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Nonmechanical Agents
At the local level, various growth factors, particularly insulin-like growth factor
(IGF-I), morphogens, cytokines, and prostaglandins are involved in regulating osteoblast
and osteoclast development and activity (Gruber et al. 2008). Decreases in components of
the insulin-like growth factor regulatory system may be responsible for the trabecular
bone loss that begins in young adulthood in both men and women (Riggs et al. 2008).
At the systemic level, numerous hormones affect bone turnover. Estrogen plays a
major role in bone loss through several pathways, causing a perforation of cortical bone
and a loss of trabecular structure in both females and males (Gruber et al. 2008). In mice,
lower estrogen levels are associated with higher levels of osteoclast progenitor cells (Jilka
et al.1992). Estrogen also regulates cytokines of specific cells, which in turn affect the
formation and regulation of the osteoclasts (Bismar et al. 1995). Estrogen also acts as a
factor leading to osteoclast apoptosis, so a deficiency leads to a longer lifespan of the cell
(Kameda et al. 1997). Alternatively, an estradiol deficiency shortens the life of
osteoblasts and osteocytes, leading to increased bone remodeling (Gruber et al. 2008).
Androgens also appear to be important in bone metabolism, but androgen deficiency only
seems to be a major factor in male bone loss in cases of disease such as hypogonadism
(Pietschmann et al. 2008), or in men treated with androgen deprivation therapy for
prostate cancer (Greenspan et al. 2005).
In addition to sex hormones, several other hormones affect bone loss. Parathyroid
hormone (PTH) regulates calcium homeostasis over the short-term, increasing calcium
absorption and vitamin D production in the kidneys (Gruber et al. 2008). It can increase
bone formation by several mechanisms including preventing osteoblast apoptosis (Jilka et

19

al. 1999). Vitamin D also assists in calcium absorption and affects bone turnover by
increasing osteoclast activity as well as the production of extracellular matrix proteins.
Vitamin D can also inhibit PTH synthesis when calcium levels are high. The hormone
calcitonin inhibits osteoclast activity also when calcium reaches high levels (Gruber et al.
2008).
The central nervous system also can play a role in bone loss. Leptin, a hormone
produced by adipocytes, can inhibit bone formation. Thyroid-stimulating hormone (TSH)
and other receptors may be involved in bone maintenance (Gruber et al. 2008).
Many factors contribute to an individual’s peak bone mass and affect those
hormones that control the rate of bone loss. Genetics, birth weight, age at menarche, as
well as muscle mass, diet, and exercise during development all determine an individual’s
peak bone mass. Genetics and nutrition, particularly vitamin D and calcium, further affect
hormonal regulation of bone turnover throughout the life course (Pietschmann et al.
2008).

Mechanical Loading
In addition to these factors, mechanical loading of the skeleton plays a huge role
in bone turnover and the achievement of peak bone mass. Wolff’s Law describes how
bone formation and remodeling occur in response to mechanical forces applied to the
bone. Mechanical signals are converted into biochemical signals, a process known as
mechanotransduction. The duration, magnitude, and rate of force determine specific
effects on the bone matrix, but only cyclic loading can induce new bone formation
(Duncan and Turner 1995). The exact mechanotransduction process is poorly understood,
but the following model is the most likely scenario. When force is applied to a bone,
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interstitial fluid in channels called canaliculi flows away from the area of strain, creating
a pressure gradient. Osteocytes are believed to be the main mechanosensor cells in bone
and are located in a network of lacunae connected by canaliculi. The pressure gradient of
the interstitial fluid places strain on osteocyte processes located within the canaliculi.
This strain elicits a biochemical response from the osteocytes, which then signal other
cells responsible for bone formation and resorption. Mechanical loading also produces
hydrostatic pressure in the lacunar-canalicular porosity, and this is likely an additional
stimulus for bone remodeling. Additionally, osteoprogenitor cells may also act as
mechanosensors and will differentiate into osteoclasts or osteoblasts depending on the
mechanical strains they experience (Chen et al. 2010).
Wolff’s Law was refined by Frost (1987;1990a,b; 1995) in what he called the
Utah Paradigm. This model views mechanical loads and muscle mass as the primary
determinants of bone architecture, turnover, and hence bone loss. The first proposition of
the Utah Paradigm is that skeletal tissues will only maintain enough strength under
voluntary loads to prevent spontaneous damage or pain. This is referred to as mechanical
competence. Different skeletal tissues also have a strain threshold that if exceeded,
modeling will occur to increase bone strength in that region either by adding bone or by
changing the bone microstructure (modeling threshold range: MESm). In load bearing
bones, if strains stay below the remodeling threshold range (MESr) “disuse-mode
remodeling” is activated. Bone next to the marrow (i.e. trabecular and endocortical bone)
is removed decreasing bone mass and overall strength. If strains exceed the remodeling
threshold range, but do not exceed the modeling threshold range, then “conservationmode” occurs, and remodeling conserves bone mass, neither removing nor adding bone.
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While the mechanical strains are the primary determinants of bone changes, this model
recognizes that non-mechanical forces such as the hormones mentioned above likely
affect the set points of these thresholds (Frost 2000).
It is noted that the ability of the skeleton to respond to mechanical stimuli
decreases with age. This may be due to decreases in the number of stem cells available to
become osteoclasts and osteoblasts. The reduced ability to respond to mechanical stimuli
is suggested as the main cause of age-related bone loss in this model. Soft tissues
experience a similar decline with age and decreased responsiveness. Since muscle force
is one of the major stimuli affecting bone tissue, the decline in muscle mass with age also
contributes to bone loss with age (Frost 2000).

Stress and Bone Loss
In addition to mechanical stress, psychosocial stress is another potentially
important factor affecting bone loss. There are two basic pathways through which this
can occur. First, psychosocial stressors can trigger physiological changes in addition to an
overall decline in immune function that lead to bone loss. Specific hormonal changes that
occur during the typical mammalian stress response, including a decrease in IGF-I, can
trigger bone resorption (Bernton et al. 1995; Charmandari et al. 2005; Harada and Rodan
2003). The cytokine IL-6, which is associated with osteoclastogenesis and increased bone
resorption, has been shown to increase with chronic psychosocial stress (Kiecolt-Glaser
et al. 2003). Many studies have also demonstrated a relationship between clinical
depression, an extreme form of psychosocial stress, and risk of osteoporosis (Altindag et
al. 2006; Cizza et al. 2009; Yirmiya et al. 2006). In addition to their protective effects on
bone mass, estrogen and estradiol have also been shown to reduce many physiological
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effects of psychosocial stress in both women and men (Ceresini et al. 2000; Del Rio et al.
1994). In the second pathway, psychosocial stress leads to behavioral changes that in turn
affect bone loss. Stress may result in dietary changes leading to poor nutrition or reduced
physical activity, both of which are important contributors to bone loss (Pietschmann et al.
2008).
Women are expected to be particularly susceptible to the effects of stress on bone
health in prehistoric populations. This expectation is based on aspects of female biology
that make them more susceptible to bone loss throughout the life course, such as the
earlier attainment of peak bone mass, lower muscle mass, and hormonal changes
associated with pregnancy and menopause (Bassey et al. 2002). Additionally, social
factors, particularly differential access to food based on sex, can impact female
susceptibility to bone loss. Ethnographic research has frequently documented that women
in pre-industrial societies generally have access to lower quality food sources due both to
social stratification as well as to food taboos associated with pregnancy and lactation.
This differential access is then exacerbated in times of food scarcity and stress
(Rosenberg 1980). Sex-differential nutrition has been documented at the Mogollon site of
Grasshopper (Ezzo 1992). Isotopic evidence indicates males at Grasshopper ate a diet
much richer in corn and meat while females relied more on wild plants, although this
difference declined over time.

