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ABSTRACT 

MAIZE, MOBILITY, AND MIGRATION: VARIATION IN LONG BONE 

FUNCTIONAL ADAPTATION IN THE PRE- AND PROTO-HISTORIC AMERICAN 

SOUTHWEST 

Jacklyn Rogers, M.A. 

George Mason University, 2020 

Thesis Director: Dr. Daniel H. Temple 

 

 

 This study evaluates changes in behavior that occurred within indigenous 

populations from the American Southwest during agricultural intensification and 

European colonization. Long bone diaphyses from Pueblo Bonito (A.D. 800-1200) a pre-

contact Pueblo II site, and Hawikku (A.D. 1400-1680), a protohistoric Pueblo IV site 

were included in this work. Computed tomographic images and MomentMacro software 

were used to measure areas and second moments of area for adult humeri, radii, femora, 

and tibiae. All measurements were standardized for body size using body mass and 

powers of bone length. Standardized areas and second moments of area were compared 

between males and females from Pueblo Bonito and Hawikku using MANOVA with a 

Games-Howell post-hoc test. Significant differences were found in female humeral TA (p 

≤ 0.000), CA (p ≤ 0.001), Ix (p ≤ 0.002), Iy (p ≤ 0.000), and J (p ≤ 0.000). Few differences 
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were found in male humeral properties (MA) (p ≤ 0.001), female femoral properties (TA) 

(p ≤ 0.002), and female tibial properties (Ix/Iy)  (p ≤ 0.000). These results suggest little 

change in mobility in accordance with the agricultural transition and European 

colonialism in this region. However, results do suggest changes in female upper limb 

activity  towards more intensive patterns of labor in a colonial setting, contributing to the 

growing narrative  of the important role of female labor in prehistoric societies as well as 

how females might have been affected directly and indirectly by colonialism. 
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CROSS-SECTIONAL GEOMETRY 

 This study utilizes cross-sectional geometry (CSG) to analyze and compare 

activity patterns in skeletal samples from two prehistoric Native American populations. 

Cross-sectional geometric analysis utilizes an understanding of how bone responds to 

internal and external forces to interpret changes in mobility, intensity of activity and 

types of activity. Along with archaeological data, this method has proven successful in 

reconstructing behavior patterns in a variety of studies.  

 

Introduction to skeletal growth and remodeling 

 There three types of cells that contribute to bone tissue formation and 

maintenance: osteoblasts, osteocytes, and osteoclasts (White et al., 2012). Osteoblasts 

form bone tissue by depositing osteoid, an uncalcified organic matrix that is rich in 

collagen. Crystals of hydroxyapatite, the inorganic component of bone, are then deposited 

within the osteoid matrix. These cells become osteocytes which are responsible for 

maintaining bone tissue. Osteoclasts are responsible for the resorption of bone tissue, an 

important part of the bone remodeling process (White et al., 2012). Under “normal” 

circumstances, it has been proposed that for every osteon in the resorption phase there are 

ten in the formation phase (Ortner & Putschar, 1981). However, certain pathological 

conditions such as cancer cause an imbalance of osteoblast and osteoclast activity that 

result in abnormal bone growth or destruction (Ortner and Putschar, 1981).  
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In long bones, such as the humerus, radius, femur, or tibia, there are two initial 

points of ossification, the diaphysis and the epiphyses, allowing for longitudinal growth 

to occur between these sections. Most of the longitudinal growth occurs at the ends of the 

long bones since the cartilaginous epiphyseal plate, commonly known as the growth 

plate, allows for progressive bone formation away from the metaphysis at the ends of the 

diaphysis (White et al., 2012). Eventually, longitudinal growth ceases followed by 

epiphyseal fusion (Nilsson & Baron, 2004). The age at which epiphyseal fusion occurs 

varies between the skeletal element, the distal or proximal epiphysis, and whether the 

individual is male or female. For instance, the proximal tibial epiphysis begins to fuse to 

the diaphysis at 13-17 years in females and 15-19 years in males while the distal tibial 

epiphysis begins to fuse to the diaphysis at 14-16 years in females and 15-18 years in 

males (Scheuer & Black, 2000). As bones grow longitudinally, cortical area must also 

increase to maintain the structural function of bone. To increase cortical diameter, 

osteoclasts remove bone on the inner, endosteal surface while osteoblasts lay down bone 

on the outer, periosteal surface (White et al., 2012).  

Bone serves a variety of functions in the body such as being an attachment site for 

muscles, ligaments, and tendons, housing organs, and acting as a calcium reservoir. 

However, the primary function of the skeleton is to provide support against internal and 

external forces (Pearson & Lieberman, 2004). This requires bone to be stiff to resist 

deformation, though not brittle so as to break easily. This trait is especially true for long 

bones, particularly those of the lower limb which have to support the weight of the entire 

body and play an important role in mobility. Internal forces are caused by muscles 
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pulling on an origin or insertion point of a bone, while external forces are derived from 

the outside the body (Pearson & Lieberman, 2004). As a result, the features of the long 

bones including girth, cortical thickness, cross-sectional geometry, curvature, mass, and 

trabecular orientation are heavily influenced by the need to adapt to withstand loading 

(Lanyon, 1987).  

Force, whether internal or external, produces strain on bones (Pearson & 

Lieberman, 2004). Together, the collagen and mineral components of bone form a 

structure with a high degree of stiffness and strength when faced with applied forces. At 

low levels of stress and strain, bone will return to the original size and shape and is 

therefore considered elastic. This threshold is known as Young’s modulus of elasticity 

(Pearson & Lieberman, 2004). Above a certain stress magnitude, however, bone will 

become deformed and fracture. Therefore, in order to provide resistance to deformation 

and breaking, bone adapts to withstand the strain experienced regularly.  

The method of reacting and adapting to strain occurs at a cellular level. This is 

known as mechanotransduction: “the process by which cells sense mechanical stimuli in 

their external environment and then translate the information into a signal that can 

potentially elicit some response either within the cell or in another cell” (Pearson & 

Lieberman, 2004: 68).  Although the exact process is still not fully understood, osteocytes 

are thought to sense mechanical stimuli and respond to distribution, rate of change, and 

magnitude of strain by influencing the behavior of cell populations responsible for 

modelling and remodeling (Lanyon, 1987; Marotti, 1996; Pearson & Lieberman, 2004).   
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Studies that analyze cross-sectional geometry (CSG) aim to reconstruct the 

patterns of strain that skeletal elements were under based on the cross-sectional 

properties. Most CSG research, including the present study, focus on long bones, 

particularly the femur, tibia, and humerus as these skeletal elements are the most 

information-dense set of bones due to the roles each plays in weight support, locomotion, 

and manipulation. However in some cases other bones have been used, such as the 

mandible (Ruff, 2019). Cross-sectional analysis typically occurs along the diaphysis, 

although the exact location can vary between studies. Cross-sections can be obtained by 

physically sectioning the bone or by using CT imaging, although some studies rely 

entirely on external measurements (Wescott, 2006).  

 

Development of CSG theory in Anthropological Studies 

 Julius Wolff’s 1892 work The Law of Bone Transformation (Das Gesetz der 

Transformation der Knochen) is generally considered the foundational work on how bone 

responds to mechanical loading, hence why bone functional adaptation is frequently 

referred to as “Wolff’s Law” (Brand, 2010; Pearson & Lieberman, 2004; Ruff et al., 

2006; Wolff, 1892). The basic premise of “Wolff’s Law” is that bone adapts to the 

mechanical environment and therefore has been used as the basis of behavioral 

reconstruction in bioarchaeological and paleoanthropological research (Pearson & 

Lieberman, 2004; Ruff et al., 2006). The original hypothesis for how bone responded to 

mechanical stress put emphasis on the structure and orientation of trabeculae, arguing 

that trabeculae are uniform between individuals and always cross at right angles. If the 
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bone was fractured or deformed, the trabeculae were thought to adjust so as to be oriented 

at right angles (Brand, 2010). The pattern of trabecular bone was thought to correlate 

with mechanical stresses that acted on the bone (Pearson & Lieberman, 2004). This 

phenomenon was studied by taking thin cross-sections of the bone, a technique which 

Wolff developed for this purpose (Brand, 2010).  

Wolff described the remodeling process as a “mathematical law,” though without 

providing any mathematical definition to support this claim (Brand, 2010; Ruff et al., 

2006). This has been one of the reasons why scholars have advocated for the 

abandonment of the label “Wolff’s Law” in favor of the more accurate description of 

“bone functional adaptation” (Churches & Howlett, 1982; Ruff et al., 2006). Though 

Wolff’s hypothesis that bone adapts in response to mechanical stimuli was correct, the 

understanding of this process has evolved significantly since the first introduction of the 

concept as cortical bone has been recognized as playing a more integral role than 

trabecular bone in the structural aspect of long bones.  

Some of the first applications of cross-sectional analysis were 

paleoanthropological studies that aimed to reconstruct complete skeletal elements from 

fragments in order to estimate body size and proportions (Lovejoy & Heiple, 1970). In 

order to assess the potential bipedal capabilities of Australopithecus africanus the 

researchers used the dimensions of a femoral shaft section to estimate dimensions of the 

entire bone. Trigonometric analysis aided in calculating the femoral bicondylar length, 

bicondylar angle, and body size of A. africanus. However, though this study was 
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interested in assessing bipedalism, cross-sectional analysis was used as a midway point to 

figure out the full dimensions of the femur rather than as the primary method for analysis.  

The CSG approach in bioarchaeology improved with the expansion of the theory 

of mechanical loading on top of Wolff’s law, specifically the addition of beam theory. 

Huiskies (1982) found that applying beam theory, developed originally for engineering 

purposes, best fit actual results, demonstrating that these principles were useful for bones. 

This approach, as well as a refocusing of attention on cortical bone instead of trabecular 

bone, helped to expand Wolff’s proposition that bone adapts to mechanical loading.  

