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 CHAPTER 1 

I�TRODUCTIO� 

 

 

 

  The premise that bone morphology is heavily influenced by mechanical loading during 

life is commonly used to infer behavioral variability. It has often been applied to the study of 

population�wide, upper limb bilateral asymmetry among prehistoric adults (Auerbach and Ruff 

2006, Hawkey and Merbs 1995, Lazenby 2002, Steele 2000, Stirland 1993). The upper limbs are 

non�weight bearing structures and therefore theoretically respond more readily to changes in 

activity levels; in contrast the lower limbs must counteract the forces imposed by body mass, 

mobility patterns, and terrain. Many skeletal studies have given particular emphasis to the 

humerus (Stirland 1993). Very few have examined the entire upper limb within a population 

(Merbs 1983), and virtually none have examined the prevalence of asymmetry in subadults with 

only a few exceptions (Ruff et al. 1994, Cowgill 2007, 2008, 2009, 2010). In the field of physical 

anthropology, there has recently been an increased interest in the ontogenetic aspect of bone 

remodeling in past populations. It is through an understanding of growth and development in 

children that the resulting adult morphology can be properly interpreted. 

 To understand the impact of unilateral behavior on skeletal asymmetry, handedness 

among humans must first be addressed. Humans exhibit a species�wide preference towards right 

handedness, often estimated at 90% of the population. Handedness is defined as the inherent 

differential preference of one hand over the other, especially for tasks that require precision. In 

clinical studies of industrialized societies the 90% right hand dominance rule is reaffirmed. 

Measures of grip strength indicate that right handed individuals exhibit a 10% difference in grip 

strength between their right and left hand (Bechtol 1954). Whereas right handed individuals are 

strongly asymmetrical, the left handed are most often nearly symmetrical in grip strength. This 

phenomenon is usually explained as the result of living in a “right handed world,” where left 

handed individuals are taught to perform many tasks with their non�dominant hand beginning at 

a young age, resulting in a more symmetrical grip during adulthood (Gurven et al. 2006).  

Many archaeological studies treat handedness as synonymous with skeletal asymmetry 

because it coincides with robusticity regardless of repetitive stress and loading that cause 
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remodeling. This assumption blurs the contribution of behavioral factors and makes it difficult to 

use asymmetry as an indicator of something other than handedness such as an indicator of sex. 

Researchers should understand the contribution of right or left side dominance, yet not let this 

knowledge obscure what can be inferred about age, sex or cultural activities from skeletal 

asymmetry. 

Studies of hunter�gatherer grip strength have examined the relationship between male 

hunting ability and differential strength. Male rates of hunting success are most often correlated 

to experience rather than strength, size, or handedness. In these societies males usually express 

relatively greater grip strengths than females (Ohtsuka 1989, Walker et al. 2001, Walker and Hill 

2003, Gurven et al. 2006). Gender�based differences in grip strength have also been documented 

for Turkana pastoralists. Unlike modern urban settings where males have greater grip strength, 

Turkana females have stronger grips, primarily because they milk cattle (Little and Johnson 1986, 

Little and Gray 1990). 

Handedness may obscure the development and expression of skeletal asymmetry over an 

individual’s lifetime depending on changes in social, economic, and environmental factors. None 

of the studies mentioned above address the degree of change in asymmetry over time, or the 

shifts in strength and asymmetry in young boys and girls in relation to the onset of adolescence 

and engagement in adult activities. 

 Based on the principles of bone remodeling, exposing one side of the body to 

differentially greater mechanical loads results in asymmetry of the bones. This is most notably 

expressed as an increase in robusticity (Schultz 1937, Wolff 1986). Limb asymmetry, unlike 

handedness, occurs when mechanical loads alter the morphology of a limb more than its paired 

element regardless of dominance or preference towards one side. The most extreme development 

of asymmetry and robusticity of the long bones occur at the diaphyses. Therefore, specific 

activities imposed by life in a particular cultural or environmental setting influence the 

expression of limb and grip strength asymmetry regardless of the handedness of an individual. 

During an individual’s lifetime, the nature of asymmetry and the degree of robusticity for each 

side of the body constantly changes depending on the types of remodeling taking place in 

response to activities that are age appropriate for their society. 
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Hypotheses  

This study compares osteometric dimensions and cross�sectional geometries of adult and 

subadult upper limbs from three North American Archaic sample populations known to be 

hunter�gatherers: Windover in Florida, Indian Knoll in Kentucky, and several Pickwick Basin 

sites in Alabama. As an out�group (control) comparison, Mississippians from the Tennessee 

River Valley are also examined to compare the overall characteristics of asymmetry in a 

prehistoric agricultural group.  Using the adult results, this study then tests the following 

hypotheses in an effort to assign adult sex/gender categories to the subadult samples: 
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� The division of labor between adult males and females has been well documented in 

many modern ethnographic contexts (see Chapter 3).  Based on the examination of 

archaeological remains from past populations, differences in upper limb asymmetry reflect the 

differences in sex/gender specific activity patterns. Therefore, by controlling for sexual 

dimorphism at each site, precise patterns of bone remodeling can be used to cluster males and 

females into distinct groups. This can be achieved by examining the bone dimensions that exhibit 

the greatest degree of asymmetrical variation and performing a discriminant analysis to 

determine the highest degree of accurate identification.  
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There is a general assumption that robusticity and asymmetry within a population is 

primarily driven by repetitive stress (Ruff and Larsen 1990). Therefore comparing the 

asymmetries of different populations has traditionally been used to examine the impact of shifts 

in subsistence strategy, such as the transition from hunter�gatherer to agricultural lifeways 

(Bridges 1989, Peterson 2002, Ruff and Larsen 1990). Across these studies, hunter�gatherers 

tend to be more consistent in their expression of asymmetry, as compared to agricultural groups 

where hunter�gatherer males are on average larger and more asymmetrical than females. This is 

accompanied by, and potentially masked by, the population�wide right limb bias (Bridges 1989, 

Ruff and Larsen 1990).  
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The Mississippians will act as a comparative prehistoric agricultural group. Examinations 

of the shift from hunting and gathering to agricultural subsistence have shown that changes in 

bone remodeling differ by geographical region, particularly with regard to culturally�specific 

divisions of labor (Bridges 1989, Ruff and Larson 1990). Researchers have found an increase 

(Bridges 1989) and a decrease (Ruff and Larsen 1990) in female agriculturalist robusticity 

relative to males in Alabama and Georgia populations respectively.  

With this in mind, all three Archaic samples are expected to share more asymmetrical 

characteristics with each other than with the Mississippian group. If there are significant 

differences among the hunter�gatherer groups, then other factors, such as stresses affecting 

growth and development or culturally specific behaviors need to be identified and evaluated. 
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 Due to a lack of sexually dimorphic characteristics prior to maturation, determining the 

sex of subadults in the archaeological record is extremely difficult. One of the objectives of this 

study is to identify gender or sex specific activity patterns as reflected in the asymmetry of adult 

upper limbs and to test the predictability of sexing subadults based on these observed patterns.  

This study assumes that subadults gradually begin performing the same tasks as the 

adults within each population, and that their activities are determined primarily by age and sex. 

Most often, the youngest age groups (under 6 years) are performing female activities. After this 

boys begin performing male tasks, while girls continue to perform female activities (Bradley 

1993). At a certain age the subadults should begin to diverge and cluster with the appropriate 

adults. As they enter adolescence there should be a clear morphological distinction between the 

subadult remains corresponding to adult males and females. 

The examination of ontogenetic changes in subadult asymmetry from multiple 

populations will allow for a better understanding of how adult behavior becomes evident in the 

skeleton over time. Differences not only in subsistence strategy, but also in culturally specific 

behaviors relating to the division of labor and the onset of adult tasks and the stresses affecting 

growth and development, need to be taken into account while reconstructing prehistoric activity 

patterns in both adults and subadults. 
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Previous Subadult Sexing Techniques 

 Traditionally, sexual determination of archaeological remains relies on statistically 

significant differences in morphology between males and females. More dimorphic populations 

result in more precise estimates of adult sex. However, subadult skeletal remains show very 

slight dimorphism and are extremely difficult to positively identify as male or female. Much of 

the work directed at sexing subadults involve utilizing morphological indicators that work best 

with adults and applying them to the subadult skeleton (Mays and Cox 2000). The advantage to 

this is the dependence on developmental factors, rather than on features easily influenced by the 

environment or behavior. This study argues that by ignoring behavioral markers, researchers 

overlook or avoid features that may actually help sex subadult individuals. 

 The pelvis and skull are most often used in sexing adult remains. Selective pressure on 

the male pelvis has ensured successful bipedality, while the female pelvis is modified for both 

obstetrics and bipedality. Therefore, pelvic morphology such as the ventral arc, the subpubic 

concavity, the medial border of the inferior pubic ramus, and the sciatic notch are known to 

illustrate dimorphic qualities with up to 96% accuracy (Phenice 1969, Sutherland and Suchey 

1991). Dimorphic qualities of the skull are also used to determine adult sex. Males tend to have 

elongated faces with an enlarged supraorbital torus and mastoid processes, as well as an 

accentuation of the chin in comparison to females. The accuracy of sexing based on the 

morphological robusticity of the skull is upwards of 92% (Meindl et al. 1985). A combination of 

pelvic and cranial determinates of sex has yielded the most accurate and reliable method at 97% 

(Meindl et al. 1985) and 98% (Molleson and Cox 1993).  

 Sexing subadult skeletal remains is an entirely different process due to the lack of sexual 

dimorphism and the differential timing and duration of puberty. Much of the research conducted 

on subadult material has used pelvic morphology, particularly the sciatic notch, to infer sex. 

Certain studies of documented individuals (Boucher 1957) have claimed that the sciatic notch of 

infant males is narrower and deeper than that of females. The feature is believed to be due to the 

heightened degree of hormones in neonatal male infants that later bottoms out. Others however 

have found no such dimorphism upon examination of archaeological material (Molleson and Cox 

1993). Holcomb and Koningsberg (1995) also found no differences in all but the notch location, 

where it is more anterior in male infants among documented US collections. Among those 
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studies that did find dimorphic qualities the differences were extremely slight with a much larger 

degree of overlap compared to adults.  

The dentitions of subadult remains have also been examined to infer sex. Tooth crowns 

for deciduous and permanent teeth tend to be larger in males than in females (Cox and Mays 

2000). The degrees of dental dimorphism are very slight and often are around 10% or less than 

1mm on average between adult males and females. This degree of difference is even less for the 

deciduous dentition. The only way to accurately determine sex from dental dimorphism is to 

have a subsample with known sex (Cox and Mays 2000).  

 The sexing of subadult material has focused on fixed morphological traits associated with 

the sexual dimorphism between adult males and females. Most of these techniques fail to 

produce a truly accurate method for identifying or inferring sex among the subadult populations. 

This study looks at activity patterns and the skeletal response to mechanical forces among 

subadult males and females to infer sex based on roles in society. 

 

Growth and Development 

A difficult aspect of growth and development involves distinguishing growth trajectories 

of boys and girls in a prehistoric context. Due to sexual dimorphism, larger individuals are often 

interpreted as males. The expression of dimorphism among hunter�gatherer and agricultural 

societies however, is influenced by the amount of work being done by each sex (Holden and 

Mace 1999). By using the reports of Bradley (1993), Moberg (1985), and Blurton Jones (1993) 

on childhood activities in ethnographic settings, we can assume a division of labor where 

children begin participating in adult activities early in life, thereby developing the same patterns 

of asymmetry as their same sex adults. This opens up the potential for sexing subadults, 

especially if there is a distinguishable pattern within the adult sample. Distinctive patterns within 

each of the populations may then lend to the notion that subsistence strategy alone does not 

dictate the prevalence of asymmetry. Through a combination of metric and cross�sectional 

geometry analysis within each sample population, patterns in adult asymmetry should be 

reflected in the subadults. The population that expresses the most dramatic pattern of robusticity 

and asymmetry in the adults has the greatest potential for segregation of the subadult sample. 

Differentiation between populations, even though they share similar activity patterns, 

may further indicate confounding effects of behavior differences and the ages at which work 
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begins. Based on Ruff et al. (1994), there is the potential to compare the ages at which heavy 

work begins. They reported that increase in mechanical loading has more of an effect on 

periosteal apposition early in life, while it is not until after adolescence that endosteal contraction 

begins. The ratio of midshaft circumference to length of the upper limbs should then be larger in 

individuals that begin heavy loading early in life, whereas the cross�sectional geometric 

properties and contraction of the medullary area relative to length may indicate increased 

mechanical loading later in life. Among the Archaic groups, a few significant differences in the 

patterns of asymmetry and robusticity are expected to be present across the entire upper limb. 

Each of these populations may share a suite of characteristics in their subsistence practices, 

technology, and environment, but the frequency at which they practiced specific behaviors and 

mechanical loading can only be estimated through an analysis of their skeletal remains.  

Since not much is known about the roles of subadults in prehistoric societies, this study 

focuses on a biological interpretation and recreation of activity patterns for Archaic populations. 

In addition, the relationships between adult and subadult activity, with a focus on the division of 

labor, will be addressed. The majority of the data on this subject comes from clinical and 

ethnographic records. This study will further our knowledge of the nature of ontogenetic growth 

and development of robusticity and asymmetry in subadults and adults from hunter�gatherer 

societies in prehistoric North America. A better understanding of the biology of bone and its 

response to mechanical loading and activity patterns can be reached through the examination of 

skeletal remains.  
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CHAPTER 2 

BO�E REMODELI�G  

�

�

�

This chapter reviews proposed mechanisms for a biomechanical understanding of bone 

adaptation through the examination of clinical studies of adults and children. In addition, the 

importance of cross�sectional geometric properties in the interpretation of bone strength during 

different stages of the human life cycle is examined. 

�

Response of Bone 

Historically, the notion that bone responds to its functional environment is known as 

“Wolff’s Law”. Recently, many researchers have criticized this loose interpretation as being 

misleading and inconsistent with the original concept and theory (Bertram and Swartz 1991, 

Pearson and Lieberman 2004, Ruff et al. 2006). Specifically, “Wolff’s Law” was originally 

based on a mathematical approach to the generally held theory that “over time, the mechanical 

load applied to living bone influences the structure of bone tissue” (Ruff et al. 2006: 485).  

Although this basic statement is not currently debated, Wolff applied specific mathematical rules 

to govern the remodeling process, especially the trabecular orientation of the long bones, which 

are now known to be based on engineering and biological misconceptions. Wolff modeled bones 

as solid, homogeneous, and isotropic structures subjected to statically applied loads (Cowin 

2001). The application of “Wolff’s Law” in a strict mathematical sense, while an advancement 

over previous, less empirical approaches, does not accurately reflect or predict bone remodeling. 

Instead, many researchers have proposed replacing the term “Wolff’s Law” in the general sense 

with “bone functional adaptation” as a more accurate representation of remodeling processes 

(Ruff et al. 2006). 

It is well established that a primary function of bone is to resist deformation due to forces 

acting on the body and to provide support for muscle, ligament, and tendon attachments. Outside 

influences, such as gravity and activity patterns, create forces that are translated into stress 

(defined as force of differential intensities) and strain (defined as changes in length depending on 

the magnitude of stress). Through the stresses and strains acting on the body, bones experience 
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loads in four possible ways: axial compression, bending, shearing, and twisting. Osteological 

remodeling occurs through these stimuli in moderation according to a feedback loop constrained 

by the plasticity of the bone (Carter and Beaupre 2001). Depending on the type of load being 

applied, as well as the structural and compositional strength of the bone, the mechanical 

resistance to forces and yield points will vary (Curry 2002). In response, bone may increase its 

resistance to forces in a number of ways, including altering its microstructural properties through 

Haversian remodeling, adding bone mass or density, and changing the cross�sectional geometry 

of bone to resist and redistribute forces (Martin and Burr 1989, Pearson and Lieberman 2004). 

Bone may increase its strength through microscopic alterations in cortical bone known as 

Haversian remodeling. Typically, bone tissue is resilient and returns to its original size and shape 

after loading has ceased. Each bone can handle a certain magnitude of stress, known as the yield 

point. After this limit has been reached the bone will deform to the point at which it fractures. 

Strains below this yield point initiate microcracks whose size and rate of accumulation are 

determined by variations in magnitude, rate, and cycles of stress as well as the bone’s structure 

(Curry 2002, Pearson and Lieberman 2004). A general hypothesis is that osteocytes act as strain 

receptors and transmit proteins in multiple directions through caniliculi, forming a complex 

connected cellular network. This causes osteoclasts to resorb the old primary bone tissue, while 

osteoblasts form secondary osteons around vascular channels. This type of remodeling is said to 

either prevent or repair damage caused by a high magnitude or frequency of strain (Burr 2002). 

Multiple studies have shown that through loading, Haversian remodeling is elevated, especially 

in regions of primary bone that have accumulated the most damage (Lanyon and Rubin 1984). 

This process most likely occurs through more than one stimulus and multiple mechanisms, 

leaving its primary interpretation open to more than mechanical loading and activity patterns 

(Lieberman 1997, Pearson and Lieberman 2004). 

Through an accumulation of data from clinical studies on animals and humans our 

knowledge of factors affecting bone remodeling has grown immensely. In a study by Nilsson and 

Westlin (1971), the influence of physical activity on the femoral bone mass of 64 professional 

athletes and 39 healthy males (24 who exercised regularly and 15 that did not) were examined. 

By analyzing the rate of photon�absorption into the bone, they found that the density of the distal 

femora of athletes was significantly denser compared to non–athletes. In addition, the non–

athletes exhibited no significant difference between the dominant and non–dominant leg, while 
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there was a significant difference evident for the athletes. Nilsson and Westlin (1971) concluded 

that even a modest amount of physical activity may increase bone density and thus resistance to 

mechanical loads. Yet there is a profound difference between high�impact activities (such as 

running, gymnastics, and dancing) and low�impact activities (such as swimming) (Grimston 

1993). Not all mechanical loads result in osteoblastic response. Factors including the magnitude 

of strain and the rate, distribution, and duration of force all influence remodeling differently. 

Lanyon and Rubin (1984) assessed remodeling in avian ulnae under conditions of disuse 

alone, disuse with a superimposed continuous compressive load, and disuse interrupted by a 

short daily period of intermittent loading. They found that, over the course of eight weeks, the 

intermittent stress was associated with a substantial increase in cross�sectional geometry (24% 

gain) due to periosteal deposition, whereas the static stresses as well as the unloaded ulnae were 

associated with bone loss (8% and 13.5% respectively). When a continuous load is also being 

functionally loaded, it not only induces static strains, but it may also modulate the superimposed 

pattern of dynamic strain produced by functional activity (Lanyon and Rubin 1984). Bone 

remodeling is sensitive to many factors other than mechanical ones and the direct and indirect 

effects of trauma and vascular disturbance can easily obliterate any remodeling related to 

physiological changes in the bone’s mechanical situation. Bone mineral density can be used to 

account for bone strength and increased resistance to fractures, but mechanical loading may not 

be the primary force driving the levels of density within bone (Ruff et al. 2006). 

�

Cross,sectional Geometry 

Measurements of the periosteal surface of bones have long been used to illustrate 

differences in activity (Auerbach and Ruff 2006). The knowledge gained by examining the 

interior construction of bones leads to a more accurate understanding of their strength. It is in 

this aspect of bone remodeling that the use of biplanar radiographs becomes exceedingly 

important. The most dynamic and best�understood form of bone remodeling is the deposition of 

bone primarily along the periosteal or endosteal surfaces of diaphyses. This function alters the 

cross�sectional geometry of the bone by adding bone mass, which counteracts mechanical forces 

acting on the bone through a reduction of stress and a redistribution of forces over a larger area. 

In addition, by increasing the diameter of the cortical area and total area, bending and torsional 

forces have less effect on the diaphyses. This process was demonstrated by Jones et al. (1977), 
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where they examined the humeral cross�sectional geometries of 84 active professional tennis 

players with a mean age of 18 in males and 14 in females. They found that every player showed 

signs of humeral hypertrophy on the dominant playing side with the medullary cavity commonly 

narrowed due to thickening of the cortex. This finding coincided with an increase of the overall 

cortical thickness on the playing side of 34.9% for males and 28.4% for females (Jones et al. 

1977: 206).  

To further our understanding of the developmental process of bone deposition, the 

engineering method of hollow beam theory can be applied to the geometry of long bones, 

thereby allowing predictions of stress, strength, and rigidity of bone under different types of 

loading (Ruff and Hayes 1983). The use of cross�sectional area becomes an appropriate 

measurement to assess the internal resistance of bone to axial loading (loads applied 

perpendicularly to the cross�sectional surface with the force resultant passing through the center 

of area). Although axial, bending, and torsional loads must be taken into account due to the 

curvature of long bones, the most important characteristic for the evaluation of strength under 

bending is known as the second moment of area (the area moment of inertia). There are two 

second moments of area. The first is along the x and y axes (shear stresses) and the second falls 

along the z axis (torque stresses). When combined, an overall strength of the bone can be 

measured as the polar moment of area. This value is the most important characteristic in 

determining the torsional strength and rigidity of a long bone (Ruff and Hayes 1983). Through 

this technique, the geometrical strength of bone can be tested in both clinical and archeological 

contexts.  

 

Subadult Bone Growth 

The development of robusticity and asymmetry begins at a very early stage. During the 

neonatal period of life, the humeri will often be asymmetrical (Steele and Mays 1995). Schultz 

(1926) found marked asymmetry in the lengths of the femur and foot in human fetuses as young 

as four months, or before any significant activity�related stress factors are operative. Steele and 

Mays (1995) noted a tendency for prenatal infants from Wharram Percy to have longer left 

humeri than right by 12:1, while in juveniles this tendency has reversed to favor a right bias. 

Whether the reason for this developmental disparity during early ontogeny is genetic or 

mechanical in nature is controversial. During periods of growth, many factors including 
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mechanical loading, muscle development, and hormonal changes affect the patterns of bone 

growth. 

Much of our knowledge about the process of bone remodeling during ontogeny comes 

from the work of Ruff, Walker, and Trinkaus (1994), in which they use an ontogenetic 

framework to reexamine the professional tennis players studied by Jones et al. (1977). In 

addition, they examine the changes in skeletal proportions resulting from the timing of 

developmental events, which are in essence growth trajectories for different features. Ruff et al. 

(1994) utilized the data on the age at which play began: approximately 9.6 years (with a 

minimum of five years and a maximum of 19 years). The mean playing period was 

approximately 15.5 years with a minimum of eight years and a maximum of 28 years of playing 

experience. There were no significant differences between males and females for these 

parameters. Ruff et al. (1994) concurred with the results from Jones et al. (1977) that both sexes 

showed the same pattern of response to exercise and resultant asymmetry, with males being 

significantly larger than females in all but medullary area. Furthermore, all bilateral asymmetry 

values were found to be highly significant. The most telling factor to have a significant 

correlation with the development of asymmetry was the age at which play began. Interestingly, 

neither length of playing time or final age at which play ceased had any effect on the magnitude 

of asymmetry observed. They proposed that after at most eight years, players reach an 

equilibrium beyond which no further increase in relation to the robusticity of the playing arm 

occurred. The age at which play began presented the most significant correlation to asymmetry 

found in total area, cortical area, and the polar moment of area, but not the medullary area. This 

negative correlation with medullary area represented a decrease in the amount of bilateral 

asymmetry. They concluded that players who participated in strenuous activity earlier in life 

developed relatively greater robusticity and asymmetry in their playing arm due specifically to 

an increase in periosteal growth and not endosteal contraction (Ruff et al. 1994). 

A more recent application of Ruff et al.’s ontogenetic framework was applied to the 

prehistoric juvenile remains at Çatalhöyük in comparison with children from the Denver Growth 

Study. During the early stages of childhood (prior to age three) there was little to no asymmetry 

in the diaphyseal or epiphyseal dimensions of the upper limbs for both groups (Cowgill and 

Hager 2007). By age 3.5–6 there were diaphyseal asymmetries in the cross�sectional geometry of 

humeri at Çatalhöyük. One problem noted by Cowgill and Hager (2007) was that modern Denver 
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Growth Study children had an accelerated growth pattern up to around age 12 as compared to the 

children from Çatalhöyük. She further noted that researchers cannot assume a generalized 

growth pattern for healthy individuals from a prehistoric sample due to selective mortality acting 

on the population. In addition, malnutrition may play a major role in the decreased rate of 

maturation in the skeletal sample, since both the rates of longitudinal growth and cortical growth 

prior to skeletal maturation are impacted by nutrition. Physical activity may be able to counteract 

some effects caused by nutritional deficits in the prehistoric sample. Prior to the adolescent 

growth spurt, individuals may be more susceptible to environmental disruptions, which also help 

explain the disparity in growth trajectories between the two groups (Cowgill and Hager 2007). In 

a follow�up report, Cowgill (2009) describes a divergence in the levels of asymmetry among 

juveniles from multiple Holocene populations, specifically with hunter�gatherer populations at or 

around the age of eight. These results lend credence to the belief that bone seems to be more 

responsive to loading during childhood than during adulthood (Ruff et al. 1994). Immature bone 

responds not only to habitual physical activity with elevated levels of bone strength, but also 

with increases in bone mineral density.  

Grimston et al. (1993) tested the bone mineral density (BMD) of children ages 10 – 16 

participating in weight�bearing activities (impact loading) such as running or gymnastics to those 

participating in non�weight bearing activities like swimming (active loading). The goal was to 

see if children participating in impact loading exercises, which generate between 3�7 times 

normal body weight, would exhibit denser bones than those participating in activities in which 

loads on the skeleton come from muscular contractions. The study revealed that there were 

significant differences in the amount of BMD of the femoral head between the two groups 

(Grimston et al. 1993). The differences in years of training between the groups were not a 

significant covariate, nor was there any significant correlation between their findings and the 

average daily hours of practice, even though the impact load children did report training longer 

hours than the active load children. They concluded that children participating in impact loading 

activities produce significantly higher measures of BMD than those that perform active loading 

activities (Grimston et al. 1993).  
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Transition to Adulthood 

In keeping with the results from Ruff et al. (1994), increases in mechanical loads earlier 

in life have more of an effect on periosteal bone apposition than endosteal contraction. This leads 

to the inference that after a certain age, periosteal expansion ceases and strengthening of the long 

bone is controlled by the endosteal surface. The two individuals from Jones et al.’s (1977) study 

that played tennis after mid�late adolescence showed a much smaller amount of asymmetry in the 

diaphyseal total area and above average asymmetry in the medullary area. This lead to the 

conclusion that the major mechanism for increasing mechanical strength in this adult age range 

was endosteal contraction rather than periosteal expansion (Ruff et al. 1994). This concept 

illustrates bone adaptation to counteract somatic maturity. The quickest way in which to 

strengthen a long bone is to increase the diameter from a central point. This is accomplished 

through periosteal deposition that expands the diaphyseal diameter (increasing the total area). 

Once relatively mature (somatically), strength is then gained by endosteal contraction and 

essentially thickening the cortical area relative to the total area. Bass et al. (2002) confirmed this 

hypothesis in their examination of the shifts in bone deposition surrounding puberty. 

To see the effects of loading on the size and shape of the humerus during different 

subadult hormonal stages, Bass et al. (2002) examined MRI slices of pre�, peri�, and post�

pubescent female tennis players. In accordance with the work of Garn (1970) and Ruff et al. 

(1994), growth in the diaphysis before puberty occurs by a greater periosteal deposition than by 

endosteal contraction. In addition, during puberty estrogen has been seen to inhibit periosteal 

growth while stimulating endosteal growth (Bass et al. 2002). Beam theory predicts that growth 

of the periosteal surface is a more effective way by which to increase the bending and torsional 

strength of bone. It therefore stands to reason that exercise regimes performed during the pre�

pubescent stage of life will be the most beneficial later in life. Bass et al. (2002) found that both 

the bone mineral content and the resistance to torsion is 11�14% greater in the loaded arm of the 

pre�pubescent girls. This difference in strength of the load arm does not increase further into the 

peri� and post�pubescent stages, despite increased duration of loading. As expected, in the pre�

pubescent girls the cortical area thickness is a result of greater periosteal expansion rather than 

medullary contraction, while in the peri� and post�pubescent girls an increase in endosteal 

contraction is present (Bass et al. 2002). This shift in the location of deposition observed by Bass 

et al. (2002) and Ruff et al. (1994) then continues into adulthood.  
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With the fusion of articular surfaces at the beginning of adulthood, articular responses to 

mechanical loads have also been an issue in the estimations of remodeling and asymmetry. 

However, articular remodeling has proved more problematic than macrostructural changes seen 

in the diaphysis of long bones. Biomechanically speaking, the responses to loading on the 

articular surface dimensions have important behavioral implications, due to the amount of force a 

joint undergoes during an individual’s lifetime. Ruff’s (1988) study of remains from Pecos 

Pueblo found that the cross�sectional area of the femoral midshaft increases significantly over 

time, while the femoral head does not. In fact, the femoral head is most correlated with body 

mass at age 18, while the femoral midshaft correlates most strongly with the individual’s body 

mass at the time of the study (Ruff 1988). Articular surfaces must then be under mechanical 

constraints and are thereby not as plastic as the diaphyses of long bones. Conversely, Lieberman 

(2001) believed that there must be at least some degree of phenotypic plasticity of the articular 

surfaces in response to mechanical loading, especially when applied to the developing skeleton 

prior to reaching full adult size. To test this theory, Lieberman had a group of young sheep run 

on treadmills, while a group of non�exercised sheep served as controls. He discovered no 

significant difference in body mass between the two groups. In addition, there were no 

significant differences in articular surface area even after controlling for body size. Instead, the 

exercised group had significantly increased cross�sectional properties of the diaphysis, with the 

most pronounced differences occurring in the juvenile age group (Lieberman 2001). This study 

confirmed Ruffs’ theory that articular surface areas are highly constrained in their ability to 

macroscopically remodel. 

In contrast to this conclusion, some studies found that articular surface areas are more 

phenotypically plastic than previously reported. Plochocki (2004) examined sexually mature 

skeletal material from two archaeological sites in Missouri. After data were collected, no 

significant sex or site differences in the levels of asymmetry were found on the articular surfaces 

of the humerus, radius, femur, and tibia. He did report a clear pattern of significant right side 

dominance in every joint dimension of the upper body except the distal radial articulation. He 

acknowledged that these results may have been fluctuating asymmetry and not necessarily 

mechanical loading (Plochocki 2004).  