Bone Maintenance Across the Life Course
Bone maintenance is a life-long process and therefore needs to be examined from
a life course perspective. Physiological and cultural factors beginning even before birth
can contribute to bone loss later in an individual’s life. Females are also more susceptible
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to age-related bone loss than males due to a number of factors related to their basic
physiology that occur across the life course. Premature bone loss and osteoporosis have a
strong genetic component, and therefore an individual’s susceptibility begins from the
moment of conception (Richards et al. 2012). Bone density and the risk of osteoporosis
are also strongly correlated with ethnicity (Barrett-Connor et al. 2005; Stini 1994).
Maternal health, diet, and lifestyle also all have major impacts on bone density later in
life (Cooper et al. 2005). Low birth weight in particular has been shown to be a strong
predictor of osteoporosis later in life.
Physical activity and nutrition during childhood have major effects on later bone
maintenance. The late childhood-preadolescent phase is considered a particularly
sensitive period for bone development when physical activity has the greatest impact on
the achievement of peak bone mass. Nutritional deficiencies during this period can result
in poor bone growth and development, which in turn leads to increased fracture risk.
Chronic disease can have a similar result (Bassey et al. 2002).
The first major sex difference in bone maintenance occurs in adolescence. During
puberty, individuals accrue 26% of their adult bone mass, making adolescence a critical
period for bone maintenance (Bailey et al. 1999). Since females undergo puberty and
reach adult stature earlier, they are at a disadvantage to males as they consequently begin
to lose bone mass earlier as well. Females are also generally smaller in stature and as a
result develop smaller bones with less absolute strength (Bassey et al. 2002). These
factors make females more susceptible to low bone density long before they ever reach
menopause.
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Peak bone mass is achieved during young adulthood, generally between the ages
of 25-30 years in modern populations. After this point bone mass will begin to decline in
the absence of good nutrition and exercise (Bassey et al. 2002). Pregnancy and lactation
also have major effects on females during this life stage. There is a loss of BMD
associated with calcium mobilization during the later stages of pregnancy and lactation,
although this is generally reversed after weaning. Multiparity and prolonged
breastfeeding may even have beneficial effects in the long-term (Agarwal et al. 2004;
Agarwal 2008; Stini 1995; 2003; Weaver 1998). Severely malnourished mothers,
however, may not be able to fully reverse this bone loss (Bassey et al. 2002).
Middle age is another life stage that is crucial to understanding age-related bone
loss, particularly in females. During menopause females begin to experience increased
bone resorption without a corresponding increase in formation due to a drop in
circulating estrogen. Males also experience an increase in resorption and both sexes
experience at least 1% bone loss each year after middle age. Good nutrition and regular
physical activity can help slow bone loss, but it cannot reverse it. Small stature and low
body weight, which are more common in females, also have a strong impact on bone loss
during this life stage, increasing the rate of resorption (Bassey et al. 2002).
In both males and females, there is an increasing loss of trabecular and
endocortical bone with over the life course, but a compensating accrual of subperiosteal
bone. This results in an increase in long bone diameters, maintaining bone strength, but a
continuous loss in density with age. Eventually the subperiosteal expansion slows as well,
earlier in females than males, contributing to bone fragility (Stini et al. 1992).
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Chapter 4: Previous Archaeological Studies on Bone Loss
Beginning in the late 1960s, age-related bone loss became a significant topic of
bioarchaeological inquiry (Agarwal and Grynpas 1996). Much of this research was driven
by the rising incidence of osteoporosis in modern populations, as it continues to be today.
Some of the earliest work referred to any signs of bone loss as “osteoporosis” (Dewey et
al. 1969a), and many other studies fail to give any clear definitions at all. Due to this
inconsistency all of the following examples will be referred to as studies on “bone loss.”
Dewey et al. (1969a,b) performed one of the very first studies on bone loss in
archaeological populations, which focused on cortical bone loss in three samples from
Sudanese Nubia. The total percentages of bone loss among the Nubian individuals were
comparable to modern populations, but the Nubians, and females in particular, began
losing cortical bone at an earlier age. The authors suggest this difference was due to
pregnancy and lactation stress in addition to poor calcium intake (Dewey et al 1969a).
This study was significant because it demonstrated that the patterns of bone loss over the
life course differed between males and females, and between the three time periods
studied (Meroitic 350BC-AD350, X-Group AD350-550, and Christian AD550-1300).
Additionally, the results suggest that estrogen deficiency was not the primary determinant
of bone loss in Nubian females as cortical bone was lost steadily over the life course
without a rapid decline at midlife (Dewey et al. 1969a). The Nubian samples were
heavily studied in subsequent years by different methods, which supported Dewey et al.’s
(1969a,b) original results and interpretations (Armelagos et al. 1972; Martin and
Armelagos 1979, 1985; Martin et al. 1984, 1985).
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Other early bone loss studies, like Dewey et al. (1969a), also mainly invoked
dietary explanations to account for differences in patterns of bone loss between
populations (Cassidy 1984; Ericksen 1976; Ericksen 1980; Pfeiffer and King, 1983;
Richman et al. 1979). While nutrition remained an important explanatory factor, there
was a shift towards investigating the effects of physical activity on the preservation of
bone structure in past populations (Ekenman et al. 1995; Lees et al. 1993; Ruff 1991;
Ruff et al. 1984). More recently, the protective effects of high parity and prolonged
lactation have also been considered (Agarwal et al. 2004; Vogel et al. 1990).
Many of the most recent studies on bone loss in the archaeological record have
been carried out at the site of Wharram Percy, a medieval village in North Yorkshire,
England (Agarwal 2012; Agarwal et al. 2004; Agarwal and Grynpas 2009; Mays 1996;
Mays et al. 1998; McEwan et al. 2004; McEwan et al. 2005). These studies have
employed numerous methods including metacarpal radiogrametry (Mays 1996), long
bone radiogrametry (Mays et al. 1998; McEwan et al. 2005), DXA (Agarwal and
Grynpas 2009; Mays et al. 1998; McEwan et al. 2004; McEwan et al. 2005), and X-ray
image analysis (Agarwal et al. 2004). The research on this site is particularly interesting
due to the discordant results reported by the different authors. For example Mays (1996)
and Mays et al. (1998) report that the patterns of bone loss at Wharram Percy are
comparable to modern populations, while Agarwal et al. (2004) and Agarwal and
Grynpas (2009) claim that they are strikingly dissimilar. What differ between the two sets
of publications are the methods employed and the particular types of bone under
examination. Mays (1996) and Mays et al. (1998) focused on cortical bone (Mays 1996;
Mays et al. 1998) and total bone (Mays et al. 1998) loss using radiogrammetry and DXA.
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The other authors focused on trabecular bone loss using DXA (Agarwal and Grynpas
2009) and X-ray image analysis (Agarwal et al. 2004). This demonstrates the importance
of considering both types of tissue when studying bone loss as the results can vary widely
between the two.

Methodological Considerations in Interpreting Previous Research
Previous paleopathological studies on bone loss, such as those mentioned above,
have used a variety of techniques including cortical histomorphometry, optical
densitometry, metacarpal radiogrammetry, and dual energy X-ray absorptiometry (DXA)
(Brickley and Agarwal 2003). These varying techniques have found equally variable
patterns of bone loss in archaeological skeletal populations (Agarwall and Glencross
2009). The differences have previously been attributed to a number of factors including
nutrition, parity in females, and physical activity.
Agarwall and Glencross (2009) also suggest that part of the confusion may stem
from the different techniques that have been used to measure bone loss. There is evidence
to suggest that cortical bone modeling is more vulnerable to transitory environmental
effects, particularly nutritional stress, while total bone density may require more chronic
stress to be affected (McEwan et al. 2005). Therefore, those techniques that focused on
measuring bone loss in cortical bone may show drastically different results than those
that focused on total or trabecular bone, as seen at Wharram Percy (Agarwal et al. 2004;
Agarwal and Grynpas 2009; Mays 1996; Mays et al. 1998). It has been consistently
reported, however, that there is a low prevalence of fragility fractures in comparison with
modern populations even when bone density is similar (Agarwal 2008; Agarwal and
Grynpas 1996, 2009). The reasons for these differences are still unclear but are not
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surprising given that past populations had very different biosocial histories from modern
ones (Agarwal and Beauchesne 2011).
McEwan et al. (2005) explored the relationship between total bone mineral
density (BMD) using DXA, the cortical index (the amount of cortical bone present
adjusted for bone size measured from X-rays), growth parameters, and non-specific
indicators of stress in a medieval juvenile archaeological skeletal sample. The authors
found that while BMD is highly correlated with age and growth parameters, the cortical
index is not significantly correlated with age and growth. When compared to modern
juveniles, the archaeological sample showed significantly lower cortical indexes. The
cortical index was only moderately correlated with BMD, suggesting that bone density
was maintained despite a loss of cortical volume. Additionally, there was no significant
relationship between BMD and either Harris lines or cribra orbitalia, two commonly used
non-specific skeletal indicators of stress. The authors suggest that BMD would be
maintained except under conditions of severe chronic stress or disease, whereas endosteal
cortical bone loss can result from periods of more moderate stress, such as episodes of
malnourishment.
McEwan et al.’s (2005) research demonstrates the difficulties with comparing
studies that employ different measures of bone loss. While a lower than expected cortical
index was recorded, total BMD measured using DXA appeared normal. The authors
argue that bone density is maintained despite periods of acute stress during development
at the expense of growth. Bone mass continues to increase despite a decrease in bone
volume, resulting in markers like Harris lines and a reduction in the cortical index, but
normal BMD results. This does, as the authors suggest, present the interesting possibility
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of distinguishing between chronically and acutely stressed individuals based on the
measurement of both the cortical index and total BMD (McEwan et al. 2005). Their
measurements of BMD, however, were made using DXA, which cannot distinguish
between cortical and trabecular BMD. Therefore, it is possible that there was a loss in
cortical bone mass, and therefore density, in their sample, but a compensating increase in
trabecular density resulted in a lack of total BMD loss, or an apparent normal BMD, as
measured by DXA.