Further expansion of the theoretical understanding of bone functional adaptation 

highlighted the complex relationship between bone growth and development and 

functional adaptation. An important theory regarding bone response to mechanical 

loading was dubbed the Utah paradigm after a series of Hard Tissue Workshops held at 

the University of Utah in the mid-1990s. The premise of the paradigm was that bones 

adapt to experienced mechanical forces and while factors such as hormones, vitamins, 

minerals, sex, and age contribute to the way that the bone reacts, these factors would not 

produce the same results in the absence of external mechanical factors (Frost, 1998). The 

Utah paradigm argues that while there are genetic influences on bone development and 

response to mechanical loading, the nature of and variation in loading plays at least an 

equal, if not a more important role in the resulting morphology than genetics. Since under 

normal circumstances bone responds to regular, gradual increases in stress by increasing 

in strength, it has been argued mechanical loading plays an important role in skeletal 
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growth and development (Bass et al., 2002; Ruff, 2003; Sumner & Andriacchi, 1996; 

Van der Meulin et al., 1996).  

Furthermore, it has also been suggested that some level of activity is essential to 

maintain a preferred level of bone mass and cortical thickness (Trinkaus et al., 1994). 

This became apparent in cases of hemiplegia or amputation since the affected skeletal 

elements no longer contributed to supporting body mass, resulting in a decrease in 

cortical cross-sectional area (Panin et al., 1971; Sevastikoglou et al., 1969). In the case of 

below-the-knee amputation, although upper leg including the femur remains otherwise 

healthy and fully functional, the loss of the lower limb drastically decreased the use and 

loading of the upper portion of the limb, resulting in a decrease in cortical thickness 

(Sevastikoglou et al., 1969). These results support the argument for mechanical loading 

playing a beneficial, essential role in the maintenance of bone mass and cortical 

thickness.  

While mechanical loading might have the most influence, other factors are also 

important and play a role in highlighting differences between individuals or populations. 

For instance, hormonal changes with the onset of puberty change how bone responds to 

mechanical loading and result in differences between females and males. Estrogen 

deposits extra mineral into bones during puberty, contributing to bone density but 

limiting the bones’ ability to respond to directional forces associated with mechanical 

loading (Jӓrvinen et al., 2003). In males, androgen and estrogen stimulate periosteal bone 

deposition (Callewaert et al., 2010). Although early studies assumed that androgens were 
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stimulatory for radial bone growth and estrogens were inhibitory for radial bone growth, 

therefore acting as the main contributors to skeletal sexual dimorphism, more recent 

studies have shown that estrogen plays a role in male skeletal growth as well (Callewaert 

et al., 2010; Turner, Wakley, & Hannon, 1990). However, the different levels in the 

presence of these hormones in males and females create patterns in cross-sectional 

morphology that differ between females and males. Male skeletal structure tends to 

develop larger periosteal perimeters with more bone further from the neutral axes of long 

bones while higher levels of estrogen in females results in increased endocortical 

apposition and restricted periosteal apposition (Callewaert et al., 2010; Jӓrvinen et al., 

2003; Kirmani et al., 2009; Seeman, 2001). Support for these claims has been found in 

case studies utilizing modern athletes to observe how different types of loading are 

reflected in individuals of different sexes. Studies of female athletes, for instance, have 

shown limited skeletal response to torsional forces (Bass et al., 2002). Therefore, 

although some skeletal differences can be attributed to sexual dimorphism or gender-

based divisions of labor, the influence of androgens and estrogen also contributes to the 

adaptive capacity of bone to loading (Macintosh et al., 2017).  

Current bioarchaeological studies that utilize CSG analysis have reached general 

consensus on how to approach and interpret bone functional adaptation. Unlike Wolff’s 

initial proposition, modern studies focus on the thickness and distribution of cortical 

bone. Many studies include the total subperiosteal area (TA), area of the medullary cavity 

(MA), and the total area of cortical bone (CA). Cortical area and medullary area together 

form the total area. The CA is of particular interest because this property represents the 
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strength in rigidity and pure compression of the bone (Ruff, 2008). Cross-sectional 

analysis refers to a variety of characteristics that correlate with different types of forces. 

However, bones are rarely subject only to pure tension or compression, making bending 

and twisting forces important as well. Bending and torsional forces are represented 

through second moments of area (SMAs) which are determined about an axis through the 

section (bending) or the central point of the section (torsion) (Ruff, 2008). When the 

anatomical axis of the bone is used, the SMAs reflect the medio-lateral (Ix) and anterior-

posterior (Iy) bending strength of the bone. The SMA calculated around the central part of 

the section, known as the polar second moment of area (J), is proportional to torsional 

rigidity (Ruff, 2008). Finally, Ix/Iy ratio is used to indicate type of loading by indicating 

whether a bone is subjected to predominantly anterior-poster, medio-lateral, or 

proportional loading. Cross-sections with an Ix/Iy ratio equal to 1.0 indicate a circular 

shape, interpreted as equal influences of medio-lateral and anterior-posterior bending. 

Ix/Iy ratios higher than 1.0 indicate greater levels of anterior-posterior bending rigidity, 

whereas Ix/Iy ratios below 1.0 indicate greater levels of medio-lateral bending rigidity 

(Ruff, 2008). Increased cortical thickness strengthens the bone either overall or in a 

particular direction, thereby reducing the chance of breaking. An increase in area or a 

second moment of area indicates a skeletal response to strain beyond an optimal level.  

 

Applications of CSG analysis 

Cross-sectional geometric analysis has been used in a variety of bioarchaeological 

studies across different geographical areas and time periods. Though this approach has 
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been used for a variety of research goals, CSG analysis can generally provide insight into 

mobility patterns, intensity of activity, and activity type. Mobility includes aspects such 

as how mobile or sedentary a population is as well as the type of terrain. Intensity refers 

to the general principle of bone functional adaptation where chances in the amount or 

distribution of cortical bone between groups indicates a change in the intensity of 

activity. Finally, while specific activities can not be identified through CSG analysis, the 

method can be used to identify what areas of the body were used the most in daily 

activity, e.g. upper-limb versus lower-limb dominant activities. Archaeological and 

ethnographic sources can aid in making inferences about the specific activities of a group.  

One of the most frequent applications of CSG analysis has been in studies of 

changes in subsistence strategies such as the intensification of agriculture. A series of 

studies utilizing skeletal samples from the prehistoric Georgia coast looked at skeletal 

changes that came about with the shift from hunting and gathering to an agricultural-

based subsistence economy around A.D. 1150 (Larsen, 1981; Ruff et al., 1984; Ruff et 

al., 1984). The initial study utilized external measurements of the femur, tibia, and 

humerus including maximum length, midshaft diameter, and midshaft circumference 

(Larsen, 1981). Comparison between the pre-agricultural and agricultural groups found 

that all of the measurements decreased, the majority decreasing a significant amount 

(Larsen, 1981). While there was a reduction in size and robusticity for all individuals, 

changes were most apparent for females as all reductions were at significant levels 

whereas only some of the traits showed a significant decrease in males. The overall size 

reduction was found in the postcranial skeleton thought to be representative of a decrease 
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in musculoskeletal stress associated with an agricultural, sedentary lifestyle (Larsen, 

1981). Mobility and intensity of activity decreased and behavior patterns changed to 

accommodate increased needs for agricultural labor.  

Reanalysis of the skeletal material to more accurately analyze cross-sectional 

properties initially confirmed the previous analysis, finding a decline in almost every 

cross-sectional geometric property, with females showing greater absolute and relative 

declines than males (Ruff et al., 1984). However, when standardized by bone length, 

there was negligible difference in CA between the groups, although MA and 

subperiosteal dimensions (TA) still showed decline. This showed that while the area 

relative to length was fairly consistent, the distribution of bone area changed. SMAs also 

showed decline when standardized by bone length with significant changes in male 

subtrochanteric Imax and J (Ruff et al., 1984). These studies concluded that work activity 

associated with utilizing hunted and foraged food sources were more physically 

demanding than agricultural food sources as more time was spent acquiring food sources 

in the foraging versus farming system (Larsen, 1981). Furthermore, there was also a 

decrease in body size, suggesting that while adoption of corn agriculture led to a decrease 

in mechanical stress and equal change in activity level in both sexes, there was a decrease 

in nutrition, particularly for females (Ruff et al., 1984). These studies helped to establish 

evidence for the trend that agricultural transitions resulted in a decline in mobility as well 

as a decline in the overall intensity of daily activity.  
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Further studies on the connections between cross-sectional properties and 

subsistence strategies revealed that the variations that occur between populations as a 

result of climate, terrain, and cultural differences in approaches to subsistence strategy 

can be reflected in skeletal properties. Though populations can be grouped as hunter-

gatherers or agriculturalists, there is still a great deal of variability in these approaches. 

Hunter-gatherers tend to have more compressed cross-sections, particularly in the femora, 

where it has been noted that the femur midshafts are compressed side-to-side and the 

femur proximal shafts are compressed front-to-back, whereas agriculturalists tend to have 

more circular cross sections of bone shafts, following a general trend of more circular 

long bone shafts since the late Pleistocene (Larsen, 1995; Ruff, 2018). However, terrain 

has been shown to play an important role in the development of cross-sectional properties 

(Holt & Whittey, 2019; Ruff & Larsen, 2014; Ruff et al., 1993).  

Increased anterior-posterior cortical thickness has been correlated with more hilly 

and mountainous terrain in males and females. Furthermore, the more drastic the 

topographical variation, the more stress is applied to skeletal elements and the greater the 

morphological adaptations (Holt & Whittey, 2019). Comparing individuals from several 

sites that represented different subsistence strategies created a baseline for 

industrialized/mechanized, agricultural, village horticulturalist, and hunter-gatherers for 

femoral robusticity (Zp), tibial robusticity (Zp), femoral shape (Ix/Iy), and tibial shape 

(Ix/Iy) in both males and females. The samples used to obtain these data came from sites 

in Europe, Africa, Asia, and North America. The global population and compiled 

averages of lower limb morphology provide a comparison for populations with unknown 
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subsistence strategies (Holt & Whittey, 2019). Although some studies have used 

biomechanical analysis to reconstruct subsistence-based mobility patterns, it has been 

demonstrated that genetic, climatic, terrain type, and age factors play enough of a role to 

make the observed changes in CSG not as universal as previously assumed (Wescott, 

2006). For coastal populations that use water as a mode of transport, ocean rowing has 

been shown to correlate with greater humeral robusticity in comparison with river rowing 

(Ruff, 2019). For both of these examples, the intensity of the terrain is directly correlated 

with the effort required to navigate it, thus indicating that skeletal robusticity is an 

adaptation to accommodate the physical demands of an environment. 