Assuming articular surfaces are constrained by phylogenetic components rather than 

mechanical components, remodeling should not occur on a macroscopic level, as seen in 
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diaphyses. Instead, microscopic remodeling can take place and can alter the internal architecture 

of a joint surface to better resist mechanical loads. Haversian remodeling refers to the formation 

of secondary osteons that internally strengthen the bone without changing the external shape or 

appearance. In a study by Lazenby et al. (2008), the subarticular trabecular microarchitecture of 

the distal second metacarpal was examined. They found a significant right�side bias for several 

of the trabecular bone variables; this was most evident in volume, surface density, trabecular 

number, connectivity, and structure of the bone. These findings support the idea of increased 

robusticity and asymmetry of the right side through microarchitectural remodeling in keeping 

with the overall idea of the articular constraint model (Lazenby et al. 2008). However, with 

advancing age individuals may show dramatic bone remodeling due to osteoarthritis on joint 

surfaces.� 

There is also much debate about the effects of exercise on the maintenance of bone mass 

density during adulthood. Some studies claim that bone mass added during adult exercise has a 

lasting effect on the strength of bone throughout one’s lifetime (Mickelsfield et al. 2003), while 

other studies show that when adults cease exercising they rapidly lose any bone mass that was 

added after beginning an exercise regime (Brahm et al. 1998). The majority of this data comes 

from contemporary clinical studies of modern populations rather than from examinations of 

prehistoric skeletal material. Therefore, this trend toward loss of bone mass during adulthood 

may have more to do with the decrease in overall activity levels in modern adults than with 

biological processes of resorption (Pearson and Lieberman 2004).  

In individuals of advanced age, the trend reported most frequently is a loss of robusticity 

and asymmetry through a decrease in the cortical area thickness of the long bones. Changes in 

humeral asymmetry with age can be seen in a study from an Alameda site in California (Ruff and 

Jones 1981). They found that, for both male and female adults, subperiosteal area asymmetry 

remained about the same while asymmetry in cortical area of the humerus declined greatly with 

advancing age. The asymmetry between the right and left humerus declined from 6.7% to 2.2% 

in males and from 3.8% to 0.3% in females (Ruff and Jones 1981: 77). In addition, this decline 

(particularly in females) is due to a greater loss of cortical area from the dominant arm. The 

decline in the right humeri also leads to a relatively greater percent cortical area of the left 

humeri for the older age group. Smith et al. (1984) reported a reduction in bone mass of older 

individuals from multiple Natufian, Roman/Byzantine, and Arab samples, although the degree 
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varied among them. Male humeral values showed little difference among all ages and sites, with 

no male Natufians found to exhibit osteoporosis. Females, on the other hand, expressed a 

reduction in mass beginning around age 55, although the degree of expression varies depending 

on the time period observed. Osteoporosis in females was diagnosed in 53% of Arabs, 23% of 

Roman/Byzantines, and 10% of Natufians (Smith et al. 1984). The researchers suggested two 

potential causes for this decrease in bilateral asymmetry and loss of bone mass. The first cause 

was the redistribution of bone throughout the body, in hopes of partially offsetting the effects of 

bone loss that occurred with advanced age. If both the left and the right bone were to lose 

cortical bone at an equal rate, the bone with initially less cortical area would become dangerously 

weak and have greater potential to fracture. This redistribution became increasingly important 

for females due to the loss of calcium and the onset of osteoporosis. The second possible 

explanation was behavioral differences between age groups. If the habitual usage of the 

dominant limb caused hypertrophy, then either disuse or fewer unilateral activities should 

decrease the amount of asymmetry between the limbs (Ruff and Jones 1981, Smith et al. 1984). 

Smith et al. (1984) also proposed a third possible cause for the loss of asymmetry and bone mass 

that was seen primarily in the Arab and Roman/Byzantine populations. The deleterious effect of 

cereal diets may have emphasized an already negative calcium balance due to poor diet and 

endemic disease load caused by increased population levels (Smith et al. 1984).  

These examples illustrate the shifting magnitudes and locations of robusticity and 

asymmetry. Even though much is still unknown about the nature of remodeling during 

prehistory, the knowledge acquired by decades of research allows us to develop more complete 

models of activity throughout an individual’s lifetime and across cultures.  
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CHAPTER 3 

 ETH�OGRAPHY OF SEX/GE�DER SPECIFIC ACTIVITY 

 

 

 

Immature bone is highly responsive to mechanical loads (Ruff et al. 1994, Cowgill 2008). 

Therefore it is useful to explore the types of subsistence based activities that boys and girls 

participate in. In the North American archaeological record, reconstructing activity has primarily 

focused on shifting subsistence practices between the hunter�gatherers of the Archaic and the 

agriculturalists of the Mississippian. Typically these studies do not include analysis of the 

influences of subsistence on subadult activities. Modern ethnographic data can help in the 

interpretation of prehistoric activities, particularly the sex specific tasks that children participate 

in at certain ages. This chapter addresses the sexual division of labor for multiple subsistence 

types and the potential roles of children through the examination of activities in multiple 

ethnographic and archaeological contexts. 
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Inuit Population 

Merbs’ (1983) study on the Sadlermiut (a Canadian Inuit population) is possibly one of 

the most referenced works dealing with recreation of activity patterns from a skeletal sample. 

This population is an ideal subject of study due to the presence of sexual dichotomy in behavior, 

slight behavioral variation within each sex, historically recorded cultural behaviors, and well 

preserved remains. The Sadlermiut represent a relatively isolated population both genetically and 

culturally. The age of the skeletal collection is not known, although estimates put it to be no 

more than 500 years old. The most important aspect of Merbs’ study is the historical 

documentation and interviews from neighboring Inuit populations both prior to, and shortly after, 

the Sadlermiut cultural extinction in 1902�1903. This unique combination of historical accounts, 

second�hand knowledge, the archaeological record, and ethnographic accounts from other Inuit 

makes this sample meaningful when recreating behavior from the skeleton (Merbs 1983).  

 Based on the archaeological record and second hand accounts, the Sadlermiut daily 

activities are detailed as “hunted with harpoon, lance, and bow, made use of dog traction, 
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prepared skins by scraping and chewing, and navigated on the water by means of kayak and 

umiak” (Merbs 1983:8). In reconstructing behavior and subsistence practices, Merbs compiled 

all of his sources to make a complete picture of Sadlermiut life. Due to the sexual division of 

labor Merbs categorized the activities to analyze the pathology associated with each behavior 

(Merbs 1983).  

By examining the effected areas in each sex, correlations between multiple lines of data 

yielded subsistence related behaviors. The Sadlermiut were a hunting society where the males 

procured the vast majority of the food. Most of the behavioral indicators (osteoarthritis) in males 

reflect the overall demands placed on their skeletons and joints (Merbs 1983).  Males exhibited 

greater osteophytic development in the shoulders, elbows, and wrists while the greatest degrees 

of female osteoarthritis were found at the temporomandibular joints and hands. Differences in 

asymmetry were also present in the sample. The males exhibited right side bias for the entire 

upper limb, although females expressed a larger degree of asymmetry, especially in the hands. 

The greatest difference in asymmetry was in the wrists, where males had a right side bias and 

females had a left side bias (Merbs 1983). The shoulder complex of males expressed more right 

side involvement of the acromioclavicular joint articulation that has a primary function in 

elevating the arm, and may indicate a lifetime of harpoon throwing. The male glenoid 

articulation was approximately equal in its right�left asymmetry, possibly attributed to the use of 

double bladed kayaks. In females, the glenoid articulation was the most affected surface of the 

shoulder, although there was little to no side difference, which may be a reflection of skin�

scraping in the preparation of hides (Merbs 1983: 163). Furthermore, males showed a greater 

tendency for osteoarthritis in the elbow� particularly for the capitulum (humero�radial joint) that 

controls flexion/extension as well as rotational movements. In females, the elbow displayed a 

greater degree of wear in the trochlear articulation (humero�ulnar joint), which is involved in 

only flexion and extension.  

Based on ethnographic information and skeletal morphology, the most important 

activities performed by males were harpoon�throwing and kayak�paddling, both of which leave 

distinct markers on the shoulder and elbow. The primary female activities included the 

preparation and sewing of clothing. This was expressed through arthritis of the elbows, 

temporomandibular joints, and hands (Merbs 1983). Because Merbs used osteoarthritis as an 

indicator of activity, the subadults from this population were excluded. 
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Differences in Mobility 

Stock and Pfeiffer (2001) compared foragers from the South African Late Stone Age 

(LSA) to foragers from the Andaman Islands (AI) to examine cross�sectional variability in 

subsistence related mobility. The LSA people, prior to 2000 BP, had a relatively low population 

density that was characterized by high levels of mobility over large areas for hunting terrestrial 

mammals. The AI were tightly constrained terrestrially within small geographic areas, but they 

had very high marine mobility and resource availability. Based on this information, Stock and 

Pfeiffer predicted that the cross�sectional properties of the LSA would be characterized by 

dramatically stronger lower limbs, while the AI would exhibit larger upper limbs. Both of these 

groups are located in tropical locations so differences in body mass and the proportions of the 

upper and lower limb lengths (Bergmann’s and Allen’s rules) do not apply.  The results 

confirmed their predictions. The morphological differences in habitual loading showed a 

significantly greater expression of lower limb strength for the LSA males and females, while the 

AI had significantly stronger upper limbs (Stock and Pfeiffer 2001). In this study, the only 

mention of childhood activity refers to the swimming proficiency of AI subadults.  

 

Transitions in Subsistence  

Many studies have been carried out on the differences in robusticity and asymmetry 

resulting from shifts in subsistence practices. Bridges (1989) compared upper limb asymmetry 

from Archaic and Mississippian adults of the Pickwick Basin to determine the significance of 

shifting subsistence strategies and changes in the division of labor for the region. She found that 

in general, agricultural Mississippian populations were significantly more robust in all aspects 

except male humeral circumference. Females showed an increase in arm and leg robusticity 

when compared to males, suggesting a greater degree of change in activity patterns correlated 

with agriculture. In addition, there was an overall decrease in the upper limb asymmetry for the 

Mississippian population due to more bilateral tasks common in agricultural work. Bridges 

reported a more dramatic decrease in the upper limb asymmetry of female skeletons due to 

greater variety of chores associated with agriculture, while the males exhibited far fewer 

differences. 

Conversely, Ruff and Larsen (1990) examined temporal changes in the cross�sectional 

geometries of the upper and lower limbs between pre�contact pre�agriculturalists, pre�contact 
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agriculturalists, and contact populations along the Georgia Coast. They based their behavioral 

reconstructions on archaeological and ethnographic information from the region. To control for 

differences in body size among the temporal periods they standardized the cross�sectional 

properties using bone length. They reported a decline in the bending strengths and sizes of the 

humerus and femur for adult males and females when comparing the pre�contact pre�agricultural 

and pre�contact agricultural groups (Ruff et al. 1983). This result was interpreted as being due to 

a decline in mobility, especially for males, accompanying the more sedentary lifestyle associated 

with agriculture. During the contact period this trend was reversed resulting in an increase in 

overall body size and femoral strength of females. Bilateral asymmetry of the humerus showed a 

steady decline for males and females, although it was more pronounced among the pre�

agricultural and agricultural periods. Females expressed a dramatic decrease in the amount of 

asymmetry for bending strengths of the humerus due to a greater degree of agricultural task 

specialization (Ruff and Larson 1990, Fresia et al. 1990). Transitions in limb robusticity and 

asymmetry do not always occur between shifting subsistence strategies. They may also be 

dependant on the environment. 

 In summary, studies of the archaeological record have largely ignored the roles of 

subadults in subsistence based activity patterns. They have instead examined and deciphered 

many important interpretations for adult activities given different subsistence practices. It is 

through the knowledge of adult patterns of upper limb asymmetry that the subadults can be 

identified.  
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 Subadults from non�urban societies practice a wide�range of activities that shape their 

postcranial development. These activities are primarily related to the acquisition of food. In a 

cross�cultural study by Bradley (1993), subadult labor was compared in 91 societies. She found 

that children under the age of six were involved in very little subsistence based activity. When 

children under six years old did perform a subsistence related task, such as crop tending or fuel 

gathering, they required little strength or skill and did not yield much in return (Bradley 1993, 

Cowgill 2008). Between the ages of six and 10 subadult activity mirrored their gender�specific 

adult counterparts and after age 10 they were considered able to perform adult tasks with 

increasing competence (Bradley 1993, Cowgill 2008). In the examination of these cross�cultural 
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groups, Bradley described general trends or rules that accompany the relationship between 

subadult and adult work. Younger children were more likely to perform women’s work due to 

the proximity of the mother during child rearing. In addition, boys performed women’s work at a 

young age after which they would increasingly perform men’s work, whereas girls rarely ever 

did men’s work (Bradley 1993). Although these commonalities are visible cross�culturally, 

subadults engage in a vast array of activities that are influenced not only by cultural practices, 

but by the environment as well. 

 Children from most hunter�gatherer cultures undertake subsistence related tasks at a very 

young age, and can contribute a large amount of their own calories (Blurton Jones et al. 1993, 

Cowgill 2008). As an ethnographic example, the Hadza are a hunter�gatherer population from 

Tanzania that are commonly the focus of studies related to division of labor in an evolutionary 

context. Hadza children between the ages of five and 10 often provide over 50% of their own 

caloric needs and they are mostly self sufficient by the time they reach adolescence (Blurton 

Jones et al. 1989, 1994). Regarding differences in gender�specific tasks amongst the Hadza, 

women and girls spend a daily average of four hours outside of camp gathering foods, such as 

tubers, berries, and baobab (Marlowe 2010). They forage in groups often accompanied by 

younger children (primarily girls). After returning to camp they process the food; for example by 

roasting tubers until they are easily peeled and eaten. Boys, on the other hand, begin hunting 

with bow and arrow at an early age, often receiving their first practice bow prior to age four. 

They form small groups, usually with a few younger boys accompanying an older adolescent boy, 

in search of small mammals such as hyrax. Around age 18, males begin hunting alone where 

they will spend on average six hours away from camp (Marlowe 2010). Males also typically 

collect honey (adult females also do this with less frequency) by using an ax to hammer pegs into 

trees so they can climb up and reach the honey. Much of the Hadza subsistence is based on 

opportunistic foraging and therefore their labor strategies are not rigidly enforced. But they 

primarily fall into the parameters laid out by Bradley (1993).  

 

Hunting Proficiency 

 Knowledge of the age at which boys begin performing male tasks is critical when 

examining the development of gender specific skeletal indicators. This culturally–specific 

division of labor has most often been analyzed in the context of the male hunting proficiency, 



 

 23 

specifically the extended period of time it take for males to become successful. Multiple studies 

have found that the success rate of males increases over time and peaks at approximately age 35�

45. This is well after an individual reaches sexual maturity and greatest degree of strength 

(Gurven et al. 2006, Walker et al. 2002, Ohtsuka 1989). Body mass and strength, although 

correlated with hunting success are less important than experience. The individuals with the 

greatest skill in tracking animals, shooting the bow and arrow, and retrieving the carcass are the 

most successful. Proficiency does begin to decline as individuals get older (45+) due to lose of 

strength and stamina (Gurven et al. 2006, Walker et al. 2002, Ohtsuka 1989). Because it takes so 

long for males to become proficient in hunting, it is advantageous for young boys to begin 

practicing the use of hunting implements very early in life. This phenomenon is true for many 

hunter�gatherer populations today and it is assumed to be true during prehistoric hunter�gatherer 

times as well.  

In the Archaic period of North America the atlatl (spear thrower) was the primary hunting 

implement. There is archaeological evidence for atlatls at Windover, Pickwick Basin, and Indian 

Knoll (see Chapter 4). Boys in Archaic populations must also have begun practicing and hunting 

at a very early age. These activities then introduced behaviorally specific mechanical loads to the 

upper limbs of boys. However, activities are quite variable in nature and many produce similar 

skeletal manifestations. This can be seen in Bridges’ (1990) reexamination of ‘atlatl elbow’ as 

described by Angel (1966). She found that females could be classified more often than males as 

showing signs of ‘atlatl elbow’ that was more likely due to the use of the metate (grinding stone). 

Bridges (1990) believes ‘metate elbow’ is actually a more appropriate term.  

The use of ethnographic data in the reconstruction of subsistence practices has shed much 

light on the sexual divisions of labor and development of sex based asymmetry patterns. 

Unfortunately, the vast majority of the archaeological record lacks any kind of ethnographic 

record. In addition, children are often left out of the equation when determining activity patterns 

in archaeological samples. The combination of ethnographic information from modern hunter�

gatherers and inferred behavior from the archaeological record allows for a more realistic 

interpretation of past lifeways and the potential to detect divisions of labor from skeletal remains. 

Through the knowledge of the relationship between activity and postcranial robusticity it is 

possible to detect not only populational variability between the sexes, but also shifts in 

mechanical loading with advancing age and the performance of culturally specific behaviors. 
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CHAPTER 4 

 MATERIALS A�D METHODS 

�

�

�

 This chapter describes the samples and the statistical methods used in this study. The 

collections consist of adult and subadult upper limb elements including the clavicle, humerus, 

radius, ulna, and first and second metacarpals (adults only) from the right and left sides of the 

body. The Archaic samples are used to evaluate differences in behavior among populations with 

similar subsistence strategies, while the Mississippians are used for out�group comparisons. The 

populations in this study include Windover from Florida, Indian Knoll from Kentucky, multiple 

Pickwick Basin sites from Alabama, and multiple Mississippian sites from Alabama.  These 

populations were primarily chosen because of their long history of previous bioarchaeological 

research as well as their sample sizes and degree of preservation. In addition, the presence of 

relatively complete subadult skeletons in each sample allows for a more robust examination of 

their morphology. The Archaic samples are of particular interest for this study due to the 

typically large degree of sexual dimorphism and the sexual division of labor seen in modern 

hunter�gatherers. In the examination of activity based on biological sex or gender roles, those 

populations with the greatest degree of behavioral differences can be expected to yield large 

degrees of morphological differences. The Mississippian populations, on the other hand, exhibit 

an entirely different set of activities revolving around agriculture. Males and females are still 

performing different tasks but they are morphologically more similar due to the increase in 

robusticity of the females (Bridges 1985). Agriculture has essentially altered the family dynamic 

and the division of labor for both the adults and subadults. This study assumes these changes are 

reflected in the morphology and expression of asymmetry in the Mississippian populations. 

Individuals exhibiting obvious pathologies were not included in the study. Indications of 

minor disease such as mild periostitis did not warrant their removal from a sample as this 

condition most likely did not dramatically effect growth or differential usage of the limb.  
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MATERIALS 

 

 

Figure 4.1: Site Locations 

�

Table 4.1: Skeletal Sample Population Summary 

Population Location Date Subsistence Sample Sizes 

Windover 

(8BR246) 

Florida 8,522 � 7,421 BP Hunter�gatherer N = 93 (36 M, 27 F, 30 S) 

Indian Knoll 

(OH2) 

Kentucky 6,415 – 4,143 BP Hunter�gatherer N = 301 (105 M, 102 F, 94 S) 

Pickwick Basin 

(Lu25, Lu59, 

Lu61, Lu67, Ct08, 

and Ct27) 

Alabama 7,000 – 3,000 BP Hunter�gatherer N = 150 (57 M, 42 F, 51 S) 

Mississippian 

(Tu500, Ct08, 

Lu25, Lu59, Lu72, 

and Lu92) 

Alabama 1,200 – 1,500 AD Agricultural N = 179 (76 M, 78 F, 25 S) 

M = male, F = female, and S = subadult (under 18 years). 

 

 



 

 26 

Windover (8BR246) 

North American skeletal collections older than 5,000 years are relatively rare, and of 

these, 60% of the individuals (N=194) are from Florida and date to before 7,000 years BP (Doran 

2002). The Windover site yielded a minimum of 168 adult and subadult individuals and dates to 

the Early Archaic period (8,522 –7,421 BP calibrated). The site, near present day Titusville, was 

discovered in 1982 during road construction through Windover Farms housing development that 

required the cleaning of a small pond. During the process a backhoe operator discovered human 

remains and artifacts in the black peat spoil banks coming from the bottom of the pond. After 

several excavation seasons (1984 � 1986) it was discovered that the wet site was a charnel 

(mortuary) pond containing peat sediments in which burials were placed (Figure 4.2). The 

skeletal preservation was greatly enhanced through the combination of water chemistry, rapid 

burial, and physical stability maintained by the peat sediments (Doran 2002). Through the 

examination of the burials and associated materials it was found that after death the bodies were 

placed in shallow graves in flexed positions on their sides around the margin of what was a small 

pond (Doran 2002). The burials were deep enough to create anaerobic conditions and the context 

of the preserved textiles indicates that the bodies were possibly wrapped in matting or fabric and 

marked by protruding wooden stakes driven into the pond floor to delineate individual burials or 

groups (Dickel 2002). 

There seems to be very little compelling evidence of a significantly marine orientated diet 

in Florida’s early Archaic period (Dickel and Doran 2002). Through the analysis of stomach 

contents and bone isotopes (Tuross 1994), the Windover population was found to have a hunter�

gatherer subsistence strategy focused on inland riverine, pond, and marsh resources. The primary 

sources of food included duck, turtle, and catfish as well as large and small terrestrial resources 

such as deer and rabbit (Dickel and Doran 2002). In addition, floral remains indicate the use of a 

wide array of fresh fruits (grapes, prickly pear, and elderberry), nuts, greens, seeds, and tubers 

(Newsom 2002). 

Due to the road construction leading to the discovery of the site, an estimated 58 

individuals were recovered as disarticulated scatter (Lot 500 series) and were therefore not 

included in this study. Of the remaining in situ burials now curated at Florida State University, 

63 adults (36 males, 27 females) and 30 subadults (under the age of 18) were found to have full 

sets of upper limb elements preserved (age distributions can be seen in Figure 4.3). Age and sex 
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estimates were calculated based on traditional non�metric pelvic and cranial assessments, as well 

as subadult dental eruption (Doran 2002). Antler tools, deer ulnae awls, and atlatls were found to 

be associated with male burials, while antler punches, modified shell, and simple pins were 

associated with females (Doran 2002). Subadults were found with a mixture of adult artifacts 

including awls, a single atlatl handle, ulnae scrapers, drilled fish vertebrae beads, modified shell, 

and lithics (Dickel 2002). 

 

 

Figure 4.2: Windover Site Map (after Doran 2002) 
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Figure 4.3: Windover Sample Demographics (from Doran 2002) 

 

Indian Knoll (OH2) 

Indian Knoll is a shell mound occupation site that lies in the southern portion of Ohio 

County along the Big Bend region of the Green River in Kentucky. It was long known to be a 

habitation site of prehistoric significance prior to the original excavations by C.B. Moore in 1915 

that yielded 298 skeletons. Many of these individuals have been reburied. Returning in 1939, 

Webb (1946) found that much of the site remained undisturbed and that it encompassed a more 

extensive area than previously thought. The Indian Knoll mound was elliptical in shape and 

covered an area of about two acres. At the center, the deposits were up to eight feet deep (Figure 

4.4). The site consists of shell midden, living floors, and a cemetery area that yielded male 

burials with axes and groundhog incisors for woodworking, fish�hooks, antler retouchers for flint 

artifacts, and awls. Webb’s second excavations recovered an additional 880 skeletons, stone 

tools, worked bone artifacts, and shell beads dating to the late Middle and Late Archaic (6415 � 

4143 BP). Items found exclusively in female graves included nut�cracking stones, bone beads, 

pestles, and stone gravers (Webb 1946). Subsequent analyses suggested there was only a weak 
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correlation between burial goods and biological sex, and no association between artifact type and 

age (Rothschild 1979). 

The Indian Knoll hunter�gatherer subsistence strategy was based on white tailed deer, 

which constitute 97.6% of the mammalian remains, and a strong reliance on hickory nuts (Webb 

1946). Resources such as box turtle, buffalo fish, and bivalves from the river were also used. 

Unlike Windover, there is an abundance of evidence for the use of mussels as a staple food 

source (Webb 1946).  

Housed at the William S. Webb Museum of the University of Kentucky, the study sample 

consists of skeletal remains from 207 adults (105 males, 102 females) and 94 subadults (out of 

1100 total individuals). The age distributions for the three subsamples are shown in Figure 4.5. 

 

 

 

Figure 4.4: Indian Knoll Site Map (after Morey et al. 2002) 
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Figure 4.5: Indian Knoll Sample Demographics 

�

�

Pickwick Basin  

The Pickwick Basin (NW Alabama near Seven Mile Island) sample derives from burials 

excavated at the Archaic sites of Perry (Lu25), Bluff Creek (Lu59), O’Neal (Lu61), Long Branch 

(Lu67), Little Bear Creek (Ct08), and Mulberry Creek (Ct27) (Figure 4.6). During the 1930s 

archaeological surveys and excavations of the area were carried out by the Works Progress 

Administration (WPA) under the direction of William Webb in preparation for dam construction 

along the Tennessee River. The Tennessee Valley Authority (TVA) headed the project to provide 

jobs and electricity to many individuals over a vast area (Bridges 1985). By 1936, the survey had 

located upwards of 323 sites and only a handful had been excavated before the reservoir was 

flooded. Many sites, primarily large shell middens, were multiple component localities dating to 

the Middle and Late Archaic (6000 – 4000 BC and 4000�1000 BC respectively) periods as well 
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as the Mississippian period. These multiple shell midden sites along the Tennessee River yielded 

an abundance of remarkably uniform use of shellfish which included fifty�six species of mussels 

(Webb 1942, Bridges 1985). The Archaic and Mississippian materials are distinguished by 

artifact associations and burial positioning (Bridges 1985). 

In prehistory, the area was a center of major population concentration along the 

Tennessee River, partly due to the abundance of marine resources such as shellfish. Nearly 56 

species of shallow�water mussels and 22 species of fresh�water clams are known to have been 

eaten. Terrestrial mammals, especially white tailed deer, were also exploited to a great extent in 

this region, as seen at the site of Little Bear Creek (Ct08) where they constitute the majority of 

the vertebrate remains. Based on analysis of the site stratigraphy, it is suggested that the 

inhabitants of the region lived a seasonal lifestyle focused on gathering shellfish, collecting nuts 

and wild plants, hunting, and fishing during different parts of the year (Bridges 1985). 

The collection is housed at the Laboratory for Human Osteology at the University of 

Alabama. The sample employed for this study consists of 98 adult individuals (57 males, 42 

females) and 51 subadults (Figure 4.7). 

 

 

Figure 4.6: Pickwick Basin Site Locations (taken from Bridges 1985:19) 
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Figure 4.7: Pickwick Basin Sample Demographics 

 

Mississippian 

The Mississippian sites include Moundville (Tu500) (Figure 4.8), Little Bear Creek 

(Ct08), Perry (Lu25), Bluff Creek (Lu59), Union Hollow (Lu72), and Koger’s Island (Lu92) 

(Figure 4.6). The adult data from the Mississippian sites other than Moundville were gathered 

from the personal notes of Pat Bridges housed at the Laboratory for Human Osteology at the 

University of Alabama. Only information on the adults that had been previously published was 

gathered and used in this study. The subadult Mississippian sample consists only of Moundville 

material. There were no significant differences in direct asymmetry found among the adults. In 

this study these populations will be treated as a single population for comparative purposes.  

The site of Moundville was a palisaded village covering 300 acres and including 29 flat�

topped pyramidal mounds that were grouped around a plaza adjacent to the Black Warrior River 

(Peebles 1981). At its peak (1250 – 1550 AD), Moundville was estimated to contain a population 

of over 1000 people who practiced maize agriculture and exploited the Black Warrior River for 

aquatic resources (Moore 1996; Schoeninger et al. 1999). 
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The Black Warrior River is a major tributary that flows southward from the Cumberland 

Plateau and eventually leads to the Gulf of Mexico. This location permits access to inland and 

coastal resources as well as providing trade routes throughout the river system. Moundville is 

believed to have been a planned community, with evidence for domestic occupation and public 

areas. Artifact distributions also point to craft specializations including pottery making, the 

manufacturing of shell beads, and basket weaving (Moore 1996). 

In 1905�1906, Moore excavated over 800 burials, with an additional 2,250 burials 

excavated by 1941 (Peebles 1981). Rich collections of artifacts were also recovered. Housed at 

the Laboratory for Human Osteology at the University of Alabama, the Moundville sample used 

in this study consists of 179 adults (76 males, 78 females) and 25 subadults (Figure 4.9). Due to 

poor preservation the sample is far less complete than those from the Archaic.  

 

 

 

Figure 4.8: Moundville Site Map (taken from Peebles 1981) 
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Figure 4.9: Mississippian Sample Demographics 

�

METHODS 
 

 This section describes the methodologies used for metric and cross�sectional data 

collection, as well as the subsequent statistical analyses employed. All analyses were conducted 

using SPSS statistics program for Windows, version 17.0.  

�

Age and Sex Determination 

 In the Windover sample, the ages and sexes of the individuals were determined by Dickel 

(2002) based on dental development criteria along with pelvic and cranial nonmetric traits. With 

the Indian Knoll population many of the original age and sex estimations (Johnston and Snow 

1961) have been challenged due to the application of newer and more reliable techniques. For 

subadult age estimations, lateral mandibular radiographs were taken by Cowgill (2008) to assess 

deciduous and permanent tooth eruption and development. These images were then evaluated 

with a combination of techniques taken from Smith (1991) and Liversidge and Molleson (2004). 
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In the absence of dentition, least�squares regression was used on long bone length to predict age 

within contemporary comparative samples (see Cowgill 2008 for more details). For the Indian 

Knoll adults, Auerbach (2004) reevaluated the sex of a number of individuals (N = 67) using 

pelvic and cranial non�metric traits (Auerbach 2004). All of these adults are included in this 

study. The remaining 143 adults were reevaluated by the author for sex and age estimates 

utilizing the traditional pelvic and cranial non�metric traits and a combination of long bone 

epiphyseal fusion and pubic symphysis degeneration (White 2000, Brooks and Suchey 1990). 

The Pickwick Basin adult and subadult material was originally evaluated by Newman and Snow 

(1942), however most of the adult age and sex estimations are taken from Bridges’ (1985) 

dissertation notes. She utilized a number of criteria including epiphyseal fusion and changes in 

the pubic symphysis for aging, as well as pelvic non�metric traits for sexing. When there were 

discrepancies between the Newman and Snow and Bridges estimates, the Bridges (1985) 

estimations are used. The subadults have also been reevaluated, and the revised assessments are 

used here (Jacobi personal communication 2009). The Moundville material was aged and sexed 

by Powell (1988). 