Methods Used in Previous Studies
Previous archaeological studies have used a number of techniques to measure
bone loss in dry bone. These techniques can be divided into three categories: those that
measure cortical bone loss, trabecular bone loss, and total bone loss. Methods focusing on
cortical bone include cortical histomorphometry (Martin and Armelagos 1979, 1985),
metacarpal radiogrammetry (Ives and Brickley 2004; Beauchesne and Agarwal 2011;
Glencross and Agarwal 2011), and long bone radiogrammetry (Erickson 1976; Hinkes
1983; McEwan et al. 2005). In metacarpal and long bone radiogrammetry X-rays are
used to image the bone, often the femur or the 2nd metacarpal, and the widths of the total
bone and medullary cavity are measured to determine the cortical index (CI). The cortical
index is calculated with the following equation: CI = [(Total bone width – Medullary
width) / Total bone width] x 100. This is the proportion of the total bone comprised of
cortical bone at whatever point on the shaft the measurement is taken, usually the
midshaft.
In evaluating trabecular bone loss, techniques include simple visual examination
of the trabecular bone (Roberts and Wakely 1992), scoring of radiographic images using
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the Singh Index (Mielke et al. 1972), quantitative analysis of X-ray or CT images of
trabecular bone (Agarwal et al. 2004; Agarwal 2012), stereometry (Brickley and Howell
1999), and energy dispersive low angle X-ray scattering (EDLAXS) (Farquharson and
Brickley 1997). Methods that evaluate total bone loss are generally the most favored and
include optical/photo densitometry (Brickley 1998), photon absorptiometry (Ruff 1991),
and dual energy X-ray absorptiometry (DXA/DEXA) (Brickley and Agarwal 2003).
DXA has recently become one of the most common approaches used to evaluate
bone loss in archaeological specimens (Lees et al 1993; Ekenman et al 1995; Mays et al
1998; Poulsen et al 2001; Agarwal and Gyrnpas 2009). This is due largely to the fact that
it is the primary method used to measure bone density in medical patients (Brickley and
Agarwal 2003). By using the most common clinical method, archaeologists are better
able to compare bone loss in ancient populations to that of modern day individuals. DXA
also has the advantages of being noninvasive, fairly inexpensive, and very fast (Brickley
and Agarwal 2003).
DXA has several major drawbacks, however. The first is that the software
calculates bone density with the assumption that soft tissue is present (Brickley and
Agarwal 2003). As such, it is generally necessary to use a soft tissue substitute, such as
rice bags or a water bath, when working with dry bone. The alternative is to use a
peripheral densitometer designed for use on small animals, which have software
specifically for fleshless bone (Agarwal and Grynpas 2009). This method, however, is
only appropriate for very small bones or bone sections.
Another major drawback is the role diagenesis can play on DXA results.
Processes like soil infiltration, bone demineralization, or mineral deposition can occur
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after burial depending on the soil qualities or water movement in the burial environment
(Nielsen-Marsh and Hedges 2000). These diagenic changes are almost impossible to
identify without destructive testing (Brickley and Agarwal 2003). Standard radiographic
images may indicate heavy soil infiltrates, but other changes might not be visible, and
even the removal of soil inclusions cannot correct for chemical diagenesis (Agarwal and
Grynpas 2009). Changes in mineral quantity due to natural formation processes will
render any DXA results invalid.
The last drawback is the type of bone density that is measured by DXA. This
technique measures areal bone density (aBMD) (mg/cm2) rather than volumetric bone
density (vBMD) (mg/cm3). As a result it does not fully account for bone depth (Adams
2008). It has been suggested that this inability to fully compensate for bone size is what
has led to apparent discrepancies in bone mass and fracture risks between ethnic groups.
In studies that have specifically controlled for bone size, differences in in bone density
based on ethnicity have dropped dramatically (Nelson and Villa 2003).