Another source of variation with regard to subsistence strategy is the intensity of 

activity. Although studies of the agricultural transition on the Georgia coast found an 

overall decrease in workload with the introduction of agriculture, studies of foraging to 

farming transitions in other regions have shown different results. For instance, 

comparisons between Mississippian agriculturalists and Archaic hunter-gatherers in the 

Southeastern U.S. found increases in cross-sectional properties in the agricultural group 

when compared to the hunter-gatherer group, suggesting that the physical demands of 

agriculture were more demanding than foraging (Bridges, 1989; Bridges et al., 2000). 

Midshaft circumferences of femora, tibiae, humeri, radii, and ulnae were all found to be 

significantly greater in the Mississippian populations than the Archaic. In males, femoral 

CA and minimum and maximum SMAs were larger in the Mississippian population, 

suggesting changes in the type of activity for males, mostly affecting the lower limbs. 

Mississippian females were shown to have stronger and thicker arms, particularly on the 
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left side near the elbow, possibly as a result of digging. In females, increase in strength in 

femur and humerus, although not an increase in CA, suggested redistribution of bone to 

accommodate increased mechanical loading. Additionally, activity changed more for 

females than males as both the upper and lower limbs were affected (Bridges, 1989).  

 One consistent assumption in the transition from foraging to farming is that 

changes in behavior patterns occur to accommodate the necessary activities for each 

subsistence strategy. However, there are often differences in the type and level of change 

between males and females of a population based on sexual divisions of labor. In most 

hunting and gathering societies, females are involved in vegetal food gathering and 

preparation while males are involved hunting large fauna (both land and aquatic 

depending on the region), fowling, trapping, and building or crafting with a variety of 

materials (Murdock & Provost, 1973). A defining difference therefore between female 

and male activity patterns is mobility, as males will engage in activities that require 

traveling away from the home base, while females are typically engage in activities that 

do not require traveling far from the home base due to child-rearing duties (Murdock and 

Provost, 1973). This has been supported by research such as CSG analysis of a skeletal 

sample from the Jomon which found sexual dimorphism to be especially prominent in the 

femur, thought to be indicative of differences in mobility due to sexual divisions of labor 

(Knobbe, 2010).  

When changes are found between two samples of different time periods from the 

same region, the question that arises is why the changes occurred. In the Americas, 

colonialism was a frequent catalyst for changes in activity and lifestyle of Native 
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Americans (Larsen et al., 2001). Most scholarly work on the effects of European 

colonialism on native populations focuses on the introduction and spread of infectious 

disease. However, there were also substantial changes that occurred to other aspects of 

life, particularly health and lifestyle. Results are variable and it is difficult to assign 

global trends. It is also important to remember that while in general, European presence 

had a negative effect on Indigenous populations, these populations were not without 

disease and demanding workload before the arrival of Europeans (Larsen et al., 2001).  

Archaeological studies of native populations in coastal Georgia as well as other 

southeastern populations have consistently demonstrated a shift in diet with the presence 

of European through the establishment of missions or other European-controlled 

settlements. Prior to the presence of European missions, the diets of native populations 

tended to be diverse, including a variety of local plants and animals (Larsen et al., 2001). 

Maize was present in prehistoric societies in the southeast, including coastal Georgia, but 

was not present in other areas of present-day U.S. One of the key shifts in diet with the 

presence of European settlements was an increased dependence on maize as a result of 

the higher demands of the colonial economic system. Aside from negative dietary aspects 

of maize including high sugar levels that frequently contribute to dental disease, an 

increased level of maize production changed the workload and types of activities. In the 

Spanish colonies, this was concentrated in repartimiento, which was a highly exploitative 

draft-labor system that involved agricultural labor and construction (Larsen et al., 2001). 

Evidence for changes in cross-sectional properties has been found in comparisons of  

precontact and contact era femoral and humeral cortical area (CA) and torsional strength 
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(J). Comparing prehistoric and mission Guale and early mission Tamasee, there appeared 

to be continuity in CA, however there were noticeable changes in J. In males, J was 

greatest in early prehistoric Georgia, followed by decline in late prehistoric Georgia, and 

increase in early and late mission Georgia/Florida and similar values in mission 

Yamasee. Females mostly followed same pattern as males and it was found that the early 

and late mission era females were the most robust out of all the periods. Overall, a 

decrease was found in sexual dimorphism, particularly during the mission period, 

suggesting a convergence of activities between the sexes (Larsen et al., 2001).  

Conclusion 

CSG has been shown to identify differences in bone response to labor between 

populations who used different subsistence strategies as well as differences in patterns of 

behavior for females and males, although the patterns are not always clear or consistent 

across populations or in the same populations during subsistence transitions. The 

challenge in using this method is interpreting the differences or lack of differences, as 

this study will attempt to do.  
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APPLYING CSG ANALYSIS TO BIOARCHAEOLOGY IN THE AMERICAN 

SOUTHWEST 

Introduction to the American Southwest 

There is a long history of bioarchaeological study in the American Southwest, as 

Earnest Hooton’s interdisciplinary study of Pecos Pueblo is considered one of the first 

examples of bioarchaeology (Hooton, 1930). The current study will compare skeletal 

samples from two Pueblo sites: Pueblo Bonito and Hawikku (Figure 1). Ancestral Pueblo 

culture has been divided into four periods: Pueblo I (A.D. 700-750 to A.D. 850-900), 

Pueblo II (A.D. 850-900 to A.D. 1050-1150), Pueblo III (A.D 1050-1150 to A.D. 1300), 

Pueblo IV (A.D. 1300 to A.D. 1540) (Alder, 1996). These time periods are considered 

standard archaeological divisions within the Pueblo period based partially on population 

size and site abandonment. Population aggregation began in the Pueblo I period, reaching 

a peak during the Pueblo II period, during which time Pueblo Bonito was established 

(Alder, 1996). The Pueblo III period was marked by depopulation of the Ancestral 

Pueblo area, likely in conjuncture with a particularly bad drought from A.D. 1275 to A.D. 

1300, often referred to as the Great Drought (Jett, 1964). Population resettlement 

occurred during the Pueblo IV period, during which time Hawikku was established 

(Alder, 1996). Though the Pueblo II and Pueblo IV periods were both characterized by 

increased population aggregation, indirect and direct contact with Spanish colonialists 

was likely to have affected life and culture at Hawikku in addition to cultural changes 

that can occur naturally over time.  
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The Southwestern region of the Unites States, approximately the region of 

present-day New Mexico, Arizona, Colorado, and Utah, is a generally dry area which 

receives a single annual period of rainfall. The scarcity of water availability in this type 

of climate plays an important role in human adaptation, creating challenges regarding 

food acquisition and cultivation (Simmons et al., 1989). Due to the length of the growing 

season and temperature, maize, the primary crop grown in the Southwest, is harvested 

under conditions of inadequate moisture (Simmons et al., 1989). Despite the less than 

ideal conditions for growing crops, agriculture has been considered a necessary presence 

in Chaco Canyon during the Bonito Phase (A.D. 860-1140) due to the large, aggregate 

population sizes. It has been argued that “farming is the only conceivable source for the 

economic surplus and is thus inherently past of the explanation for the emergent social 

complexity that occurred there” (Wills & Dorshow, 2012: 138).  

Although food surplus fueled by a system of agriculture has been considered a 

necessity to support a large population, the details of farming in Chaco Canyon are still 

very limited in the archaeological record. Some research has argued that maize 

agriculture would not have been a viable means to support such a large community in 

Chaco Canyon due to a variety of factors including limited availability of water and the 

chemical composition of the soil (Benson, 2011). Other research, however, proposes that 

the interpretation of crop fields relative to Pueblos has been influences by the modern 

landscape and the Bonito phase agricultural fields are buried (Wills & Dorshow, 2012). 

Reanalysis of tributary canyons using predictive models within the Chaco region has 

shown that there are areas that correspond with the great houses which predict high 
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potential agricultural productivity due to deep loamy sands, organic detritus from mesa 

top vegetation, and runoff (Wills & Dorshow, 2012). The presence of corn cobs in the 

archaeological record linked with Chaco Canyon, including several examples found in 

rooms at Pueblo Bonito, confirms the presence of maize in this population (Benson et al., 

2009).  

Regardless of debates surrounding the inhospitable environment of Chaco 

Canyon, the undeniable fact is that people did manage to live there. It can also be stated 

with fairly reliable certainty that maize played a part in the diet of the people in Chaco 

Canyon since around 2000 B.C.E (Wills & Dorshow, 2012). Although it has been 

assumed that agriculture and surplus food production played a key role in the increased 

rate of building construction between A.D. 1020 and A.D. 1080 and the eventual collapse 

of Chaco society in the 12th century, questions still remain regarding the process of maize 

agriculture and how much change occurred during the course of human occupation in the 

area.  

A study of three skeletal samples from the American Southwest, one from Early 

Villages (A.D. 500-1150), one from Abandonments (A.D. 1150-1300), and one from 

Aggregated Villages (A.D. 1300-1540), found that over time, femoral shape in both sexes 

became more circular and bending stresses were reduced in the anterior-posterior plane 

(Brock & Ruff, 1988). A total of 61 femora were included in the study. In addition to the 

general trend towards more circular femoral cross-sections, this study found that bone 

density for both sexes was lowest during the Abandonment period. TA remained constant 



21 

 

or increased over time in both males and females. CA also remained the same or 

increased between Early Villages and Abandonments, but decreased after Abandonment, 

most notably in males. MA increased in males and decreased in females over time. 

Second moments of area increased in both sexes between Early Villages and 

Abandonments and then remained constant or decreased in Aggregated Villages. The 

Imax/Imin and Ix/Iy generally declined through time for females and males. Levels of sexual 

dimorphism were not constant. Most characteristics decreased during the Abandonments 

and then increased in the final period, although femoral length increased over time. 

Sexual dimorphism declined over time for most geometric properties (Brock & Ruff, 

1988).  