 This study groups individuals into ten age cohorts (0�3, 4�6, 7�10, 11�14, 15�19, 20�24, 

25�30, 31�40, 41�50, and 50+). In cases where multiple age groups are examined and compared, 

age is controlled for using stratification into these age cohorts. The two�way MANOVA 

(multivariate analysis of variance) test on males and females was used to show any significant 

influence based on age (Wilczak 1998).  
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Osteometrics 

 Osteometric dimensions have long been used in the analysis of different skeletal 

morphologies, including limb asymmetry. In this study, Buikstra and Ubelaker (1994) standard 

techniques were used for all osteometric variables. Maximum lengths were determined using a 

standard osteometric board. Anteroposterior and mediolateral diameters were taken at 50% 

midshaft with Mitutoyo calipers. An additional humeral measurement at 35% midshaft was used 

to evaluate diaphyseal shaft dimensions. This location eliminates the influence of the deltoid 

insertion which may overestimate diaphyseal size in more muscular individuals (Ruff and Larson 

1990). These measurements were evaluated separately and averaged to document the overall 
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diaphyseal diameter. Humeral head diameter was averaged between maximum mediolateral 

(horizontal) and superior�inferior (vertical) measurements. Circumferences were measured using 

a flexible tape measure. Data from only the first and second metacarpals were used because they 

are associated with the strongest muscles of the hand and are known to reflect handedness 

asymmetry (Lazenby 2008, Roy et al. 1994). The measurements are listed in Table 4.2 with 

descriptions located in the appendix along with the collected data. 

 

Table 4.2: Metric Measurements and Abbreviations 
Clavicular maximum length (CML) Ulnar medio�lateral diaphyseal breadth (UMLDB) 

Clavicular /acromial diameter (CLD) Ulnar anterior posterior diaphyseal breadth (UAPDB) 

Clavicular midshaft circumference (CMC) Ulnar average 50% diaphyseal diameter (UDB) 

Clavicular superior�inferior diaphyseal breadth (CSIDB) Ulnar minimum medio�lateral shaft diameter (UminD) 

Clavicular anterior posterior diaphyseal breadth (CAPDB) Ulnar maximum medio�lateral shaft diameter (UmaxD) 

Clavicular average 50% diaphyseal diameter (CDB) Ulnar interosseous crest height (UCH) 

Humeral maximum length (HML) Radial maximum length (RML) 

Humeral midshaft circumference (HMC) Radial medio�lateral diaphyseal breadth (RMLDB) 

Humeral 35% mediolateral diaphyseal breadth (H35MLDB) Radial anterior posterior diaphyseal breadth (RAPDB) 

Humeral 35% anteroposterior diaphyseal breadth (H35APDB) Radial average 50% diaphyseal diameter (RDB) 

Humeral average 35% diaphyseal diameter (H35DB) Radial dorso�palmer articular breadth (RDPAB) 

Humeral 50% mediolateral diaphyseal breadth (HMLDB) Radial medio�lateral articular breadth (RMLAB) 

Humeral 50% anteroposterior diaphyseal breadth (HAPDB) Metacarpal 1 maximum length (MC1ML) 

Humeral average 50% diaphyseal diameter (HDB) Metacarpal 1 medio�lateral diaphyseal breadth (MC1MLDB) 

Humeral vertical (superior�inferior) head diameter (HVertHD) Metacarpal 1 anterior posterior diaphyseal breadth (MC1APDB) 

Humeral horizontal (anterior�posterior) head diameter (HHorzHD) Metacarpal 1 average 50% diaphyseal diameter (MC1DB) 

Humeral average head diameter (HHD) Metacarpal 2 maximum length (MC2ML) 

Humeral epicondylar breadth (HEB) Metacarpal 2 medio�lateral diaphyseal breadth (MC2MLDB) 

Humeral articular breadth (HAB) Metacarpal 2 anterior posterior diaphyseal breadth (MC2APDB) 

Ulnar maximum length (UML) Metacarpal 2 average 50% diaphyseal diameter (MC2DB) 

 

Determining Asymmetry 

Wilcoxon signed ranked tests (nonparametric paired t�test) were used to determine 

significant differences between right and left elements. Mann�Whitney U�tests (nonparametric 

two sample t�test) were used to determine significant differences between direct asymmetries 

(DA) and absolute asymmetries (AA) in male and female adults and between subadults and 

adults within each sample. The calculations for determining asymmetry are as follows.  

 

%DA = (right�left) / (average of right and left) x 100 

%AA= (maximum�minimum) / (average of max and min) x 100 

 

%DA subtracts the right side measurement from the left side, divides by the average of 

the two, and multiplies by 100. By utilizing %DA, differences in body size are cancelled out, and 
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the data reflect only the differences between the right and the left elements for each individual. 

Larger right sides yield a positive integer and larger left sides yield a negative integer, with both 

centered at 0. Since direct asymmetry calculates right and left dominance in a population made 

of primarily right�handed individuals, absolute asymmetry (%AA) is also examined to evaluate 

the magnitude of difference regardless of side (Auerbach and Ruff 2006, Stirland 1993). The 

maximum measurement (either from the right or left) is subtracted from the minimum, then 

divided by the average of the two and multiplied by 100. This results in a positive integer where 

a larger number indicates a greater degree of difference between right and left limb size. 

 

Cross,sectional Geometry 

An examination of Total Area (TA), Medullary Area (MA) and Cortical Area (CA) 

properties reflects the actual thickness of bone, its bending strength, and the amount of 

periosteal/endosteal deposition and resorption within each bone (Figure 4.10). TA, MA, and CA 

of the long bones are accurately determined through the use of biplanar (mediolateral and 

anteroposterior) digital radiograph measurements taken at the midshaft. The following equations 

are the calculations for determining the geometric properties through the ellipse model method 

(x�rays alone) for adults and subadults (O’Neill and Ruff 2004). 

 

TA = π [(ML outer diameter x AP outer diameter) / 4] 

 

MA = π [(ML inner diameter x AP inner diameter) /4] 

 

CA = π / 4 * [(ML outer diameter x AP outer diameter) 

–� (ML inner diameter x AP inner diameter)] 

 

Ix = π / 64 * [(ML outer x AP outer
3
) – (ML inner x AP inner

3
)] 

Measures the bending rigidity in the sagittal plane about the frontal axis (AP plane) 

 

Iy = π / 64 * [(AP outer x ML outer
3
) – (AP inner x ML inner

3
)] 

Measures the bending rigidity in the frontal plane about the sagittal axis (ML plane) 
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J = Ix+Iy 

Corresponds to the torsional rigidity and overall bending strengths along both axes 

 

In the absence of a CT scan, the Latex Casting Method (LCM), in conjunction with 

biplanar radiographs, allows for a more realistic representation of the bone contour than 

radiographs alone (O’Neill and Ruff 2004). This method reproduces the subperiosteal shape of 

the bone by creating a mold around the section of interest. It is then used along with biplanar 

radiographs to estimate the internal dimensions of the medullary cavity. Although very time 

consuming, this process results in a more accurate calculation of the bending strengths of bone as 

compared with the use of radiographs alone. The Ellipse Model Method (EMM) is a reasonable 

substitute that utilizes the biplanar radiographs only, based on the assumption that the exterior 

and interior dimensions are concentric ellipses around a central point (Figure 4.10). Biologically, 

this method loses some information in its translation and tends to overestimate the geometric 

properties of the bone. Regression equations, however, have been shown to correct this 

overestimation, resulting in a reasonable alternative to the LCM and CT scans when time and 

money are an important factor (O’Neil and Ruff 2004). The EMM method is employed for this 

study. In terms of bending strength examination, the humerus and radius are most routinely used 

due to their cylindrical midshaft shape. The signature S�shape of the clavicle prohibits its use 

when examining bending strengths and the ulnar interosseous crest has an unknown effect on the 

calculation of Ix, Iy, and J. The elements that are included in this analysis can be found in Table 

4.3. 
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�

 

Figure 4.10: Components of Bone Cross�section and 

Ellipse Model Method (after O’Neill and Ruff 2004) 

 

�

�

Table 4.3: Cross�sectional Measurements and Abbreviations 
Clavicular cortical area (CCA) Ulnar cortical area (CCA) 

Clavicular medullary area (CMA) Ulnar medullary area (CMA) 

Clavicular total area (CTA) Ulnar total area (CTA) 

Humeral cortical area (HCA) Radial cortical area (HCA) 

Humeral medullary area (HMA) Radial medullary area (HMA) 

Humeral total area (HTA) Radial total area (HTA) 

Humeral bending strength along the sagittal plane (HIx)  Radial bending strength along the sagittal plane (HIx)  

Humeral bending strength along the frontal plane (HIy) Radial bending strength along the frontal plane (HIy) 

Humeral overall bending strength (HJ)  Radial overall bending strength (HJ)  

�

���	�����

Principle Components Analysis 

Principle Components Analysis is concerned with explaining the variance and covariance 

structures of a set of variables through data reduction and interpretation (Johnson and Wichern 

2007). This allows for the computation of composite variables that exhibit the greatest amount of 

variation for a given population. By utilizing the principle components within each sample 

population and each sex, the number of variables can be reduced. In addition, when comparing 

Medullary Area =  

Cortical Area =   

Total Area = MA + CA 
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groups, the measurements that account for the greatest degree of variation may help distinguish 

one population from another.  

 

Discriminant Analysis 

 This technique is concerned with separating and classifying sets of objects into 

identifiable groups (Johnson and Wichern 2007). By utilizing the direct asymmetry measures and 

known adult sex for each population, this program can test the effectiveness and accuracy of 

sexing males and females within or between samples. Cross�validation tests are also used. In 

these tests, individuals are essentially taken out of their sex category and re�categorized based on 

the data used in the test. It then tests the accuracy of the new categorizations against the known 

sex of each individual. The goal is to first find the combination of measurements that most 

accurately sex the adults both within and among the populations. Currently, the subadults are 

organized into their own sex category. This test will then be used to estimate the sexability of the 

subadult samples based on the adult results. If the subadults are misidentified as adult male or 

female with a high percentage, this may indicate the possibility of accurately sexing subadults 

with a particular set of variables. 

 

Assessment of �utritional Differences 

Nutritional and health differences have significant impacts on the growth, development, and 

adult maintenance of limb bones. This study begins with the assumption that there are relatively 

little differences in the nutritional statuses of the Archaic populations. To evaluate the 

developmental trajectories of the Archaic subadults, plots based on age will be constructed to see 

if there are any disparities in development. If there is a significant difference among the Archaic 

subadult age cohorts, then nutrition and health will be investigated as a potential confounding 

effect in the overall development and growth of the limbs. This can be accomplished by 

examining the relative prevalence of stress indicators such as enamel hypoplasia. If present, 

nutritional deficiencies that differentiate adult males and females may result in slight differences 

in bone remodeling, but they are less likely to have a dramatic effect on the overall assessment of 

bone strength and asymmetry. Cassidy (1984) reportedly found no nutritional differences 

between the sexes at Indian Knoll, and only episodic indications (Harris lines) in some of the 

subadult population.  
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CHAPTER 5 

RESULTS 
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 This section of the results chapter presents the results for the first hypothesis described in 

the introductory chapter. The division of labor between adult males and females has been well 

documented in many ethnographic contexts. Based on the morphology of the skeletal remains 

from past populations, differences in the patterns of upper limb asymmetry can be interpreted as 

differences in gender�specific activities. By controlling for sexual dimorphism at each site, 

specific patterns of bone remodeling can be used to segregate males and females into distinct 

groups. Differences in bone dimensions and cross�sectional data (where available) are examined 

between the right and left sides and among males and females to determine the precision and 

accuracy of grouping by sex. 

�

�
�������

Osteometrics 

�

Examining the Windover sample as a whole, significant differences between the right and 

left sides (Wilcoxon tests) are found in the maximum length, the midshaft circumference, the 

35% medio�lateral and anterior�posterior diaphyseal breadths, and the vertical head diameter of 

the humerus. In addition, the ulnar medio�lateral and anterior�posterior diaphyseal breadths, and 

the ulnar minimum and maximum medio�lateral shaft diameters also exhibit significant 

differences. The radial maximum length and anterior�posterior diaphyseal breadth were found to 

be significantly different, as well as the maximum length of the first metacarpal, and the average 

diaphyseal breadth of the second metacarpal. When examining males exclusively, the maximum 

length and vertical head diameter of the humerus, the radial maximum length, and the maximum 

length of the first metacarpal shift to non�significant values. Females exhibit a shift to non�

significant values for the 35% anterior�posterior diaphyseal breadth and vertical head diameter of 

the humerus, the ulnar medio�lateral and anterior�posterior diaphyseal breadths as well as the 
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maximum medio�lateral shaft diameter, and the radial maximum length and anterior�posterior 

diaphyseal breadth (see Tables 5.1 � 5.5 for summaries of significant R+L differences, denoted 

by italics and asterisks). 

The Mann�Whitney U test results indicate that males and females exhibit significant 

differences for all variables except the right and left humeral maximum lengths, the right 

maximum length of the first metacarpal, and right maximum length of the second metacarpal. 

This result is most likely due to the degree of sexual dimorphism seen in the population as 

illustrated by the examination of humeral cortical areas (Figure 5.1). The sexual dimorphism of 

this sample is estimated to be between 4�15% based on the comparison of mean humeral 

maximum length and humeral midshaft circumference differences respectively. When 

controlling for body size through the use of directional asymmetry, differences between males 

and females reflect usage and the degree of remodeling rather than overall size. This method 

isolates the variables that express a degree of difference that cannot be explained through sexual 

dimorphism (see Tables 5.1 – 5.5 where significant differences between males and females are 

highlighted in grey). 

 
Figure 5.1: The degree of sexual dimorphism found in the cortical thickness of the right and left 

humerus among Windover males and females. 
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Six individuals are interpreted as being left handed (11.5% of total sample used) due to 

the overall negative direct asymmetry from several elements, while the remaining 46/52 

individuals (88.5%) display consistently positive values of direct asymmetry indicating right 

handedness. 

Between males and females the humeral midshaft circumference and anterior�posterior 

and average diaphyseal breadths, the ulnar anterior�posterior diaphyseal breadth, and the 

maximum length of the first metacarpal were found to have significant directional asymmetry 

(Figure 5.2), whereas clavicular average diaphyseal breadth, humeral midshaft circumference 

and anterior�posterior diaphyseal breadth, radial maximum length, radial medio�lateral 

diaphyseal breadth and medio�lateral articular breadth, and the average diaphyseal breadth of the 

second metacarpal were found to be significantly different in absolute asymmetry (Figure 5.3). 

As stated in the methods section, by utilizing %DA, the differences in body size are cancelled 

out, and the data reflect differences in right and left elements. Larger right measurements yield a 

positive value and larger left measurements yield a negative value, with the 0 line representing 

symmetry. Since direct asymmetry calculates right and left dominance in a population made of 

primarily right�handed individuals, absolute asymmetry is also examined to focus on the 

magnitude of differences between each side (Stirland 1993; Auerbach and Ruff 2006). 
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Figure 5.2: Significant differences in %DA among Windover males and females. Note that the 

only measurement where females are more asymmetrical is MC1ML. 

 

 
Figure 5.3: Significant differences in %AA among Windover males and females. Note the large 

magnitudes of difference in the HAPDB measurement and the greater magnitude of female radial 

asymmetry. 
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The clavicles show relatively low degrees of asymmetry for all aspects (except female 

CAPDB). In addition, as seen in many prior studies (Auerbach and Raxter 2008), the clavicles 

exhibit the greatest amount of left biased asymmetry, especially in length and circumference 

(Table 5.1). This phenomenon is said to be the result of the clavicle acting as a lever in the 

movement of the arms (Auerbach and Raxter 2008). 

 

Table 5.1 – Windover Osteometric Results – Clavicle  

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Clavicular maximum length (CML) �0.32 0.74 �1.89 2.57 2.51 2.65 

Clavicular midshaft circumference (CMC) �0.40 �0.23 �0.66 4.72 5.17 4.04 

Clavicular anterior�posterior diaphyseal 

breadth (CAPDB) 

1.51 0.58 3.08 6.38 7.09 5.18 

Clavicular superior�inferior diaphyseal 

breadth (CSIDB) 

0.02 0.91 �1.47 7.71 8.29 6.71 

Clavicular average 50% diaphyseal 

breadth (CDB) 

0.71 0.81 0.56 5.52 6.58 3.92 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

 

The humeri exhibit the greatest number of significant differences between the right and 

left elements in males and females. Similar to many previous studies, the length and articulation 

measurements are the most constrained and least asymmetrical, while the diaphyseal dimensions 

show the greatest amount of asymmetry and the greatest divergences within the sample (O’Neill 

and Ruff 2004). Of particular interest is that in all cases of significant differences (highlighted in 

grey), the males have larger asymmetrical values for both direct and absolute asymmetry 

compared to the females. Most of the non�significant cases such as HML, HMLDB, HVertHD, 

HHD, and HAB show greater asymmetry for the females (Table 5.2). 

 

Table 5.2 – Windover Osteometric Results – Humerus  

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Humeral maximum length (HML) ��!"#� 0.99 ����#� 1.21 1.29 1.11 

Humeral midshaft circumference (HMC) ���$#� "��%#� ��!�#� 3.82 4.77 2.70 

Humeral 35% medio�lateral diaphyseal 

breadth (H35MLDB) 

��"&#� ����#� ��%'#� 3.63 3.57 3.69 

Humeral 35% anterior�posterior 

diaphyseal breadth (H35APDB) 

��%$#� ��%(#� 1.57 3.95 3.39 4.72 
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Table 5.2 – Windover Osteometric Results – Humerus continued 

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Humeral average 35% diaphyseal breadth 

(H35DB) 

��'�#� ��!"#� ���!#� 4.38 4.44 4.29 

Humeral vertical head diameter 

(HVertHD) 

���%#� 0.89 1.84 3.02 4.07 2.07 

Humeral horizontal head diameter 

(HHorzHD) 

0.24 0.31 0.18 1.99 1.75 2.22 

Humeral average head diameter (HHD) 0.79 0.58 0.99 2.23 2.77 1.73 

Humeral epicondylar breadth (HEB) 0.07 0.34 �0.29 1.20 1.09 1.32 

Humeral articular breadth (HAB) �0.42 0.04 �1.00 1.41 1.08 1.81 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

 

 The ulnae are the second most asymmetrical bone in this sample that follows the pattern 

of greater right�left asymmetry in males (with the exception of UMinD). There are 4:1 

measurements showing significant differences between right and left in males versus females 

(see asterisks). The only value that exhibits significant difference between males and females is 

UAPDB (Table 5.3).  

  

Table 5.3 – Windover Osteometric Results – Ulna 

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Ulnar maximum length (UML) 0.51 �0.02 0.94 1.07 0.78 1.30 

Ulnar medio�lateral diaphyseal breadth 

(UMLDB) 

2.86* 3.75* 1.64 5.98 5.80 6.22 

Ulnar anterior�posterior diaphyseal 

breadth (UAPDB) 

4.06* 5.73* 1.77 5.98 6.82 4.84 

Ulnar average diaphyseal breadth (UDB) 3.47 4.73 1.73 4.90 5.02 4.75 

Ulnar minimum medial�lateral diameter 

(UMinD) 

3.71* 3.52* 3.92* 6.16 6.51 5.77 

Ulnar maximum medial�lateral diameter 

(UMaxD) 

2.27* 2.88* 1.63 4.57 4.54 4.61 

Ulnar interosseous crest height (UCH) �0.82 0.41 �2.17 12.68 11.86 13.58 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

 

The radii exhibit a few significant differences in right and left asymmetry. The most 

interesting differences occur between the male and female absolute asymmetry values. Here, 

females have a much greater magnitude of asymmetry as compared to males (Figure 5.3), 
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particularly at the distal articulation. Females have a much greater right bias for this aspect of the 

radius (Table 5.4).  

  

Table 5.4 – Windover Osteometric Results – Radius  

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Radial maximum length (RML) 0.67* 0.34 1.27 1.13 0.77 1.78 

Radial medio�lateral diaphyseal breadth 

(RMLDB) 

0.57 0.87 0.12 3.95 3.13 5.20 

Radial anterior�posterior diaphyseal 

breadth (RAPDB) 

2.27* 2.73* 1.58 4.52 4.43 4.67 

Radial average diaphyseal diameter 

(RDB) 

1.35 1.71 0.79 3.22 3.15 3.33 

Radial dorso�palmer articular breadth 

(RDPAB) 

1.01 �0.27 3.31 5.34 5.79 4.54 

Radial medial�lateral articular breadth 

(RMLAB) 

1.60 0.93 2.96 3.47 2.49 5.41 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

 

Significant values were found for MC1ML where females exhibit a greater degree of 

right�left asymmetry. MC2DB was found to be significantly different between right and left 

measurements for both males and females. The length asymmetry is again greater in the 

Windover females (Table 5.5). 

�

Table 5.5 – Windover Osteometric Results – Metacarpals  

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Metacarpal 1 maximum length (MC1ML) 1.67* 0.63 3.42* 2.37 1.60 3.68 

Metacarpal 1 average 50% diaphyseal 

breadth (MC1DB) 

0.86 1.17 0.25 3.34 3.07 3.89 

Metacarpal 2 maximum length (MC2ML) 0.44 0.39 0.16 1.06 0.72 1.32 

Metacarpal 2 average 50% diaphyseal 

breadth (MC2DB) 

2.64* 2.97* 2.29* 4.46 3.75 5.18 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

�

�

Cross,sectional Geometries 

 

 The examination of the external dimensions of bone can be misleading due to the bones 

dependence on the internal construction for strength. Through the use of biplanar radiographs, 

cortical bone thicknesses, medullary cavities, and total areas of the bones can be reconstructed 
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and the actual strengths of the bones can be estimated. Significant differences between right and 

left cortical areas were found in the humerus, ulna, and radius, with very large (although not 

significantly different by sex) right biased values for both the humerus and ulna (Table 5.6). 

Again, the males yield slightly more right hand bias than the females for the humerus and ulna, 

while the females show more right limb asymmetry in the radius (Figure 5.4).  

 

Table 5.6 – Windover Geometric Results 

Measure Mean %DA Mean %AA 

 Total Male Female Total Male Female 

Clavicular cortical area (CCA) 0.48 �0.46 1.78 11.43 11.33 11.56 

Clavicular medullary area (CMA) )���%'#� )�'�'"#� �3.99 26.46 29.85 21.79 

Clavicular total area (CTA) �3.1 )$��%#� �0.21 12.78 13.82 11.35 

Humeral cortical area (HCA) %�($#� �!�('#� &���#� 10.12 10.70 9.26 

Humeral medullary area (HMA) 2.02 4.07 �1.05 11.93 11.06 13.24 

Humeral total area (HTA) '�""#� &�(%#� $�$"#� 8.98 9.30 8.49 

Ulnar cortical area (UCA) &�%&#� %�&&#� '�$!#� 10.88 11.53 9.81 

Ulnar medullary area (UMA) 2.44 2.74 1.95 22.43 24.71 18.67 

Ulnar total area (UTA) '��%#� &��%#� $�%�#� 9.72 11.08 7.46 

Radial cortical area (RCA) ��((#� ����#� ����#� 7.71 7.58 7.91 

Radial medullary area (RMA) �3.74 �4.16 �3.05 19.25 19.61 18.66 

Radial total area (RTA) 1.05 0.40 2.10 6.81 5.92 8.27 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 
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Figure 5.4: %DA for cortical areas of Windover males and females. There is greater asymmetry 

for the humerus and ulna in males and greater radial asymmetry in females. 

 

 

The medullary area again shows a more symmetrical pattern amongst the females and 

more asymmetrical values for males. There is an extremely strong left limb bias for both the 

clavicle and radius in males (Figure 5.5). This means that the left elements have a relatively 

larger medullary cavity and are relatively weaker in bending strength. The male humeri and 

ulnae exhibit larger medullary cavities and relatively more cortical area on the right side. Overall, 

the right humerus and ulna for males have a larger cortical and medullary thickness, while 

females maintain a relatively more symmetrical ratio. For the radius, males have relatively less 

cortical asymmetry than females and nearly equal medullary asymmetry. In essence, it seems as 

though the female right radius is relatively stronger compared to those of males. 
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Figure 5.5: %DA for medullary areas of Windover males and females. In conjunction with 

Figure 5.4, the radii of females exhibit a greater degree of right limb bias in terms of the cortical 

area to medullary area ratio.  

 

 

 The total area illustrates basically the same pattern as the dimensional measurements 

where the humerus and ulna exhibit the greatest significant differences between the right and left 

elements. The results mimic those found for the medullary areas (Figure 5.6) with slightly less 

variability. 
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Figure 5.6: Illustration of the total area difference for Windover males and females. The males 

exhibit more asymmetry in all but the radius.  

 

 

Bending Strength 

 Ix, Iy, and J can be used to identify the resistance to loading along the sagittal (anterior�

posterior) and frontal planes (medio�lateral), as well as torsional rigidity respectively. Windover 

shows no significant differences in the bending strengths of the humerus and radius when 

comparing males and females. When examining the differences between right and left bending 

strengths, males exhibit significant differences in humeral Ix, Iy, and J, whereas females exhibit 

significant differences in humeral Iy and J. Compared to males, females maintain a higher degree 

of asymmetry towards the right side for the radius, particularly the Iy and J measurements 

(Figure 5.7). 
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Figure 5.7: Degree of direct asymmetry for bending strengths in Windover males and females. 

Males exhibit a greater degree of right side asymmetry in all aspects of the humerus. The radii of 

females are more asymmetrical towards the right side than the males, particularly Iy (ML plane) 

and J (torsional).  

�

�

Principle Components Analysis and Discriminant Analysis 

PCA was conducted on the direct asymmetry for the entire adult sample (Table 5.7). 

Examination of the clavicular measurements resulted in PC1 explaining 82% of the variability 

most strongly related to the diaphyseal dimensions, particularly the average diaphyseal breadths. 

The clavicular length is the only negatively associated measurement. PC1 for the humerus 

accounts for 49% of the variation while PC2 accounts for 22%. The humeral vertical head 

diameter and average head diameter contribute the greatest amount to PC1.  PC2 for the humerus 
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is most associated with the anterior�posterior and average diaphyseal breadths. Analysis of the 

ulna results in the first principle component explaining 56% of the variation along the medio�

lateral and average diaphyseal breadths. The second principle component explains 26% of the 

variation in the anterior�posterior diaphyseal dimension. The first principle component for the 

radius explains 44% of the variation, while the second component covers 32%. PC1 has its 

strongest positive contribution from the medio�lateral and average diaphyseal breadths, as well 

as a negative association with dorso�palmer articular breadth. PC2 is most strongly assigned to 

medio�lateral articular breadth and slightly less so with medio�lateral diaphyseal breadth (Table 

5.7). Overall, when the elements are combined Windover illustrates principle components most 

associated with diaphyseal dimensions of the bones. Some of the exceptions, however, are 

humeral head diameter and the distal radial articulation, both of which show a large amount of 

variability (Figure 5.8). 

 

Table 5.7 Principle Components Analysis for Windover adults 

 PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

  PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

Clavicle    Ulna    

Amount 

of 

variation 

 82%  Amount 

of 

variation 

 56% 26% 

 CML �.440   UML �.147 �.102 

 CMC .911   UMLDB .805 �.383 

 CAPDB .835   UAPDB .640 .755 

 CSIDB .931   UDB .957 .200 

 CDB .993   UMinD .678 �.450 

Humerus    Radius    

Amount 

of 

variation 

 49% 22% Amount 

of 

variation 

 44% 32% 

 HML .793 .214  RML �.133 .282 

 HMC .484 �.227  RMLDB .743 .615 

 HMLDB .764 .308  RAPDB .039 .112 

 HAPDB �.498 .808  RDB .652 .597 

 HDB .181 .953  RDPAB �.837 .538 

 HVertHD .932 .069  RMLAB .223 .783 

 HHorzHD .574 .119     

 HHD .890 .097     

 HECB .377 �.081     

 HAB .566 .171     

Highlighting indicates those values with the strongest contribution to each principle component.  
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Figure 5.8: Bivariate plot of principle components for the Windover sample. 

 

Regarding the applicability of separating the sexes without the use of sexual dimorphism 

and body size, the best indicators for determining sex can be ascertained through the application 

of discriminant functions on the principle components derived from the direct asymmetry data. 

To yield the highest accuracy possible certain principle components were excluded due to their 

reduction of the sample size. The clavicular average diaphyseal breadth, the humeral anterior�

posterior and average diaphyseal breadths, the ulnar anterior�posterior and average diaphyseal 

breadths, and the radial medio�lateral diaphyseal breadth were used for this sample. By using  

cross�validation, which essentially attempts to group each individual independently of the 

assigned category and tests the accuracy, this combination of measurements yields an 83.3% 

accuracy for sexing males, and an 88.9% accuracy for females (N= 18M, 9F). One female was 

misidentified as male, and three males were misidentified as female. 

 

Windover Summary 

 The overall trends in asymmetry for the adults at Windover are in agreement with 

previous research on Archaic populations. The males tend to be more asymmetrical in the 

diaphyseal dimensions. This is especially true for the anterior�posterior aspects of the humerus 
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and ulna where males exhibit significantly greater amounts of asymmetry towards the right side. 

Females show more (although not significant) asymmetry in the length dimensions. In addition, 

the radii of females exhibit more osteometric asymmetry particularly for the distal articulation. 

These trends are mirrored in the examination of the cross�sectional geometries. The males show 

much greater right biased bending strength for the humeri, while the female radii show slightly 

greater right side strength asymmetry. The inclusion of all these asymmetrical differences results 

in a relatively accurate test of sexability for this population, although the sample size is rather 

small.  

 

���
��� ��		�

Osteometrics 

 

Significant differences between the right and left elements (Wilcoxon tests) were found 

in every osteometric dimension except for humeral vertical head diameter for the entire Indian 

Knoll sample. When examining males exclusively the humeral vertical head diameter is 

significantly different and the radial maximum length is non�significant. For females the humeral 

vertical and horizontal head diameters, as well as, the maximum length of the second metacarpal 

are non�significant (Tables 5.8 – 5.12 R+L differences denoted by italics and asterisks). 