pQCT in Archaeology
Only a handful of studies have attempted to use peripheral quantitative computed
tomography on archaeological specimens (Agarwal 2012; Guichón et al. 2006; Pestka et
al. 2010; Schilling et al. 2008; Suby et al. 2009). These studies focused on a wide variety
of research questions that demonstrate the broad applicability of pQCT to
bioarchaeological research.
Agarwal (2012) employed pQCT to compare age and sex-related changes in the
trabecular architecture of vertebrae in individuals from rural and urban medieval English
cemeteries. The rural population showed an early deterioration of trabecular architecture
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in both males and females, but females did not show the expected accelerated
deterioration after middle age associated with menopause. The urban samples on the
other hand, showed patterns consistent with modern populations with only females
showing trabecular deterioration after middle age. Agarwal (2012) cites differences in
nutrition, parity and lactation, and physical activity between the two populations as likely
factors that contributed to these differences. This study is particularly significant as it
demonstrates that the standard Western biomedical model of increased female
susceptibility to bone loss, particularly after menopause, may not be a human universal.
In their study of health around the period of European contact in southern
Patagonia, Guichón et al. (2006) used pQCT to look at cortical alterations and moments
of inertia in long bones and their associations with nutritional stress. Historical sources
suggest that the colony under study suffered from significant and continuous food
scarcity and possibly even fatal starvation. All four skeletons recovered from the site
showed evidence of endocortical changes, with major reductions in cortical area of the
tibia and radius. Photon-densitometry was also performed and the results indicate that all
of the individuals suffered from low BMD (Guichón et al. 2006). This research may
support McEwean et al.’s (2005) hypothesis that a combination of both low BMD values
and loss of cortical area may indicate chronic stress as would be expected during
continual food shortages and starvation.
Pestka et al. (2010) found pQCT to be an effective means of determining
handedness in a sample of bog bodies from Northern Europe by measuring cortical bone
density in the upper limb. In spite of significant demineralization from the acidic bog
environment, the authors were able to identify differences in cortical BMD between the
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right and left limbs suggesting handedness. The trabecular architecture of the metacarpals
was also well preserved, and the amount of time spent in the bog did not affect this
preservation (Pestka et al. 2010). These results are highly significant as they indicate that
although diagenic changes can significantly alter the raw BMD scores, this does not
render the data useless as the original patterns of density within and between skeletons
are maintained.
Schilling et al. (2008) quantified the amount of post-depositional cortical bone
demineralization that occurred in a bog body from Northern Europe using pQCT. By
comparing the archaeological specimen’s BMD values to those of living individuals of
the same age and sex, the authors found a 92.7% reduction in BMD. Despite the
demineralization, the authors found differences between elements and sides that were
consistent with living individuals suggesting that it is possible to measure BMD even in
instances of intense diagenic change (Schilling et al. 2008).
Lastly, Suby et al. (2009) compared the accuracy of pQCT and DXA in
measuring BMD and the effect of BMD on differential preservation of human remains in
the archaeological record. Volumetric BMD obtained through pQCT was found to be
more accurate and provided important biomechanical information. The shape-adjusted
vBMD measurements calculated from the aBMD values obtained by DXA, however,
provided enough resolution for the detection of BMD-related taphonomic processes.
While practically the authors concluded DXA would be an equally useful tool for their
purposes, this study is particularly important as it explicitly addresses several of the
advantages of pQCT over traditional methods such as DXA for archaeological research
(Suby et al. 2009).
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Bone Loss Studies in the Southwest
Several studies have specifically examined bone loss in prehistoric Native
American populations from the southwest. A number of these have focused on the
Puebloans of Pecos Pueblo, New Mexico (Burr et al. 1990; Ruff 1987; 1991; Ruff and
Hayes 1982,1983a,b, 1984a,b), while others compared bone loss between Alaskan
Eskimo, Puebloan, and Arikara populations (Ericksen 1976, 1980; Richman et al. 1979).
A Puebloan sample was also examined in Martin et al.’s (1991) study on health on Black
Mesa, Arizona. Two studies have included Mogollon individuals in their analyses (Brock
and Ruff 1998; Hinkes 1983).
A combined an examination of cross sectional geometry and bone mineral content
(BMC) was employed in a study of the skeletal remains from Pecos Pueblo, New Mexico
(Ruff 1991; Ruff and Hayes 1982,1983a,b, 1984a,b). No significant differences were
found between the sexes or age groups after standardizing the BMC measurements for
cortical area. Females showed a significant decline in bone volume after middle
adulthood (25-40 years), while males declined only slightly. Subperiosteal expansion
throughout adulthood was found in both sexes suggesting that bone strength was
maintained despite overall cortical bone loss. Sex-based geometric differences suggest
that males engaged in more running or walking than females, but that females also
engaged in very active lifestyles (Ruff 1991). These sex-based activity patterns are
similar to those proposed for the Point of Pines Pueblo population (Rodrigues 2008:151),
and therefore one might expect to also see similarities in bone loss patterns. Additionally,
the fact that overall bone strength appears to have been maintained despite a loss of
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cortical volume has implications for the lower incidence of fragility fractures noted in
prehistoric populations.
Ruff (1987) followed up on the results of the above study by comparing sex
differences in lower limb structure between skeletal samples of different subsistence
strategies. He found that hunter-gatherers showed a strong degree of sexual dimorphism,
agriculturalists showed a moderate degree, and industrial populations showed almost
none. These differences likely reflect differences in long-distance mobility in the sexual
division of labor associated with each subsistence strategy. This study has implications
for the usefulness of long bone shaft breadths as indicators of sex as this measurement is
so sensitive to behavior (Ruff 1987). This study also demonstrates why pQCT is a
valuable method, which compensates for bone size. As mentioned previously, more
common methods used to measure BMD, such as DXA, cannot fully account for bone
size and shape. The variation in lower limb sexual dimorphism by subsistence strategy
suggests that conflicting patterns of sex differences in BMD in different populations as
measured by DXA may be a reflection of this dimorphism, rather than true density
differences.
Bone loss in the Pecos Pueblo population was also examined at the
microstructural level and compared to modern white individuals (Burr et al. 1990). The
two populations were found to be quite similar microstructurally, except that the Pecos
Pueblo females showed smaller Haversian canals and males a higher osteon population
density than modern populations (higher bone remodeling). The authors suggest these
differences may be a result of the more active lifestyle of the Pecos population (Burr et
al. 1990). The results of this study suggest that discrepancies in fragility fractures
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between modern and archaeological populations are likely not a product of
microstructural differences, but rather macro-level geometric differences related to
overall bone strength as a result of higher levels of physical activity in the past.
Ericksen (1976) compared cortical bone loss using long bone radiogrammetry in
three Native American skeletal populations: Alaskan Eskimos, Puebloans from New
Mexico, and Arikara from South Dakota. The results showed that while all three groups
showed similar sex and age related patterns in bone loss, the Puebloan population showed
the greatest differences compared to the other groups. In all three populations individuals
begin losing cortical bone during middle age, and this is significantly greater in females
than males. Puebloan females show greater bone loss between the young and middle age
groups than the other skeletal populations. Both sexes in the Puebloan sample, however,
have less cortical bone loss between the middle and old age groups than the Eskimo and
Arikara populations. The author suggests these differences are the result of factors related
to nutrition and physical activity (Ericksen 1976). Although these samples do not
represent true populations (the Eskimo individuals came from 14 different sites, the
Puebloan individuals from 3 sites, and the Arikara from 11 sites) (Ericksen 1976), the
results demonstrate that the magnitude of bone loss between age classes and sexes may
vary even when the overall patterns are similar between groups. It is therefore important
to examine differences in magnitude of loss, particularly if these are statistically
significant, as well as overall patterns of gain or loss between age classes.
Ericksen (1980) followed up on her 1976 study by performing a histological
examination of the same samples. Eskimo females were found to have the highest osteon
density, or the highest bone remodeling, and Puebloan females the lowest. The author
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suggests this was due to the high protein diet and high physical activity of the Eskimo
females, as opposed to the low protein diet of the sedentary Puebloan females (Ericksen
1980). Richmen et al. (1979) found similar results when they examined intracortical
remodeling in the same three archaeological populations as Ericksen (1976, 1980). The
authors examined the density of type II osteons, which they relate to intraosteonal
remodeling. They found that the Eskimo population had the highest density of type II
osteons and the Puebloan population had the lowest (Richmen et al. 1979). Like Ericksen
(1980), Richmen et al. (1979) suggest these results are due to the differences in diet
between the two populations. While the disparate nature of the populations under study
would seem to call for the consideration of other lifestyle of environmental variables in
the interpretation of the results, these studies do indicate that significant differences
existed between the populations. In particular, these studies emphasize the role that
subsistence strategy may play on the bone health of a population.
Martin et al. (1991) examined bone loss in elderly individuals in a stressed
population at Black Mesa, Arizona. The results revealed that elderly females suffered
from poor bone maintenance, with two females suffering from debilitating osteoporosis
and others at high risk for fracture due to bone thinning. Elderly males also suffered from
some bone thinning, but not to the same degree as females, and were more likely to suffer
from arthritic pathologies than bone loss. Biomechanical evidence suggests that males
and females engaged equally in physically strenuous tasks, but this does not appear to
have been sufficient to maintain bone in females at the site. The authors suggest that
females may have suffered greater bone loss as a result of high parity (Martin et al.
1991). As a qualitative study, this study does not provide a lot of details about bone loss
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in this population. It does lend some support to the hypothesis tested in this thesis that
females should suffer greater bone loss in a stressed population, particularly as it appears
differential physical activity was not a contributing factor.
In a later publication, however, Martin (2000) claims that in a study of cortical
area in Black Mesa individuals no differences between the sexes were found. She goes on
to say that the cortical thickness and percentage of cortical area of both sexes fell within
the normal range of healthy modern individuals. No explanation for the discrepancy with
the earlier publication is given. The methodology in the first study (Martin et al. 1991)
was not clearly presented, and it is possible that the discordant results are a product of the
different techniques employed or bone examined in a similar situation to that encountered
at Wharram Percy. Additionally, the ages of the individuals included in the study in the
second publication (Martin 2000) are not provided, and it is possible that it only included
young individuals with superior bone health to those mentioned in the earlier publication
(Martin et al. 1991). This demonstrates the importance of taking a life course approach
when analyzing bone loss in a population. Martin (2000) suggests that high levels of
physical activity and adequate calcium intake maintained cortical bone in this population.
If the study mentioned in the later publication (Martin 2000) were accurate, it may
provide evidence against the hypothesis presented in this thesis, suggesting that bone loss
is not strongly affected by stress.
Two previous studies have specifically included Mogollon individuals, Brock and
Ruff (1988) and Hinkes (1983). Brock and Ruff (1988) used CT scanning to examine
bone loss among Pueblo and Mogollon populations from three time periods: Early
Villages (AD 500-1150), Abandonments (AD 1150-1300), and Aggregated Villages (AD
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1300-1540). Bone density was lowest during the Abandonments phase, likely due to poor
nutrition during a time of abandonment of old communities and resettlement.
Surprisingly, the males showed lower bone density than females. Bone density then
increased during the Aggregated Villages period. Females showed a greater recovery in
bone density than males during this period. In fact, females had greater bone density in
the Aggregated Villages phase than in the Early Villages phase. Males did not show such
a substantial recovery. The authors suggest that the sex differences may be due to males
possibly being more susceptible to environmental changes than females (Brock and Ruff
1988). While the ages of the individuals included in the study were not considered in the
analysis and therefore their impact on the results cannot be determined, Brock and Ruff’s
(1988) study has important implications for this thesis. One of the major hypotheses
tested in this thesis is that the Point of Pines Pueblo population suffered significant bone
loss due to stress, and that this would impact females more than males. However, Point of
Pines Pueblo dates primarily to the Aggregated Villages phase, and therefore Brock and
Ruff’s analysis indicates that one might expect the opposite of this hypothesis: one
should see higher bone density values at Point of Pines Pueblo and to find that females
have better bone maintenance than males.
Hinkes (1983) examined cortical bone loss in the femora and humerii of juveniles
at Grasshopper Pueblo. Grasshopper Pueblo was a Mogollon pueblo inhabited by both
Mogollon and Pueblo peoples from the late 13th century AD until around AD 1400. By
measuring the cortical index on standard radiographs, Hinkes found a decrease in bone
density during ages associated with the weaning period, after which there was a recovery
and a large gain during adolescence. Approximately 19% of the individuals examined in
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her study showed below average bone density for their age group. 25% of those
individuals who showed below average bone density also displayed cribra orbitalia, a
pathology often associated with nutritional stress and anemia. A significant relationship
was found between cortical bone loss and three non-specific stress markers: cribra
orbitalia, growth retardation, and Harris lines (Hinkes 1983). This study is particularly
significant because Hinkes was able to identify key periods for bone maintenance during
childhood growth and development, including the weaning period. She was also able to
establish a significant relationship between bone loss and other skeletal stress markers,
providing evidence that bone loss is a good indicator of stress.
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Chapter 5: The Mogollon and Point of Pines Pueblo
The Mogollon
Emil Haury (1936) first identified and described the Mogollon culture in the
1930s, naming it after the Mogollon Mountains of southwestern New Mexico where
several of the first identified sites were located. Other scholars at the time felt that the
material culture that Haury described as “Mogollon” was not distinct enough from the
Hohokam or Ancestral Puebloan to warrant a separate cultural label. Haury’s assertions
that the Mogollon also made pottery earlier than the ancestral Puebloans and then later
merged with this group until their cultures were indistinguishable were also met with
skepticism. By the 1950s, however, enough archaeological evidence had accumulated
that the controversy had mostly subsided, and the archaeological community accepted the
Mogollon as a distinct culture (Reid and Whittlesey 1997).
The Mogollon occupied parts of the modern states of Arizona, New Mexico, west
Texas, and Chihuahua, from approximately AD 200 to about AD 1450 (Martin 1979;
Cordell 1997). In Arizona, the majority of villages were located in the mountains where
the inhabitants early on practiced a hunting and gathering lifestyle. Later they began dry
farming while still supplementing their diet with wild foodstuffs (Reid 1989). There is
strong archaeological evidence for cultural continuity from the Archaic pre-pottery
Cochise culture from the region (Haury 1943; Haury and Sayles 1947). Emil Haury
proposed this connection based on similar stone tools and other material culture between
the Cochise and Mogollon periods from the site of Cienega Creek in the Point of Pines
region (Haury 1957). Other evidence of continuity has been found more recently in the
Tucson Basin and western New Mexico (Reid and Whittlesey 1997).
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The Mogollon culture is traditionally divided into three temporal periods: Early
Pit House (AD 200-600), Late Pit House (AD 600-1000/1150), and Mogollon Pueblo
(AD 1000/1150-1400). The Early Pit House period is distinguished from the earlier
Archaic period by the introduction of pottery. Most settlements were located on hilltops,
possibly for defense. The Late Pit House period begins with the appearance of decorated
red on brown pottery, and most settlements were located on valley floors near cultivated
land. Masonry pueblos are introduced at the beginning of the Mogollon Pueblo period.
This period ends with the depopulation of the mountain region (Reid and Whittlesey
1997).
It should be noted that in Haury’s original model, the Mogollon only represented
a distinct culture until about AD 1000, after which they became indistinguishable from
their Puebloan neighbors in the archaeological record (Haury 1985,1988). Thus,
according to Haury, nothing after the Nantack phase in the Point of Pines region would
be considered Mogollon, including Point of Pines Pueblo. Haury instead favored the term
“Southern Pueblo” (Haury 1988:240) for these later sites below the Mogollon Rim that
he identified as being more culturally similar to Puebloan groups. Reed (1950) argued
that Mogollon characteristics were still visible enough after AD 1000 to distinguish them
from Puebloan groups and used the term “Western Pueblo” for later Mogollon
settlements, while Wheat (1955) used “Mogollon Pueblo.” Riggs (2005) argues
persuasively for the use of the term “Mogollon Pueblo” due to evidence of cultural
continuity. He also points out distinct differences between Mogollon and Pubeloan
settlements that have recently all been characterized as “Western Pueblo.” He also cites
the immigration of Pueblo peoples into the Mogollon region and ethnic co-residence at
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sites like Point of Pines Pueblo as the impetus for large aggregated pueblo formation at
this time (Riggs 2005).
In the late 13th century AD groups from the Kayenta area of the Colorado Plateau
began migrating into the Mogollon region. The Colorado Plateau experienced several
episodes of drought during this period, which likely stimulated the large-scale migration
(Reid 1989). The influx of migrants intensified the social aggregation that began at the
onset of the Mogollon Pueblo period. Agriculture also intensified with the increased
population pressure and possibly as a result of new technological knowledge introduced
by the immigrants (Woodbury 1961; Reid and Whittlesey 1997).
By AD 1350 there was significant dispersal out of the mountains of Arizona and
New Mexico and nearly complete depopulation by AD 1400. Several models have been
proposed to explain this rather drastic population movement. The three major models
involve warfare, climatic change, or a depletion of the available farmland with increasing
population densities (Oakes and Zamora 1999; Tuggle and Reid 2001).
While scholars have documented increasing interpersonal violence in the latest
Mogollon phases in the Grasshopper and Point of Pines regions, there has been no
evidence for large-scale warfare (Baustian et al. 2012; Rodrigues 2008; Tuggle and Reid
2001). The violence that has been documented would not be unexpected in light of the
social stress associated with increased population densities during these periods. Rainfall
became increasingly unpredictable after AD 1250 throughout the region. Increased
aridity after AD 1330 has been proposed as a major factor in the abandonment of
Grasshopper Pueblo (Dean and Robinson 1982; Ezzo 1992) and may have affected other
Mogollon settlements as well. The Mogollon also began to farm increasingly marginal
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land as populations grew, with agriculture peaking in the 14th century AD. Woodbury
(1961) has suggested that without new technological developments it would not have
been improbable that settlements like Point of Pines Pueblo would have exhausted their
available farmland as the population soared to around 2000 individuals. In all likelihood,
it was some combination of factors that led to the depopulation of the region. Most of the
large pueblos first disaggregated into smaller settlements before those too were cleared
out, suggesting a gradual, orderly abandonment of the region (Oakes and Zamora 1999).