Brock and Ruff’s (1988) study followed the pattern observed in other studies of 

increased sedentism and decline in lower limb robusticity. This trend is indicative of 

mobility, although diet can also play a role. Several studies have found links between 

protein-calorie malnutrition and reductions in cortical area and percent cortical area. The 

authors concluded that activity levels increased between the Early Villages and 

Abandonments, followed by a decline during Aggregated Villages for both sexes, 

although possibly with a more drastic decline in males than in females.   
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Figure 1: Map of Ancestral Pueblo Villages including Pueblo Bonito and Hawikku from Graves & Keuren 

(2011).  

 

  

Pueblo Bonito 

Archaeological investigations (i.e. investigations that included some amount of 

documentation) were undertaken at Pueblo Bonito in the early 20th century, though 

people had looted the site to obtain skeletal material for collections prior to the enactment 

of the Antiquities Act of 1906, which likely impacted the preservation of the site (Akins, 

1986). The Hyde Exploring Expedition under the direction of George Pepper undertook 
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the first archaeological investigation of Pueblo Bonito from 1896 to 1899 (Pepper, 1920). 

Further excavations were undertaken by the National Geographic Society under the 

leadership of Neil Judd in 1925 (Judd, 1964). Judd’s report includes record of the 

author’s own excavations with supplements from Pepper’s earlier study of Pueblo Bonito 

as well as information from studies of nearby Pueblos. The report also includes a good 

deal of ethnographic observations of contemporary Pueblo, Hopi, Navaho, and Zuni 

peoples (Judd, 1964). 

Pueblo Bonito is the largest of the Chaco greathouses (Judd, 1964). Greathouses 

such as Pueblo Bonito include residential areas and storage facilities as well as public, 

ceremonial spaces such as kivas (Figure 2) (Lekson, 1984). The greathouses of Chaco 

Canyon (Pueblo Bonito, Pueblo del Arroyo, Chetro Ketl, and Pueblo Alto) were 

connected via a system of roads (Lekson, 1984). Pueblo Bonito was built in a series of 

stages rather than in one construction event (Lekson, 1984). Early research interpreted the 

building stages as two distinct styles and periods of occupation: that of the Old Bonitans 

and the Late Bonitans (Judd, 1954). Old Bonitan construction was identified as being 

more crude and varied in structural materials. Late Bonitan houses, on the other hand 

were identified by a higher quality of stonework and consistent wooden beams, 

demonstrating “superior skill in planning and execution” (Judd, 1954; p. 40). However, 

other lines of evidence such as mortuary ceramics, argue for a continuous single 

occupation rather than two separate occupations of the site (Akins, 1986).  

Material culture from the site can provide some evidence of daily life and activity 

for the people of Pueblo Bonito. Evidence of personal adornment included cotton cloth, 
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sandal fragments, and a turquoise bead necklace and beads made from shells thought to 

be sourced from the Gulf of California (Judd, 1954). All of the tools were made of stone, 

as metallurgy or metal goods had not been introduced to the area at this time (Judd, 

1954). These tools included hammers, abraders, sandstone saws, rubbing and smoothing 

stones, pottery polishers, sandstone tablets, work slabs, jar covers, knives, scrapers, drills, 

and milling stones. The largest category of tool type was hammers made of quartzite, 

silicified wood, or flint. Judd reported that Pepper’s excavation uncovered 688 

hammerstones in addition to the 653 collected during Judd’s own excavation. This total 

does not account for hammers that were left uncollected (Judd, 1954). The excavations 

also recovered tools made of bone including awls, chisels, bark strippers (or a tool used 

for some similar activity), worked ribs, drawknives, and end scrapers. The most common 

bone tool was awls, of which 417 were recovered for study (Judd, 1954). Wooden tools 

that were excavated included fire-making apparatus, spatulas, pottery scrapers, spindle 

whorls, loom bars, loom anchors, board ends, and some unidentified items (Judd, 1954). 

Baskets were subdivided based on construction technique into plaited baskets or coiled 

baskets which were further subdivided into bowls, elliptical trays, cylindrical containers, 

and carrying baskets (Judd, 1954). None of the baskets were found entirely intact and 

many were represented only with fragments in the archaeological record. 

Evidence for subsistence economy can be found through floral and faunal 

remains, tools, as well as the scale of the structure. Food remains that were uncovered 

during excavation included maize (Zea mays), pumpkin (Cucurbita pepo/C. moschata), 

Rocky Mountain beeplant (Cleome serrulata), walnut (Juglans major/J. rupestris), grape 
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(Vitis arizonica), pricklypear (Opuntia sp.), pinyon nuts (Pinus edulis), and wild potato 

(Solanum sp.) (Judd, 1954). Evidence of maize included cornmeal, was found among the 

burial offerings of Room 329, and 34 corncobs recovered from an unspecified location. 

Excavations also uncovered remains of ptinid and darkling beetles, both of which are 

known to attack stored cereals, implying the presence of such in the rooms (Judd, 1954). 

Faunal remains uncovered during excavation included mule deer (Odocoileus hemionus), 

pronghorn (Antilocapra americana), elk (Cervus canadensis), mountain sheep (Ovis 

canadensis), jack rabbit (Lepus californicus), cottontail (Sylvilagus auduboni), grizzly 

bear (Ursus horribilis), beaver (Castor canadensis), badger (Taxidea taxus), bobcat (Lynx 

baileyi), porcupine (Erethizon epixanthum), gray fox (Urocyon cinereoargenteus), red 

fox (Vulpes sp.), coyote (Canis lestes), and dog (Canis familiaris) (Judd, 1954). This 

likely represents a combination of animals that were hunted for food and/or pelts. All of 

the faunal remains were uncovered from at least 6 feet below the surface and in 

association with other household debris (Judd, 1954). The relative amounts of floral and 

faunal remains has been used to argue that the inhabitants of Pueblo Bonito relied more 

on harvested plants than hunted animals for food (Judd, 1954). 

Farming tools included the dibble, or planting stick, and digging stick, examples 

of which were uncovered during excavation. Very similar tools were still being used by 

Hopi, Zuni, and Navaho people at the time of the excavation. Judd described the process 

of using these implements from observation of Hopi men planting crops. The individual, 

situated in a kneeling position, would use the planting stick to dig a narrow hole about 10 

to 15 inches deep, “chopping and drawing toward him with a rotary motion of the arms 
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and body” (Judd, 1954; p. 241). Judd describes witnessing rabbit hunting using clubs and 

rocks as well as bows and arrows. The assumption was made that Bonitan hunters 

employed the same hunting methods as Hopi and Zuni hunters who utilized game pits 

and corrals (Judd, 1954). Many examples of stone arrows were found during excavation 

as well as two bows, both made from Douglas fir, one 63 inches and the other estimated 

55-58 inches. 

Some generalized assumptions can be made about activities undertaken at Pueblo 

Bonito based on the material culture uncovered during excavations. For instance, a 

combination of farming and hunting tools as well as a mix of crops and wild game 

provide evidence for a mixed subsistence economy. However, how labor was divided up 

within the society is somewhat unclear due to the nature of the archaeological record and 

the approaches taken. For instance, Judd describes witnessing Pueblo women collecting 

water using ollas and explains that “in like manner, Pueblo women have always carried 

and stored food for household use” (Judd, 1954; p. 204). Likewise, descent was 

“unquestionably matrilineal” though no further evidence is provided to support this claim 

(Judd, 1954; p. 40). Part of this system included food supply: “Pueblo women not only 

owned the fields, which the husband and unmarried sons cultivated, but also controlled 

the food supply” (Judd, 1954; p. 62).  
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Figure 2: Floorplan of Pueblo Bonito from Akins (1986). 

 

 

Pueblo Bonito Skeletal Sample 

Pueblo Bonito is the source of one of the largest skeletal samples from Chaco 

canyon, although the sample has been split between the American Museum of Natural 

History in New York, the Field Museum of Natural History in Chicago, and the 

Smithsonian National Museum of Natural History in Washington, D.C. (Akins, 1986). 

While it is safe to assume that the skeletal sample does not include every member of the 

population, what percentage the sample does represent has been subject to debate based 

on differences in population estimates. Conservative estimates have proposed the 
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population to be around 100 people either by estimating one family unit per excavated 

fire pit or assuming Pueblo Bonito to be largely a ceremonial site (Bernardini, 1999; 

Windes, 1984). Others have estimated 6,000 inhabitants and even up to 10,000 

individuals (Drager, 1976; Fisher, 1934). Judd (1954) argued that with the site being 

inhabited for about 250 years and reaching a peak population of over 1,000 people, there 

should have been between 4,700 and 5,400 deaths during that time. As less than 100 

individuals had been exhumed at the time Judd’s report was written, it was assumed that 

there was a burial ground located somewhere outside of the main structure which 

excavations had failed to locate. Given that the “half dozen test pits all proved barren,” 

the cemetery was assumed to be located at least a quarter of a mile from the main 

structure (Judd, 1954; 341). A second possible explanation was that the missing 

individuals were all cremations, though no calcified remains or evidence of the cremation 

process were uncovered (Judd, 1954).  

The skeletal remains uncovered by the National Geographic Society’s expedition, 

which account for those used in the current research, were divided between 4 rooms, 

designated during the archaeological excavation as room 320, room 326, room 329, and 

room 330 (Judd, 1954). Four additional rooms (32, 33, 53, and 56) were previously 

excavated by Pepper (Akins, 1986; Pepper, 1920). None of the rooms in which human 

remains were found were initially constructed for mortuary purposed (Palkovich, 1984). 

Room 326 was identified as living quarters with room 320 as the attached storeroom. 

Rooms 329 was also next to room 326, though there was no doorway connecting the 

rooms. Room 330 was connected with room 326 via a hatchway through the ceiling. Ten 
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inhumations were uncovered in room 320, 11 in room 326, 24 in room 329, and 23 in 

room 330. The rooms held a mix of individuals of different ages and sexes. The earlier 

internments occurred on top of the pre-existing floor, with fill brought in to cover the 

individuals. Subsequent burials were placed on top of or within this layer of fill (Judd, 

1954). Many of the burials had been disturbed, as evidenced by the disarticulation of 

most of the skeletons, either because of looting or the addition of later internments (Judd, 

1964; Palkovich, 1984). There did not appear to be any consistency in associated grave 

goods or positioning with individuals of certain ages or sexes. One exception was an 

adult male who was identified as a warrior based on association with arrowheads and a 

bundle of arrows (Judd, 1954). Generally, however, there was little differentiation in the 

mortuary record based on age or sex (Akins, 1986).  