The sexual dimorphism in the population is estimated to be between 8�17% based on the 

comparison of mean humeral maximum length and humeral midshaft circumference (Figure 5.9). 

By controlling for body size with directional asymmetry the significant differences between 

males and females reflect usage and the degree of remodeling rather than overall size (Tables 5.8 

– 5.12 show significant differences highlighted in grey). 
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Figure 5.9: The degree of sexual dimorphism found in the cortical thickness of the right and left 

humerus among the Indian Knoll males and females.  

 

 

Nine individuals are interpreted as being left handed (5% of total sample used) due to the 

overall negative direct asymmetry from several elements, while the remaining 187/196 

individuals (95% of the total sample) display consistently positive values of direct asymmetry, 

indicating right handedness. 

Between males and females the midshaft circumference and anterior�posterior and 

average diaphyseal breadths of the clavicle are significantly different. Significant humeral 

differences are found for the maximum length, the midshaft circumference, and the vertical, 

horizontal, and average head diameters. For the ulna the anterior�posterior diaphyseal breadth is 

the only significantly different measurement while the maximum length, anterior�posterior and 

medio�lateral diaphyseal breadths of the radius were found to have significantly different 
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directional asymmetry (Figure 5.10).  In the examination of absolute asymmetry the clavicular 

maximum length, midshaft circumference, and all the diaphyseal breadth measurements are 

significantly different. In addition, the maximum length, midshaft circumference, 35% medio�

lateral and anterior�posterior diaphyseal breadths, and the horizontal and average head diameters 

of the humerus are significantly different. In the forearm, the ulnar medio�lateral and anterior�

posterior diaphyseal breadths, the ulnar crest height, the radial maximum length, and radial 

anterior�posterior diaphyseal breadth exhibit significant differences. For the second metacarpal 

the average diaphyseal breadth is found to be significantly different (Figure 5.11).  

 

Figure 5.10: Significant differences in %DA among the Indian Knoll males and females. Males 

exhibit more asymmetry for all elements except lengths and RMLAB.  
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Figure 5.11: Significant differences in %AA among the Indian Knoll males and females. The 

magnitudes of difference for CAPDB, H35MLDB, and UAPDB heavily favor the males. 

UMLDB, CSIDB, and the length measurements show greater magnitude of asymmetry for the 

females.  

 

 

The clavicle shows a relatively high degree of right�left asymmetry for all aspects 

(especially clavicular anterior�posterior diaphyseal breadth in males). In addition, the males 

show a much more extreme degree of asymmetry than females for all measurements. The 

greatest amount of left biased asymmetry for the clavicle (as seen with Windover) is the length 

dimension. Between males and females, the %DA for the midshaft dimensions (clavicular 

anterior�posterior, superior�inferior, and average diaphyseal breadths) are significantly different, 

whereas every measurement of %AA exhibits significant differences between males and females 

(Table 5.8). 
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Table 5.8 – Indian Knoll Osteometric Results – Clavicle  

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Clavicular maximum length (CML) )����#� �)��"!#� )!�&"#� 2.3 2.31 2.29 

Clavicular midshaft circumference (CMC) "�$�#� (�$&#� ��%$#� 5.09 6.79 2.96 

Clavicular anterior�posterior diaphyseal 

breadth (CAPDB) 

'�&&#� ���'!#� ��!&#� 9.58 12.29 6.28 

Clavicular superior�inferior diaphyseal 

breadth (CSIDB) 

��"�#� ��%(#� ��'(#� 6.52 7.47 5.39 

Clavicular average 50% diaphyseal 

breadth (CDB) 

$��%#� '�'�#� ��"'#� 6.50 8.22 4.33 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

 

The humeri again exhibit a great number of significant differences between the right and 

left elements and males and females. Similar to Windover, the length and articulation 

measurements are the least asymmetrical (closer to zero), while the diaphyseal dimensions show 

the greatest amount of asymmetry. Of particular interest is that in all cases, the males result in 

larger asymmetrical values for both direct and absolute asymmetry when compared to females. 

This is true for all variables except humeral maximum length, epicondylar breadth, and articular 

breadth. The only right and left non�significant measurements come from the humeral head 

diameter in females, for both the horizontal and the vertical aspects (Table 5.9 no asterisks).  

  

Table 5.9 – Indian Knoll Osteometric Results – Humerus  

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Humeral maximum length (HML) !�&%#� �!�(&#� ����#� 2.42 3.12 1.71 

Humeral midshaft circumference (HMC) (�((#� &�$"#� "�(%#� 7.26 8.93 5.50 

Humeral 35% medio�lateral diaphyseal 

breadth (H35MLDB) 

(���#� &��%#� ��&�#� 6.52 8.29 3.65 

Humeral 35% anterior�posterior 

diaphyseal breadth (H35APDB) 

$�!�#� &��%#� ��($#� 6.12 8.26 3.85 

Humeral average 35% diaphyseal breadth 

(H35DB) 

$�$(#� &���#� ��'�#� 6.00 8.22 3.65 

Humeral vertical head diameter 

(HVertHD) 

0.49 ��!"#� �.09 3.25 4.40 2.01 

Humeral horizontal head diameter 

(HHorzHD) 

���(#� "��'#� 0.40 4.24 6.25 2.06 

Humeral average head diameter (HHD) ��"!#� ��$$#� !��"#� 3.25 4.72 1.65 

Humeral epicondylar breadth (HEB) ����#� ���$#� ��"�#� 2.08 2.04 2.13 

Humeral articular breadth (HAB) ��!(#� ��!$#� ��!(#� 2.81 2.69 2.94 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 
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As seen with the humeri, the ulnae are extremely asymmetrical between right and left 

measurements for males and females. Females show greater asymmetry in ulnar maximum 

length, medio�lateral diaphyseal breadth, maximum medio�lateral diameter, and crest height. The 

only negative (left bias) measurement for this sample is the ulnar crest height in males. As seen 

with Windover, the only value that exhibits significant differences in direct asymmetry between 

males and females is ulnar anterior�posterior diaphyseal breadth (Table 5.10). 

 

Table 5.10 – Indian Knoll Osteometric Results – Ulna 

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Ulnar maximum length (UML) !�$�#� !�"�#� !�(�#� 0.87 0.82 0.91 

Ulnar medio�lateral diaphyseal breadth 

(UMLDB) 

"�$�#� ��%�#� $��!#� 6.46 5.62 7.41 

Ulnar anterior�posterior diaphyseal 

breadth (UAPDB) 

(�"!#� !"#$%� &"'#%� 7.57 8.82 6.17 

Ulnar average diaphyseal breadth (UDB) $�"�#� $�%$#� "�&!#� 6.34 6.49 6.17 

Ulnar minimum medial�lateral diameter 

(UMinD) 

'���#� '�&�#� (���#� 8.27 8.25 8.27 

Ulnar maximum medial�lateral diameter 

(UMaxD) 

��%(#� ��$$#� "�"�#� 6.00 5.63 6.40 

Ulnar interosseous crest height (UCH) )���$#� )(�'(#� !�(�#� 18.61 20.28 16.76 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

 

 

 The radii exhibit significantly different right / left asymmetry for all elements except 

male maximum length. The most interesting differences occur between males and females. 

Females show greater asymmetry values in %DA for maximum length, medio�lateral diaphyseal 

breadth, and medio�lateral articular breadth. Males exhibit the greatest degree of significant 

asymmetry for the radial anterior�posterior diaphyseal breadth (Table 5.11 and Figure 5.10).  

  

Table 5.11 – Indian Knoll Osteometric Results – Radius  

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Radial maximum length (RML) !�$�#� 0.05 (")&%� 1.09 0.89 1.25 

Radial medio�lateral diaphyseal breadth 

(RMLDB) 

"�'(#� "��%#� $�"!#� 6.15 5.56 6.81 

Radial anterior�posterior diaphyseal 

breadth (RAPDB) 

��&(#� '"*)%� +"!#%� 4.72 5.57 3.77 

Radial average diaphyseal diameter 

(RDB) 

��&%#� "�!!#� ��'&#� 4.71 4.73 4.71 
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Table 5.11 – Indian Knoll Osteometric Results – Radius continued 

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Radial dorso�palmer articular breadth 

(RDPAB) 

��("#� ��''#� ��$!#� 4.14 4.29 3.98 

Radial medial�lateral articular breadth 

(RMLAB) 

��%'#� +",&%� #"'+%� 3.30 3.18 3.43 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

 

The maximum length and average diaphyseal breadth for the first metacarpal were found 

to be significantly different between the right and left side for both males and females. In 

addition, females were found to have more asymmetry in both aspects when compared to males. 

With the second metacarpal, males exhibit a greater degree of asymmetry in both the maximum 

length and diaphyseal breadth (Table 5.12). 

 

Table 5.12 – Indian Knoll Osteometric Results – Metacarpals  

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Metacarpal 1 maximum length (MC1ML) ��!&#� !�%�#� ����#� 1.69 1.63 1.78 

Metacarpal 1 average 50% diaphyseal 

breadth (MC1DB) 

��$$#� ��!$#� ���'#� 3.52 3.16 4.05 

Metacarpal 2 maximum length (MC2ML) ��"'#� "�&�#� 0.30 3.31 5.44 1.32 

Metacarpal 2 average 50% diaphyseal 

breadth (MC2DB) 

��%!#� ��"%#� ���'#� 4.14 4.81 3.41 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

 

 

 

 

 

Cross,sectional Geometries 

 

Significant differences between right and left cortical areas were found in the clavicular 

and humeral cortical areas for males but not for females, whereas the right and left ulnar and 

radial cortical areas were found to be significantly different for both sexes (Figure 5.12). In 

addition, the males exhibit a much greater degree of right hand bias than the females, especially 

in the clavicle and humerus, while the females show a greater degree of right limb asymmetry in 

the radius (Table 5.13). 
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Table 5.13 – Indian Knoll Geometric Results 

Measure Mean %DA Mean %AA 

 Total Male Female Total Male Female 

Clavicular cortical area (CCA) %�('#� �"�("#� 4.03 17.93 21.13 14.31 

Clavicular medullary area (CMA) �"�'�#� �'���#� 12.01 26.40 26.19 26.63 

Clavicular total area (CTA) �!�%!#� �$��%#� 6.04 17.06 18.36 15.60 

Humeral cortical area (HCA) ���!'#� �&�%�#� 4.81 15.09 18.91 11.03 

Humeral medullary area (HMA) &�"�#� ����!#� 4.51 18.90 21.76 15.85 

Humeral total area (HTA) ���(!#� �'�('#� $��(#� 13.73 17.74 9.47 

Ulnar cortical area (UCA) �$��(#� �(�"$#� ���&'#� 18.69 17.48 19.91 

Ulnar medullary area (UMA) ���"!#� ���'�#� ����"#� 31.07 31.80 30.34 

Ulnar total area (UTA) �(�$%#� �'��%#� �$�'%#� 19.56 18.52 20.60 

Radial cortical area (RCA) &�&!#� (���#� ���$'#� 14.43 11.70 17.24 

Radial medullary area (RMA) 7.88* 6.43 9.39 23.26 23.47 22.84 

Radial total area (RTA) &��'#� $�%�#� �!�$�#� 13.36 11.27 15.52 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

�

 

 

 
Figure 5.12: %DA differences in cortical area from Indian Knoll. Males have greater cortical 

asymmetry in the clavicles and humeri, while females have more asymmetrical radii. The ulnae 

are close to being equally asymmetrical with females slightly more so. 
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The medullary area exhibits more symmetrical patterns amongst the females and more 

asymmetrical values for the males. Unlike Windover, there is no left limb bias for the male 

clavicles or radii (Figure 5.13 compared to Figure 5.5). Here the male clavicles, humeri, and 

ulnae exhibit larger medullary cavities on the right side, along with relatively larger right cortical 

areas. As with Windover males, the overall right humerus and ulna have more asymmetric 

cortical and medullary thickness, while females maintain a more symmetrical ratio. The greatest 

amount of difference between males and females occurs in both the cortical and medullary areas 

of the humerus (Table 5.13). In the radius however, males have relatively less cortical 

asymmetry than females and relatively less medullary asymmetry. Again, as with Windover, the 

female radius is relatively stronger when compared to males. 

 
Figure 5.13: %DA differences in medullary areas among Indian Knoll males and females. Males 

have much greater asymmetry for the humeri. Females have slightly larger medullary areas for 

their right radii than the males.  
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The total areas (Figure 5.14) illustrate basically the same pattern as the dimensional 

measurements where the clavicles, humeri, and ulnae result in the greatest amount of significant 

difference between the right and left elements in males. The females show greater asymmetry in 

the radial dimensions. These results mimic that found in the medullary areas (Figure 5.13) with 

slightly less variability. Compared to Windover, all of the total areas are right biased (above 0 

line).  

Figure 5.14: %DA for the total areas among Indian Knoll males and females. As seen with the 

cortical areas and medullary areas males are more asymmetrical in their clavicles and humeri, 

whereas females are more asymmetrical in the radii.  

�

�

Bending Strengths 

The Indian Knoll sample shows significant differences in the bending strengths of the 

humerus when comparing the direct asymmetry for males and females. The differences between 
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right and left bending strengths shows males exhibiting significant differences for all aspects 

except radial Ix, whereas females exhibit significant differences in all measurements of the 

humerus and radius (Ix, Iy, and J). Females maintain a higher degree of asymmetry towards the 

right side for the radius, whereas males show a much greater asymmetry in the humerus (Figure 

5.15). 

 

Figure 5.15: %DA in bending strength Ix (anterior�posterior plane), Iy (medio�lateral plane), 

and J (torsional strength) from Indian Knoll. Males have relatively stronger right humeri and 

females have relatively stronger right radii. 

 

 

Principle Components Analysis and Discriminant Analysis 

The principle components analysis conducted on the direct asymmetry from the entire 

adult sample of Indian Knoll shows that among the clavicular measurements 60% of the 
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variability expressed can be assigned to diaphyseal dimensions, particularly the anterior�

posterior and average diaphyseal breadths, as well as the midshaft circumference. Similar to 

Windover, the length measurement is weakly associated with the first principle component. The 

second principle component for the clavicle explains 33% of the variation and is linked strongly 

to the superior�inferior diaphyseal breadth. For the humerus 71% of the variation is associated 

with the first principle component, which is strongly reinforced by the humeral head dimensions. 

The second principle component accounts for 15% of the variation and is mostly supported by 

the humeral diaphyseal dimensions including the average, anterior�posterior, and medio�lateral 

diaphyseal breadths, and the midshaft circumference. Analysis of the ulna, results in 48% of the 

variation (PC1) linked to the medio�lateral and average diaphyseal breadths. The ulnar anterior�

posterior and average diaphyseal breadths contribute to ulnar PC2 which accounts for 26% of the 

variation. The radii in this sample exhibit a first principle component that covers 46% of the 

variation and a second principle component associated with 21%. Radial PC1 has its strongest 

positive enriched by the diaphyseal breadth measurements, while PC2 is most strongly supplied 

by the dorso�palmer articular breadth (Table 5.14). Overall, Indian Knoll illustrates principle 

components most associated with diaphyseal dimensions of the bones. Some of the exceptions 

however, as seen with Windover, are the humeral head diameters which account for a large 

amount of variability (Figure 5.16). 

 

 

 

 

Table 5.14: Principle Components Analysis for Indian Knoll Adults 

 PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

  PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

Clavicle    Ulna    

Amount 

of 

variation 

 60% 33% Amount 

of 

variation 

 48% 26% 

 CML .090 �.290  UML .023 .014 
 CMC .829 .089  UMLDB .864 .124 
 CAPDB .884 �.461  UAPDB .053 .895 
 CSIDB .435 .897  UDB .721 .630 
 CDB .977 .193  UMinD .547 .263 
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Table 5.14: Principle Components Analysis for Indian Knoll Adults cont. 

 PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

  PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

Humerus    Radius    

Amount 

of 

variation 

 71% 15% Amount 

of 

variation 

 46% 21% 

 HML �.068 .140  RML �.060 �.028 
 HMC .192 .759  RMLDB .876 �.360 
 HMLDB .216 .755  RAPDB .645 .427 
 HAPDB .046 .646  RDB .988 �.039 
 HDB .186 .967  RDPAB .065 .787 
 HVertHD .985 �.081  RMLAB .343 .395 
 HHorzHD .989 �.001     

 HHD .999 �.042     

 HECB �.086 .262     

 HAB �.052 .094     

Highlighting indicates those values with the strongest contribution to each principle component.  

 

 

Figure 5.16: Bivariate principle components plot for Indian Knoll. For the entire sample, the 

humeral head diameters explain the majority of the variation along the first principle component. 

This is followed by a combination of diaphyseal measurements from the clavicle, humerus, ulna, 

and radius explaining the second principle component. 
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Regarding the application of discriminant functions on the principle components derived 

from the direct asymmetry data. The clavicular anterior�posterior and average diaphyseal 

breadths, the humeral medio�lateral and average diaphyseal breadths, the humeral horizontal 

head diameter, the ulnar medio�lateral and anterior�posterior diaphyseal breadths, and the radial 

medio�lateral diaphyseal breadth measurements were used to analyze the Indian Knoll sample. 

Through cross�validation this combination of measurements yields an 82% accuracy for sexing 

males, and an 82% accuracy for the females (N= 61 Males, 50 Females). Nine females were 

misidentified as males, and eleven males were misidentified as females.  

 

Indian Knoll Summary 

The Indian Knoll population is extreme in its expression of direct asymmetry for males 

and females. The males from this sample exhibit significantly more asymmetry towards the right 

side in the diaphyseal dimensions of the clavicle, humerus, ulna, and radius. This difference is 

particularly apparent when observing the anterior�posterior dimensions. The humeral head is also 

significantly more asymmetrical towards the right side for males. As seen with previous research 

the females from Indian Knoll show greater asymmetry in limb length, particularly for the 

humerus, ulna, and radius. Upon examination of the forearm, the females are more asymmetrical 

in the medio�lateral midshaft dimension of the ulna and radius with a greater asymmetry in the 

distal radial articulation as well. These findings are reaffirmed in the results from the cross�

sectional geometry and bending strengths. Males are consistently more asymmetrical for the 

cortical, medullary, and total areas of the clavicles, humeri, and ulnae however females have 

more asymmetrical radii. In addition, the female radii bending strengths illustrate a much 

stronger right element when compared to the more symmetrical male radii. 

 

 

-
�./
�.����
��

Osteometrics 

Comparison of the right and left elements (Wilcoxon tests) found significant differences 

in every measurement except the humeral maximum length, humeral vertical and average head 

diameters, the maximum length and crest height of the ulna, the radial maximum length, and the 

maximum length of the second metacarpal. When observing males exclusively, the humeral 
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vertical and average head diameters become significantly different while the radial dorso�palmer 

articular breadth becomes non�significant. Females exhibit non�significant values for the 

clavicular midshaft circumference and superior�inferior diaphyseal breadth of the clavicle. In 

addition, the humeral medio�lateral diaphyseal breadth, humeral horizontal head diameter, 

humeral epicondylar breadth, ulnar medio�lateral diaphyseal breadth, ulnar minimum medio�

lateral diameter, radial anterior�posterior diaphyseal breadth, and the maximum length of the first 

metacarpal shift to non�significant values (Tables 5.15 – 5.19 denoted by italics and asterisks). 

The Mann�Whitney U tests resulted in males and females exhibiting significantly 

different measurements for many variables when not accounting for sexual dimorphism (Figure 

5.17). The sexual dimorphism of this sample population is estimated to be between 11�16% 

based on the comparison of mean humeral maximum length and humeral midshaft circumference 

differences respectively. Again, when controlling for body size through the use of directional 

asymmetry, differences between males and females reflect usage and the degree of remodeling 

rather than overall size (Tables 5.15 – 5.19 show significant differences highlighted in grey). 

 

 
Figure 5.17: Degree of sexual dimorphism for the Pickwick Basin. More overlap between the 

sexes in this sample may be due to the use of 50% midshaft diaphyseal breadth rather than 35% 

cortical area measurements seen with Windover and Indian Knoll (Figures 5.1 and 5.9 

respectively). A second possibility is that this population is simply less dimorphic in their 

humeral diaphyses.  
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Nine individuals are interpreted as being left handed (11% of total sample used) due to 

the overall negative direct asymmetry from several elements, while the remaining 75/84 

individuals (89% of the total sample) display consistently positive values of direct asymmetry, 

indicating right handedness.  

Between the males and females the %DA from the midshaft circumference, anterior�

posterior, superior�inferior, and average diaphyseal breadths of the clavicle are significantly 

different. For the humerus the midshaft circumference, 50% medio�lateral, anterior�posterior, 

and average diaphyseal breadths, and the vertical and average head diameters are significantly 

different. The ulnar anterior�posterior and average diaphyseal breadths are significantly different, 

as well as the radial maximum length, and radial dorso�palmer articular breadth (Figure 5.18). 

When examining absolute asymmetry the clavicular anterior�posterior and average diaphyseal 

breadths, the humeral 50% midshaft (including circumference, anterior�posterior breadth, and 

average breadth), the ulnar medio�lateral, anterior�posterior, and average diaphyseal breadths, the 

radial maximum length, and the maximum length of the first metacarpal were found to be 

significantly different between males and females (Figure 5.19). 
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Figure 5.18: %DA among the Pickwick Basin males and females. As noted in the previous 

groups, the diaphyses of males are consistently more asymmetrical than females while the 

lengths and distal radii articulations are more asymmetrical for females. 
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Figure 5.19: %AA among the Pickwick Basin males and females. The magnitudes of difference 

between the right and left are greater for males in all aspects except RML and MC1ML.  

 

 

 

As with Indian Knoll, the Pickwick Basin clavicles show relatively high degrees of right�

left asymmetry for all aspects, especially clavicular anterior�posterior diaphyseal breath in males. 

Again the length measurements are more asymmetrical for females towards the left side. 

Between males and females, the %DA midshaft dimensions (circumference, anterior�posterior, 

superior�inferior, and average diaphyseal breadths) are significantly asymmetrical.  
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Table 5.15 – Pickwick Basin Osteometric Results – Clavicle  

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Clavicular maximum length (CML) )���!#� )!�&"#� )��(�#� 1.88 1.79 2.06 

Clavicular midshaft circumference (CMC) ��!"#� ��&"#� �0.66 4.14 4.83 3.10 

Clavicular anterior�posterior diaphyseal 

breadth (CAPDB) 

$�%'#� '�"�#� ��&!#� 7.30 8.76 5.11 

Clavicular superior�inferior diaphyseal 

breadth (CSIDB) 

��"'#� $�&(#� �0.11 7.21 7.94 6.09 

Clavicular average 50% diaphyseal 

breadth (CDB) 

"�&%#� (�'%#� ��!"#� 5.82 7.52 3.27 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

 

The humeri exhibit a great number of significant differences between the right and left 

elements (italicized with asterisks) and males and females (highlighted in grey). Similar to 

Windover and Indian Knoll, the length and articulation measurements are the least asymmetrical 

(particularly in females) while the diaphyseal dimensions show the greatest amount of 

asymmetry and the greatest divergence between males and females for the sample. For the 

Pickwick Basin, the humeral midshaft data were collected at 50% length. These significant 

differences seen between males and females may also be influenced by the size of the deltoid 

tuberosity. In all cases of significant differences (highlighted in grey), the males result in more 

asymmetrical values for both direct and absolute asymmetry than the females.  

 

Table 5.16 – Pickwick Basin Osteometric Results – Humerus  

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Humeral maximum length (HML) 0.25 0.16 0.48 0.81 0.90 0.58 

Humeral midshaft circumference (HMC) $�$�#� '��(#� ���$#� 5.84 7.17 3.94 

Humeral 50% medio�lateral diaphyseal 

breadth (HMLDB) 

���!#� "�!$#� �0.76 5.77 6.35 4.93 

Humeral 50% anterior�posterior 

diaphyseal breadth (HAPDB) 

%�''#� ���!"#� (�"$#� 10.11 12.10 7.18 

Humeral average 50% diaphyseal breadth 

(HDB) 

(�!!#� &�!'#� ��%$#� 6.44 8.07 4.04 

Humeral vertical head diameter 

(HVertHD) 

0.70 ��($#� �0.53 1.98 2.05 1.88 

Humeral horizontal head diameter 

(HHorzHD) 

���"#� ���&#� 0.02 1.96 2.26 1.57 

Humeral average head diameter (HHD) 0.96 ��%!#� �0.26 1.81 1.97 2.28 

Humeral epicondylar breadth (HEB) 0.77* ����#� �0.04 1.57 1.59 1.51 

Humeral articular breadth (HAB) 1.69* ��($#� ��''#� 2.40 2.46 2.28 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 
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The ulnar midshaft is extremely asymmetrical between right and left measurements for 

males and females. Males show greater asymmetry for the medio�lateral and average diaphyseal 

breadths. The only negative (left bias) measurement for this sample is the ulnar maximum length 

and the crest height in males. As with Windover and Indian Knoll, the only values that exhibit 

significant differences in direct asymmetry between males and females originate from the 

midshaft. 

 

Table 5.17 – Pickwick Basin Osteometric Results – Ulna 

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Ulnar maximum length (UML) 0.09 �0.21 0.67 0.95 0.74 1.34 

Ulnar medio�lateral diaphyseal breadth 

(UMLDB) 

��$"#� ���'#� 1.39 4.83 5.77 3.32 

Ulnar anterior�posterior diaphyseal 

breadth (UAPDB) 

$�$&#� '�!'#� ����#� 7.56 8.77 5.62 

Ulnar average diaphyseal breadth (UDB) ��%�#� "�%'#� ����#� 5.13 5.98 3.77 

Ulnar minimum medial�lateral diameter 

(UMinD) 

����#� "��(#� 1.44 5.64 6.24 4.55 

Ulnar maximum medial�lateral diameter 

(UMaxD) 

��!!#� ��%!#� ���&#� 5.64 5.75 5.43 

Ulnar interosseous crest height (UCH) 0.79 �2.88 7.54 16.91 16.83 17.06 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

 

 The radii have significant differences in asymmetry between the right and left elements. 

In addition, females exhibit a greater degree of asymmetry for the maximum length and dorso�

palmer articular breadth as seen with the previous Archaic samples. Females have a much greater 

right bias asymmetry compared to males (Figure 5.18), particularly the dorso�palmer aspect of 

the distal articulation. 

  

Table 5.18 – Pickwick Basin Osteometric Results – Radius  

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Radial maximum length (RML) 0.19 �0.05 0.77 0.89 0.55 1.69 

Radial medio�lateral diaphyseal breadth 

(RMLDB) 

"��$#� "�!&#� "�&�#� 5.31 5.17 5.53 

Radial anterior�posterior diaphyseal 

breadth (RAPDB) 

���%#� ��(�#� 1.51 3.91 3.86 3.98 

Radial average diaphyseal diameter 

(RDB) 

���&#� ��"!#� ����#� 4.06 4.11 3.98 
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Table 5.18 – Pickwick Basin Osteometric Results – Radius continued 

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Radial dorso�palmer articular breadth 

(RDPAB) 

$�&(#� 6.59 "�"(#� 7.74 9.11 5.11 

Radial medial�lateral articular breadth 

(RMLAB) 

��"$#� ��$$#� ���%#� 2.69 2.87 2.36 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

 

The absolute asymmetry of the maximum length for the first metacarpal was found to be 

significantly different between males and females. Females have a greater magnitude of 

asymmetry for all aspects of the first metacarpal compared to males. 

�

Table 5.19 – Pickwick Basin Osteometric Results – Metacarpals  

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Metacarpal 1 maximum length (MC1ML) ��"'#� !�%�#� 2.64 2.16 1.10 4.36 

Metacarpal 1 average 50% diaphyseal 

breadth (MC1DB) 

"���#� ��(!#� '��"#� 5.31 3.85 8.23 

Metacarpal 2 maximum length (MC2ML) 0.79 0.72 0.94 1.71 1.89 1.33 

Metacarpal 2 average 50% diaphyseal 

breadth (MC2DB) 

���!#� ��''#� ��'(#� 4.42 4.42 4.42 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

 

�

Cross,sectional Geometry 

 Bridges (1991) study examined 49 left humeri of adult males and females from Archaic 

populations in the Pickwick Basin area. She found that the population exhibited a large amount 

of bilateral asymmetry of the humerus for both males and females, where males exhibited greater 

amounts of bending strength towards the right side.�

�

Principle Components Analysis and Discriminant Analysis 

The principle components analysis conducted on the direct asymmetry of the clavicle 

shows that the diaphyseal dimensions of the bone, particularly the superior�inferior and average 

diaphyseal breadths contribute 56% (PC1) of the variability for the entire adult sample.  As seen 

with the pervious populations, the length measurement is weakly associated with the first 

principle component. The second principle component for the clavicle explains 34% of the 

variation and is supplied by the anterior�posterior diaphyseal breadth measurement. In the 
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humerus 59% of the variation is associated with the first principle component, while 20% can be 

explained through the second principle component. Humeral PC1 is associated with the humeral 

midshaft including the average, anterior�posterior, and medio�lateral diaphyseal breadths as well 

as the midshaft circumference. The components contributing to PC2 are the humeral head 

dimensions particularly the horizontal and average head diameters. 59% of the variation for the 

ulna can be explained through the first principle component. It is supplemented by the midshaft 

dimensions (average, anterior�posterior, and medio�lateral diaphyseal breadths). Ulnar PC2 

explains 21% of the variation, provided by the maximum medio�lateral diameter and medio�

lateral diaphyseal breadth measurements. Initially, the radius resulted in a single principle 

component (radial dorso�palmer articular breadth) constituting 94% of the variation. When 

removed from the analysis PC1 then explains 68% of the variation and PC2 is associated with 

29%. The first principle component comes from the average and medio�lateral diaphyseal 

breadths. The anterior�posterior diaphyseal breadth contributes to the second principle 

component  (Table 5.20). Overall, the Pickwick Basin sample expresses principle components 

most associated with diaphyseal dimensions of the bones. Some of the exceptions, as seen with 

Windover and Indian Knoll, are the humeral head diameters and particularly the distal radial 

articulation, which show a large amount of variability (Figure 5.20). 

 

 

 

 

 

Table 5.20: Principle Components Analysis for Pickwick Basin Adults 

 PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

  PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

Clavicle    Ulna    

Amount 

of 

variation 

 56% 34% Amount 

of 

variation 

 59% 21% 

 CML .151 �.090  UML �.268 �.049 
 CMC .701 .300  UMLDB .788 .511 
 CAPDB .207 .968  UAPDB .829 �.468 
 CSIDB .924 �.367  UDB .970 .017 
 CDB .889 .416  UMinD .592 �.348 



 

 77 

Table 5.20: Principle Components Analysis for Pickwick Basin Adults cont. 

 PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

  PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

Humerus    Radius    

Amount 

of 

variation 

 59% 20% Amount 

of 

variation 

 68% 29% 

 HML �.372 .017  RML �.126 .179 
 HMC .921 .249  RMLDB .958 �.286 
 HMLDB .716 .165  RAPDB .338 .941 
 HAPDB .828 �.504  RDB .975 .222 
 HDB .955 �.231  RDPAB   
 HVertHD .662 .392  RMLAB   
 HHorzHD .370 .819     
 HHD .618 .715     
 HECB .445 �.213     
 HAB .041 �.459     

Highlighting indicates those values with the strongest contribution to each principle component.  

 

 

Figure 5.20: Bivariate plot of the first and second principle components for the combined 

Pickwick Basin sample.  
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Through analyzing the principle components derived from the direct asymmetry data 

discriminant analysis can indicate what feature most accurately identify the sexes. The clavicular 

superior�inferior diaphyseal breadth, humeral midshaft circumference, humeral anterior�posterior 

diaphyseal breadth, and radial medio�lateral diaphyseal breadth were used to analyze the sample 

population and maintain the highest sample size. The results of the cross�validation discriminant 

test, yields an 80% accuracy on sexing males, and an 80% accuracy on the females (N= 31 Males, 

20 Females). Four females were misidentified as males, and six males were misidentified as 

females. 

 

Pickwick Basin Summary 

 Among the Pickwick Basin adults, the recurring trend of greater diaphyseal asymmetry 

for males with greater length and distal radial articulation asymmetries for females is continued. 

In general this sample falls between the previous two Archaic groups in terms of their mean 

asymmetry values and the degrees to which the males and females express their asymmetry. The 

majority of the sex based differences are exhibited by the humerus and the clavicle, with few 

from the ulna, radius, and metacarpals. The males exhibit larger anterior�posterior asymmetries 

for the ulna (significant) and radius (although non�significant). Females show a larger medio�

lateral asymmetry for the radius (non�significant), as seen in the Indian Knoll sample. 

�

0
��
��
��
���

Osteometrics 

�

As the out�group comparison, differences are expected to be seen upon the examination 

of this population. Significant differences between the right and left elements (Wilcoxon tests) 

were found for the anterior�posterior and average diaphyseal breadths of the clavicle, as well as, 

the maximum length, midshaft circumference, anterior�posterior and average diaphyseal breadths, 

and the vertical and average head diameters of the humerus. The radial medio�lateral and average 

diaphyseal breadths, and the maximum lengths and average diaphyseal breadths of both the first 

and second metacarpal was also significantly different. Upon examination of the males, the 

clavicular superior�inferior diaphyseal breadth, the humeral medio�lateral diaphyseal breadth, 

and the radial medio�lateral articular breadth become significant, while the humeral maximum 

length and second metacarpal maximum length switch to being non�significant. In addition to 
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those listed above, females exhibit a significantly different clavicular maximum length. The 

clavicular anterior�posterior and average diaphyseal breadths, the humeral vertical and average 

head diameters, the ulnar average diaphyseal breadth and minimum medio�lateral diameter, as 

well as the radial average diaphyseal breadth becomes non�significant in females (Tables 5.21 – 

5.25 denoted by italics and asterisks). This result is quiet different from the previous samples, not 

only in the combination of significant measurements, but the degree of asymmetry. This sample 

population in general is less asymmetrical (more symmetrical) than those from the Archaic, 

especially the females.  

The Mann�Whitney U tests result in males and females exhibiting significant differences 

for fewer measurements compared to the Archaic groups. This is most likely due to the increase 

in the robusticity of females (Bridges 1989). The sexual dimorphism of this sample is estimated 

to be between 6�10% based on the comparison of mean humeral maximum length and humeral 

midshaft circumference differences respectively (Figure 5.21). By controlling for body size with 

directional asymmetry, differences between males and females reflect usage and the degree of 

remodeling rather than overall size (Tables 5.21 – 5.25 show significant differences highlighted 

in grey). 

 

 
Figure 5.21: Degree of sexual dimorphism for the Mississippian sample. Overlap is similar to 

that seen in the Pickwick Basin, again likely due to the use of 50% diaphyseal breadth 



 

 80 

measurements and the influence of the deltoid tuberosity or a general decrease in dimorphism 

within the population (which has been documented by Bridges 1989). 

 

Seventeen individuals are interpreted as being left handed (13% of total sample used) due 

to the overall negative direct asymmetry from several elements, while the remaining 115/132 

individuals (87% of the total sample) display consistently positive values of direct asymmetry, 

indicating right handedness. There is a much greater degree of overlap in this population due to 

the increased robusticity of the females. 

Between males and females the maximum lengths for the clavicles and humeri, as well as 

the humeral midshaft circumference, medio�lateral, anterior�posterior, and average diaphyseal 

breadths were found to be significantly different in directional asymmetry (Figure 5.22). 

Significant differences in absolute asymmetry were found for the clavicular and humeral 

midshaft circumferences, the humeral anterior�posterior and average diaphyseal breadths, and the 

radial anterior�posterior diaphyseal breadth (Figure 5.23). 

 
Figure 5.22: %DA significant differences for the Mississippian sample. As seen with the 

Archaics, the length measurements are the only cases where females exhibit more asymmetry 
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than the males. Unlike the Archaics, the Mississippians exhibit no significant differences 

between male and female ulnae, radii, and metacarpals. 

 

 
Figure 5.23: %AA significant differences for the Mississippian sample. For all except CMC, 

males exhibit a greater degree of difference in magnitude between the right and left sides.  

 

 

Similar to Windover, the clavicles show relatively low degrees of right�left asymmetry 

for all measurements. The males show a higher degree of asymmetry than females for all 

measurements except the CSID and CDB. In addition, as seen in the previous populations, the 

clavicles exhibit the greatest amount of left biased asymmetry in its length dimension. In this 

sample, the females exhibit a greater degree of left bias in the clavicle length and circumference. 

Between males and females, the length dimension is the only significantly different 

asymmetrical measurement (Table 5.21).  
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Table 5.21 – Mississippian Osteometric Results – Clavicle  

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Clavicular maximum length (CML) �0.52 0.44 )����#� 1.93 1.77 2.06 

Clavicular midshaft circumference (CMC) �0.11 0.32 �0.43 5.43 4.08 6.69 

Clavicular anterior�posterior diaphyseal 

breadth (CAPDB) 

"�!&#� $��'#� 3.06 6.99 7.16 6.89 

Clavicular superior�inferior diaphyseal 

breadth (CSIDB) 

3.54 ����#� 5.13 10.14 5.93 13.93 

Clavicular average 50% diaphyseal 

breadth (CDB) 

$�!&#� ��'�#� 6.48 7.96 4.67 11.08 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

 

The humeri again exhibit the greatest number of significant differences between the right 

and left elements and males and females. However, the mean values for %DA and %AA are 

much smaller than those seen in the Archaic groups. The length and articulation measurements 

are similar to the Archaic samples. They are again the least asymmetrical (particularly in 

females) while the diaphyseal dimensions express the greatest amount of asymmetry. Of 

particular interest is that in all cases of significance, except for length, the males result in greater 

asymmetrical values for both direct and absolute asymmetry. 

  

Table 5.22 – Mississippian Osteometric Results – Humerus  

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Humeral maximum length (HML) !�$"#� 0.15 !�%$#� 0.86 0.74 0.99 

Humeral midshaft circumference (HMC) ��%"#� "�"!#� ��(�#� 3.68 4.66 2.82 

Humeral 50% medio�lateral diaphyseal 

breadth (HMLDB) 

�0.02 ��'&#� )��"%#� 5.36 4.77 5.91 

Humeral 50% anterior�posterior 

diaphyseal breadth (HAPDB) 

(���#� '�%$#� "�"'#� 6.94 8.04 5.92 

Humeral average 50% diaphyseal breadth 

(HDB) 

���$#� $�"�#� ����#� 4.66 5.60 3.81 

Humeral vertical head diameter 

(HVertHD) 

!�%!#� ����#� 0.59 1.87 2.26 1.49 

Humeral horizontal head diameter 

(HHorzHD) 

0.37 0.53 0.21 1.59 1.59 1.60 

Humeral average head diameter (HHD) !�("#� !�&%#� 0.40 1.52 1.73 1.31 

Humeral epicondylar breadth (HEB) 0.28 0.15 0.39 1.85 1.69 1.98 

Humeral articular breadth (HAB) �0.05 �0.15 0.02 2.70 2.43 2.91 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 
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The ulnar midshaft is asymmetrical between right and left measurements in both males 

and females (italicized asterisks). Males show greater asymmetry in all measurements except 

UCH. The only negative (left bias) measurement for this sample is the ulnar crest height in males. 

There are no measurements that exhibit significant differences in asymmetry between males and 

females. In addition, similar to the clavicle and humerus, females are more symmetrical when 

compared to males. The sample population as a whole again expresses smaller mean values for 

both sexes, indicating more symmetrical upper limbs. 

 

Table 5.23 – Mississippian Osteometric Results – Ulna 

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Ulnar maximum length (UML) ��""#� ��!�#� !�'$#� 1.77 2.54 0.85 

Ulnar medio�lateral diaphyseal breadth 

(UMLDB) 

0.35 0.57 0.17 5.44 5.48 5.45 

Ulnar anterior�posterior diaphyseal 

breadth (UAPDB) 

��%$#� ��%"#� ��&$#� 6.23 6.60 5.85 

Ulnar average diaphyseal breadth (UDB) ��$!#� ��!&#� 0.91 4.06 4.37 3.78 

Ulnar minimum medial�lateral diameter 

(UMinD) 

��&$#� ��'�#� 0.91 4.53 4.33 4.76 

Ulnar maximum medial�lateral diameter 

(UMaxD) 

0.78 0.94 0.62 5.29 5.43 5.14 

Ulnar interosseous crest height (UCH) �0.01 �0.05 0.04 17.83 19.93 15.53 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

 

 The radii exhibit few significant differences in asymmetry between the right and left 

elements. The most interesting differences come from females showing greater degrees of 

asymmetry in RML, which is seen in the Archaic samples. Not expressed in the Mississippians 

are the significant differences in the distal radial articulations. The female asymmetry values are 

extremely symmetrical in comparison to that of all three Archaic groups. 

  

Table 5.24 – Mississippian Osteometric Results – Radius  

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Radial maximum length (RML) 0.14 0.03 0.24 0.67 0.69 0.656 

Radial medio�lateral diaphyseal breadth 

(RMLDB) 

��&�#� "�($#� ��!&#� 6.83 5.91 7.86 

Radial anterior�posterior diaphyseal 

breadth (RAPDB) 

0.42 0.49 0.34 3.84 4.74 2.94 
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Table 5.24 – Mississippian Osteometric Results – Radius continued 

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Radial average diaphyseal diameter 

(RDB) 

��!&#� ��'%#� 1.36 4.41 4.42 4.45 

Radial dorso�palmer articular breadth 

(RDPAB) 

�0.90 �1.41 �0.43 5.22 6.79 3.79 

Radial medial�lateral articular breadth 

(RMLAB) 

0.53 ��$�#� �0.41 2.38 2.72 2.08 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

 

 

There are no significant differences between males and females with either the first or 

second metacarpals. As with the Pickwick Basin the females are more asymmetrical for every 

measurement.  

 

Table 5.25 – Mississippian Osteometric Results – Metacarpals  

Measure Mean %DA Mean %AA 

 Total Males Females Total Males Females 

Metacarpal 1 maximum length (MC1ML) ��("#� ���%#� ��%!#� 2.27 2.23 2.31 

Metacarpal 1 average 50% diaphyseal 

breadth (MC1DB) 

��!$#� ��(�#� ��$�#� 4.91 4.81 5.03 

Metacarpal 2 maximum length (MC2ML) ��(�#� 1.60 ��("#� 1.92 2.20 1.64 

Metacarpal 2 average 50% diaphyseal 

breadth (MC2DB) 

"�$�#� "���#� $�!�#� 5.54 5.57 5.51 

Italics and asterisks indicate significant differences in right and left; highlighted in grey variables indicate significant 

differences between males and females. (p<.05) 

 

Cross,sectional Geometry 

 Bridges (1991) CT scan research on the differences between the Archaic and 

Mississippian populations in the Pickwick Basin found that the Mississippian females exhibited a 

relative increase in overall robusticity and more symmetrical humeri. The Mississippian males 

remained largely unchanged. This study has further confirmed what was originally concluded by 

Bridges (1991).�

 

Principle Components Analysis and Discriminant Analysis 

The principle components analysis conducted on the direct asymmetry of each bone from 

the entire Mississippian adult sample shows 66% (PC1) of the variability for the clavicle 

contributed by the diaphyseal dimensions (average and superior�inferior breadths). 22% of the 
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clavicular variation (PC2) is linked strongly to the anterior�posterior breadth. In the humerus the 

first principle component is associated with 44% of the variation, with the second principle 

component accounting for 25%. Humeral PC1 is comprised of the humeral 50% midshaft 

(circumference, average, medio�lateral, and anterior�posterior dimensions) with a slightly lower 

association with the distal articular breadth. PC2 dimensions come from the anterior�posterior 

plane (negative association) and the distal articular breadth. The first ulnar principle component 

covers 57% of the variation through maximum diaphyseal diameter, as well as, the average and 

medio�lateral breadths. Ulnar PC2 accounts for 22% of the variation, and is highly correlated 

with the anterior�posterior diaphysis. For the radii 52% of the variation is contributed by the first 

principle component and 36% by the second. Radial PC1 is positively strengthened by dorso�

palmer articular breadth, while PC2 is connected with average and medio�lateral diaphyseal 

breadths (Table 5.26). Overall, the Mississippians illustrate principle components most 

associated with diaphyseal dimensions of the bones, although there are some exceptions similar 

to what is seen with Archaic groups. Unlike the Archaic groups, the distal radial articulation 

shows a large amount of variability (non�significant for this sample). The humeral head has also 

been deemphasized and the distal articulation of the humerus has become more of an important 

component (Figure 5.24). 

 

 

 

 

Table 5.26: Principle Components Analysis for Mississippian Adults 

 PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

  PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

Clavicle    Ulna    

Amount 

of 

variation 

 66% 22% Amount 

of 

variation 

 57% 22% 

 CML .227 .244  UML .115 .123 
 CMC .787 �.122  UMLDB .789 �.514 
 CAPDB .626 .778  UAPDB .408 .871 
 CSIDB .870 �.434  UDB .891 .108 
 CDB .969 .150  UMinD .650 �.041 
     UMaxD .889 .085 
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Table 5.26: Principle Components Analysis for Mississippian Adults cont. 

 PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

  PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

Humerus    Radius    

Amount 

of 

variation 

 44% 25% Amount 

of 

variation 

 52% 36% 

 HML �.160 .128  RML .101 .060 
 HMC .737 �.329  RMLDB �.133 .978 
 HMLDB .729 .322  RAPDB .487 .241 
 HAPDB .644 �.708  RDB .089 .973 
 HDB .929 �.304  RDPAB .995 .019 
 HVertHD .195 .318  RMLAB .258 .374 
 HHorzHD .101 .101     
 HHD .192 .273     
 HECB �.142 .296     
 HAB .642 .609     

Highlighting indicates those values with the strongest contribution to each principle component.  

 

 

Figure 5.24: First and Second principle components plot for the Mississippian sample. Most of 

the variability for PC1 is concentrated around the clavicular midshaft, while PC2s greatest 

variation is from the ulna and distal radius.  
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Performance of discriminant functions on the principle components derived from the 

direct asymmetry data yields a pattern quite different than that found with the Archaic samples. 

By maintaining the highest sample size and emphasizing the highest accuracy possible, the 

average diaphyseal breadth and midshaft circumference of the humerus were the only variables 

used to analyze the Mississippian sample. The results of cross�validation, yields a 77% accuracy 

for sexing males, and a 74.3% accuracy for the females (N= 61 Males, 70 Females). A total of 18 

females were misidentified as males, and 14 males were misidentified as females.  

 

Mississippian Summary  

 Within the Mississippian group the number of significant differences between males and 

females are fewer than was seen in the Indian Knoll and Pickwick Basin samples. In addition, the 

degree (mean values) of asymmetry is less than that of the Late Archaic societies. Even so, there 

are similar trends in that females are more asymmetrical than males for the length measurements 

(except the Mississippian ulnae). Unlike the Archaic samples, the female radius does not share 

the increased asymmetry seen in the medio�lateral diaphyses or the distal articulation. In addition, 

the Mississippian males are not as asymmetrical as in the Archaic for the anterior�posterior 

dimensions of the humerus and ulna. Instead there are no observed significant differences in the 

forearm of males and females in the Mississippian sample. 
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 In this section the second hypothesis will be examined to test the accuracy of grouping 

skeletal samples based on activity patterns, into subsistence strategies. In addition, the best way 

to identify adult patterns of asymmetry among the different populations will be addressed. By 

utilizing these results the most important elements can be isolated and examined in the subadult 

samples (see following hypothesis).  

 

���������������
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Correlations with Age 

Upon examining the adult Archaic individuals the 50% anterior�posterior and average 

diaphyseal humeral breadths were found to significantly correlate with age. This correlation may 

be due to the influence of the deltoid tuberosity, especially when examining the differences 

between males and females (O’Neill and Ruff 2004). The males studied here are significantly 

more asymmetrical than the females at the 50% humeral anterior�posterior diaphysis. In addition, 

there is a dramatic difference in the asymmetry of the diaphysis with age for males and females. 

Indian Knoll males and females seem to be the most similar among the samples, the Pickwick 

Basin material shows intermediate differences, and Windover has strikingly different patterns. 

For Windover, the male right side increases in size relative to the left as they get older (Figure 

5.25), whereas the females maintain their ratio between left and right (Figure 5.26).  This may 

indicate a sexual division of labor associated with tasks using the upper arm and shoulder in 

Windover more than for the other two Archaic groups.  
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Figure 5.25: %DA for H50APD among the Archaic males. The Windover best fit line shows a 

positive correlation with advancing age, indicating either a weakening of the left or strengthening 

of the right humerus. Pickwick and Indian Knoll express decreases in asymmetry, most likely 

due to a loss of right limb strength.  

 

 
Figure 5.26: %DA for H50APD among the Archaic females. Windover and Pickwick Basin best 

fit lines decrease only slightly with advancing age, indicating maintenance of the right and left 

strength ratio. Indian Knoll has a decrease in asymmetry similar to the males. This is likely due 

to a loss of right limb strength. 
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Upon examination of the 35% midshaft measurements from Windover and Indian Knoll, 

the phenomenon of increased asymmetry over the male lifetime is replaced by a general decrease 

in asymmetry with age (Figure 5.27), while females for both groups show a general increase in 

asymmetry with age (Figure 5.28). In both cases, females remain more symmetrical as a whole, 

with more individuals falling below the zero line� indicating larger left measurements. In general, 

for the anterior�posterior measurement of the humerus, males are significantly more 

asymmetrical for both the 50% and 35% midshaft measurements. 

 

 

Figure 5.27: %DA for the 35% humeral diaphysis of males from Windover and Indian Knoll. 

Windover decreases in asymmetry with age, unlike what is observed for the 50% midshaft 

(Figure 5.25). Indian Knoll decreases slightly less over time, in comparison with the 50% 

midshaft location. 
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Figure 5.28: %DA for the 35% humeral diaphysis of females from Windover and Indian Knoll. 

Windover and Indian Knoll increase in asymmetry with age, unlike what is observed for the 50% 

midshaft (Figure 5.26). 
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Windover vs. Pickwick Basin 

 Comparing the significant differences among each combination of populations will help 

to identify where the impact of subsistence�based differences on bone remodeling originates. As 

seen with the summary comparison of the Archaic populations, the Windover and Pickwick 

Basin samples show fewer significantly different asymmetries when compared to Indian Knoll. 

There is a striking difference in what is found among the males when compared to females for 

the Windover and Pickwick Basin adults. Males show significant differences in the clavicular 

midshaft circumference as well as the anterior�posterior and average diaphyseal breadths. For the 
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humerus, all aspects of the diaphyseal midshaft exhibit significant differences (the circumference, 

medio�lateral, anterior�posterior, and average diaphyseal breadths) along with the distal articular 

breadth. The radius shows significant differences for the medio�lateral diaphyseal breadth and 

the medio�lateral articular breadth. The Pickwick Basin samples have consistently more 

asymmetry than Windover for all of these measures (Figure 5.29). Females exhibit significant 

differences for the vertical head diameter and distal articular breadth of the humerus, and for the 

medio�lateral and average diaphyseal breadths of the radius. The only variable that is more 

asymmetrical for Windover is the humeral vertical head diameter, which is left biased in the 

Pickwick sample (Figure 5.30). Among these two samples, males show a much greater amount 

of differentiation than females. 

 

 

Figure 5.29: %DA significant differences among males from Windover and Pickwick Basin. For 

all cases, the Pickwick Basin males are more asymmetrical towards the right side.  
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Figure 5.30: %DA significant differences among females from Windover and Pickwick Basin. 

The only case where Windover is more asymmetrical is the vertical diameter of the humerus. For 

all other cases, the Windover females are nearly symmetrical. 

�

�

�

Discriminant analysis of the males from these groups yields an average of 68% 

identification accuracy (N=16 Windover and N=25 Pickwick Basin). The Pickwick Basin 

individuals were properly identified 72% of the time, whereas 62.5% of Windover males were 

correctly identified. The females resulted in 83% accuracy on average with 100% of the 

Pickwick Basin females properly identified and 66.7% of the Windover females. The use of 

HVertHD as a variable limited the sample size to N=6 Windover and N=5 Pickwick Basin 

females. Removing this variable does increase the sample size, but it also lowers the accuracy to 

just above 50% on average.  
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Windover vs. Indian Knoll 

 The individual summary statistics indicate a large amount of differences between these 

two samples with regard to direct asymmetry. In nearly all instances Indian Knoll has a much 

greater degree of asymmetry for males and females. Amongst the males from these populations 

significant differences in direct asymmetry were found for all clavicular measurements except 

the superior�inferior aspect. The midshaft circumference, the medio�lateral, anterior�posterior, 

and average diaphyseal breadths, the horizontal head diameter, and the distal articular breadth of 

the humerus were significantly different. For the ulna, the only significant difference was found 

for the minimum diaphyseal diameter, while for the radius the medio�lateral and average 

diaphyseal diameters were found to be significantly different. In all instances except for CML, 

Indian Knoll males are more asymmetrical than Windover males (Figure 5.31). Females also 

have a large number of differences involving the midshaft circumference, the anterior�posterior 

and average diaphyseal breadths, the vertical head diameter, and the epicondylar and articular 

breadths of the humerus.  For the ulna, the ulnar medio�lateral and average diaphyseal breadths 

as well as the maximum diaphyseal diameter were significantly different.  Finally, in the radius 

the medio�lateral and average diaphyseal breadths were found to be significantly different. In 

every case except HVertHD, the Indian Knoll females are more asymmetrical than the Windover 

females (Figure 5.32).  
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Figure 5.31: %DA significant differences among males from Windover and Indian Knoll. For 

all cases except CML, the Indian Knoll males are more asymmetrical towards the right side 

while Windover males are relatively more symmetrical.  
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Figure 5.32: %DA significant differences among females from Windover and Indian Knoll. The 

only case where Windover is more asymmetrical is again the vertical diameter of the humerus. 

For all other cases, the Windover females are close to being symmetrical. 
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There is a large divide in the cross�sectional asymmetries among the males from 

Windover and Indian Knoll. Significant differences were found between the two male samples in 

all aspects of the clavicle and humerus, the medullary and total areas of the ulna, and the total 

area of the radius. In terms of bending strengths, males exhibited significant differences in Ix, Iy, 

and J for the humerus as well as Iy and J for the radius. Females express many fewer significant 

differences (involving the ulnar medullary area and total area and radial Iy).  

Upon examination of the bending strength asymmetries for the male and female radius, it 

appears that females have relatively stronger radii in both the sagittal Ix (anterior�posterior) and 

frontal Iy (medio�lateral) planes. Both sexes have stronger right radii; however more female 

individuals fall above and to the right of the zero lines, whereas males appear to be much more 

symmetrical (Figure 5.33).  
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Figure 5.33: %DA comparison of Radial Ix and Iy for males and females from Windover and 

Indian Knoll. Females exhibit more variation and a larger number of individuals in the top right 

quadrant. This indicates a stronger right radius in both the AP and ML planes. 

 

 

 Upon examination of the samples separately, the Windover males and females are more 

symmetrical, although females remain slightly more variable in radial strength. The females from 

the Indian Knoll sample are extremely variable and exhibit much more right side bias in both the 

medio�lateral and anterior�posterior planes (Figure 5.34).  
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Figure 5.34: % DA in males and females from Windover and Indian Knoll. The females from 

Indian Knoll express more variability in the shape of their radii, mostly on the right side.  

 

 

In general, males and females have more asymmetrical humeri favoring the right side 

compared to the radii. When the groups are combined, male humeri have much greater bending 

strengths along the sagittal and frontal planes. Females on the other hand exhibit more 

symmetrical dimensions for the humerus (Figure 5.35).  Observing the sample populations 

separately illustrates the larger amounts of variation for Indian Knoll when compared to 

Windover (Figure 5.36). Corroborating what was found in the osteometric results, Windover in 

general is more symmetrical than Indian Knoll.  
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Figure 5.35: %DA for humeral Ix and Iy for males and females from Windover and Indian 

Knoll. Male exhibit more extreme right side bias, clustering in the top right. 

 

 

Figure 5.36: %DA for humeral Ix and Iy among males and females from Windover and Indian 

Knoll. Although both groups show right side dominance, the males (particularly those from 

Indian Knoll) are more extreme.  
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In performance of the discriminant analysis for these samples, removal of the articular 

measurements boosted the sample size to N=23 for Windover and N=34 for Indian Knoll. The 

cross�validation method for the males resulted in an average of 79% identification accuracy 

(78.3% accuracy for Windover and 79.4% for Indian Knoll). The females resulted in an average 

of 71.1% accurate identification, where Windover females were identified properly 69.2% of the 

time and Indian Knoll females 71.9% of the time. The sample size was low for the females, 

(N=13 Windover and N=34 Indian Knoll). Through the use of the bending strengths and the 

cross�sectional geometry data, the accuracy increased, especially for Windover. The male 

samples were accurately identified on average 82.1% of the time, with Windover yielding 87.5% 

accuracy (24 individuals) and Indian Knoll resulting in 78.1% accuracy (34 individuals). The 

females expressed much lower accuracies on average (64.4%), most likely due to the lack of 

significantly different cross�sectional measurements among females. The Windover sample 

resulted in properly identifying 76.9% of the individuals (10/13), while Indian Knoll only 

identified 59.4% of the females accurately (19/32). 

 

Pickwick Basin vs. Indian Knoll 

 The Pickwick Basin and Indian Knoll samples share an intermediate relationship in their 

asymmetry. In the examination of these two populations, the expectation was fewer differences 

than found between Windover and Indian Knoll. Among males the midshaft circumference and 

anterior�posterior diaphyseal breadth measurements of the clavicle are significantly different. For 

the humerus the maximum length, the midshaft circumference, and the medio�lateral, anterior�

posterior, and average diaphyseal breadths are significantly different. The male forearm exhibits 

significant differences in the ulnar minimum diaphyseal diameter and the radial medio�lateral 

articular breadth. In each case except for RMLAB, the Indian Knoll sample is more 

asymmetrical towards the right side (Figure 5.37). In the females the clavicular and humeral 

midshaft circumferences, the medio�lateral, anterior�posterior, and average diaphyseal breadths 

of the humerus, the humeral epicondylar breadth, the ulnar medio�lateral and average diaphyseal 

breadths, and the minimum ulnar diaphyseal diameter are significantly different. Among the 

females all of the variables are more asymmetrical towards the right side for Indian Knoll 

(Figure 5.38). 



 

 101 

 

 

Figure 5.37: %DA for the Pickwick Basin and Indian Knoll males. In all cases but RMLAB the 

Indian Knoll sample is more asymmetrical towards the right side.  
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Figure 5.38: %DA for the females of the Pickwick Basin and Indian Knoll samples. All cases of 

significant differences result in a larger degree of right limb asymmetry for the Indian Knoll 

sample.  

 

 

Discriminant analysis of the males from the Pickwick Basin and Indian Knoll samples 

results in an average of 69.6% accuracy of identification when observing cross�validation. The 

males from the Pickwick Basin were identified accurately 65.6% of the time (N=32), while those 

from Indian Knoll were identified with 71.1% accuracy (N=83). Analysis of the females shows a 

76% average accuracy for identifying the origin of each individual with the Pickwick Basin 

resulting in 76.9% (N=13) and Indian Knoll at 75.8% accuracy (N=62). In general the females 

between these two samples are slightly more accurately classified than the males. 
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Summary of Differences Among the Archaic Populations 

Windover is consistently the least asymmetrical (except for humeral maximum length), 

while Indian Knoll is the most asymmetrical for virtually all significantly different measurements 

(Figure 5.39). Among adult males, Windover again has more symmetrical median values 

compared to the other two samples, while Indian Knoll exhibits the highest median %DA for all 

measurements but humeral articular breadth and radial distal articulation medio�lateral breadth 

(Figure 5.40).  Slightly different asymmetries are found for the adult females. Females from 

Windover are the most asymmetrical in humeral vertical head diameter, but they are intermediate 

for the ulnar midshaft medio�lateral diameter and ulnar average diaphyseal breadth. Indian Knoll 

females, like the males, are more asymmetrical in the majority of variables (Figure 5.41). Indian 

Knoll is overall consistently more asymmetrical, not only for the entire sample, but for males and 

females separately. The Indian Knoll population is performing activities that are affecting both 

male and female right arms more dramatically, while the Windover and Pickwick Basin 

populations exhibit more symmetrical usage of the arms. 
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Figure 5.39: %DA among the Archaic groups. Note the consistent pattern of increasingly more 

asymmetry when viewing Windover, Pickwick Basin, and Indian Knoll 
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Figure 5.40:  %DA among the Archaic male samples. Note again the consistent pattern of 

increasingly more asymmetry when viewing Windover, Pickwick Basin, and Indian Knoll. 