Point of Pines Pueblo (AZ W:10:50)
Point of Pines Pueblo (AZ W:10:50) is the largest of over 100 archaeological sites
identified in the Point of Pines region of east-central Arizona. The site is located on the
San Carlos Indian Reservation, approximately 60 miles east of the modern city of Globe.
It is situated on top of a large plateau known as Circle Prairie with an elevation of
approximately 6000 feet above sea level. The area contains large stands of ponderosa and
pinyon pine, as well as oak and juniper at lower elevations. The area is rich in wild game
including deer, wildcats, turkey, and coyotes (Robinson 1958). The archaeological
chronology of the Point of Pines Mogollon can be found in Table 1.
Time Period
Dates
Pinelawn phase
AD 200-600
Stove Canyon phase
AD 600-800
Dry Lake phase
AD 800-900
Nantack phase
AD 900-1000
Reserve phase
AD 1100-1200
Tularosa phase
AD 1200-1300
Pinedale/Maverick Mountain phase
AD 1275-1325
Canyon Creek phase
AD 1325-1350
Point of Pines phase
AD 1350-1400
Table 1. Point of Pines Regional Chronology (J.J. Reid, personal communication,
February 21, 2013).
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Emil Haury and E.B. Sayles first identified AZ W:10:50 in 1945 during a survey
of the region after learning about several ruins in the area. They founded an
archaeological field school at Point of Pines through the University of Arizona the
following year. The field school was in operation for 15 field seasons, and in conjunction
with the original survey they identified approximately 112 sites in the region (Wasley
1957). Point of Pines Pueblo (AZ W:10:50) was the largest of all of these sites.
Built at the end of the Tularosa phase, this two-story pueblo consisted of over 800
rooms enclosed by a one-meter thick wall (Haury 1989) (Figure 1). Haury estimated that
the site had been occupied for approximately 200-250 years and reached a maximum
population of around 2000 individuals (Robinson 1958). This population consisted of
both Mogollon people and a group of Kayenta immigrants that lived alongside the locals
for a period of time (Stone 2000). Most of the archaeological evidence suggests the
immigrants were well integrated with the local population, as they were buried alongside
local individuals, built their room blocks in the main pueblo, and their pottery showed a
mixing with the local styles over time (Rodrigues 2008).
As the pueblo appears to have been built almost immediately after the
abandonment of the nearby Mogollon site of Turkey Creek Pueblo, many archaeologists
believe that the former Turkey Creek inhabitants were also the founders of Point of Pines
Pueblo. Turkey Creek represents the first large Mogollon pueblo in the region, but unlike
Point of Pines Pueblo, Turkey Creek was inhabited for a comparatively short amount of
time, only 40-50 years, and rapidly abandoned (Lowell 1991).
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Figure 1. Map of Point of Pines Pueblo.
The inhabitants of Point of Pines Pueblo practiced agriculture supplemented with
hunting and gathering. Extensive agricultural fields, some dating as early as the Nantack
phase, have been identified in the region, and were likely farmed throughout the
occupation of AZ W:10:50. The largest field has been dated to the Canyon Creek and
Point of Pines phases when Point of Pines Pueblo would have been nearing its population
height. These fields relied entirely on dry farming techniques. The main crops that have
been identified are maize, kidney beans, tepary beans, and squash (Woodbury 1961).
Cotton has also been identified from the site and may have been grown in the local fields.
These crops were supplemented with many wild plant species including juniper berries,
walnuts, amaranth seeds, mesquite pods, cholla buds, and prickly pear (Bohrer 1973).
Wild animal species such as mule and white tail deer, antelope, mountain sheep, prairie

47

dogs, pocket gophers, rabbit, and possibly turkey and bison were also likely important
components of the Point of Pines Pueblo diet (Haury 1989; Stein 1963).
The Human Remains from Point of Pines Pueblo
Robinson (1958) describes 486 burials recovered from Point of Pines Pueblo (274
inhumations and 212 cremations), however, significantly less than that number are
currently held by the Arizona State Museum. Bennett (1967:10) mentions that 154
individuals appear to have been lost from the ten sites excavated in the Point of Pines
region between when the burials were recorded in the field and when Bennett published
his analysis in 1967. Many were discarded in the field, while others were not properly
catalogued or stored (Bennett 1967).
Most of the burials were recovered from trash mounds outside of the pueblo
walls, which the excavators designated Broadsides 1-5. Broadsides 2 and 4 contained
cremations as well as inhumations. The trash mounds were extensively excavated, and
nearby areas were tested to the point where the archaeologists believed that few burials
remained to be found at the pueblo. If any additional individuals were present, they were
likely buried farther away from the pueblo itself where the archaeologists did not
excavate (Robinson 1958).
The majority of the inhumations were buried in a supine, extended position in
single shallow graves. Pottery was recovered in less than half of the burials, and nonceramic objects such as awls and jewelry were found even less frequently. As at several
other Mogollon sites, most notably Grasshopper (Lowell 2007), adult females
significantly outnumber males (Robinson 1958). Some scholars have argued that this
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biased sex ratio is indicative of warfare, as more males were killed in battle away from
home (Lowell 2007).
Rodrigues (2008) has documented evidence for a sexual division of labor based
on occupational and accidental skeletal trauma. She found that males showed more
injuries associated with walking or hiking while females showed injuries associated with
falling. The precise activities that led to these injuries are unknown, but they are
suggestive of different economic or social roles for males and females with distinctive
health consequences.
Social Stress at Point of Pines Pueblo
The Kayenta immigrant arrival at Point of Pines Pueblo is dated to approximately
AD 1265 as evidenced by the construction of a room block at the site containing Kayenta
pottery types (Lindsay 1987; Stone 2000). The arrival of these immigrants resulted in
increased aggregation and population density as well as potential resource stress. In her
research on skeletal trauma and social stress, Rodrigues (2008) documented significantly
higher levels of violent trauma among the individuals from Point of Pines Pueblo and
contemporaneous sites than at earlier pueblos, such as Turkey Creek, that did not have a
substantial migrant presence. She hypothesized that the increased social stress and
competition for resources from the migrant presence led to increased levels of
interpersonal violence among the pueblo inhabitants. The evidence suggests that the
violent trauma was a result of internal pueblo conflict rather than warfare. There was no
indication, however, that the Kayenta migrants suffered from greater violence than the
local inhabitants (Rodrigues 2008).
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Although the skeletal evidence does not suggest violence was specifically directed
at the immigrants, and archaeologically they appeared well integrated into the
community, the Kayenta room block was burned around AD 1300, killing several people
(Haury 1989; Lindsay 1987). After this event, the Kayenta presence disappears from the
site (Stone 2000), and many have argued this is an indication that they were attacked and
forced out by the local Mogollon people (Haury 1989; Lindsay 1987). The elevated levels
of interpersonal violence, high population density, and burned migrant room block all
suggest that there was increased social stress at Point of Pines Pueblo. High levels of
social stress, as well as possible resource stress, likely had a profound effect on the health
of individuals living in this time period. These stressors combined with deteriorating
environmental conditions also likely led to the abandonment of the area by AD 1400.
Dating Point of Pines Pueblo
Point of Pines Pueblo does pose a problem because the site is not securely dated,
preventing any analysis of the changes in population health over time. The site
chronology is based almost entirely on ceramic styles, many with very long lifespans.
The only absolute dates come from tree-ring samples from the Kayenta room block,
allowing archaeologists to date its construction. The dating of the burials is particularly
problematic as the majority of the individuals were buried in heavily used trash mounds
eliminating the use of stratigraphic dating methods. Pottery accompanied only 40% of the
inhumations, and the majority were utility wares in use throughout the site’s occupation,
and thus not useful for dating. Decorated pottery was recovered in 28 inhumations, but
only 22 could be assigned to a specific phase. Thus, of the over 500 burials originally
excavated, only 22 could be given an approximate date (Robinson 1958).
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Chapter 6: Materials and Methods
Materials
Thirty individuals from Point of Pines Pueblo were examined in this study:
eighteen females and twelve males (Table 2). The individuals ranged in age from
approximately eighteen to fifty plus years of age. Age and sex assessments were based on
the standards set forth in Buikstra and Ubelaker (1994). The individuals were placed into
one of four age categories: subadult (18-20 years), young adult (20-30 years), middle
adult (30-40 years), and old adult (40+ years) (Table 3). After pQCT scanning was
completed, however, only 29 of the original 30 individuals yielded meaningful
measurements for all skeletal sites and are included in the results of this study.
Individuals were selected based on preservation, sex, and age. At least threequarters of the length of the radius and femur had to be preserved in order to scan the
necessary sites on the element. The distal end of each element needed to be intact
although minor cortical damage, such as flaking, was acceptable, as cortical BMD was
not measured at this site. Although preservation was the primarily selection criteria, it
was desirable to obtain approximately equal numbers of males and females in each age
category to achieve a representative sample. There were, however, no subadult males
from the entire Point of Pines Pueblo skeletal collection with both the radius and femur
preserved. Additionally, the Point of Pines Pueblo sample is heavily female-biased, and it
was difficult to find males in general with both elements intact. Thus, it was not possible
to obtain equal numbers of males and females for every age class.
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Burial Number
Sex
Age (Years)
Age Category
007
Female
18-20
Subadult
030
Male
20-25
Young Adult
031
Female
30-35
Middle Adult
032
Male
20-25
Young Adult
035
Female
30-35
Middle Adult
040
Female
16-19
Subadult
042
Female
40+
Old Adult
045
Male
25-30
Young Adult
050
Female
35-40
Middle Adult
053
Male
40+
Old Adult
056
Female
25-30
Young Adult
063
Male
50+
Old Adult
077
Female
50+
Old Adult
079
Female
20-25
Young Adult
083
Female
35-45
Middle Adult
094
Female
35-40
Middle Adult
100
Male
20-25
Young Adult
*103
Male
30-35
Middle Adult
104
Male
30-35
Middle Adult
131
Female
35-40
Middle Adult
186
Male
25-30
Young Adult
250
Female
40+
Old Adult
252
Female
20-25
Young Adult
253
Female
40s
Old Adult
255
Female
35-40
Middle Adult
257
Female
16-19
Subadult
259
Male
30-35
Middle Adult
260
Female
20-25
Young Adult
261
Male
40+
Old Adult
264
Male
30-35
Middle Adult
Total N = 30
Table 2. Point of Pines Individuals Included in Study. *Excluded from Results
Sex
Subadult
Young Adult
Middle Adult
Old Adult
Female
3
4
7
4
Male
0
5
4
3
Total
3
9
11
7
Table 3. Number of Individuals Included in Study by Age Category and Sex.
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Total
18
12
30