The primary method for dating burials has been associated ceramics. Seven of the 

burials at Pueblo Bonito were found with late Red Mesa, five of which were uncovered 

during Judd’s excavation (Akins, 1986; Judd, 1964). This type of ceramic did not appear 

to be exclusive to any particular demographic as it was found with subadults and adults 

of both sexes (Akins, 1986). Gallup was found with thirteen of the Pueblo Bonito burials, 

twelve excavated by Judd and one by Pepper, which included five subadults and seven 

adult females (Akins, 1986). 16.7% of the Pueblo Bonito inhumations were buried 

without any vessels (Akins, 1986). Analysis of other mortuary practices such as burial 

position found that while the majority of individuals were interred on the back, there 

were not any apparent chronological trends that would explain deviations from this 

practice (Akins, 1986). Based on stratigraphy, Judd (1954) asserted that the burials 
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happened over a length of time rather than in one internment event. Palkovich (1984) 

added that in addition to the burial area being used over a period of time, the age ranges 

suggested kinship.  

Chacoan society is thought to have been divided into three levels (Akins, 1986). 

Studies of mortuary practices in Chaco Canyon revealed that internments within the 

greathouses, such as Pueblo Bonito, were more standardized and contained more grave 

goods than burials at smaller sites (Akins, 1986). This variety within Chaco burial 

practices suggests a difference in status between the two site types. The smaller sites 

were deemed to represent the lowest social level, the western rooms of Pueblo Bonito 

excavated by Judd to represent an intermediate level, and the northern rooms excavated 

by Pepper to represent the highest social level (Akins, 1986).  

Previous bioanthropological research on Pueblo Bonito has indicated high levels 

of stress and dietary deficiencies as evidences by hypoplasia and porotic hyperostosis 

thought to be caused by environmental stress and dependence on maize agriculture 

(Akins, 1986). Furthermore, the presence of degenerative disease has been used to argue 

that both sexes were involved in maize agriculture and processing (Akins, 1986).  

 

 

Hawikku 

 Hawikku is located just east of the Arizona, New Mexico border on the southern 

edge of a low ridge in the Zuni River valley. The sites are approximately 132 kilometers 

apart, placing Pueblo Bonito and Hawikku in a similar geographic region. Archaeological 
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investigation of Hawikku began in 1917 by a party under the sponsorship of the 

Smithsonian Institution and the Museum of the American Indian, Heye Foundation under 

the leadership of Frederick Webb Hodge. Excavations continued annually until 1923 and 

were, at the time, the most extensive archaeological investigation of a single site in the 

United States (Smith et al., 1966). One of the distinctive characteristics of Hawikku is 

that it was one of the Pueblos that underwent colonial occupation. Therefore, the study of 

this site in conjuncture with the earlier site of Pueblo Bonito can help to provide insight 

regarding the effect of Spanish colonialism on the ways of life of American Indians.  

 Hodge was interested in the occupation of Hawikku from the period of contact 

until abandonment, thus shaping the excavation process to only focus on elements that 

were believed to be from that time period. Hodge believed that the earlier inhabitants of 

Hawikku were unrelated to either the builders of Hawikku or contemporary Zuni peoples, 

though Smith and the Woodburys acknowledge in the introduction that these were Pueblo 

III and early Pueblo IV people (Smith et al., 1966). 

Hawikku was established during the Pueblo IV period, approximately A.D. 1400 

and occupied until A.D. 1680 (Ferguson, 1996; Smith et al., 1966; Stodder, 1990). 

Sources differ as to the exact date of the earliest occupation of the site. 

Dendrochronology of roof beams within one of the kivas indicated the date between A.D. 

1381 and A.D. 1480 (Hodge, 1939). A later ceramic analysis placed the earliest 

occupation of the site around A.D. 1400 (Kintigh, 1985).  
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Hawikku covers about three acres and is made up of at least six room blocks, 

divided into smaller rooms (Figure 3). The site also contains nine midden deposits and an 

extra room block and adobe church found below the mesa. Hodge divided the 

architecture into “ancient” and “recent” (Smith et al., 1966). Other studies describe a 

notable change in architectural style before and after the presence of Spanish colonists 

(Ferguson, 1996). The pre-contact Zuni architecture was defined by smaller architectural 

components that were built and rebuilt over a long period of time. The Catholic mission 

on the other hand was “monumental” and different from other architecture at the site as 

construction occurred in one episode (Ferguson, 1996). However, while there was 

evidence of newer sections being built on top of older buildings, occupation of the site 

was continuous for about 400 years with gradual modification and construction occurring 

throughout occupation rather than a strict division into two time periods (Smith et al., 

1966). 

The rooms were grouped into six clusters, referred to in archaeological reports as 

A-F and another U-shaped structure which was not excavated. The ground floor layout 

indicates 457 rooms, though sources differ as to how many stories the structure contained 

(Kintigh, 1985; Smith et al., 1966). While admitting that the archaeological investigation 

was not able to obtain an entirely accurate estimation of the number of rooms in the site, 

Hodge estimated that in total there were around 1060 rooms, though never more than half 

occupied at a time which, putting the population of Hawikku around 660 individuals 

(Smith et al., 1966). This estimation is at odds with historic reports by Coronado which 
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listed 500 families, or about 1750 individuals, at the site at the time of contact (Smith et 

al., 1966).  

 

 

Figure 3: Ground plan of Hawikku from Smith et al. (1966).  

 

 

Hawikku Skeletal Sample 

In contrast with Pueblo Bonito, excavations at Hawikku uncovered burial areas 

outside of the main structure. Hodge divided the burial areas into the Western, Northern, 

and Eastern cemeteries, though lacking sufficient descriptions to explain the boundaries 
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in the field notes, the burial areas were reassigned into 13 categories during the editing 

and publication of the site report (Smith et al., 1966). All of the burial areas contained 

females and males and were used over multiple time periods (Howell & Kintigh, 1996). 

One notable distinction was a concentration of cremations in area 10 (Smith et al., 1966).  

Some research has suggested that the individuals who were cremated had migrated to 

Hawikku from the Hohokam area where this burial method was more commonly used 

(Eckert, 2005).  

The depth of burials associated with various ceramic types varied throughout the 

site, so stratigraphy was not deemed a reliable source of dating (Smith et al., 1966). 

Ceramics were used as the primary dating method. Between 1,700 and 1,800 ceramic 

vessels were uncovered while excavating the graves. Of the 996 graves that were 

excavated, 475 included at least one vessel (Smith et al., 1966). Pottery appeared in both 

cremations and inhumations, although were more common as a grave good in 

inhumations. There was a good deal of variation in both in the number of vessels as well 

as the orientation relative to the body. A noted trend was an increase in the number of 

vessels per inhumation from earlier to later internments as well as the presence of more 

elaborately furnished grave good in later periods (Smith et al., 1966). 386 (40%) of the 

excavated burials were able to be dated based on associated ceramics, leaving more than 

half of the burials un-dateable. Of these 56 (15%) of the burials were from the Pre-

Matsaki period (A.D. 1300-1375), 260 (67%) were from the Matsaki period (ca A.D. 

1350-1630), and 70 (18%) were from the Historic period (ca A.D. 1630-1680) (Howell & 

Kintigh, 1996). The distribution of ceramics throughout the burial areas indicates that 
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there was overlap in the use of each area. All of the cemeteries contain individuals dating 

from at least two periods and 8 contain individuals dated to all three periods (Howell and 

Kintigh, 1996). If the cemeteries were used consecutively, there would be a clear 

progression in ceramic types through the cemeteries. As the cemeteries were used for 

prolonged periods of time, this could indicate that burial groupings were kin-based. 

Ceramic diversity scoring was used to identify potential leaders (Howell and 

Kintigh, 1996). This method is based on the theory that leaders have a variety of roles 

during life which are reflected in burial through a wider array of types of grave goods, 

special body preparations, and grave attributes than common people. The scale for 

diversity scoring spans from 0-36. More than half of the individuals excavated from 

Hawikku had diversity scores of 0-1 and only 4 received scores higher than 16. Eleven of 

the burials were identified as having high diversity scores: 8 males and 3 females. Four of 

the males were buried with bows, and three of those also with a war club and arrows. 

Although some bows and arrows were found in other burials, these were the only 

individuals buried with war clubs. One male was buried with a human scalp. All three of 

the women who were identified as having high diversity scores were buried with corn, 

squash, utility ceramics, decorated bowls, mano, metate, baskets, and shaped wool. Two 

of the three were also buried with paint-grinding stones, antler tools, gourds, decorated 

jars, feathers, and human hair. Although there is no historic evidence of female leadership 

at Hawikku, these burial goods suggest high status (Howell, 1996).  

Wooden bows, arrows, and arrow shafts were found in several of the graves. One 

adult skeleton was found with a European bow, arrow shafts, and a warclub. 52 graves 
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contained some variety of chipped stone tool that were unclassifiable by those reviewing 

the excavation notes. Although most were found in association with inhumations, some 

were found with cremations. 10 of the skeletons found with stone tools were recorded as 

male and 4 recorded as female (Smith et al., 1966). Seven inhumations included cooking 

slabs which were used to bake corn bread known as “hewe” (Smith et al., 1966). Five of 

the individuals were identified by Hodge and Hrdlička as female, the other two 

undetermined. The authors hypothesize, “since ethnographic data make it clear that a 

woman’s cooking slab was a valued object, made with great care and used for many 

years, it seems probably that these cooking slabs in women’s burials reflect the feeling 

that so precious and personal an object was more appropriately buried with her than used 

after her death by others” (Smith et al., 1966; 233). One pottery pipe was found with the 

skeletal remains of adult male, and one with an adult of undetermined sex. A animal 

figurine in a bowl was found with an adult female (Smith et al., 1966). Gourd dippers or 

vessels were found in graves associated with Matsaki Polychrome, Hawikku Polychrome, 

and a glass bead, indicating post-contact. The individuals included subadults and adults 

of both sexes (Smith et al., 1966). Evidence of baskets, either complete or fragmentary, 

were found in 52 inhumations. Baskets were found in association with Matsaki 

Polychrome, Hawikku Polychrome, and European artifacts and with subadults and adults 

of both sexes. Baskets seem to be more common in female burials (13) than male burials 

(6), although 17 individuals were of indeterminate sex (Smith et al., 1966). Some graves 

included materials used for basket making (927A, 187, and 860). Mats were found in 36 

graves and in association with Matsaki Polychrome, Hawikku Polychrome, and European 
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goods. The individuals buried with mats included infants, children, adolescents, and 

adults of both sexes (Smith et al., 1966). Stone tools included axes, hammers, polishing 

pebbles, paint grinding stones, and abraders. Bone tools included awls, chisels, gouges, 

needles, knives, and weaving tools. Several iron tools were found: two knives, an awl 

point, an axe, nails, and an unidentified piece of iron (Smith et al., 1966). As with the 

foodstuffs, none of the tools appear to be exclusive to one sex. The tools that appeared in 

multiple graves appear to be included in both male and female burials. 