(Windover – white, Pickwick Basin – highlighted in grey, Indian Knoll – striped) 
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Figure 5.41:  %DA among the Archaic female samples. Note as with the males the consistent 

pattern of increasingly more asymmetry when viewing Windover, Pickwick Basin, and Indian 

Knoll – except for HVertHD. (Windover – white, Pickwick Basin – highlighted in grey, Indian 

Knoll – striped) 
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Windover vs. Mississippian 

 Examination of the direct asymmetry among males from these samples indicates that the 

clavicular anterior�posterior diaphyseal breadth, the humeral maximum length, the medio�lateral 

and average diaphyseal breadths and the maximum medio�lateral diameter of the ulna, as well as 

the medio�lateral diaphyseal breath of the radius exhibit significant differences. Among females 

the anterior�posterior diaphyseal breadth of the second metacarpal is the only significant 

difference in direct asymmetry. In the comparison of these two groups, the Mississippian males 

are significantly more asymmetrical for the clavicular anterior�posterior midshaft and the radial 

medio�lateral midshaft measurements, while the remaining measurements are more asymmetrical 
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in the Windover males (Figure 5.42). The Mississippian females show a higher degree of 

asymmetry when compared to Windover.  

 

 

Figure 5.42: %DA for the significantly different measurements between Windover and 

Mississippian males. Mississippians are more asymmetrical towards the right side for CAPDB 

and RMLDB.  

 

 

The accuracy of identification among males and females in these two samples is the most 

inaccurate thus far. Using the significantly different measurements to discriminate between the 

samples, and excluding those that limit sample size the most, there is 56.5% accuracy in 

identifying males in Windover, and 57.1% accuracy in identifying males from the Mississippian 

sample, where N= 23 and N=28 respectively. One would expect females, who only have one 

significantly different measurement (MC2APD), to also be difficult to identify �� yet they yield 

61.5% and 70% accuracy for Windover and Mississippian respectively. The sample size is 

relatively small due to the limited representation of the second metacarpal (N=13 Windover and 

N=10 Moundville). This indicates that, even though the females had fewer significant differences, 
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those differences are better discriminators and are therefore better at differentiating the 

individuals into their proper populations.  

�

Pickwick vs. Mississippian 

 Significant differences were found in the male clavicular midshaft circumference and 

average diaphyseal breadth. For the humerus the midshaft circumference, anterior�posterior and 

average diaphyseal breadths, and distal articular breadth were significantly different. In addition, 

the ulnar maximum length, the medio�lateral, anterior�posterior, and average diaphyseal breadths, 

and the minimum and maximum midshaft diameters exhibited significant differences. For 

females, the midshaft circumference and distal articular breadth of the humerus as well as the 

maximum length, and the dorso�palmer and the medio�lateral distal articulations of the radius 

have significant differences in direct asymmetry. Between the males of these two groups, the 

only variable that is more asymmetrical in the Mississippian sample is the ulnar maximum 

length; otherwise all significantly different measurements are more asymmetrical in the Pickwick 

Basin males (Figure 5.43). All measurements for the females are significantly more 

asymmetrical in the Pickwick Basin sample (Figure 5.44). In general the Pickwick Basin sample 

expresses more significant differences with Mississippians than with Windover. 
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Figure 5.43: %DA for males from the Pickwick Basin and Mississippian samples. For every 

case except UML, the Pickwick males are more asymmetrical towards the right side.  
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Figure 5.44: %DA differences for the females from the Pickwick Basin and Mississippian 

samples. In general the Pickwick females are more asymmetrical than those of the Mississippian.  

 

 

 

The discriminant analysis results in 77.8% and 85.7% cross�validation accuracy for 

identifying males from the Pickwick and Mississippian populations respectively. Although the 

samples sizes are small (N=18 Pickwick and N=21 Mississippian), removing length/articulation 

variables (the most limited in sample size) decreases the accuracy to approximately 70% on 

average. The females from these two populations are more distinct. There is 81.8% and 85.7% 

accuracy for identifying the females from each sample based primarily on distal radial 

articulations. While these two samples are quite distinct, the sample size is rather small (N=11 

Pickwick and N=28 Moundville). In general, these two populations differ more from one another 

than either does from Windover. 

�

�

�
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Indian Knoll vs. Mississippian 

 The males from these samples exhibit significant differences in direct asymmetry for the 

maximum length, the midshaft circumference, and the anterior�posterior and average diaphyseal 

breadths of the clavicle. The humerus and ulna show significant differences for all measurements 

except the humeral vertical head diameter, ulnar maximum length, and ulnar midshaft 

circumference. For the radius the only significant difference is in the anterior�posterior 

diaphyseal breadth. The females from the Mississippian and Indian Knoll samples show 

significant differences in the clavicular and humeral midshaft circumferences as well as the 

humeral medio�lateral, anterior�posterior, and average diaphyseal breadths, and the humeral 

distal articular breadth. The female forearms have significant differences for the ulnar medio�

lateral, anterior�posterior, and average diaphyseal breadths and the minimum and maximum 

medio�lateral diaphyseal diameters. All radial measurements are significantly different except 

the dorso�palmer articular breadth. The medio�lateral and anterior�posterior diaphyseal breadths 

of the second metacarpal are significantly different. There is a much greater increase in the 

number of significant differences between Indian Knoll and Mississippians than between 

Pickwick Basin and Windover. Upon examination of the males, the only measurement that is 

more asymmetrical in the Mississippian sample is CML (Figure 5.45). Similar to what has been 

seen in the overall Archaic sample, the Mississippian females demonstrate an increase in 

asymmetry of the second metacarpal � the only element that shows greater female asymmetry 

when compared to Indian Knoll (Figure 5.46).  
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Figure 5.45: %DA for Indian Knoll and Mississippian males. %DA for Indian Knoll is 

consistently greater than seen with Mississippians. 

 

Figure 5.46: %DA for Indian Knoll and Mississippian females. %DA for Indian Knoll females 

is consistently greater than Mississippians, except for the second metacarpal.  
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The discriminant analysis between these two samples yields the most accurate 

identification for both males and females when compared to the other Archaic groups. The male 

Mississippian (N=22) sample was accurately identified 90.0% of the time, while Indian Knoll 

males (N=80) were properly identified 83.8% of the time. This is the highest percentage 

accuracy of any of the comparisons. The females, on the other hand are not quite as effectively 

identified. The Mississippian sample (N=51) had 78.4% accuracy, while the Indian Knoll sample 

(N=80) resulted in 80% accuracy. These differences, although slight, may be due to the increased 

robusticity of the females relative to the males during the Mississippian time period.  

 

Summary of Differences between Archaic and Mississippian Populations 

 In comparison to the Mississippians, the Archaic samples yield more asymmetrical values 

in all aspects of the upper limbs except MC2 measurements (Figure 5.47).  

 

Figure 5.47: %DA for the Archaic and Mississippian groups. All areas except the second 

metacarpal are more asymmetrical in the Archaic samples. 
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Upon performance of a Kruskal�Wallis test (K�independent sample test), the mean rank 

difference values again show a strong similarity between Windover and the Mississippians. A 

few particular differences surfaced when examining the values for direct asymmetry. The %DA 

for all of the variables from the second metacarpal ranked under 100 in the Mississippian sample 

and over 100 in the Archaic samples. In fact, the Mississippians are more asymmetrical in their 

MC2 measurements when compared to the Archaics. From examination of the males alone, only 

the length dimension maintains the highest asymmetry level in the Mississippians, while in the 

females all of the measurements yield a larger asymmetrical value for the Mississippians 

(Figures 5.48 and 5.49).  

 

 
Figure 5.48: Significant differences for %DA Archaic and Mississippian males. %DA for males 

illustrates the only measurements in which the Mississippians are more asymmetrical than the 

Archaic groups.  
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Figure 5.49: Significant differences for %DA Archaic and Mississippian females. The 

Mississippian second metacarpal measurements are even more asymmetrical than seen in the 

male samples.  

 

 

There is a general decrease in asymmetry for humeral robusticity in the Mississippian 

sample (Figure 5.50). The males in Figure 5.50 tend to exhibit much larger midshaft 

circumferences on the right side with more variation in terms of length asymmetry. Indian Knoll 

males appear to be the most asymmetrical in both humeral circumference and length (the most 

asymmetrical in robusticity) with the Mississippian group expressing more symmetrical lengths 

and slightly less asymmetrical circumferences. The females are more asymmetrical in their 

length measurements than the males for all sample populations. In addition, the Mississippian 

females have more symmetrical circumferences than the Archaic females. Indian Knoll again 

stands out as being the most asymmetrical for both circumference and length (robust right 

humeri).  
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Figure 5.50: Humeral Robusticity among Archaic and Mississippian adults. Comparison 

of %DA exhibited by the maximum length and midshaft circumference of the humerus results in 

a comparison of asymmetry in robusticity of the humerus. Above the zero line (y axis) indicates 

larger right midshaft circumference and to the right of the zero line (x axis) indicates longer right 

lengths.  

 

There seems to be a much smaller degree of difference between the Mississippians and 

the three Archaic samples than was originally expected. There are trends that can be observed 

(and have been noted in previous studies) where Mississippian individuals show a reduction in 

sexual dimorphism that is most likely due to an increase in the overall size of the females. In 

addition, in terms of direct asymmetry patterns in the upper limbs, the Mississippians appear to 

be more symmetrical when compared to the Archaics. Upon segregation of the Archaic samples 

there are virtually no differences between the majority of the asymmetry measurements, 

especially with Windover and the Pickwick Basin material. The Indian Knoll material remains 

the most asymmetrical for both males and females, and is causing the Archaic as a whole to look 

overly asymmetrical when lumped together.  

Subsistence�based asymmetry patterns are much more difficult to discern in these 

comparisons than originally believed. It is more likely that culturally specific behaviors and 
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activities are driving the bone remodeling in these populations. In general the majority of 

differences between the Archaic populations and the Mississippians for males and females derive 

from the contrast between Indian Knoll and the Mississippians. It seems as though Indian Knoll 

is driving much of the asymmetrical differences observed. In addition, Pickwick Basin shows 

less degree of differences, with Windover having the fewest number of differences when 

compared to the Mississippians. Therefore the ability to separate the samples based on 

subsistence strategy alone is an extremely difficult task. The fact that Windover shares fewer 

significant differences in asymmetry with Mississippians than with either the Pickwick Basin or 

Indian Knoll suggests grouping on the basis of subsistence strategy is probably misleading for 

these samples (Table 5.27). Instead, culturally specific behaviors are most likely guiding the 

levels of asymmetry seen in males and females from each population independent of subsistence. 

 

Table 5.27: Summary of Significant Differences in Osteometrics between each Population 

Males Females Population Compariso

n Sample # of Sig. 

Diff. 

Location of 

Differences 

# of Sig. 

Diff. 

Location of 

Differences 

 

Windover 

 

Pickwick 

Basin 

 

10 

 

CMC, CAPDB, CDB, 

HMC, HMLDB, 

HAPDB, HDB, HAB, 

RMLDB, RMLAB 

 

4 

 

HVertHD, HAB, 

RMLDB, RDB 

 

Pickwick 

Basin 

 

Indian Knoll 

 

9 

 

CMC, CAPDB, HML, 

HMC, HMLDB, 

HAPDB, HDB, 

UMinD, RMLAB 

 

9 

 

CMC, HMC, 

HMLDB, HAPDB, 

HDB, HECB, 

UMLDB, UDB, 

UMinD 

 

Indian Knoll 

 

Windover 

 

13 

 

CML, CMC, CAPDB, 

CDB, HMC, HMLDB, 

HAPDB, HDB, 

HHorzHD, HAB, 

UMinD, RMLDB, 

RDB 

 

11 

 

HMC, HAPDB, 

HDB, HVertHD, 

HECB, HAB, 

UMLDB, UDB, 

UMaxD, RMLDB, 

RDB 
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Table 5.27: Summary of Significant Differences in Osteometrics between each Population 

cont. 

Males Females Population Compariso

n Sample # of Sig. 

Diff. 

Location of 

Differences 

# of Sig. 

Diff. 

Location of 

Differences 

 

Mississippian 

 

Windover 

 

6 

 

CAPDB, HML, 

UMLDB, UDB, 

UMaxD, RMLDB 

 

1 

 

MC2APDB 

 

Mississippian 

 

Pickwick 

Basin 

 

12 

 

CMC, CDB, HMC, 

HAPDB, HDB, HAB, 

UML, UMLDB, 

UAPDB, UDB, 

UMinD, UMaxD 

 

5 

 

HMC, HAB, RML, 

RDPAB, RMLAB 

 

Mississippian 

 

Indian Knoll 

 

18 

 

CML, CMC, CAPDB, 

CDB, HML, HMC, 

HMLDB, HAPDB, 

HDB, HHorzHD, 

HECB, HAB, 

UMLDB, UAPDB, 

UDB, UMinD, 

UMaxD, RAPDB 

 

18 

 

CMC, HMC, 

HMLDB, HAPDB, 

HDB, HAB, 

UMLDB, UAPDB, 

UDB, UMinD, 

UMaxD, RML, 

RMLDB, RAPDB, 

RDB, RMLAB, 

MC2MLDB, 

MC2APDB 
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 Through differences in gender/sex�specific activity patterns, the expression of 

asymmetries in the upper limbs of the subadults from each population should coincide with those 

of same sex adults. The division of labor early in life has been documented in many modern 

ethnographic contexts.  By controlling for sexual dimorphism at each site, specific patterns of 

bone remodeling can be used to cluster boys and girls into distinct adult categories. Significant 

differences in osteometric and cross�sectional data, as well as the ages at which these differences 

become apparent, are examined between right and left elements (%DA) for each sample. The 

patterns of asymmetry found in the adults are then used to test the accuracy and precision for 

estimating the sex of the subadults.  
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Windover  

Significant differences between the right and left elements (Wilcoxon tests) are found for 

the maximum length, midshaft circumference, anterior�posterior diaphyseal breadth, and the 

anterior�posterior 35% midshaft breadth of the humerus. In addition, the ulnar maximum length, 

medio�lateral diaphyseal breadth, and maximum medio�lateral diameter are significantly 

different. The age at which these significant differences are apparent is in the second age cohort 

(4�6 years). The first aspect to show significant differences is HAPDB, followed by HMC. 

Regarding the cross�sectional geometries of the subadults, the humeral cortical area, total area, Ix, 

Iy, and J are significantly different between the right and left elements. These significant 

differences occur in the third cohort (ages 7�9).  

To determine the main sources of variation in each bone, principle components analysis 

is conducted for the direct asymmetry data. The clavicle exhibits a single component extraction 

that accounts for 85% of the variation. The strongest contributions are the superior�inferior 

diaphyseal breadth and the average diaphyseal breadth measurements. In the humerus, the first 

principle component explains 56% of the variation, while the second accounts for 26%. PC1 is 

most closely associated with the medio�lateral and average diaphyseal breadths. The most 

variation along PC2 comes from anterior�posterior breadth. The ulna resulted in the first 
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principle component, namely UAPDB, accounting for 36% of the variation and the second 

principle component (UMinD) accounts for 28%. Finally, the radius exhibits a single extraction 

of PC1 that explains 75% of the variability along the average diaphyseal dimension (Table 5.28 

and Figure 5.51). 

 

Table 5.28: Principle Components Analysis for Windover subadults 

 PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

  PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

Clavicle    Ulna    

Amount 

of 

variation 

 85%  Amount 

of 

variation 

 36% 28% 

 CML .569   UML � �

 CMC �.626   UMLDB �.600 .328 
 CAPDB .105   UAPDB .895 �.068 
 CSIDB .999   UDB .204 .236 
 CDB .952   UMinD .304 .912 
     UMaxD �.460 .341 

Humerus    Radius    

Amount 

of 

variation 

 56% 26% Amount 

of 

variation 

 75%  

 HML .158 .147  RML .434  
 HMC .140 �.673  RMLDB .887  
 HMLDB .944 �.300  RAPDB .737  
 HAPDB .476 .788  RDB 1.000  
 HDB .967 .217     
 HDBS .269 .506     

Highlighting indicates those values with the strongest contribution to each principle component.  
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Figure 5.51: Bivariate principle components plot for Windover subadult sample. Diaphyseal 

measurements account for the majority of the variation.  

 

 

�

�

Indian Knoll 

 For Indian Knoll, significant differences among the subadult right and left elements are 

found for the midshaft circumference and the anterior�posterior diaphyseal breadth of the 

clavicle. For the humerus, the maximum length, midshaft circumference, medio�lateral breadths 

(50% and 35% midshaft), and the anterior�posterior breadth exhibit significant differences. The 

ulnae have significant differences for the maximum length, medio�lateral and anterior�posterior 

breadth, and the minimum and maximum diameter measurements. Finally, the radial maximum 

length and the medio�lateral and anterior�posterior diaphyseal breadths show significant 

differences. The age at which these differences are apparent is in the second age cohort (4�6 

years). The first aspects to express significant differences are the ulnar anterior�posterior and 

radial medio�lateral diaphyseal breadths followed by the anterior�posterior and medio�lateral 
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diaphyseal breadths of the humerus. Regarding the cross�sectional geometries of the subadults, 

the cortical areas, medullary areas, Iy and J from the humerus are significantly different between 

the right and left sides. These differences occur in the fourth cohort (ages 10�12), beginning with 

the HMA and HCA.  

Principle components analysis of the clavicle shows that the first component accounts for 

54% of the variation while PC2 accounts for 35%. The strongest contribution to the first 

component for the clavicle is the average and anterior�posterior diaphyseal breadths. The second 

clavicular component shows the most variation in the superior�inferior diaphysis (negative) and 

anterior�posterior diaphysis (positive). The humerus results in a single extracted component 

explaining 69% of the variability. It is mostly composed of diaphyseal dimensions, particularly 

the average and anterior�posterior breadths. The ulna has PC1 accounting for 67% and PC2 31% 

of the variation. The average and medio�lateral diaphyseal breadths are the greatest contributors 

to PC1, while the anterior�posterior aspect is associated with PC2. The radius shows two 

principle components centered on the diaphyseal midshaft. The first, accounting for 58% of the 

variation, comes from the average and medio�lateral diaphysis; the second explains 39% of the 

variation and is connected to the anterior�posterior diaphysis (Table 5.30 and Figure 5.52).  

 

 

 

 

 

Table 5.29: Principle Components Analysis for Indian Knoll subadults 

 PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

  PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

Clavicle    Ulna    

Amount 

of 

variation 

 54% 35% Amount 

of 

variation 

 67% 31% 

 CML �.029 .376  UML �.248 .015 
 CMC .617 .307  UMLDB .936 �.353 
 CAPDB .745 .648  UAPDB .417 .909 
 CSIDB .642 �.767  UDB .981 .190 
 CDB .988 �.071  UMinD   
     UmaxD   
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Table 5.29: Principle Components Analysis for Indian Knoll subadults cont. 

 PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

  PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

Humerus    Radius    

Amount 

of 

variation 

 69 %  Amount 

of 

variation 

 58 % 39 % 

 HML .153   RML �.133 .023 
 HMC .819   RMLDB .939 �.344 
 HMLDB .842   RAPDB .265 .964 
 HAPDB .867   RDB .954 .297 
 HDB .994      
 HDBS �.014      

Highlighting indicates those values with the strongest contribution to each principle component.  

 

 

 

 

Figure 5.52: Bivariate principle components plot for Indian Knoll subadults. All primarily focus 

on the relationship of medio�lateral and anterior�posterior diaphyseal dimensions. 
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Pickwick Basin 

For the Pickwick Basin sample the right and left elements are significantly different for 

the clavicular maximum length, the midshaft circumference, anterior�posterior breadth, and 

distal articular breadth for the humerus. The ulnar medio�lateral, anterior�posterior, and 

maximum diaphyseal breadths as well as the radial anterior�posterior diaphyseal breadth 

exhibited significant differences. The age at which these significant differences are apparent is in 

the second cohort (ages 4�6). The first aspect to become significantly different is CML followed 

by HDB. 

To determine the main sources of variation in each bone, principle components analysis 

is used. The clavicle results show that, as with Windover, only a single component could be 

extracted (PC1) which accounts for 70% of the variation along the superior�inferior aspect. The 

humerus analysis, also results in a single extracted component explaining 80% of the variability 

in association with the diaphyseal dimensions, particularly HDB and HMC. Analysis of the ulna 

produced a single extraction contributed by UAPDB and accounting for 84% of the variability. 

The radius shows the same trend as in Windover, where PC1 makes up 95% of the variation 

along the RDB dimension (Table 5.29).  

 

 

 

 

Table 5.30: Principle Components Analysis for Pickwick Basin subadults 

 PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

  PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

Clavicle    Ulna    

Amount 

of 

variation 

 70%  Amount 

of 

variation 

 84%  

 CML .042   UML �.685  
 CMC .672   UMLDB �.504  
 CAPDB �.512   UAPDB 1.00  
 CSIDB .988   UDB .820  
 CDB .791   UMinD   
     UMaxD   
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Table 5.30: Principle Components Analysis for Pickwick Basin subadults cont. 

 PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

  PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

Humerus    Radius    

Amount 

of 

variation 

 80%  Amount 

of 

variation 

 95%  

 HML .229   RML �.822  
 HMC .929   RMLDB .989  
 HMLDB .856   RAPDB .946  
 HAPDB .877   RDB 1.00  
 HDB .998      
 HDBS �.308      

Highlighting indicates those values with the strongest contribution to each principle component.  

 

 

Mississippian 

Moundville is the only Mississippian sample included in the analysis of subadult remains. 

Significant differences between the right and left elements of the Moundville sample are found 

for the maximum length of the humerus and radius, the humeral midshaft circumference, 

humeral anterior�posterior diaphyseal breadth, and the maximum ulnar diaphyseal diameter. The 

humeral midshaft circumference asymmetry is significantly different among the second age 

cohort individuals (4�6 years).  

Principle components analysis of the clavicle shows similar results to those seen for 

Windover and the Pickwick Basin where only a single component could be extracted. This 

results in the first component explaining 76% of the variation. The greatest amount of variation 

was found with the average and anterior�posterior diaphyseal breadths. The first principle for the 

humerus resulted in 63% of the variation being accounted for while the second principle 

component accounts for 23%. Humeral PC1 and PC2 are composed of diaphyseal dimensions, 

particularly the average and anterior�posterior diaphyseal breadths, as well as the medio�lateral 

diaphysis respectively. Analysis of the ulna results in a single extraction of PC1, where the 

anterior�posterior diaphyseal breadth and medio�lateral diaphyseal breadth (negative association) 

account for 96% of the variation. The radius shows a single extraction associated with the 

average and anterior�posterior dimensions of the bone that accounts for 78% of the variation 

(Table 5.31 and Figure 5.53).   
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Table 5.31: Principle Components Analysis for Moundville subadults 

 PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

  PC1 

Rescaled 

Component 

Values 

PC2 

Rescaled 

Component 

Values 

Clavicle    Ulna    

Amount 

of 

variation 

 76%  Amount 

of 

variation 

 96%  

 CML �.260   UML .803  
 CMC .489   UMLDB �.971  
 CAPDB .970   UAPDB .995  
 CSIDB .565   UDB .406  
 CDB .989   UMinD   
     UmaxD   

Humerus    Radius    

Amount 

of 

variation 

 63% 27% Amount 

of 

variation 

 78%  

 HML .736 �.054  RML .281  
 HMC .618 .148  RMLDB .504  
 HMLDB .521 .847  RAPDB .963  
 HAPDB .892 �.446  RDB .964  
 HDB .976 .163     
 HDBS       

Highlighting indicates those values with the strongest contribution to each principle component.  
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Figure 5.53: Bivariate principle components plot for the Moundville subadults. Similar to the 

Archaic samples, variation in Moundville is highly connected to diaphyseal dimensions.  
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 The Windover subadults exhibit multiple significant differences for length (humerus and 

ulna) as well as diaphyseal (humeral and ulnar) dimensions at an early age (4�6 years). This is 

particularly true for the right and left humeral anterior�posterior diaphyseal breadth differences. 

These are reflected in the examination of the cross�sectional geometries of the humerus. In all 

three aspects of bending strength (Ix, Iy, and J) the Windover sample expresses significant right�

left asymmetry favoring the right side. The subadults from the Pickwick Basin sample also 

exhibits multiple significant differences at an early age (4�6 years). They are primarily focused 

around the humeral and ulnar midshafts as well as the anterior�posterior radial diaphysis. 

Analysis of the Indian Knoll subadults results in the greatest degree of significant subadult 
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differences seen in this study. As with the Pickwick Basin material, the Indian Knoll subadults 

diverge at an early age (4�6 years) and the differences include measurements from every element. 

The clavicular, humeral, ulnar, and radial midshaft dimensions exhibit significant differences for 

both the medio�lateral and anterior�posterior aspects. The humeral, ulnar, and radial lengths are 

also significantly different. As seen with the Windover subadults, analysis of the cross�sectional 

geometry results in significant differences arising from the humerus before the radius, all of 

which have a strong right side bias. Moundville has the least number of significant differences 

among the subadults. The humeral and radial lengths and the humeral and ulnar diaphyseal 

dimensions are biased toward the right side; however they are much less asymmetrical than seen 

in the Archaic samples. 
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 Comparison of between population activity patterns may give indications as to when 

heavy loading begins in each population. In addition, through these comparisons, parallels can 

then be drawn from the adults to infer differences in population wide and sex specific behavior. 

A table of mean %DA values for the subadult samples can be found in the Appendix II. The 

subadults are segregated into cohorts 1�3 years and 4�6 years.  A summary of significant 

differences among subadult samples is found in Table 5.32. 

Windover vs. Pickwick Basin 

 When all cohorts are included in the comparison of %DA, there are extremely few 

significant differences between these two groups. The only instance is the clavicular maximum 

length, in which the Pickwick sample is more asymmetrical towards the left side. Upon isolating 

the first three cohorts (0�9 years), no significant differences are observed. Between the fourth, 

fifth, and sixth cohorts (10�18 years), however, the ulnar anterior�posterior diaphyseal breadth 

becomes significantly different and many measurements approach significance (especially 

diaphyseal dimensions). In this case, the Pickwick material is more asymmetrical towards the left 

side.  

 Using the significantly different measurements of clavicular maximum length and ulnar 

anterior�posterior diaphyseal breadth, the discriminant analysis for these samples results in 75% 

accurate identification of Windover subadults and 62.5% accurate identification of Pickwick 
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Basin subadults. By using both of these measurements the sample size is extremely low (N=4 

Windover and N=8 Pickwick). There were three misidentified Pickwick subadults and one 

misidentified Windover subadult. When testing the older cohort (10�18 age group) alone with 

only the ulnar anterior�posterior measurement, the Pickwick Basin subadults result in 63.6% 

accurate identification (7 out of 11) while the Windover subadults result in 71.4% accuracy (10 

out of 14).  

 

Windover vs. Indian Knoll 

 Compared to the adults there are fewer significant differences among the subadults when 

including all cohorts. Yet the differences between Windover and Indian Knoll subadults are the 

greatest of any subadult combination. The measurements for the clavicular anterior�posterior 

diaphyseal breadth, humeral midshaft circumference, the average, medio�lateral, and anterior�

posterior diaphyseal breadths of the humerus and the minimum diaphyseal diameter of the ulna 

were found to be significantly different. Between the ages of 0�9 years, however, there are no 

significant differences found among these groups. In the age group 10�18 significant differences 

in %DA are found for the midshaft circumference, average, medio�lateral, and anterior�posterior 

diaphyseal breadths of the humerus, as well as the anterior�posterior, average, and minimum 

ulnar diaphyseal breadths. For the radius, the only significant difference is for the anterior�

posterior diaphysis. In every one of these cases, Indian Knoll is consistently more asymmetrical 

than Windover. 

 Comparison of the %DA for cross�sectional variables between these two samples results 

in only one significantly difference: the radial cortical area. Segregating the sample into young 

and old cohorts yields different results. In cohorts 1�3 (0�9 years), the radial cortical area remains 

significantly different. In the older group consisting of cohorts 4�6 (10�18 years), the %DA for 

the humeral medullary area is significantly different, whereas the radial cortical area is no longer 

significant. In terms of bending strengths, these two groups show very few differences in the 

overall shape and asymmetry of the humerus and the radius regardless of age cohort, although 

the radial cross�sections approach significance more so than the humeral. This is most likely 

because both samples have significantly asymmetrical humeri. 

 Based on the significant differences found among the Windover and Indian Knoll older 

subadult cohorts, the discriminant analysis yields 69.2% accuracy in identifying Windover 
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subadults (9 out of 13 individuals) and 87.5% accurate identification of Indian Knoll subadults 

(14 out of 16 individuals). The majority of the differences are expressed in the humeral 

diaphyseal breadths from these two samples. 

 

Pickwick Basin vs. Indian Knoll 

The inclusion of all the cohorts in the subadult category resulted in a very small number 

of significant differences between these groups. The clavicular and humeral lengths, as well as 

the humeral midshaft circumference, anterior�posterior, and average diaphyseal breadths, were 

found to be significantly different. In the first three cohorts (ages 0�9) the direct asymmetry for 

the clavicular length is the only significantly different variable between the two samples. Here 

the Pickwick subadults are more asymmetrical than Indian Knoll, and it is towards the left side. 

In the 10�18 year group, the diaphyseal dimensions of the humerus become significantly 

different. In these cases Indian Knoll is more asymmetrical then the Pickwick material with a 

right side bias. 

Discriminant analysis of the older cohort group (10�18 years) of the Pickwick and Indian 

Knoll subadults results in 78.6% accuracy in identifying subadults from the Pickwick Basin and 

76.1% accuracy in classifying those from Indian Knoll. There were three (out of 14) Pickwick 

subadults misidentified as Indian Knoll and 11 (out of 46) Indian Knoll subadult misidentified as 

Pickwick Basin. 

 

Growth and Development in the Archaic 

Based on the average humeral lengths for each age group, there are no significant 

differences for the rate of change for humeral length among the Archaic subadults. Individuals 

from Windover do exhibit slightly shorter humeri for all age cohorts. The Pickwick Basin and 

Indian Knoll samples are virtually identical for the ratio of humeral length and age (Figure 5.54). 

It is for this reason that this study assumes little to no difference in subadult growth across the 

Archaic populations.  

 



 

 131 

 
Figure 5.54: Average maximum length of the subadult humeri from the Archaic samples. Graph 

shows ratio of length over age to illustrate little to no difference among the populations. 