The femur and radius were chosen for several reasons. These elements are
commonly examined in both archaeological and clinical studies on bone loss, and thus
the results of this study are comparable to previous research. The femoral neck and distal
radius are two common sites of osteoporosis-related fractures and are therefore regions of
interest when measuring BMD (Brickley and Agarwal 2003). The femur and radius also
preserve well archaeologically, making them ideal candidates for examination (McEwan
et al. 2004). Additionally, in her study on Mogollon skeletal trauma in the Point of Pines
region, Rodrigues (2008) found that a number of individuals from different sites
specifically had fractures to the distal radius, also known as Colles’ fractures. This type
of fracture is often associated with osteoporosis and it was therefore important to
specifically assess BMD at this location (Brickley and Agarwal 2003). The right or left
element was chosen based on superior preservation. Siding should not affect the results of
this study as previous research has documented that siding does not significantly affect
BMD or cortical index scores (Ives and Brickley 2004).
After the pQCT measurements were completed, one middle adult male, Burial
103, had to be excluded from analysis. The distal femur of this individual was too
damaged to obtain a measurement for trabecular BMD. In order to determine if minor
damage could affect the BMD results of the remaining individuals each element was
visually scored on a scale from zero to six based on degree of damage. These qualitative
scores were analyzed with their associated BMD values obtained through pQCT. No
significant correlation was found, indicating that minor damage had no effect on the
BMD measurements obtained through pQCT.
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Methods
One of the major aims of this study was to test the use of a clinical technique,
peripheral quantitative computed tomography (pQCT), in evaluating bone density that
has been underutilized in archaeological studies on bone loss. This technique has not
been used specifically to examine differences in cortical and trabecular bone loss in
archaeological specimens. pQCT has several advantages over other techniques used to
evaluate bone loss, including dual energy X-ray absorptiometry, that could prove to be
particularly valuable when working with archaeological bone.
Peripheral Quantitative Computed Tomography (pQCT)
Peripheral quantitative computed tomography was developed for the forearm to
measure bone mineral density in clinical settings not long after the introduction of CT
imaging. Axial quantitative computed tomography (aQCT or just QCT) imaging for the
spinal column was developed several years later. This technique has three primary
advantages over other clinical techniques used to assess bone density: 1) the exclusion of
non-bone tissues, or empty space in the case of dry bone; 2) the measurement of true
volumetric density rather than areal bone mineral density (BMD); and 3) the separate
assessment of trabecular and cortical bone density. Despite these advantages, pQCT has
not had as strong of an impact in the field of osteoporosis research as other techniques
such as DXA, single photon absorptiometry (SPA), or spinal QCT. This may be a result
of the late commercialization of the technology compared to the other techniques. Since
the technology is rarely used to assess osteoporosis in patients, particularly in the United
States, little data has been available, and pQCT has rarely been integrated into large
prospective studies (Prevrhal et al. 2008; Suby et al. 2009).
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pQCT assesses average volumetric BMD of cortical and trabecular bone within a
certain region of interest (ROI), and the results are calculated from the CT values with a
calibration standard measured separately from the patient. These results are reported in
milligrams per cubic centimeter (mg/cm3). Compared with other techniques and spinal
QCT, the pQCT scanners are small, only large enough for individual limbs. The
technique is most often performed on the radius and ulna but is also used to assess bone
density in the femur and tibia (Prevrhal et al. 2008). Unlike DXA and other techniques,
pQCT excludes the spaces of the bone that are taken up by other tissues in the
measurement of BMD. In this case of dry bone, this means air cavities are excluded. This
removes the need for a soft tissue substitute when working with archaeological specimens
and makes the overall results of pQCT more accurate than other techniques (Suby et al.
2009).
Besides not requiring a soft tissue substitute, pQCT has two other advantages over
other techniques. First, it measures true volumetric bone mineral density rather than areal
density, making it more accurate than other techniques. The disadvantages of areal bone
density measurement have already been mentioned briefly in Chapter IV. Besides
compensating for bone size, the measurement of volumetric bone density allows for
precise measurements of cortical thickness, as well as biomechanical properties of the
bone, which can provide important information on bone strength and risk of fracture.
Other techniques such as DXA may falsely report a decrease in BMD when the bone
experiences endocortical loss, when in fact subperiosteal expansion would compensate
for the loss, keeping the bone strength constant. Volumetric BMD would detect the
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changes in both parts of the bone and the density would not be affected, while areal BMD
would incorrectly show a decline in bone density and bone strength (Prevrhal et al. 2008).
The last advantage of pQCT is the separate measurement of the cortical and
trabecular bone density. This is important for several reasons. Clinical studies using
pQCT have shown that cortical and trabecular BMD loss begins at different ages and is
lost at different rates. (Riggs et al. 2004; Riggs et al. 2008). Patterns of cortical and
trabecular bone loss also differ significantly between the sexes, as do the mechanisms
responsible (Khosla et al. 2006a,b; Riggs et al. 2004, 2008). Cortical and trabecular bone
also respond differently to various hormonal and mechanical stressors at different stages
of the lifecourse (Riggs et al. 2008). Finally, the ability to separately measure trabecular
BMD is important as a loss of trabecular density and/or quality is likely responsible for
increased fragility of the skeleton and likelihood of osteoporosis-related fractures
(Brickley and Agarwal 2003; Riggs et al. 2004; Rozental et al. 2013).
Like with DXA, diagenesis presents a possible drawback to pQCT. Without
destructive analyses it is impossible to determine the extent and precise nature of
alterations to the skeleton that have occurred after death. Pestka et al. (2010) found,
however, that despite intense skeletal demineralization due to burial in an acidic
environment, pQCT was still able to accurately assess BMD in European bog bodies.
This suggests that diagenic changes are generally uniform and unlikely to affect the
results of this study.
Procedure
The procedure used in this study was adapted from that normally used for living
patients, and all of the scanning and image analysis was completed in the Department of
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Physiology at the University of Arizona. The radius or femur of an individual was placed
in the gantry of the pQCT scanner in an anterior-posterior position. The scaffold on
which the element rests was raised or lowered to ensure the entirety of the bone would be
scanned within the diameter set for the bone in question: 80-90mm for the radius and
125mm for the femur. The speed of the scan was set at 15mm/sec for the radius and
20mm/sec for the femur. A laser scout was manually positioned at the distal end of the
bone (the 0% mark) to correctly position the scans. Four CT slices were imaged for each
element: 3 at the distal 8% mark (Figure 2), and one at the 50% mark (Figure 3), or
midshaft of the element. These slice positions were slightly adjusted in specific cases to
avoid damaged areas of the element. Due to the differential preservation of the types of
bone in different regions, images of the 8% mark were used for trabecular bone
measurement and the 50% mark was used for cortical bone measurement.
Due to the lack of soft tissue and marrow, the bone densities could not be
immediately calculated at the time of the scans and required further calibrations
completed by Robert Blew in the Department of Physiology. For the purposes of this
study, and due to bone preservation, only separate cortical and trabecular bone mineral
densities were calculated. In clinical settings, these values are calculated separately as
well as jointly to provide a total BMD measurement of the bone as well.
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A

B
Figure 2. pQCT images of the distal 8% mark of the radius (A) and femur (B) of Burial
007.
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A

B
Figure 3. pQCT images of the 50% mark of the radius (A) and femur (B) of Burial 007.
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Statistical Analyses
The pQCT results were analyzed using SPSS Statistics 21 (IBM 2012). These
results were tested to look for age and sex-based patterns by identifying significant
differences between age classes and between males and females, using independent
Student’s t-tests. Student’s t-tests were also used to determine if there were significant
differences in BMD between the three immigrants in this sample identified by Rodrigues
(2008) and the rest of the sample population (Table 4). Significant differences between
the radius and femur were also investigated using paired samples t-tests (Table 5).
Bivariate correlations were also used to evaluate the relationship between the BMD of
cortical and trabecular bone between the elements (Table 6). Additionally, the mean
differences between age classes were measured and compared using ANOVA in
conjunction with Tukey’s HSD test in order to examine the rate of BMD loss (Table 7).