Corn was found in inhumations and uncontained cremations (cremains buried 

directly in the ground without a surrounding vessel). 13% of the inhumations included 

corn and 69% of the cremations included corn. These were spread between burials 

associated with Matsaki Polychrome, Hawikku Polychrome, and European artifacts. The 

earliest burials that included corn were associated with Matsaki Polychrome. This could 

be due to preservation and corn did not survive in the older burials. Alternatively, it was 

uncommon for many grave goods to be included prior to the Matsaki Polychrome period, 

so corn might not have been included in these graves. Most of the corn was cobs, 

although some instances was corn meal (Smith et al., 1966). Some other floral material 

was recovered including pumpkin seeds, gourd seeds, and squash seeds, all of which 

were found in burials (Smith et al., 1966). Beans were found in 56 cremations, though no 

inhumations (Smith et al., 1966). Pinyon nuts were found in 7 cremations and 9 

inhumations, usually along with corn or squash (Smith et al., 1966). Some instances of 

faunal remains were found in burials which could represent food offerings, although the 

field notes frequently do not identify the type of animal or include details about the 
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placement within the burial (Smith et al., 1996).  One inhumation contained a digging 

stick or dibble. The individual was recorded to be an adolescent of indeterminate sex 

(Smith et al., 1966). Corn was infrequently found in subadult burials. Of the adults who 

were buried with corn, 46% were male and 32 % were female (Smith et al., 1966). Both 

females and males were buried with foodstuffs and there does not seem to be any 

delineation of types of food buried with individuals of either sex. 

 

Evidence of Colonial Occupation 

The first Spanish encounter was in 1539 when Estevan, “the companion of Fray 

Marcos de Niza” entered the site and was killed. The next encounter was in 1540 when 

Francisco Vásquez de Coronado led an attack on Hawikku, establishing an ongoing 

colonial presence. In 1630, a mission was established at Hawikku by a group of 

Franciscans (Smith et al., 1966). Hawikku was abandoned after the Pueblo Revolt of 

1680, a widespread uprising led by Popé of San Juan against Spanish colonizers and 

missionaries (Palkovich, 1984). A smallpox pandemic arose in Mexico around 1520, and 

it is possible that the pandemic spread to the Pueblo peoples through trade, making this 

the first potential point of European contact (Stodder, 1990). Some studies (Dobyns, 

1983; Upham, 1986) have proposed that cremations are distinguished from other 

inhumations at the site as the victims of a sixteenth century smallpox epidemic. 

Archaeological studies have documented the exchange of material goods such as 

ceramics within Zuni villages as well as a larger trade network that connected the Pecos 

and Zuni with the Southern Plains, Trans-Pecos Texas, Lower Colorado and Gila River 
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Basins, and North and Northwest Mexico, so it is possible that disease was also spread 

via this network (Ferguson, 1996; Stodder, 1990).  

 The archaeological record alone does not provide much information on how the 

activity patterns of the people of Hawikku might have changed as a result of Spanish 

colonialism. Spanish presence within the trade network likely disrupted trading patterns, 

land use, and settlement systems of the Zuni people (Riley, 1975). Stodder (1990) 

describes the 1600s as a time when “the natives were impeded in their normal pursuit of 

agricultural, gathering, and hunting activities by territorial circumscription, labor drain, 

and resource extraction” (Stodder, 1990: 35).  

 

 

Hypothesis 

 Archaeological evidence has indicated that two changes occurred between the 

occupation of Pueblo Bonito and the occupation of Hawikku. The first change was an 

intensification of agriculture. In some instances, the intensification of agriculture has 

resulted in a decline of labor intensity, indicated by decreases in cross-sectional 

geometric properties (Larsen, 1981; Ruff et al., 1994). However, these studies compared 

samples from a hunter-gatherer population with those from an agricultural population. In 

the case of the present study, Pueblo Bonito has a mixed subsistence economy, utilizing 

some agricultural practices such as the cultivation of maize. Therefore, it is possible that 

the changes in subsistence strategy between the occupation of Pueblo Bonito and 

Hawikku would align more with the foraging to farming transition that occurred in the 
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Mississippian region (Bridges, 1989; Bridges et al., 2000). In this case, the results would 

be expected to indicate increases in cross-sectional properties as an indication of an 

increase in the intensity of activity. A previous study of the Pueblo Bonito skeletal 

sample, for instance, found 70 percent of males to display slight development of the 

deltoid tuberosity and 29 percent to show pronounced development, while 55 percent of 

the females showed slight development and 44 percent showed pronounced development 

(Akins, 1986). 

 Archaeological evidence has also indicated the presence of Spanish colonists at 

Hawikku, providing a second difference between the two Pueblo populations. Through 

repartimiento and encomienda systems, Spanish colonialism often resulted in increases in 

labor demands for Native Americans (Larsen et al., 2001; Ruff et al., 1984; Speilmann et 

al., 2009). Spanish missions in particular have been shown to be the primary context 

under which Native Americans underwent labor and resource extraction (Speilmann et 

al., 2009). Though archaeological data at Hawikku clearly indicate Spanish presence, 

including the mission, the archaeological record alone cannot indicate how much and in 

what ways labor demands changed for the people of Hawikku as a result of colonial 

occupation. Furthermore, as the skeletal remains could span both the pre- and post-

contact periods of Hawikku, it is unclear how much cultural changes were enacted at the 

point at which these individuals lived. This is an area that can hopefully be illuminated 

somewhat by the current study.  
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MATERIALS AND METHODS 

Sample 

 All of the skeletonized individuals analyzed in this study are currently housed at 

the Smithsonian Institution National Museum of Natural History (NMNH) Museum 

Support Center. The representative samples of people from Pueblo Bonito and Hawikku 

include individuals excavated during excavations of both sites detailed in the previous 

chapter. The current catalogue lists 96 individuals for PB and 276 for Hawikku. Of these, 

29 individuals from the Pueblo Bonito collection and 96 from the Hawikku collection 

met the criteria to be included in the present study (Table 1 and Figure 4). There were 

several criteria which resulted in individuals or particular skeletal elements to be 

excluded from the study. Individuals were required to be between 18 and 55 years and 

had to be identifiable as female or male. Individuals outside of these parameters or 

lacking sufficient preservation for the necessary analyses to be made were excluded. The 

process of age and sex estimation is detailed below.  

The skeletal elements of interest were the humerus, radius, femur, and tibia. The 

characteristics of these skeletal elements were compared independently by site and sex, 

meaning that all eight bones did not have to be present from a single individual to be 

included. Individual elements were excluded if the bone was incomplete, preventing 

obtaining a measurement of the maximum length. Additionally, the skeletal element was 

excluded the bone was damaged, had an obstructing pathological condition, or had post 

exhumation modification that would make scanning inaccurate. When possible, both left 
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and right elements were utilized. If only one was present or deemed valid for inclusion 

then this element was included regardless of side.  

Table 1: Summary of skeletal representation of Pueblo Bonito and Hawikku. 

Element Pueblo Bonito 

Females 

Pueblo Bonito 

Males 

Hawikku 

Females 

Hawikku 

Males 

Humerus 24 14 89 56 

Radius 21 12 86 48 

Femur 23 16 95 55 

Tibia 21 15 80 52 

 Total Pueblo Bonito: 29 Total Hawikku: 96 

 

 

Figure 4: Age distribution of samples by site and sex. 

 

Age and Sex Estimations 

 As discussed in Chapter 1, bone’s ability to respond to mechanical loading 

changes during growth and development. Additionally, besides sexual dimorphism, 
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androgen and estrogen contribute to how bone responds to mechanical loading, meaning 

that comparisons should not be made between females and males. Therefore, age and sex 

estimations were completed for all of the individuals included in the study. Age was 

estimated using transition analysis performed in accordance with the Transition Analysis 

Age Estimation: Skeletal Scoring Manual (Milner & Boldsen, 2016). To estimate age, the 

pubic symphysis and auricular area of the os coxae were scored based on these standards, 

indicating the amount of wearing down of each surface. If the os coxae was not available 

for the individual, the cranium was used to score the closing of sutures (Milner & 

Boldsen, 2012). As cranial sutures have been shown to be less reliable, the os coxae was 

always used when available. Sex was estimated by looking at features of the os coxae 

according to traditional standards (Buikstra & Ubelaker, 1994).  

 

 

CSG analysis 

 The primary goal of data collection was to acquire cross-sectional measurements. 

The first step in doing this was to determine the point along the diaphysis at which the 

cross-section would be taken. For the radius, femur, and tibia, the desired cross-section 

was at 50% of the maximum length. The humeral cross-sections were taken at 35% 

calculated from the distal end so as to avoid the deltoid tuberosity (Ruff, 2008). 

Maximum length was defined based on standard protocols and recorded using a standard 

osteometric board (Buikstra & Ubelaker, 1994). The location of the cross-sections differ 
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from some other studies, as this study employed maximum length of the femur rather 

than biomechanical length.  

 Cross-sectional data were obtained using a CT-scanner to capture a digital image 

which was then analyzed with image processing software. All skeletal elements that were 

deemed able to be included in the study were transported from the storage facility to the 

Natural History Museum in Washington, D.C. where the SOMATOM CT scanner is 

housed. Each skeletal element was placed in standard anatomical position to be scanned, 

using styrofoam blocks to support the bone. The bones were aligned manually with the 

laser crosshairs of the scanner. Scans were completed in accordance with the cataloging 

protocol put in place by museum scanning staff. For each cross-section, the CT machine 

took three scans. All of the scans were transferred from the Mac associated with the 

SOMATOM to an external hard drive and from there to the researcher’s PC.  