 

 

 

 

Summary of Differences among the Archaic samples 

Performance of a Kruskal�Wallis test detected significant differences among the Archaic 

subadult samples for the humeral midshaft measurements (circumference, medio�lateral, 

anterior�posterior, and average diaphyseal breadths). In addition, between Indian Knoll and 

Windover, the humeral 35% medio�lateral diaphyseal breadth is also significantly different.  As 

seen with the adults, the Indian Knoll subadults are more asymmetrical towards the right side 

among the significantly different variables (Figure 5.55), although the number of significant 

differences is greatly reduced.  
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Figure 5.55: Significant differences in %DA for all subadult ages among the Archaic groups. 

Similar to the adult results, Indian Knoll is consistently more asymmetrical towards the right side 

than the other Archaic samples.   

 

 

Stratifying by age cohorts (0�9 and 10�18 years) yields quite different results. For the 

younger cohorts (ages 0�9) the only significantly different variable is the maximum length of the 

clavicle. For this measurement the Pickwick Basin is the most asymmetrical, followed by 

Windover with a left bias. Indian Knoll is the most symmetrical and has a right bias length 

asymmetry. Examination of the older age group yields significant differences for the humeral 

diaphysis (circumference, medio�lateral, anterior�posterior, and average diaphyseal breadths), as 

well as the anterior�posterior diaphyseal breadth and the minimum diaphyseal diameter of the 

ulna. In all cases except the anterior�posterior diaphysis of the ulna and the medio�lateral 

diaphysis of the humerus, Indian Knoll is more asymmetrical than the other samples. For these 
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exceptions, the Indian Knoll and Pickwick Basin samples are nearly equal in their degree of 

asymmetry. Windover is consistently the most symmetrical of the Archaic samples.  

By combining the Archaic subadult samples significant differences are found among the 

right and left elements (Wilcoxon tests) for the clavicular, humeral, ulnar, and radial lengths. In 

addition, significant differences are found for the clavicular and humeral midshaft 

circumferences, as well as the clavicular anterior�posterior diaphyseal breadth, the humeral 

medio�lateral and anterior�posterior diaphyseal breadths, the humeral distal articular breadth, the 

ulnar medio�lateral and anterior�posterior diaphyseal breadths, the ulnar minimum and maximum 

diaphyseal diameters, and the radial medio�lateral and anterior�posterior diaphyseal breadths. 

These significant differences are first found in the second age cohort (4�6 years). The first 

dimensions to diverge are the anterior�posterior diaphyses of the ulna and radius followed by 

humeral diaphyseal dimensions (ordered by increasing significance level). These findings are 

most likely being affected by the large degree of asymmetry found for the Indian Knoll 

population. 

Principle components analysis using the entire Archaic dataset results in the first and 

second principle components for the clavicle accounting for 52% and 36% of the variability 

respectively. The greatest contributors are the average and superior�inferior dimensions for PC1 

and the anterior�posterior dimension for PC2. The humerus follows a similar diaphyseal pattern 

in which PC1 (67%) is associated with the average diaphyseal breadth and PC2 (17%) is mostly 

related to the anterior�posterior breadth. For the ulna, 50% (PC1) of the variation lies with the 

average diaphyseal breadth and 23% (PC2) stems from the anterior�posterior breadth. The first 

principle component for the radius is being driven by the average and medio�lateral diaphyseal 

breadths that explain 66% of the variation, while the anterior�posterior breadth is related to PC2 

that explains 32% of the variation. In general, as seen with the adults, the diaphyseal dimensions 

are driving the amount of asymmetry and variation within each of these samples and the Archaic 

as a whole (Figure 5.56).  
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Figure 5.56: Bivariate principle components plot for the combined Archaic subadult sample. 
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Windover vs. Moundville 

 There are two significant differences between the Windover and Moundville samples: the 

ulnar maximum diaphyseal diameter and the radial maximum length. This is the result when all 

subadult cohorts are included in the analysis. When the analysis is stratified by age, the first three 

cohorts (ages 0�9) have significantly different maximum humeral lengths and maximum ulnar 

diaphyseal diameters. For the remaining subadult cohorts (ages 10�18) the ulnar medio�lateral 

and average diaphyseal breadths, as well as the maximum ulnar diaphyseal diameter and the 

radial maximum length, are significantly different. There is a mixture of asymmetrical values 

where Moundville is more asymmetrical in the radial lengths and Windover is more 

asymmetrical for the ulnar dimensions. In addition, the ulnar dimensions are right biased for 

Windover and left biased for Moundville. The older subadults have larger degrees of difference 

among the samples.  
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 Based on the significant differences of the older cohorts, the Windover (N=23) sample is 

correctly identified 78.3% of the time while Moundville (N=12) is correctly classified 83.3% of 

the time. Five Windover subadults were misclassified as Moundville and two Moundville 

subadults were misclassified as Windover.  

 

Pickwick Basin vs. Moundville 

 The maximum ulnar diaphyseal diameter is the only significant difference between all of 

the Pickwick and Moundville subadults. Upon division into ages under 9 years and those 

between 10 and 18 years, the midshaft circumference, anterior�posterior and average diaphyseal 

breadths of the humerus, as well as the medio�lateral, average, and maximum diaphyseal 

breadths of the ulna become significantly different in the latter. As expected, the older the 

subadults are, the more divergent the samples become. In all of these cases, the Pickwick 

material is more asymmetrical than Moundville, although Moundville is left biased for the ulnar 

measurements. 

 Discriminant analysis results in an 83.3% and 80% accurate identification of Pickwick 

Basin (N=12) and Moundville (N=10) subadults respectively. There were two individuals from 

each sample that were misidentified as the opposite group. As with the Windover subadults, the 

differences between these two groups yield a more accurate discrimination when compared to 

those within the entire Archaic sample.  

 

Indian Knoll vs. Moundville 

 The significant differences between the Indian Knoll and Moundville samples center on 

the humeral and ulnar diaphyses. The humeral midshaft circumference, anterior�posterior and 

average diaphyseal breadths, as well as the minimum and maximum diaphyseal diameters of the 

ulna are significantly different when all cohorts are included. The first three cohorts (ages 0�9) 

show significant differences only in the ulnar average diaphysis where Moundville is more 

asymmetrical. Those in the older cohorts (10�18 years) have significant differences in all aspects 

of the humeral and ulnar midshafts, and the anterior�posterior and average diaphyseal breadths of 

the radius. In these cohorts Indian Knoll is more asymmetrical in every aspect except UMaxD. 

This amount of difference is to be expected when considering the amount of significant 

differences observed in the adult samples. 
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 Discriminant analysis of the significant differences found for the older cohorts results in 

89% accuracy of identification for the Indian Knoll (N=46) subadults and 74% accuracy for 

Moundville subadults (N=19). Five individuals from each group were misidentified. These 

groups are clearly distinct in their patterns of asymmetry beginning at or around the age of ten.  

�

Archaic vs. Moundville 

 In general, there is a small amount of significantly different %DA in the subadult 

populations when the Archaic samples are analyzed as a whole. The humeral midshaft 

circumferences and the medio�lateral, anterior�posterior, and average diaphyseal breadths are 

found to be significantly different among all cohorts.  Upon separation into cohorts (1�3 and 4�6 

years), the latter group increases the number of significant differences to include those 

previously mentioned and the medio�lateral, anterior�posterior, average, and maximum ulnar 

diaphyseal breadths and the maximum lengths of the radius. The former group reduces its 

significant differences to zero. This comparison clearly indicates the increase in levels of activity 

and the response of bone remodeling as the individuals increase in age. In each case, the Archaic 

groups are more asymmetrical than the Mississippian group� except for RML and UMLDB 

(Figure 5.57). Based on what was found when examining each sample, the Indian Knoll 

subadults are most likely driving the degree of differences seen between the Archaics and 

Moundville.  
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Figure 5.57: Significant difference in %DA for the subadult Archaic and Moundville samples. 

The Archaics are in general more asymmetrical towards the right. UMLDB and RML are slightly 

more asymmetrical for Moundville.  

 

 

 Discriminant analysis of the Archaic samples and Moundville results in relatively high 

degree of accurate classification. When the Archaic groups are classified together, the 10�18 year 

cohorts result in 81% of the Archaic sample (N=69) being properly identified and 73% proper 

identification of Moundville (N=11). Three Moundville subadults were misclassified as Archaic 

and 13 from the Archaic were misidentified as Moundville. 

  

Subadult Osteometric Summary 

 Overall, the subadult samples mimic that of their adult counterparts. The bulk of the 

significant differences are found in the bone diaphyses. This is particularly true for the humerus, 
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which seems to be more consistently asymmetrical compared to the clavicle and forearm. The 

Windover sample is the least asymmetrical out of the Archaic groups, with Indian Knoll being 

the most asymmetrical and Pickwick Basin intermediate between them. The cross�sectional 

geometries of Windover and Indian Knoll reflect what is seen in the osteometric data, where the 

humerus is significantly different between the right and left elements. The ages at which 

significant differences are identifiable in these populations are relatively consistent with what has 

previously been reported by Cowgill (2008) and Bradley (1983). For the Archaic populations, 

the majority of the differences appear in the 10 year olds and they continue to diverge into 

adulthood. In comparison, the Moundville subadults are the most symmetrical sample. In terms 

of the discriminant analysis results, the subadult samples are more accurately identified than 

expected. It is clear that tasks resulting in morphological differences and unique asymmetrical 

patterns begin early in life and continue into adulthood at Moundville.  

 

Table 5.32: Summary of significant differences in osteometrics 

between each sample 

Subadults (total) Sample 

Population 

Comparison 

Sample # of Sig. 

Diff. 

Location of Differences 

 

Windover 

 

Pickwick 

Basin 

 

2 

 

CML, UAPDB 

 

Pickwick 

Basin 

 

Indian Knoll 

 

6 

 

CML, HML, HMC, HMLDB, 

HAPDB, HDB 

 

Indian Knoll 

 

Windover 

 

9 

 

 

CAPDB, HMC, HMLDB, 

HAPDB, HDB, UAPDB, 

UDB, UMinD, RAPDB 

    

 

Mississippian 

 

Windover 

 

5 

 

 

HML, UMLDB, UDB, 

UMaxD, RML 

 

Mississippian 

 

Pickwick 

Basin 

 

6 

 

HMC, HAPDB, HDB, 

UMLDB, UDB, UMaxD 

 

Mississippian 

 

Indian Knoll 

 

11 

 

HMC, HMLDB,  HAPDB, 

HDB, UAPDB, UMLDB, 

UDB, UMinD, UMaxD, 

RAPDB, RDB 
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Predicting Sex with Discriminant Analysis 

 The primary goals of discriminant analyses are to first examine the variability of 

observations from predetermined subsamples and to identify variables that best define each 

category, and second to optimally assign unknown observations into the predetermined classes 

(Johnson and Wichern 2007). Thus far the discriminant analyses have been used in this study to 

meet the first goal. The analyses tested the accuracy of separation for males and females, as well 

as among populations, with the intention of minimizing misidentification. This section will test 

the second goal of discriminant analysis by utilizing the variables that were found to best identify 

each adult sex from their given populations. The goal is not to minimize misidentification of the 

subadults, but to utilize it. If a disproportionate amount of subadults (over the age at which 

significant differences appear) are misclassified as either male or female, then this will be 

interpreted as an indication of probable assignment to the known sex groups.   

 

Windover  

The adults from Windover are best separated using the clavicular average diaphyseal 

breadth, the humeral and ulnar anterior�posterior and average diaphyseal breadths, and the radial 

medio�lateral breadth (these are also some of the adult principle components). This combination 

yields 83.3% and 88.9% accuracy for grouping males and females respectively. The subadults 

from Windover begin showing significant differences between the right and left sides in the 4�6 

year age group, centering on the humeral and ulnar midshafts. The principle components for the 

subadults consist of midshaft dimensions, particularly from the clavicle and humerus. Based on 

these findings discriminant analysis was performed with the CDB, HAPDB, and HDB 

measurements. The results show that the subadults (N=11) are classified correctly 0% of the time, 

whereas they are misclassified as male 54.5%, and as female 45.5% of the time. The clustering 

of subadults into only adult sex categories in this sample reflects sex/gender specific asymmetry 

patterns (Figure 5.58). 
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Figure 5.58: Discriminant analysis plot for the Windover sample. The subadult centroid is 

located between the male and female centroid, yet the subadults themselves are separating into 

the male and female clusters. 

 

 

Indian Knoll 

Discriminant analysis of the Indian Knoll adults yielded 82% accuracy for grouping 

males and females correctly. This was achieved through the use of anterior�posterior and average 

diaphyseal breadths of the clavicle, the medio�lateral and average diaphyseal breadth and 

horizontal head diameter of the humerus, the ulnar medio�lateral and anterior�posterior 

diaphyseal breadths, and the radial medio�lateral breadth. The subadults exhibit significant 

differences in the 4�6 year cohort for multiple principle components including the average and 

anterior�posterior diaphyseal breadths for the clavicle and humerus, and the medio�lateral, 

anterior�posterior, and average diaphyseal breadths of the ulna and radius. Through discriminant 

analysis, the subadults (N=35) group with males 40% and females 31.4% of the time. The 

remaining 28.6% of the subadults are accurately classified (Figure 5.59). As the cohorts increase 

in age, the percentage of subadults classified as subadult decreases. In the fifth cohort (13�15 
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years) the percentage of identified subadults drop to 20%, while subadults misidentified as male 

or female reaches 40%. The problem with this later analysis is the small sample size (N=15).  

 

Figure 5.59: Discriminant analysis plot for the Indian Knoll sample. There is a larger degree of 

overlap in the clusters resulting in lower identification accuracy compared to Windover. 

 

 

Pickwick Basin 

The Pickwick Basin adults have 80% accuracy in discriminating males and females using 

the superior�inferior clavicular diaphyseal breadth, the midshaft circumference and anterior�

posterior diaphyseal breadth of the humerus, and the medio�lateral diaphyseal breadth of the 

radius. The subadults exhibit similar principle component asymmetries early in life (in the 4�6 

age cohort). The clavicular superior�inferior diaphyseal breadth, the humeral midshaft 

circumference and average diaphyseal breadth, the ulnar anterior�posterior diaphysis, and the 

radial average diaphysis account for the majority of the subadult variation. Discriminant analysis 

on these similar measurements leads to 30% misidentification of subadults as female and 70% 

misidentification as male. There are only ten subadults in this analysis (Figure 5.60) 
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Figure 5.60: Discriminant analysis plot for the Pickwick Basin sample. The subadult centroid is 

slightly closer to the male centroid for this sample, yet the subadults appear segregated closer to 

the adult categories.  

 

All Archaic Populations 

 Overall, the Archaic adults exhibited principle components for the clavicular and humeral 

diaphyseal dimensions. The discriminant analysis used the midshaft circumferences and average 

diaphyseal breadths from the humerus and clavicle as well as the clavicular anterior�posterior 

and humeral medio�lateral diaphyseal breadths. The males were properly classified 69.1% of the 

time (N=139) and the females received accurate classifications 75.2% of the time (N=101). This 

result is lower than expected due to the disparity between the Windover and Indian Knoll 

samples seen in the previous adult section. Utilizing these same dimensions, the subadults from 

the Archaic (N=44) misidentify as males 41% and as female 47.7% of the time. Only 11.4% of 

the cases are properly identified as subadult (Figure 5.61).  
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Figure 5.61: Discriminant analysis plot for the Archaic groups. The great degree of overlap is 

most likely due to the interaction of Indian Knoll and Windover.  

 

 

Moundville 

 The Mississippian adults exhibit slightly less accurate discrimination (77% for males and 

74.3% for females) compared to the Archaic. The adults reached this level of separation by the 

use of the humeral midshaft and average diaphyseal breadth. The subadults begin displaying 

significant differences in the 4�6 year cohort and the principle components are comprised of the 

diaphyseal dimensions of the clavicle, humerus, ulna, and radius (primarily the average and 

anterior�posterior breadths). The result of the discriminant analysis of these samples is a 50% 

misidentification of subadults as male or female (subadult N=10). The adult male accuracy 

remains relatively high at 72% proper identification and the adult female accuracy is greatly 

decreased to near 40% (Figure 5.62). The majority of females are misidentified as male. This 
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phenomenon is not totally unexpected due to the increase of female robusticity during the 

Mississippian period.  

�

Figure 5.62: Discriminant analysis plot for the Moundville sample. The subadult centroid is very 

close to the female centroid. The adult females display decidedly more variability than the males, 

illustrated by the number of females surrounding the male centroid.  

 

Sexing Subadults Summary 

 The use of the significantly different osteometric variables and the principle components 

generated from the adult samples allowed the subadults to be assigned more often than not into 

adult categories. For every population, a specific combination of traits leads to misidentification 

of subadults into the male and female categories. Unfortunately there is no way to test this 

method in the archaeological record without knowing the biological sex of the subadults 

beforehand. More on this issue is presented in the following chapter. 
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CHAPTER 6 

DISCUSSIO� 

 

 

� The goal of this chapter is to interpret and discuss the results within the framework of the 

proposed hypotheses. Each population will be discussed separately and then compared to infer 

differences in culturally specific behaviors and activities among the adult and subadult samples.  

 

�
��
�����	��-���	��
����

Windover  

� The humerus and ulna are the most divergent bones in terms of significant differences 

between the right and left side for the adult Windover sample. This is also true when examining 

the adult males and females separately. The greatest degree of difference between the sexes 

occurs at the humeral 35% midshaft and ulnar midshaft, with particular emphasis on the anterior�

posterior measurements. This is also seen in the ulnar anterior�posterior midshaft measurements. 

In the subadult sample, this trend is repeated with significant differences first appearing at the 

anterior�posterior humeral diaphysis for the 4�6 year old cohort. Adult male A�P measurements 

are consistently more asymmetrical than the females, where the right side is always larger. The 

most striking difference in female asymmetry occurs with the absolute asymmetrical values of 

the radius. All but one variable (radial dorso�palmer articular breadth) yields a larger degree of 

difference in magnitude for the females when compared to males. 

 This focus on the humerus, ulna, and radius is then continued upon examination of the 

cross�sectional geometries of the bones. Nearly all dimensions of the subadult humeral cross�

section exhibit significant right�left differences at 7�9 years, whereas no significant differences 

are expressed in the ulna or radius. The lack of significantly different radial and ulnar cross�

sections in subadults may indicate an earlier response to mechanical loads by the humerus. As 

the majority of large arm muscles are located on the humerus it should show indications of 

activity earlier in life. During adulthood the males tend to have relatively larger cortical areas for 

the humerus and ulna, whereas the females have larger cortical areas for the radius. The radial 

medullary areas express equal asymmetry for males and females resulting in relatively stronger 

female radii. Although the bending strengths in this sample are not significantly different 
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between males and females, the male humeri tend to be more asymmetrical, while the radii in 

females tend to be more asymmetrical. Both patterns are asymmetrical towards the right side. 

 The Windover sample exhibits many typical differences expected of hunter�gatherer 

populations. The males are most often more asymmetrical, particularly in the humeral diaphyseal 

dimensions. This is believed to be the result of atlatl usage throughout life. The females are more 

asymmetrical in the lengths (Auerbach and Ruff 2006). In addition, the articular dimensions have 

very little asymmetry when compared to the diaphyseal dimensions; this is likely due to 

biomechanical constraints placed on the joints (Ruff et al. 1994). Most interesting are the 

differences seen primarily in the anterior�posterior dimensions beginning in childhood and 

continuing into male and female adulthood. There is a trend towards more anterior�posterior 

expansion and asymmetry in the adult male limbs, whereas the females show a larger degree of 

medio�lateral expansion and asymmetry, especially in the radial diaphysis and the distal radial 

articulation. This may indicate activities focused on the wrist and forearm strength in females, 

rather than the shoulder and upper arm activities emphasized in males. Windover males have 

significantly more bone/antler tools. Atlatls (N=4) and lithics (N=5) were found only in male 

burials. In contrast, only adult females were found with unmodified shell (N=3), polished simple 

pins, hollow�based curved antler punches, and bird�bone tubes (Dickel 2002). This cultural 

material provides evidence for the activities associated with each gender in this society.  

The subsistence strategies for the Windover population consisted of a hunter�gatherer 

lifestyle focused on inland riverine, pond, and marsh resources. The primary sources of food 

included hunting duck, turtle, and catfish as well as large and small terrestrial resources such as 

deer and rabbit (Dickel and Doran 2002). In addition, floral remains indicate the use of a wide 

array of fresh fruits (grapes, prickly pear, and elderberry), nuts, greens, seeds, and tubers 

(Newsom 2002). Therefore, the extent to which males used atlatls may be lessened due to the 

expansive diet and focus on marine resources and small mammals. Unfortunately, there is no 

direct evidence of the use of nets or traps in this population. Based on adult and subadult 

similarities, it can be assumed that children began actively participating in culturally specific 

adult behaviors early in life. The Windover sample has the least amount of asymmetrical 

differences for adults and subadults as well as between males and females of the three Archaic 

groups. Whether or not this is due to a sharing of cultural activities by males and females or the 
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product of similar biomechanical forces in the presence of a division of labor cannot be 

determined in this study. 

�

Indian Knoll 

 Indian Knoll is by far the most asymmetrical in terms of differences between the right 

and left side and between males and females. Virtually every bone for males and females is 

significantly larger on the right side (with the exception of the clavicular length and male ulnar 

crest height). This extreme expression of asymmetry is mirrored in the subadult sample. In the 4�

6 year age group, the subadults exhibit significant right�left asymmetry for clavicular, humeral, 

ulnar, and radial diaphyseal dimensions as well as humeral, ulnar, and radial lengths. Unlike 

Windover, these initial subadult differences occur in the anterior�posterior dimensions of the 

ulna and the medio�lateral dimensions of the radius. The greatest number of significant 

differences between adult males and females occurs in the humerus, followed by the radius and 

clavicle. As seen with Windover, the males are much more asymmetrical in the diaphyseal 

dimensions of the nearly every measurement, while the females show more asymmetry in the 

lengths (except for the clavicle and MC2). The anterior�posterior dimensions of the clavicle, 

humerus, ulna, and radius are much more asymmetrical in the males, while the female medio�

lateral measurements for the ulna and radius are more asymmetrical. One of the most striking 

differences between males and females is the analysis of clavicular absolute asymmetry, where 

males exhibit a mean value twice that of females along the anterior�posterior diaphyseal 

dimension.  

 The cross�sectional measurements for Indian Knoll mirror what was found for the 

dimensional analyses. Significant differences begin with the humeral cortical and medullary 

areas for the subadults. The greatest (significant) adult differences occur in the clavicular cortical 

areas and the humeral cortical areas, where males have a great deal more asymmetry than 

females. The contrary is seen in the radius. Females show a greater amount of right side biased 

asymmetry in the cortical area of the radius. Regarding the ulna, there is actually very little 

difference between males and females in the cortical, medullary, and total areas. In terms of the 

bending strengths of the humerus and radius the subadults and adult males show a much greater 

degree of bending strength asymmetry favoring the right side for humeral Ix, Iy, and J. Females 

have more asymmetry in the bending strengths of the radii, again favoring the right side.  
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The Indian Knoll hunter�gatherer subsistence strategy consists of the males using atlatls 

to hunt white tailed deer, which constitute 97.6% of the mammalian remains from the site, and a 

strong reliance on gathered nuts, especially hickory (Webb 1946). The focus on larger game 

hunting, must have affected the degree of asymmetry expressed by the sample. To have nearly 

every single adult and subadult osteometric and cross�sectional variable yield significant 

differences between the right and left side is extremely surprising. Even when the males and 

females are analyzed separately, the pattern remains� with slightly less dramatic differences in 

females. This amount of asymmetry cannot be explained solely by males using atlatls to hunt. It 

is most likely a contributing factor, however there are culturally specific activities that the 

females, males, and subadults are participating in that are driving the degree of asymmetry in the 

population to this extreme. Perhaps it has something to do with the amount of bivalve usage. 

Unlike at Windover, there is an abundance of evidence for the use of mussels as a staple food 

source at Indian Knoll (Webb 1946).  The site itself is a shell midden, so the use of bivalves is 

undeniable. The fact that female radii are more asymmetrical than males is also intriguing. If the 

males were primarily focused on hunting white tailed deer, perhaps the females were harvesting 

or processing bivalves. The motion of supinating the right radius may lead to the asymmetry seen 

in the female radius. In addition, the subadults first exhibit significant right�left differences for 

the forearm (anterior�posterior ulna and medio�lateral radius). Assuming that the younger (4�6 

year old) individuals are performing more female tasks as Bradley (1983) notes, then the 

expectation is to observe female�like asymmetry patterns. Perhaps it is after this age that boys 

begin doing male tasks and develop more humeral asymmetry. This combination of heavy 

mammal and bivalve exploitation by males, females, and subadults in this population definitely 

yields a unique pattern of upper limb asymmetry. This scenario is speculative, and the true nature 

of activities among males, females, and subadults can only be inferred. 

 

Pickwick Basin 

 The samples from the Pickwick Basin are in general intermediate in their degree of 

asymmetry and fall between Windover and Indian Knoll. They show more asymmetries between 

the right and left sides, while also showing more significant differences between males and 

females compared to Windover, but fewer than Indian Knoll. The significant differences for the 

subadults (ages 4�6) begin with the humeral, ulnar, and radial diaphyses. As seen with the 
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previous populations, the adult males tend to have more asymmetrical diaphyseal dimensions, 

while the females tend to be more asymmetrical in the lengths. Of the Archaic samples, the 

Pickwick females have the greatest number of left biased averages, including CML, CMC, CSID, 

HMLD, HVertHD, HHD, and HECB.  Similar to Indian Knoll, the male anterior�posterior 

osteometric dimensions for the humerus and ulna are particularly asymmetrical. The females 

exhibit greater asymmetry for the medio�lateral radial dimension. The Pickwick results also 

continue the trend of a significantly more asymmetrical female distal radius along the dorsal�

palmer plane.  

In terms of subsistence strategy, species of shallow�water mussels and fresh�water clams 

were eaten in the Pickwick region. Terrestrial mammals, especially white tailed deer, were also 

exploited to a great extent in this region, as seen at the site of Little Bear Creek (Ct08) where 

they are the majority of the vertebrate remains (Bridges 1985). With this in mind, the activities 

that males, females, and subadults participated in are probably not that different from Indian 

Knoll. The extent to which they participated in these behaviors must have been lower to produce 

less extreme levels of asymmetry. A second possibility is that this population was performing 

more generalized tasks along with specialized (asymmetrical) tasks, leading to the slightly more 

symmetrical averages. Either way, it seems that their subsistence practices mirrored that of 

Indian Knoll, but specific cultural behaviors produced distinguishable morphological 

characteristics and less extreme asymmetry. 

 

Mississippian 

  The Mississippian samples also had large numbers of significant asymmetries between 

the right and left side, especially in males. In general, this sample shows fewer numbers of 

significant differences than the Archaics and is most similar to Windover. The Moundville 

subadults exhibit far fewer significant differences than the Pickwick and Indian Knoll subadults, 

although the asymmetric locations are similarly associated with the humeral and ulnar diaphyses. 

The adult males are more asymmetrical than the females, a trend that was noted previously for 

Mississippian populations in this region (Bridges 1989). The phenomenon of increased 

robusticity for females also becomes apparent from the examination of the osteometric 

dimensions and direct asymmetry. Overall, the degree of female asymmetry towards the right 

side is less than that observed for the Archaic samples, based on the mean values of %DA. The 



 

 150 

most interesting result is the difference in HMLDB between males and females. The female 

mean HMLDB reflects left side dominance, while the males are strongly right biased.  

The Mississippian population of Moundville is located along the Black Warrior River. 

This permitted access to inland and coastal resources, as well as providing trade routes 

throughout the river system. As shown by Bridges (1989), the Mississippian communities in this 

region show an increase in robusticity and decrease in asymmetry for the females due primarily 

to an increase in the daily duties associated with tending the fields. In addition, males often show 

few differences because they are not taking up as many new diverse tasks; thus their robusticity 

and asymmetry remain only slightly different from that of the Archaic hunter�gatherer 

populations. Agricultural activities most likely begin very early in life. This assumption is 

reflected by the general lack of asymmetry in the Mississippian subadult sample.   

 

In summary, the results of this study demonstrate that the males and females from each 

population were performing separate activities. In addition, the populations themselves are 

performing radically different tasks that result in large amounts of asymmetrical difference 

(Figure 6.1). Indian Knoll is consistently more asymmetrical for the males, females, and 

subadults when compared to the other Archaic and Mississippian populations. Windover is 

consistently the most symmetrical of the Archaic samples for males, females, and subadults. The 

Pickwick samples are consistently intermediate among the Archaics. In all these cases the 

subadults are performing population specific activities that mimic those patterns seen for the 

adults.  
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Figure 6.1: Locations of significant differences among the Archaic samples from Kruskal�Wallis 

tests. Black indicates both adult sexes significant differences, Pink signifies females only, Blue 

signifies males only, Green signifies subadults only.  
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There are recurring differences among the adult samples concerning the degree of 

asymmetry in the anterior�posterior and medio�lateral dimensions of the humerus. Not only are 

there slight differences in the asymmetrical patterns between the Archaic and Mississippian 

populations, but there are slight shape differences as well. The humeral midshaft diameter is 

most often used to illustrate differences in subsistence�based activity due to the large amount of 

force acting on it. The Mississippian male right humeri exhibit greatly different ratios of the 

medio�lateral and anterior�posterior dimension when compared to the Archaic samples (Figure 

6.2). The left humeral shape is also quite different in the Mississippian males, almost to the 

degree of expressing an opposite orientation of medio�lateral and anterior�posterior size (Figure 

6.3). The female Mississippian right humerus shape is virtually indistinguishable from that of the 

Archaic samples, although it is larger than that found in the Archaics (Figure 6.4). The 

Mississippian female left humerus is even more dramatically larger than the right with a similar 

ML�AP shape ratio compared to the Archaic females (Figure 6.5). These differences in the shape 

of the humerus could be due to the effect of the deltoid tuberosity for each population, in which 

case more data are needed for the 35% midshaft location. For the subadult samples, all show 

similarity in the ratios between the medio�lateral and anterior�posterior dimensions. Indian Knoll 

does exhibit slightly more variation as size increases. The most surprising finding is that as the 

right humeri increases in size along the A�P plane, the left humeri increase along the M�L plane 

(Figures 6.6 and 6.7). �
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Figure 6.2: Archaic and Mississippian male right humeri ML and AP dimensions. All three 

Archaic samples have similar slopes in which the anterior�posterior dimension is slightly larger 

relative to the medio�lateral dimension. The Mississippian ML averages maintain their size as the 

AP dimension increases. 