Data Set
Females

Males

Young Adults

Test Variable
Radius cortical
BMD, Radius
trabecular BMD,
Femur cortical
BMD, Femur
trabecular BMD
Radius cortical
BMD, Radius
trabecular BMD,
Femur cortical
BMD, Femur
trabecular BMD
Radius cortical
BMD, Radius
trabecular BMD,
Femur cortical
BMD, Femur
trabecular BMD

Grouping Variable
Age Class:
Subadult, Young
Adult, Middle
Adult, Old Adult

Aim
Determine age class of
peak bone mass,
if/when females lose
cortical and trabecular
bone density in radius
and femur
Age Class: Young
Determine age class of
Adult, Middle
peak bone mass,
Adult, Old Adult
if/when males lose
cortical and trabecular
bone density in radius
and femur
Sex: Females, Males Determine if sexes have
any significantly
different bone densities
during young adulthood
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Middle Adults

Radius cortical
BMD, Radius
trabecular BMD,
Femur cortical
BMD, Femur
trabecular BMD
Old Adults
Radius cortical
BMD, Radius
trabecular BMD,
Femur cortical
BMD, Femur
trabecular BMD
Total Sample
Radius cortical
BMD, Radius
trabecular BMD,
Femur cortical
BMD, Femur
trabecular BMD
Table 4. Independent Student’s t-tests.

Sex: Females, Males Determine if sexes have
any significantly
different bone densities
during middle
adulthood

Origin: Immigrants,
Locals

Determine if so-called
immigrants had
significantly lower bone
densities than locals.

Data Set
Females

Variable 2
Femur cortical
BMD
Femur trabecular
BMD
Femur cortical
BMD
Femur trabecular
BMD
Femur cortical
BMD
Femur trabecular
BMD
Femur cortical
BMD
Femur trabecular
BMD
Femur cortical
BMD
Femur trabecular
BMD

Aim
Determine if BMD is
significantly higher in
either element in
females
Determine if BMD is
significantly higher in
either element in males

Variable 1
Radius cortical
BMD
Radius trabecular
BMD
Males
Radius cortical
BMD
Radius trabecular
BMD
Young Adults
Radius cortical
BMD
Radius trabecular
BMD
Middle Adults
Radius cortical
BMD
Radius trabecular
BMD
Old Adults
Radius cortical
BMD
Radius trabecular
BMD
Table 5. Paired Samples t-tests.

Sex: Females, Males Determine if sexes have
any significantly
different bone densities
during old adulthood
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Determine if BMD is
significantly higher in
either element in young
adults
Determine if BMD is
significantly higher in
either element in
middle adults
Determine if BMD is
significantly higher in
either element in old
adults

Data Set
Young Adult

Variables
Radius cortical BMD,
Radius trabecular BMD,
Femur cortical BMD,
Femur trabecular BMD
Middle Adult
Radius cortical BMD,
Radius trabecular BMD,
Femur cortical BMD,
Femur trabecular BMD
Old Adult
Radius cortical BMD,
Radius trabecular BMD,
Femur cortical BMD,
Femur trabecular BMD
Table 6. Bivariate Correlations.

Aim
Determine if the density of either bone
type in either bone element is related
to/impacts the density of another in
young adults
Determine if the density of either bone
type in either bone element is related
to/impacts the density of another in
middle adults
Determine if the density of either bone
type in either bone element is related
to/impacts the density of another in old
adults

Data Set
Females

Dependents
Factor
Radius cortical
Age Class:
BMD, Radius
Subadult, Young
trabecular BMD,
Adult, Middle
Femur cortical
Adult, Old Adult
BMD, Femur
trabecular BMD
Males
Radius cortical
Age Class: Young
BMD, Radius
Adult, Middle
trabecular BMD,
Adult, Old Adult
Femur cortical
BMD, Femur
trabecular BMD
Table 7. ANOVA and Tukey’s HSD test.
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Aim
Determine mean differences
between age classes to
evaluate rate of BMD loss in
females
Determine mean differences
between age classes to
evaluate rate of BMD loss in
males

Chapter 7: Results
With the exception of Burial 103, which did not produce a result for the trabecular
bone of the femur, cortical and trabecular bone mineral density was successfully
measured in all the skeletons examined in this study. Clear sex- and age-based patterns of
bone loss were observable in the sample, demonstrating the effectiveness of pQCT for
use on archaeological specimens.
Among females, no significant differences in either cortical (Figure 4) or
trabecular BMD (Figure 5) of the radius were found between age groups. This suggests
that females experienced no significant loss in bone density in the radius throughout the
lifecourse. Females showed a significant decline in the cortical BMD of the femur
(Figure 6) between the subadult and old adult age groups (t = 3.05; df = 5; p = .028), as
well as between the young adult and old adult groups (t = 2.44; df = 6; p = .05). This
suggests that peak cortical bone mass was reached somewhere around subadult or young
adulthood and slowly declined thereafter. Females also show a significant loss in
trabecular BMD of the femur (Figure 7) between young and middle adulthood (t = 2.42;
df = 9; p = .039), indicating peak trabecular bone mass was reached in young adulthood
and began to decline immediately after.
The males in this sample showed no significant changes in cortical BMD in either
the radius (Figure 4) or the femur (Figure 6) throughout the lifecourse. They did show a
significant decline in trabecular BMD of the radius (Figure 5) between the young adult
and middle adult age classes (t = 3.26; df = 6; p = .017). There was also a significant
decline in trabecular BMD of the femur (Figure 7) between young and middle adulthood
(t = 2.66; df = 6; p = .037).

63

Figure 4. Point of Pines Pueblo female and male cortical BMD values of the radius by
age class with interpolation lines.

Figure 5. Point of Pines Pueblo female and male trabecular BMD values of the radius by
age class with interpolation lines.
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Figure 6. Point of Pines Pueblo female and male cortical BMD values of the femur by
age class with interpolation lines.