Analysis of the cross-sectional scans to calculate moments of area and second 

moments of area was completed using MomentMacro, a plugin for ImageJ (Figure 5). 

WW and WL was chosen to stay between 1400 and 1600 to get the most illustrative edge 

of the bone without experiencing “flare.” Of the three images produced during each scan, 

the first one was always used. In ImageJ, each image was converted to an 8-bit format, 

the density threshold was adjusted, and the bone area was selected. The scale was set at 

10.455 pixels/mm after several rounds of tests utilizing known external measurements to 

maintain true to life scale. MomentMacro automatically calculates TA, CA, Xbar, Ybar, 

Ix, Iy, Imax, Imin, Theta, Zx, Zy, MaxXrad, MaxYrad, J, Zp, and MaxRad. The properties 

that are analyzed in this study are total subperiosteal area (TA), cortical area (CA), 
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medullary area (MA), second moment of area about the M-L (x) axis (Ix), second moment 

of area around the A-P (y) axis (Iy), polar second moment of area (J), and the ratio of M-L 

to A-P bending rigidity (Ix/Iy). 

 

 

Figure 5: Examples of MomentMacro analysis of (from top left) a humerus, radius, femur, and tibia.  
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Statistical Analysis 

 Statistical analysis was performed using SPSS 26 in order to compare the cross-

sectional properties of long bones from the representative samples of Pueblo Bonito and 

Hawikku. All of the relevant measurements were standardized to account for differences 

in size and body mass between individuals. Cross sectional areas are preferably 

standardized by body mass, while second moments of area are standardized by body mass 

and bone length (Ruff, 2008). Body mass was calculated to follow previous standards 

using the following formulae (Ruff, 2000): 

 Females: body mass = (2.462 * femoral head breadth - 35.1) *0.90 

 Males: body mass = (2.462 * femoral head breadth - 54.9) *0.90 

For the upper limb elements, which were not always associated with femora from the 

same individual, cross-sectional dimensions can be standardized by bone length only. In 

these cases, area measurements were standardized by bone length3 and second moments 

of area are standardized by bone length5.33 (Ruff, 2008). Standardized TA, CA, MA, Ix, Iy, 

and J were statistically analyzed using a multivariate analysis of variance (MANOVA) 

test with a Games-Howell post-hoc test to account for unequal sample sizes. Since 

bilateral asymmetry of limb elements can occur as a result of tool use, bilateral 

directional asymmetry analysis of TA, CA, MA, Ix, Iy, and J and unilateral Ix/Iy was also 

analyzed using a Kruskal-Wallis test. Calculation of bilateral asymmetry was done in 

accordance with Auerbach and Ruff (2006). Unstandardized values were inserted into the 

following equation for all valid individuals (Auberbach & Ruff, 2006):  

 %DA = (right - left) / (average of left and right) * 100  
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RESULTS 

Humeri 

Female Humeri 

 

Boxplots of standardized values of TA, CA, MA, Ix, Iy, J, and Ix/Iy of female 

humeri are presented in Figures 6-11 and summary statistics presented in Tables 2 and 4. 

The median TA for females is higher in Hawikku than Pueblo Bonito. The interquartile 

range (IQR) of individuals for both sites overlap and there are no outliers. The median 

CA is higher in the Hawikku sample than the Pueblo Bonito sample. The IQRs overlap 

and there are no outliers. The median MA is very close between the Hawikku and Pueblo 

Bonito samples and the IQRs significantly overlap. There are two outliers below the 10th 

percentile in the Pueblo Bonito sample. The median Ix is higher in the Hawikku sample 

than the Pueblo Bonito sample. The IQRs overlap and there is one outlier above the 90th 

percentile in the Hawikku sample. The median Iy is higher in the Hawikku sample than 

the Pueblo Bonito sample and the IQRs overlap. The one outlier that appears above the 

90th percentile in the Hawikku is the same individual who also appeared as an outlier in 

the Ix analysis. The median J is higher in the Hawikku sample than the Pueblo Bonito 

sample. The outlier that appears above the 90th percentile in the Hawikku is again the 

same individual that appeared as an outlier in the Ix and Iy analysis. The median Ix/Iy is 

higher in the Pueblo Bonito sample than in the Hawikku sample. The IQRs overlap and 

there are no outliers. With the exception of Ix/Iy, the Hawikku means were higher than the 

Pueblo Bonito means although the IQRs always overlapped.  
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Male Humeri 

 

Boxplots of standardized values of TA, CA, MA, Ix, Iy, J, and Ix/Iy of male humeri 

are presented in Figures 6-11 and summary statistics are presented in Tables 3 and 5. The 

median TA is higher in the Pueblo Bonito sample than in the Hawikku sample. The IQRs 

overlap and there are no outliers. The median CA is higher in the Pueblo Bonito sample 

than the Hawikku sample than the Hawikku sample. The upper portion of the Hawikku 

IQR overlaps with the lower portion of the Pueblo Bonito IQR. There are no outliers. The 

MA median is higher in the Hawikku sample than the Pueblo Bonito sample. The IQRs 

do not appear to overlap and there are no outliers. The median Ix is very similar for both 

samples and the IQRs overlap although the range of the Pueblo Bonito sample goes much 

higher than the Hawikku sample. There are two outliers present in the Hawikku sample, 

both above the 90th percentile. The median Iy is slightly higher in the Pueblo Bonito 

sample than the Hawikku and the IQRs overlap. There are two outliers above the 90th 

percentile in the Pueblo Bonito sample and one above the 90th percentile in the Hawikku 

sample which was also one of the two outliers in the Ix analysis. The median J is higher in 

the Pueblo Bonito sample than the Hawikku and the IQRs overlap. There are several 

outliers in the Hawikku sample: two above the 90th percentile, both of which were also 

outliers in Ix, and two below the 10th percentile that appear to overlap with each other. 

The median Ix/Iy is higher in the Hawikku sample than in the Pueblo Bonito sample and 

the IQRs appear to not overlap. There are two outliers in the Pueblo Bonito sample below 

the 10th percentile, the same individuals that appeared as outliers in the Iy analysis. There 
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was variation in which sample had the higher median for male humeri and the medians 

were similar for Ix, Iy, and J.  

 

 

 

 
Figure 6: Standardized humeral TA by site and sex. 
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Figure 7: Standardized humeral CA by site and sex. 

 

 

 
Figure 8: Standardized humeral MA by site and sex. 
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Figure 9: Standardized humeral Ix by site and sex. 

 

 

 

Figure 10: Standardized humeral Iy by site and sex. 
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Figure 11: Standardized humeral J by site and sex. 

 

Table 2: Summary statistics for female Hawikku humeri. 

 TA CA MA Ix Iy J 

N Valid 89 89 89 89 89 89 

Missing 0 0 0 0 0 0 

Mean 901.3668 692.5794 208.7874 300.9658 327.7656 628.7314 

Median 911.0527 672.2259 228.8639 296.7163 318.6590 610.4684 

Std. Deviation 131.01411 169.02475 107.63044 109.23999 120.09843 224.15691 

Variance 17164.698 28569.365 11584.311 11933.376 14423.633 50246.322 

Percentiles 25 828.0215 593.0911 144.7770 221.4578 249.6275 485.5874 

50 911.0527 672.2259 228.8639 296.7163 318.6590 610.4684 

75 987.4229 771.1191 285.2261 351.8654 389.0295 733.9784 

 

 
Table 3: Summary statistics for male Hawikku humeri. 

 TA CA MA Ix Iy J 

N Valid 56 56 56 56 56 56 

Missing 0 0 0 0 0 0 

Mean 747.3894 486.5103 260.8791 222.2452 197.6623 419.9074 

Median 744.8818 484.4561 276.4663 223.2035 192.9512 418.3089 

Std. Deviation 94.50502 90.16929 77.32976 59.86963 53.50482 110.08639 

Variance 8931.200 8130.501 5979.892 3584.372 2862.766 12119.012 

Percentiles 25 668.1503 414.2570 221.9921 175.0362 159.3075 332.6690 

50 744.8818 484.4561 276.4663 223.2035 192.9512 418.3089 

75 811.3388 541.5843 301.0423 251.7442 230.8260 487.6373 



53 

 

 

 
Table 4: Summary statistics for female Pueblo Bonito humeri. 

 TA CA MA Ix Iy J 

N Valid 24 24 24 24 24 24 

Missing 0 0 0 0 0 0 

Mean 774.4885 562.6935 211.7950 228.1109 227.6075 455.7183 

Median 759.1364 550.8943 203.5223 219.8250 215.6647 442.8824 

Std. Deviation 113.44930 107.66219 71.22617 57.03859 58.60707 112.90869 

Variance 12870.744 11591.146 5073.167 3253.401 3434.789 12748.373 

Percentiles 25 718.8310 473.5751 149.8314 199.7607 181.5904 372.4002 

50 759.1364 550.8943 203.5223 219.8250 215.6647 442.8824 

75 821.6206 650.7789 278.4268 250.2610 273.8457 520.0547 

 
Table 5: Summary statistics for male Pueblo Bonito humeri. 

 TA CA MA Ix Iy J 

N Valid 14 14 14 14 14 14 

Missing 0 0 0 0 0 0 

Mean 740.3962 557.2413 183.1549 228.1403 246.6440 474.7844 

Median 702.7805 516.9564 175.3152 199.1493 198.5415 388.7512 

Std. Deviation 128.22689 150.80192 56.44767 82.87557 116.81858 192.93570 

Variance 16442.136 22741.220 3186.340 6868.360 13646.581 37224.186 

Percentiles 25 648.5774 438.6344 125.9667 172.4731 167.3439 348.6951 

50 702.7805 516.9564 175.3152 199.1493 198.5415 388.7512 

75 901.7941 708.7894 219.9762 295.4458 318.9520 644.2419 
 

 

Radii 

Female Radii 

Boxplots of standardized values of TA, CA, MA, Ix, Iy, J, and Ix/Iy of female radii 

are presented in Figures 12-17 and summary statistics are presented in Tables 6 and 8. 