 

 

Figure 6.3: Archaic and Mississippian male left humeri ML and AP dimensions. In general the 

left mimics the right in terms of the ratios between ML and AP.  
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Figure 6.4: Archaic and Mississippian female right humeral ML and AP dimensions. All four 

samples have similar slopes in which the anterior�posterior dimension is slightly larger relative 

to the medio�lateral dimension. 

 

 

Figure 6.5: Archaic and Mississippian female left humeral ML and AP dimensions. All four 

samples have similar slopes in which the anterior�posterior dimension is slightly larger relative 

to the medio�lateral dimension.
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Figure 6.6: Subadult Archaic and Mississippian right humeral dimensions. All four samples are 

similar in shape. As the diaphyses become larger they begin to diverge along the A�P plane. 

�

�

Figure 6.7: Subadult Archaic and Mississippian left humeral dimensions. All samples show 

similar slopes, however Indian Knoll becomes more variable as size increases. In addition, there 

is more growth in the M�L plane for the left side.  
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Overall, males show few differences in asymmetry and size when comparing the four 

groups. The most striking differences occur in the shape of the humerus, as well as the UMLDB 

and RAPDB dimensions of the forearm. All three Archaic groups display a strong asymmetry for 

these aspects, yet the Mississippian male averages are nearing zero, inferring symmetry for these 

measurements.  Females, in contrast, mimic the Archaic groups in direct asymmetry (especially 

Windover, which is more symmetrical than the other Archaic samples). No real pattern or 

distinction can be made, except for the second metacarpal. The subadults exhibit similar A�P and 

M�L ratios for the right and left humerus. The greatest difference is between the male and 

subadult Mississippians.�

�

�
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Windover vs. Pickwick Basin 

�

  The Windover and Pickwick Basin samples have far more significant differences 

in %DA for the males than the females. Males show differences in the diaphyseal dimensions of 

the clavicle, humerus, and radius, along with articular differences in the humerus and radius (10 

in total). The females differ in the humeral head and distal articulation, as well as the radial 

diaphysis (4 in total). Of these significant differences, only the HVertHD is more asymmetrical 

in the female Windover sample. All other measurements are more asymmetrical for the Pickwick 

Basin sample. Significant differences among the subadult samples appear after the age of 10 for 

the anterior�posterior dimension of the ulna, possibly indicating differences in the use of the 

forearm for bivalve exploitation for the Pickwick subadults. In terms of discriminating between 

these two groups, based on the number of significant differences among each adult sex, the 

females (fewer differences) should pose more of a challenge than the males. This may be 

interpreted as a larger amount of difference in the activities of the males, whereas females may 

have been performing more similar tasks, or tasks that resulted in similar loading patterns in the 

arms. The subadults exhibit slightly less accuracy in discriminating between the samples for all 

age groups. Windover focused on smaller mammals and riverine resources, while the Pickwick 

populations are known for their extensive hunting of white tailed deer and shell resources. 

Perhaps this difference in game hunting (inferred to be the activity of adult males) caused the 

larger number of significant differences. 
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Windover vs. Indian Knoll 

 There are only a few more significant differences in %DA for the males than for females 

in the comparison of the Windover and Indian Knoll adults. Males show differences in the 

diaphyseal dimensions of the clavicle, humerus, ulna, and radius, along with articular differences 

in the proximal and distal humerus (13 in total). The females differ in the humeral head and 

distal articulation, as well as the humeral, ulnar, and radial diaphyses (11 in total). Of these 

significant differences, only the HVertHD is more asymmetrical in the female Windover sample 

and only CML is significantly more right biased in males (Indian Knoll is still more 

asymmetrical, just toward the left). All other measurements are more right biased asymmetrical 

for the Indian Knoll adult sample. The subadults from these groups also express a large number 

of significant differences after the age of 10. In all subadult cases Indian Knoll exhibits more 

asymmetry towards the right side. The subadult cross�sections show very few significant 

asymmetries. Those that are significantly different originate from the radius and humerus, similar 

to what is seen in the adults but to a lesser extent. In terms of discriminating between these two 

groups, based on the number of significant differences for each sex, both should be easily 

discernable. This may be due to a larger amount of behavioral differences in both males and 

females. Again, the Windover population focused on smaller mammals and riverine resources, 

whereas the Indian Knoll population is known for their extensive hunting of white tailed deer 

and long term use of mollusks. The degree of differences shown by these two samples may be 

due to this difference in game hunting (inferred to be the activity of males) in conjunction with 

differential exploitation of shell based resources. This may also be the reason for the degree of 

right limb bias seen in the entire sample at Indian Knoll. Perhaps the processing activities were 

shared by males and females. The bending strength comparisons between these two samples 

reinforce what is found for the dimensional analyses. Within each sample the males have 

relatively more asymmetrical and stronger humeri, while the females have relatively more 

asymmetrical and stronger radii for both groups. Between the populations the males show a 

larger number of significant differences than do the females. Then again, the Indian Knoll males 

and females show a much larger amount of significant difference between each other, than do the 

males and females from Windover. The Indian Knoll males are therefore driving the degree of 

differences seen in the cross�sectional geometries.  

�
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Pickwick Basin vs. Indian Knoll 

 Comparing the adult Indian Knoll and Pickwick Basin samples there are an equal number 

of significant differences in %DA for males and females. There are fewer differences compared 

to Windover and Indian Knoll. Males show differences in the diaphyseal dimensions of the 

clavicle, humerus, ulna, and radius, along with articular differences in the radius (9 in total). The 

females differ in the diaphyses of the clavicle, humerus, and ulna (9 in total). Of these significant 

differences, only the RMLAB is more asymmetrical in the Pickwick sample. All other 

measurements are more asymmetrical for Indian Knoll. The subadults also show fewer 

significant differences than seen with Windover. The most asymmetrical subadult measurements 

are from the humerus. In terms of discriminating between these two samples, based on the 

number of significant differences for each adult sex, the groups should be relatively easy to 

distinguish, although not as easily as with the Indian Knoll/Windover comparison. The amount 

of differences may be interpreted as equal differences in the activities of both sexes. The 

Pickwick Basin populations focused primarily on white tailed deer and mollusks as with the 

Indian Knoll population. Perhaps the differences in asymmetry then come from the amount or 

frequency of the activities being performed. The Indian Knoll population may just be performing 

the same or similar behaviors at a much grander scale. In addition, the subadults from Indian 

Knoll may be participating (to a greater extent) in adult activities earlier in life or performing 

more right sided activities than the Pickwick Basin subadults. This may explain the lower degree 

of significantly different measurements found in the Pickwick population.  

 

All Archaic Populations  

The most distinguishable samples are Windover and Indian Knoll. The results of the 

discriminant analysis further support this study’s expectation that these two populations are the 

most distinct within the Archaic groups. Upon comparison of all three adult male Archaic 

samples, the Pickwick Basin sample is the most misidentified. Windover and Indian Knoll are 

identified accurately 68.4% and 70.5% respectively and the Pickwick sample is accurately 

identified 44.4% of the time (Table 6.1� highlighted in grey). In addition, the Pickwick males 

were next most likely to be misidentified as Indian Knoll. The Windover and Indian Knoll 

samples are also more likely to be misidentified as Pickwick (Table 6.1 – asterisks). This also 
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may be due to the discrepancy in sample sizes between Indian Knoll and the other two samples 

(Table 6.1).  

 

 

Table 6.1: Archaic Male 

Discriminant Analysis 

Predicted Group Membership 

 Windover Pickwick 

Basin 

Indian 

Knoll 

Total 

Windover 13 5 1 19 

Pickwick 

Basin 

3 8 7 18 

 

 

 

Count 

Indian 

Knoll 

4 19 55 78 

Windover 68.4 26.3* 5.3 100.0 

Pickwick 

Basin 

16.7 44.4 38.9* 100.0 

 

Percent 

Indian 

Knoll 

5.1 24.4* 70.5 100.0 

Highlighted numbers represent proper identification. Asterisks represent the greatest 

misidentification.  

�

�

�

As for the females, there is a general lack of accurate identification between Windover 

and the Pickwick Basin (50% for both). They are equally as likely to be misidentified as one 

another as well. Indian Knoll is the only female sample that is relatively accurately classified at 

70.7% (Table 6.2 – highlighted in grey). Unlike the males, where Pickwick was intermediate to 

the other two groups, in the females the Indian Knoll sample is slightly more likely to be 

misidentified as Windover than Pickwick (Table 6.2 � asterisks). Again, however, there is a large 

discrepancy in sample size, which may result in overestimating the misidentification of the 

Windover and Pickwick samples. It may be that females from the Pickwick Basin and the 

Windover populations were performing activities very similar to one another, whereas the males 

and the entire population of Indian Knoll are behaving in a different manner. 

�

�

�
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Table 6.2: Archaic Female 

Discriminant Analysis 

Predicted Group Membership 

 Windover Pickwick 

Basin 

Indian 

Knoll 

Total 

Windover 7 5 2 14 

Pickwick 

Basin 

9 14 5 28 

 

 

 

Count 

Indian 

Knoll 

15 9 58 82 

Windover 50.0 35.7* 14.3 100.0 

Pickwick 

Basin 

32.1* 50.0 17.9 100.0 

 

Percent 

Indian 

Knoll 

18.3* 11.0 70.7 100.0 

Highlighted numbers represent proper identification. Asterisks represent the greatest 

misidentification.  

 

The adult findings are generally replicated in the subadults. The Windover subadults are 

slightly more accurate than the adult females at 52.9% identification. As with both the males and 

females, the Windover subadults are most often misidentified as Pickwick Basin and least as 

Indian Knoll. The Pickwick Basin subadults are rarely identified properly. They are consistently 

misidentified as Indian Knoll and slightly less frequently as Windover. The Indian Knoll 

subadults are accurately identified 51.9% of the time and are nearly equal in misidentification as 

Windover and Pickwick Basin.  

 

Table 6.3: Archaic 

Subadult Discriminant 

Analysis 

Predicted Group Membership 

 Windover Pickwick 

Basin 

Indian 

Knoll 

Total 

Windover 9 5 3 17 

Pickwick 

Basin 

6 4 8 18 

 

 

 

Count 

Indian 

Knoll 

13 12 27 52 

Windover 52.9 29.4* 17.6 100.0 

Pickwick 

Basin 

33.3 22.2 44.4* 100.0 

 

Percent 

Indian 

Knoll 

25.0* 23.1 51.9 100.0 

Highlighted numbers represent proper identification. Asterisks represent the greatest 

misidentification.  
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Windover vs. Mississippian 

 In the comparison of the adults from Windover and the Mississippian sites, there are a 

strikingly small number of significant differences. The females are particularly similar, while the 

males exhibit greater asymmetry in CAPDB and RMLDB. In terms of the amount of differences 

among all the samples, this comparison results in by far the fewest number of significant 

differences for both males and females. In essence, the adults at Windover are more similar to 

the Mississippians than they are to the other Archaic samples. This is also true for the subadult 

samples where only a handful of significant differences occur� primarily in the forearm. For 

many of these significant differences the Mississippians are actually more asymmetrical than 

Windover. 

 

Pickwick Basin vs. Mississippian 

 These adult samples have a larger number of differences between males than females. In 

this comparison the Pickwick sample is more asymmetrical towards the right side for all 

differences except UML in males. These two populations are geographically the closest together 

yet they show far more differences with the Mississippians than Windover does. Most likely this 

is due to the intensity of activities revolving around the hunting of white tailed deer and the use 

of shell resources on the part of the Archaic populations in Northern Alabama. The subadults of 

these two populations exhibit many significant differences for the humerus and ulna. For all 

cases of significant difference, the Pickwick subadults are more asymmetrical.  

 �

Indian Knoll vs. Mississippian 

 These two groups have the greatest number of differences between each other for adult 

males and females (13 each). The only instances of increased asymmetry in the Mississippian 

samples are the second metacarpal dimensions in females. Other than this, Indian Knoll 

continues to be the most dramatically asymmetrical group. This statement is true for the 

subadults as well. Centered on the humeral and forearm diaphyses, the subadults from Indian 

Knoll are exceptionally more asymmetrical than those of the Mississippians.  
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Archaic vs. Mississippian 

The comparison of the adult samples in the Archaic and the Mississippian groups reveals 

that the Archaic samples are more asymmetrical (towards the right) in all elements except the 

second metacarpal (particularly among females). After stratifying by sex, the females have a 

greater degree of discrimination than the males. Based on the comparison of each Archaic group 

with the Mississippians, it appears as though Windover clusters more with the Mississippian 

agriculturalists than with the other Archaic hunter�gatherers in terms of degree and pattern of 

asymmetry. The discriminant analysis of the Archaic groups combined against the 

Mississippians indicates that amongst males, 71.9% can be properly identified as Archaic 

(N=139), and 65.5% are identified correctly as Mississippian. When the Archaic cultures are 

separated into their individual populations, the accuracy of grouping dramatically decreases. 

Windover is most often misidentified with Mississippians or identified as itself, while the 

Mississippians are most frequently misidentified as Windover (Table 6.4 – highlighted in grey 

and asterisks). The Pickwick Basin material is equally spread between itself and misidentified as 

Indian Knoll. Indian Knoll is the most properly identified sample, and the most distant from both 

Windover and the Mississippians (Table 6.4).  

 

 

Table 6.4: Total Male 

Sample Discriminant 

Analysis 

Predicted Group Membership 

 Windover Pickwick 

Basin 

Indian 

Knoll 

Moundville Total 

Windover 6 5 1 6 18 

Pickwick 

Basin 

5 9 9 6 29 

Indian Knoll 3 16 55 6 80 

 

 

 

Count 

Mississippian 9 6 1 6 22 

Windover 33.3 27.8 5.6 33.3* 100.0 

Pickwick 

Basin 

17.2 31.0 31.0* 20.7 100.0 

Indian Knoll 3.8 20.0* 68.8 7.5 100.0 

 

Percent 

Mississippian 40.9* 27.3 4.5 27.3 100.0 
Highlighted numbers represent proper identification. Asterisks represent the greatest misidentification.  
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The females are much more difficult to separate than the males. When the Archaic 

samples are grouped together, they are identified as Archaic (N=119) or Mississippian (N=51) 

with 70.6% accuracy. This result is slightly higher than that of the males, yet when the Archaic 

females are separated and examined against the Mississippians they result in a much lower 

degree of accuracy. Similar to the males, Windover and Mississippian females are most often 

misidentified with each other. In addition, the Indian Knoll females are the most accurately 

identified group. Unlike the males, the Pickwick Basin material is most often misidentified as 

anything but Indian Knoll (Table 6.5 – highlighted in grey and asterisks). 

 

 

 

Table 6.5: Total Female 

Smaple Discriminant 

Analysis 

Predicted Group Membership 

 Windover Pickwick 

Basin 

Indian 

Knoll 

Moundville Total 

Windover 4 3 2 4 13 

Pickwick 

Basin 

7 7 5 7 26 

Indian Knoll 9 7 58 6 80 

 

 

 

Count 

Mississippian 19 15 5 12 51 

Windover 30.8 23.1 15.4 30.8* 100.0 

Pickwick 

Basin 

26.9* 26.9 19.2 26.9* 100.0 

Indian Knoll 11.3* 8.8 72.5 7.5 100.0 

 

Percent 

Mississippian 37.3* 29.4 9.8 23.5 100.0 
Highlighted numbers represent proper identification. Asterisks represent the greatest misidentification.  

 

 

The subadults mimic the discrimination patterns found for the males and females. As 

seen with the adults, the Windover and Mississippian subadults are most often misidentified as 

each other. In addition, the Indian Knoll subadults are again the most accurately identified group. 

Similar to the males, the Pickwick Basin material is most often identified as Indian Knoll (Table 

6.6 – highlighted in grey and asterisks). 
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Table 6.6: Total 

Subadult Sample 

Discriminant Analysis 

Predicted Group Membership 

 Windover Pickwick 

Basin 

Indian 

Knoll 

Moundville Total 

Windover 7 3 3 4 17 

Pickwick 

Basin 

4 4 6 4 18 

Indian Knoll 10 5 27 10 52 

 

 

 

Count 

Mississippian 3 1 1 5 10 

Windover 41.2 17.6 17.6 23.5* 100.0 

Pickwick 

Basin 

22.2 22.2 33.3* 22.2 100.0 

Indian Knoll 19.2* 9.6 51.9 19.2* 100.0 

 

Percent 

Mississippian 30.0* 10.0 10.0 50.0 100.0 
Highlighted numbers represent proper identification. Asterisks represent the greatest misidentification.  

 

 

In summary, the ability to classify adult males and females accurately based on 

subsistence strategy is best done by combining the Archaic groups. Windover most closely 

resembles the Mississippian sample, rather than the Pickwick Basin and Indian Knoll, in the 

patterns and differences in asymmetry. By removing Windover from this analysis, a more 

accurate separation of Archaics and Mississippians can be achieved. The same can be said for the 

subadult discriminant results where Windover is most similar to the Mississippians, and Indian 

Knoll is most likely driving the degree of asymmetry for the Archaic category. Therefore, the 

practice of grouping Archaic cultures into categories solely based on subsistence strategy or 

technology may obscure the discrimination between hunter�gatherer and agricultural groups in 

the archaeological record.  

�

Sexing Subadults with Asymmetry 

 Assigning biological sex to subadult skeletal material is notoriously difficult. Using 

sexually dimorphic non�metric traits from the skull and pelvis yields limited accuracy and 

debatable results. In this study, the main goal was to test the validity and utility of using metric 

data associated with behavioral variation and skeletal remodeling to assign subadults to 

sex/gender specific categories. Utilizing the significant differences in the patterns of upper limb 

asymmetry and the principle components found in the adult samples allowed for the adults to be 
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statistically separated based on inferred sexual divisions of labor. Populations with the greatest 

division of labor, regardless of sexual dimorphism, should yield the most definitive 

discrimination based on sex specific activities. Assuming subadults begin performing gender 

specific activities early in life, it is possible to infer sex membership for subadult individuals. 

 Overall, the Archaic and Mississippian subadults were more often misidentified as male 

or female than they were properly assigned to the subadult category. These results can be 

interpreted as evidence that the population specific combinations of traits used in the 

discriminant analyses allowed for identification of males and females based on asymmetric 

patterns. That being the case, this does not mean those subadults that were assigned to the male 

or female categories are actually male or female. It indicates that by using certain asymmetrical 

values that best discriminate between adult males and females, certain subadult individuals fit 

into the adult categories more readily than the subadult category� i.e. they show differentiation in 

the directions of the adults. The majority of the subadults that misidentified as male or female 

from all samples are adolescents (10�18 years), with a few between ages 7�10 being misclassified 

as well (Table 6.7). The fact that 0% of the subadults from Windover, Pickwick Basin, and 

Moundville grouped into the subadult category then makes sense. In addition, there is no 

correlation between the age of an individual and their reclassified group. The subadults are not 

more likely to be misidentified as either male or female based on age. The subadults are at the 

ages when hunter�gatherer and agricultural children are fully involved in adult activities and 

therefore express morphological characteristics of the adults.  

 Based on the results from this study, assigning sex membership to subadult individuals 

has great potential. The actual assignment to male and female for the subadults is purely 

speculative at this stage. The accuracy of this method cannot be tested with the samples at hand 

without knowing the actual biological sex of each individual subadult. However, the results of 

this study indicate that a combination of non�metric skull or pelvic methods, along with the 

utilization of activity patterns in subadults, may lead to a more accurate estimation of subadult 

sex in archaeological samples.  
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Table 6.7: Subadult Discriminant Analysis Results – Group Identification  

  

Sample 

 

Individual 

�umber 

 

Age 

 

Actual 

group 

 

Predicted 

Group 

(reclassified) 

8BR256 132 7 3 1 

OH2 599 7 3 3 

Lu25 17 7 3 1 

Lu67 51 7 3 1 

Lu25 549 7 3 2 

Lu25 563 7 3 1 

Tu500 2223 7 3 1 

Tu500 2591 7 3 1 

OH2 664 8 3 2 

OH2 740 8 3 3 

Lu61 49 8 3 2 

8BR256 113 9 3 2 

OH2 232 9 3 2 

OH2 472 9 3 3 

Tu500 1522 9 3 2 

Tu500 2331 9 3 1 

8BR256 77 10 3 1 

8BR256 133 10 3 1 

OH2 822 10 3 2 

Ct27 43 10 3 1 

Tu500 3061 10 3 1 

Tu500 3061 10 3 1 

8BR256 90 11 3 2 

8BR256 116 11 3 2 

OH2 153 12 3 2 

OH2 253 12 3 1 

OH2 278 12 3 2 

OH2 350 12 3 3 

OH2 399 12 3 1 

OH2 458 12 3 3 

OH2 478 12 3 1 

OH2 624 12 3 3 

OH2 720 12 3 2 

Ct27 7 12 3 2 

8BR256 67 13 3 2 

Cross,

Validated 

OH2 47 13 3 3 
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Table 6.7: Subadult Discriminant Analysis Results – Group Identification Table 

Continued 

  

Sample 

 

Individual 

�umber 

 

Age 

 

Actual 

group 

 

Predicted 

Group 

(reclassified) 

OH2 136 13 3 1 

OH2 439 13 3 1 

OH2 483 13 3 1 

OH2 589 13 3 2 

Lu25 71 13 3 1 

Tu500 1746 13 3 2 

Tu500 1890 13 3 2 

8BR256 112 14 3 1 

OH2 59 14 3 3 

OH2 80 14 3 3 

OH2 170 14 3 2 

OH2 549 14 3 1 

Tu500 2835 14 3 1 

8BR256 79 15 3 1 

8BR256 86 15 3 2 

OH2 127 15 3 2 

OH2 169 15 3 2 

OH2 361 15 3 1 

OH2 563 15 3 2 

Tu500 2412 15 3 2 

OH2 97 16 3 1 

OH2 302 16 3 2 

OH2 618 16 3 2 

Ct27 19 16 3 1 

Tu500 1495 16 3 2 

Tu500 1686 16 3 2 

8BR256 122 17 3 1 

OH2 39 17 3 3 

OH2 95 17 3 1 

Lu25 485 17 3 1 

OH2 46 18 3 1 

Cross�

Validated 

OH2 215 18 3 2 

Groups are 1=Male, 2=Female, 3=Subadult. 

�
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CHAPTER 7 

CO�CLUSIO� 

 

 

 

 Bone morphology is heavily influenced by mechanical loading during individual 

lifetimes. This can be used to infer behavioral variability among individuals, sexes, ages, and 

populations (Auerbach and Ruff 2006, Lazenby 2002, Steele 2000, Stirland 1993). The upper 

limbs theoretically respond more readily to changes in activity due to their non�weight bearing 

functions. By including the entire upper arm, this study identified specific combinations of 

asymmetry integral for discriminating among populations and activity patterns.  

This study compares bone dimensions and cross�sectional geometries of adult and 

subadult upper limbs from three North American Archaic populations known to be hunter�

gatherers: Windover, Indian Knoll, and several Pickwick Basin sites. As an out�group 

comparison, Mississippian populations are examined to provide the characteristics of asymmetry 

in a prehistoric agricultural group. The primary goal of this study was to develop and test a 

method for assigning subadults to sex categories using morphological indicators of gender/sex�

specific behavior.  
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� This study found many significant differences within each sample population. These 

differences varied in location and degree of asymmetry for males and females. In general, the 

Archaic samples were found to be more asymmetrical than the Mississippians. In particular the 

Archaic males exhibited greater diaphyseal asymmetry while the females expressed greater 

length and radial articulation asymmetry. On average the male morphology reflects more 

asymmetrical use of the right arm (with emphasis on the upper arm and ulna) whereas female 

morphology reflects the performance behaviors involving use of both arms, although the radii of 

females exhibit large amounts of asymmetry in the external and cross�sectional dimensions. The 

Mississippians are far more symmetrical in nature compared to the Archaics. The females have 
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an increase in symmetry and robusticity while the males maintain more asymmetrical values 

relative to their Archaic counterparts. 

These asymmetrical patterns were used to cluster males and females into sex specific 

groups. Using the principle components found by examining the bone dimensions, discriminant 

analyses determined the highest degree of accurate identification for each group. The Archaic 

samples have the most accurate levels of assignment due to the differential combinations of 

significant measurements. By employing the entire upper limb for this analysis, population 

specific combinations of traits were used to build a more complete picture of activity. 
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The general assumption that robusticity and asymmetry within a population is driven by 

repetitive stress (Ruff and Larsen 1990) was tested by examining the differences in asymmetry 

among each of the populations. In previous studies hunter�gatherers tended to be more uniform 

in their expression of asymmetry and were grouped together based on subsistence. Agricultural 

groups seem more variable; males are on average larger and more asymmetrical than females, 

although it depends on the region of study (Bridges 1989, Ruff and Larsen 1990). With this in 

mind, all three Archaic sample populations were expected to share more asymmetrical 

characteristics with each other and to be distinctive from the Mississippian group. This study 

found a great number of significant differences among the Archaic samples. The Windover 

adults exhibited fewer significant differences with the Mississippians than with Pickwick Basin 

or Indian Knoll. Windover was more often misidentified as Mississippian (and vice versa) than 

with any other sample. The subsistence variable that does separate Windover from the other two 

Archaic populations is the exploitation of shellfish and reliance on large mammals. The Indian 

Knoll and Pickwick Basin sites share these variables in common and resemble each other in their 

asymmetrical patterns. Indian Knoll is by far the most asymmetrical sample in this study for 

males, females, and subadults. Pickwick Basin is only slightly less asymmetrical than Indian 

Knoll. Therefore, subsistence alone is not a simple or accurate criterion for categorizing 

prehistoric populations. Habitual activities that influence the robusticity and asymmetry of the 

population must be taken into account when recreating past lifeways.   
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 The final objective of this study was to identify gender or sex specific activity patterns 

inferred from the asymmetry of adult upper limbs and to use these to test the predictability of 

sexing subadults. This study assumed that subadults gradually began performing the same tasks 

as the adults within each population, and that their activities were determined primarily by age 

and sex. At a certain age the subadults should begin to diverge and cluster with either the male or 

female adults. Discriminant tests were able to reclassify many of the subadults into the adult 

categories by using the principle components found from the adult and subadult samples. 

The results of this test show promise in determining the biological sex of prehistoric 

remains. The subadults from every sample clustered with the adult male and female 

classifications more often than the subadult classification. That means the specific sets of 

variables used in the discriminant tests were accurately categorizing the patterns of asymmetry 

for males and females. In addition, those subadults that were reclassified must have been doing 

the work of the adults to result in similar patterns of asymmetry.  

To continue this research, the methods utilized in this study need to be tested against a 

sample population of known sex. A collection with individuals from similar backgrounds and 

recorded occupations would constitute the best test of this hypothesis. In addition, a combination 

of methods that includes the use of asymmetrical interpretations of activity and behavior with 

non�metric genetically controlled sexually dimorphic traits, such as the sciatic notch, may 

increase the accuracy of sexing subadults. Multiple lines of data resulting in the same conclusion 

create a much stronger argument than two less accurate methods.  

In summary, the examination of ontogenetic changes in subadult asymmetry from 

multiple populations allows for a better understanding of how adult behaviors become expressed 

in the skeleton over time. Differences not only in subsistence strategy, but also in culturally 

specific behaviors such as division of labor, onset of adult tasks, and stresses affecting growth 

and development, influence the reconstruction of prehistoric activity patterns for adults and 

subadults. 
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APPE�DIX I 

Depiction of Osteometric Variables  

�
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APPE�DIX II 

Subadult Mean %DA Values  

�

�

�

Subadult Cohorts 1,3 (ages 0,9) 

Comparison of % Direct Asymmetry Means 

Population 

Variables Windover 

Pickwick 

Basin 

Indian 

Knoll Moundville 

CML �1.31 �2.40 0.60 0.72 

CMC 1.37 �.90 0.59 �2.04 

CAPDB 0.28 1.34 2.75 1.87 

CSIDB �1.02 0.69 0.94 3.13 

CDB �0.39 1.22 2.05 2.83 

HML 0.72 0.26 1.04 0.11 

HMC 2.54 1.77 2.52 1.99 

HMLDB �1.94 0.46 �1.08 1.51 

HAPDB 5.40 3.99 5.68 2.30 

HDB 1.86 2.13 2.36 1.93 

UML 0.13 0.75 0.74 1.74 

UMLDB 1.54 1.78 �2.59 2.86 

UAPDB 3.12 2.01 4.18 6.84 

UDB 2.16 1.85 0.56 4.52 

UminD 2.86 1.86 0.29 �0.64 

UmaxD 2.85 3.49 0.00 �3.92 

RML 0.43 0.00 0.61 0.66 

RMLDB 2.81 2.69 1.79 0.87 

RAPDB 2.07 3.83 2.05 5.47 

RDB 2.51 3.23 1.83 2.97 
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Subadult Cohorts 4,6 (ages 10,18) 

Comparison of % Direct Asymmetry Means 

Populations 

Variables Windover 

Pickwick 

Basin 

Indian 

Knoll Moundville 

CML 0.26 �2.03 �1.60 �1.79 

CMC 1.76 1.45 3.74 0.85 

CAPDB 1.25 6.03 6.51 14.15 

CSIDB 6.38 1.33 3.10 0.78 

CDB 3.58 3.88 4.93 6.58 

HML 1.00 0.65 1.26 1.67 

HMC 3.64 5.44 7.70 2.39 

HMLDB �1.09 1.50 5.31 �0.37 

HAPDB 6.27 8.95 14.62 5.29 

HDB 2.69 5.38 9.95 2.59 

UML �13.77 0.19 0.50 0.73 

UMLDB 3.81 6.49 4.58 �2.47 

UAPDB 1.32 6.31 6.08 1.55 

UDB 2.70 6.40 5.25 �0.63 

UminD 0.14 2.66 7.86 �0.27 

UmaxD 4.38 4.79 3.50 �4.18 

RML 0.40 0.55 0.60 1.46 

RMLDB 1.24 4.13 3.42 1.64 

RAPDB 0.78 4.25 4.39 0.29 

RDB 1.01 4.21 3.85 1.02 
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