Figure 7. Point of Pines Pueblo female and male trabecular BMD values of the femur by
age class with interpolation lines.
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There was a significant difference in bone density between males and females in
the cortical bone of both the radius (t = 2.45; df = 7; p = .044) and the femur (t = 2.94; df
= 7; p = .022) during young adulthood. However, there are no significant differences in
any other age categories. There were no significant differences in BMD between the three
individuals in this sample that Rodrigues (2008) previously identified as immigrants
(Burials 032, 083, 104) and the rest of the sample.
Paired t-tests showed that cortical BMD differs significantly between the radius
and femur (t = -8.88; df = 28; p < .001), as did trabecular bone (t = 13.91; df = 28; p <
.001). Cortical BMD was significantly positively correlated between the elements (r =
.832, df = 8; p = .005), as was trabecular BMD (r = .817, df = 8; p = .007), but only in
young adulthood. One significant negative correlation between cortical and trabecular
BMD was found in the radius among the old adults (r = -.774, df = 5; p = .041).
In order to compare the rate at which males and females lost BMD, trabecular
BMD of the femur was analyzed using ANOVA and Tukey’s HSD test. The mean
differences between the young and middle adult age classes were then compared between
the sexes using a t-test. The difference between the young and middle adult classes were
the only differences that were statistically significant for both sexes and that therefore
could provide a meaningful comparison to test the hypothesis that females lost BMD at a
faster rate than males. The t-test revealed that males had a significantly greater difference
in means between the age groups (t = 2.88; df = 17; p = .010), indicating that, in fact,
males lost bone at a faster rate than females.
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Chapter 8: Discussion and Conclusions
The original aim of this study was to evaluate the effectiveness of pQCT in
measuring separate cortical and trabecular bone mineral density in archaeological
specimens. As mentioned in Chapter 7, the BMD measurements obtained showed clear
age- and sex-based patterns and indicate that pQCT is an effective and valuable method
for use in archaeological studies. In addition to the basic method, four hypotheses were
tested: 1) females suffered greater bone loss than males; 2) patterns of bone density loss
will differ between cortical and trabecular bone; 3) those individuals previously identified
as “immigrants” will have significantly lower BMD values than the rest of the sample;
and 4) males and females will both show a decline in BMD at earlier ages than in
comparative modern populations due to social stress. The results given in Chapter 7 are
used to evaluate and discuss these hypotheses below.
The first hypothesis tested, that females suffered greater BMD loss than males
throughout the life course in a socially stressed population as result of biological and
social factors, was not supported. Contrary to expectations, females showed no
significant decline in either cortical or trabecular BMD in the radius. It is likely that
physical labor, which placed mechanical strain on the upper limb, maintained bone
density in the radius. In this population, corn grinding is a plausible activity. The Point of
Pines Pueblo inhabitants were agriculturalists with a fairly heavy reliance on corn
(Woodbury 1961). In most Native American cultures of the southwest, corn grinding is a
female activity, and an arduous one at that (Spielmann 1995). The repeated mechanical
strains involved could have been enough to stimulate the “conservation mode
remodeling” (Frost 2000) and prevent the typical pattern of BMD loss seen in modern
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females. This result is also interesting because other researchers have suggested that the
effects of estrogen deficiency on bone loss are greater than those of mechanical loading
(Riggs et al. 2004). The BMD results of the radii of the Point of Pines Pueblo females
seem to suggest that in this population mechanical loading had a greater effect than the
reduction in estrogen associated with menopause.
Females appear to have reached peak cortical and trabecular bone mass in the
femur around young adulthood, which is consistent with modern US females (Riggs et al.
2008). There was a gradual decline after peak bone mass was achieved, but no rapid
decline after middle adulthood that would be expected with the onset of menopause. It is
possible that higher levels of physical activity helped maintain femoral bone mass despite
the drop in estrogen associated with menopause. Additionally, multiparity and prolonged
lactation may have protective effects on bone mass in females (Agarwal et al. 2004). It is
possible that a greater number of pregnancies buffered the Point of Pines Pueblo females
against significant bone loss after menopause.
While males and females showed a significant difference in BMD in cortical bone
during young adulthood, there were no differences in later age categories. Additionally,
Tukey’s HSD test showed that in the case of femoral trabecular bone, males lost BMD at
a faster rate than females. This further weakens the hypothesis that females suffer greater
BMD loss in a socially stressed population.
As discussed in Chapter 3, many aspects of female physiology and reproductive
biology make them more susceptible to bone loss throughout the life course (Bassey et al.
2002). High stress levels would be expected to exacerbate this. It is possible that the
Point of Pines Pueblo population was not as socially stressed as the archaeological record
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has suggested. Alternatively, the data could suggest environmental or cultural practices
were buffering females against BMD loss. Several studies have also documented the
protective physiological effects of estrogen during periods of psychological stress
(Ceresini et al. 2000; Del Rio et al. 1994). If nutrition and exercise were adequate, it is
possible that aspects of female biology (i.e. higher levels of estrogen) actually acted as a
buffer against the negative physiological consequences of social stress in this population.
A contemporaneous, less-stressed population would be needed to evaluate these
hypotheses.
The second hypothesis, which proposed that the patterns of BMD loss would
differ significantly between cortical and trabecular bone, was supported. This difference
is most visible in the males of the sample, who showed no significant changes in cortical
BMD across the life course, but a decline in trabecular BMD after young adulthood. This
decline in trabecular BMD is consistent with patterns documented in US males today
(Riggs et al. 2008). As mentioned in Chapter 3, trabecular bone loss is strongly affected
by physical activity. When mechanical strains are below the remodeling threshold and
“disuse-mode” is activated, trabecular and endocrotical bone is resorbed (Frost 2003).
The similarities in trabecular BMD loss to the modern US males suggest that there was
no particular mechanical investment on the part of the Point of Pines males overriding the
“natural” progression of trabecular bone loss.
While the pattern of trabecular BMD loss was consistent with modern males, the
pattern of cortical BMD loss was not. In modern US males, very minor cortical BMD
loss begins in young adulthood and is slowly lost thereafter but accelerates in old
adulthood, around 75 years of age. There are several possible factors that could be
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responsible for the lack of cortical density loss in the males in the Point of Pines Pueblo
sample. First, higher levels of overall physical activity in this population compared to
modern American males could be responsible, however this appears inconsistent with the
pattern of trabecular loss. Cortical bone loss is also largely affected by a decline in sex
steroids, primarily estrogen, which males do not experience until quite late in life (Riggs
et al. 2008). It is likely that the males in this population did not live long enough to
experience the hormonal changes that cause the major cortical density loss seen in
modern US males after 75 years of age. Alternatively, the study sample may simply not
have included enough, or any, males sufficiently old enough to show the expected decline
in cortical density.
Additionally, the results show that there were no significant correlations between
cortical and trabecular bone except a negative correlation in the radius of old adults. This
suggests that the patterns of loss between the two types of bone are very different and
affected by different factors. The cause of the negative correlation in the radius in old
adults, or whether this represents a genuine relationship between the bone densities, is
unknown.
The three “immigrants” in this sample previously identified by Rodrigues (2008)
did not show lower bone density values than the rest of the individuals, rejecting the third
hypothesis of this study. The lack of a significant difference in bone density between the
immigrants and the other individuals could be a product of the small sample size. A
sample of three individuals is nowhere near large enough to draw substantial conclusions.
However, the lack of a significant difference is consistent with Rodrigues’s findings that
the “immigrants” at Point of Pines Pueblo did not suffer higher levels of interpersonal
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violence than the rest of the population as might be expected. This may support
archaeological evidence that the immigrants were well integrated socially into the local
population (Rodrigues 2008). Although, the fact that the immigrant presence declines
archaeologically after the Kayenta room block was burnt at the end of the 13th century
AD would seem to indicate otherwise (Stone 2000).
The fourth and final hypothesis was also not supported; neither males nor females
showed a decline in bone density at earlier ages than modern individuals due to social
stress. This may be evidence that social stress does not induce greater BMD loss, or that
this population was not as stressed as scholars has suggested. The lack of any male
subadults and only three female subadults could also affect the results. A skeletal sample
of a less stressed population from the same archaeological culture would provide a better
comparison sample than modern day individuals, and would be necessary to firmly reject
the hypothesis that social stress contributed to greater bone loss in this population.

Potential Problems
There are a few potential problems in this study that could confound the results.
First, the small sample size severely limits the significance of any statistical tests
performed. In some cases the group sizes compared are less than 5 individuals, far below
the number needed to yield a true significant result. Additionally, there were no male
subadults available from the Point of Pines Pueblo skeletal collection with the necessary
elements to include in this study. The absence of this age category in the male subsample
means it is impossible to determine if peak bone mass was achieved in subadulthood
rather than young adulthood in this population.
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Additionally, as mentioned in Chapter 6, diagenesis could affect bone density
values after death. Previous research suggests these effects would not likely affect the
ability to obtain valid BMD measurements and establish patterns of bone loss within a
population (Pestka et al. 2010). This would only be valid, however, if diagenic processes
are fairly uniform across the skeleton as well as across the archaeological site from which
the remains were excavated, which may not always be the case (Klepinger et al. 1986). It
is extremely difficult to detect diagenic changes to bone without destructive analyses
(Brickley and Agarwal 2003). The fact that clear age- and sex-based patterns of bone loss
were obtained in this study suggests that diagenesis did not significantly affect the pQCT
measurements overall. Individual measurements could have been affected, however, if
diagenic processes were not uniform across the site of Point of Pines Pueblo, and would
be essentially undetectable with this methodology.
Finally, the analysis of the pQCT measurements was based on the placement of
individuals into specific age and sex categories. These were based on individual age and
sex estimates made using standard osteological criteria (Buikstra and Ubelaker 1994).
There are known difficulties with these criteria, however, and are estimates rather than
absolute diagnostic criteria. Sexing individuals can be particularly challenging if a
complete pelvis is not available. Young individuals are often over-aged, while the ages of
old adults are frequently underestimated (Aykroyd et al. 1999). If individuals included in
this study had been placed in the wrong age or sex category due to problems in the sex or
age assessment, this could affect the results.

72

Future Directions and Conclusions
The first priority of any future research would be to expand the Point of Pines
Pueblo sample size. While the preservation of elements and the number of skeletons
originally excavated limits the number of individuals who could be additionally analyzed,
finding ways to expand the sample size is crucial. The inclusion of other elements may be
one way around this if another informative skeletal site could be chosen.
It will also be necessary to do a thorough paleopathological study of the
individuals of Point of Pines Pueblo, focusing on non-specific skeletal stress markers,
including linear enamel hypoplasias, porotic hyperostosis, cribra orbitalia, and Harris
lines. These pathologies have been used as stress indicators in bioarchaeology for
decades, but are unreliable (Ribot and Roberts 1996). Examining how trabecular and
cortical bone loss relate to the prevalence of these markers in each population will
provide a better understanding of the overall effects of stress on the skeleton.
Only adults were included in this study mainly due to the sex-based hypotheses
tested. In order to achieve a proper life course perspective on bone maintenance at Point
of Pines Pueblo, however, juveniles would need to be included as well. No sex-based
questions could be asked of these individuals, however, as sex cannot be accurately
determined in immature skeletons (Cardoso and Saunders 2008).
Additionally, as the proposed explanation for the maintenance of BMD in the
radius of the Pont of Pines Pueblo females is a biomechanical one, analyzing the crosssectional geometry of the limb bones is a logical future research project. In addition to the
separate measurements of cortical and trabecular bone, pQCT is a valuable non-invasive
method for studying cross-sectional geometry. This kind of analysis can reveal
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information about an individual’s specific activity patterns (Suby et al. 2009). This
method could also be used to test the hypothesis that males at Point of Pines Pueblo
engaged in more activities associated with walking and running (Rodrigues 2008).
Finally, in order to better understand the effects of social stress on the bone health
of the Point of Pines Pueblo population future research will also focus on using pQCT to
measure bone density in individuals from the site of Turkey Creek Pueblo. As mentioned
in Chapter 5, Turkey Creek Pueblo is another Mogollon site in the same region of east
central Arizona that slightly predates Point of Pines Pueblo (Lowell 1991). There is no
evidence of a significant immigrant population at Turkey Creek Pueblo, and Rodrigues
(2008) found the inhabitants suffered less interpersonal violence than at Point of Pines
Pueblo. This suggests that the Turkey Creek Pueblo population was less socially stressed
than that of Point of Pines Pueblo, making an ideal comparative sample to study the
effects of social stress on the health of the Point of Pines Pueblo inhabitants.
In conclusion, the hypothesis that females suffered greater overall BMD loss than
males was not supported. Nor was there evidence that social stress induced greater bone
loss in this population in general. Sex-specific activities, such as corn grinding, may
explain preferential bone maintenance in the female radius. Hormonal differences
associated with sex and a reduced life expectancy compared to modern populations likely
maintained male cortical density in this sample. There does not appear to have been any
particular mechanical investment in males overriding the “natural” pattern of bone loss.
These results demonstrate the importance of evaluating cortical and trabecular bone
separately, the usefulness of pQCT in bioarchaeological research, and reveal new
information about the health of this population.
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