The median TA is slightly higher in the Hawikku sample than in the Pueblo Bonito 

sample. The IQRs overlap and there are no outliers. The median CA is slightly higher in 

the Hawikku sample than in Pueblo Bonito and the IQRs overlap. Two outliers appear 

above the 90th percentile in the Hawikku sample. The median MA and IQRs are very 
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similar between the Hawikku and Pueblo Bonito samples. There are no outliers. The 

mean Ix and IQRs are also very similar between the Hawikku and Pueblo Bonito samples. 

There is an outlier above the 90th percentile in the Hawikku sample as well as above the 

90th percentile in the Pueblo Bonito sample. The median Iy is higher in the Hawikku 

sample than in the Pueblo Bonito sample and the IQRs do overlap. There are several 

outliers for both samples. Three appear above the 90th percentile in the Hawikku. One of 

these individuals was also an outlier in the CA analysis and one was also an outlier in the 

Ix analysis. Three outliers appear above the 90th percentile in the Pueblo Bonito sample, 

one of which is an extreme outlier. The median J is higher in the Hawikku sample than in 

the Pueblo Bonito sample and the IQRs overlap. There are two outliers above the 90th 

percentile in the Hawikku sample, both of which were also outliers in the Iy and Ix and 

CA respectively. The median Ix/Iy is higher in the Pueblo Bonito sample compared to the 

Hawikku sample and the IQRs overlap. One outlier appears above the 90th percentile in 

the Hawikku sample. There was variance in which population presented a higher median 

value for each variable, however all of medians were fairly close.  

 

Male Radii 

Boxplots of standardized values of TA, CA, MA, Ix, Iy, J, and Ix/Iy of male radii 

are presented in Figures 12-17 and summary statistics are presented in Tables 7 and 9. 

The median TA is higher in the Pueblo Bonito sample than in the Hawikku sample. The 

IQRs overlap and there are no outliers. The median CA is higher in the Pueblo Bonito 

sample than in the Hawikku sample. The IQRs overlap and there are no outliers. The 
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median MA is slightly higher in the Hawikku sample than in the Pueblo Bonito sample 

and the IQRs overlap. There are no outliers. The median Ix is higher in the Pueblo Bonito 

sample than in the Hawikku sample and the IQRs overlap. There is one outlier above the 

90th percentile in the Hawikku sample. The median Iy is higher in the Pueblo Bonito 

sample than in the Hawikku sample and the IQRs overlap. Both samples have an outlier 

above the 90th percentile. The median J is higher in the Pueblo Bonito sample than in the 

Hawikku sample and the IQRs overlap. The same individuals appear as outliers above the 

90th percentile in the Hawikku and Pueblo Bonito samples respectively. The median Ix/Iy 

for the Hawikku and Pueblo Bonito samples are very close and the IQRs overlap 

significantly. There are no outliers.  

 

 

 

 

 
Figure 12: Standardized radial TA by site and sex. 
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Figure 13: Standardized radial CA by site and sex. 

 

 
Figure 14: Standardized radial MA by site and sex. 
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Figure 15: Standardized radial Ix by site and sex. 

 

 

 
Figure 16: Standardized radial Iy by site and sex. 
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Figure 17: Standardized radial J by site and sex. 

 

 
Table 6: Summary statistics for female Hawikku radii. 

 TA CA MA Ix Iy J 

N Valid 86 86 86 86 86 86 

Missing 0 0 0 0 0 0 

Mean 800.6124 603.9779 196.6345 208.2317 330.3310 538.5627 

Median 788.8005 577.7748 206.6989 194.1106 299.4402 501.6865 

Std. Deviation 126.97388 156.30637 102.16882 70.62495 129.98698 195.78515 

Variance 16122.366 24431.681 10438.467 4987.884 16896.615 38331.825 

Percentiles 25 725.3377 485.2481 114.0581 155.0815 232.5105 388.0261 

50 788.8005 577.7748 206.6989 194.1106 299.4402 501.6865 

75 844.8526 688.6463 272.5505 255.7281 401.8555 655.2169 

 
Table 7: Summary statistics for male Hawikku radii. 

 TA CA MA Ix Iy J 

N Valid 48 48 48 48 48 48 

Missing 0 0 0 0 0 0 

Mean 667.2547 446.2960 220.9587 150.9720 215.0407 366.0127 

Median 643.8234 451.0662 205.0740 149.4840 202.4334 361.0531 

Std. Deviation 110.94331 84.04412 102.46456 36.41279 71.69140 101.74406 

Variance 12308.418 7063.414 10498.987 1325.891 5139.657 10351.853 

Percentiles 25 579.0241 380.4434 155.0573 124.8536 165.5731 289.2949 

50 643.8234 451.0662 205.0740 149.4840 202.4334 361.0531 

75 739.8981 499.5194 259.3140 166.9116 266.9972 439.3604 
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Table 8: Summary statistics for female Pueblo Bonito radii. 

 TA CA MA Ix Iy J 

N Valid 21 21 21 21 21 21 

Missing 0 0 0 0 0 0 

Mean 728.3889 547.2019 181.1870 191.2291 274.9763 466.2054 

Median 712.8150 479.5187 202.8042 189.9960 233.4914 417.6715 

Std. Deviation 86.76855 166.86781 142.42088 60.02197 140.41588 188.68801 

Variance 7528.782 27844.867 20283.708 3602.637 19716.620 35603.164 

Percentiles 25 671.1853 459.0569 80.7685 156.1300 196.1999 378.1755 

50 712.8150 479.5187 202.8042 189.9960 233.4914 417.6715 

75 773.5543 609.4367 300.2801 207.7413 262.0404 498.1003 

 
Table 9: Summary statistics for male Pueblo Bonito radii. 

 TA CA MA Ix Iy J 

N Valid 12 12 12 12 12 12 

Missing 0 0 0 0 0 0 

Mean 654.7673 479.4999 175.2673 163.0597 241.5399 404.5995 

Median 645.3405 471.7917 194.6569 155.9976 220.5402 366.2019 

Std. Deviation 91.16281 129.09458 61.46776 53.76481 112.47507 165.28385 

Variance 8310.658 16665.412 3778.286 2890.655 12650.642 27318.752 

Percentiles 25 595.5230 362.5809 125.7896 123.2463 149.8304 274.8361 

50 645.3405 471.7917 194.6569 155.9976 220.5402 366.2019 

75 690.4676 568.7459 227.1557 204.9809 312.4681 517.4489 

 

 

Femora 

Female Femora 

 Boxplots of standardized values of TA, CA, MA, Ix, Iy, J, and Ix/Iy of female 

femora are presented in Figures 18-24 and summary statistics are presented in Tables 10 

and 12. The median TA is higher in the Pueblo Bonito sample than in the Hawikku 

sample. The IQRs overlap and there are no outliers. The median CA is higher for the 

Pueblo Bonito sample than the Hawikku sample. The IQRs overlap and there is an outlier 

above the 90th percentile in the Pueblo Bonito sample. The median MA is slightly higher 

in the Pueblo Bonito sample than in the Hawikku and the IQRs overlap a significant 
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amount. Both populations have an outlier below the 10th percentile. In the Pueblo Bonito 

sample, the same individual that was an outlier in MA analysis was also an outlier in CA 

analysis. The median Ix is slightly higher in the Pueblo Bonito sample than in the 

Hawikku sample  and the IQRs overlap considerably. Both populations have outliers 

above the 90th percentile and in the case of Hawikku is an extreme outlier. The outlier in 

the Pueblo Bonito was also the outlier in CA and MA. The median Iy is higher in the 

Pueblo Bonito than in Hawikku and the IQRs closely overlap. There are three outliers all 

above the 90th percentile in the Hawikku. The J median is higher in the Pueblo Bonito 

than in the Hawikku and the IQRs closely overlap. There are outliers above the 90th 

percentile in both samples. The outlier in Pueblo Bonito was also an outlier in CA, MA, 

and Ix and the outlier in the Hawikku sample was also an outlier in Ix and Iy. The median 

Ix/Iy is higher in Hawikku than in Pueblo Bonito and the IQRs overlap. There are several 

outliers for each group. One of the three outliers above the 90th percentile also appears as 

an outlier for J, Ix, MA, and CA. None of the four outliers above the 90th percentile in the 

Pueblo Bonito sample appear as outliers for any other variable.  

 

Male Femora 

 Boxplots of standardized values of TA, CA, MA, Ix, Iy, J, and Ix/Iy of male femora 

are presented in Figures 18-24 and summary statistics are presented in Tables 11 and 13. 

The median TA is higher in the Hawikku sample than in the Pueblo Bonito sample and 

the IQRs overlap. There are two outliers below the 10th percentile in the Pueblo Bonito 

sample. The median CA is higher in the Pueblo Bonito sample than in the Hawikku 
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sample and there is significant overlap in the IQRs. There are no outliers. The median 

MA is similar between the two samples, as are the IQRs. There are two outliers above the 

90th percentile in the Hawikku sample. The median Ix is also very close between the two 

samples and the IQRs overlap. There is an outlier above the 90th percentile in both the 

Pueblo Bonito and Hawikku samples. The median Iy is higher in the Hawikku sample 

than in the Pueblo Bonito sample and the IQRs overlap. There are two outliers above the 

90th percentile in the Hawikku sample and the outlier above the 90th percentile in the 

Pueblo Bonito also appears as an outlier in the Ix analysis. The median J is higher in the 

Hawikku sample than in the Pueblo Bonito sample and the IQRs overlap. There is one 

outlier above the 90th percentile in the Pueblo Bonito sample. The median Ix/Iy is higher 

in the Pueblo Bonito sample than in the Hawikku sample and the IQRs overlap. There is 

one outlier above the 90th percentile in the Hawikku sample.  

 

 
Figure 18: Standardized femoral TA by site and sex. 
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Figure 19: Standardized femoral CA by site and sex. 

 

 
Figure 20: Standardized femoral MA by site and sex. 
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Figure 21: Standardized femoral Ix by site and sex. 

 

 
Figure 22: Standardized femoral Iy by site and sex. 
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Figure 23: Standardized femoral J by site and sex. 

 

 

 
Figure 24: Standardized femoral Ix / Iy by site and sex. 

 

 
Table 10: Summary statistics for female Hawikku femora. 

 TA CA MA Ix Iy J 

N Valid 95 95 95 95 95 95 

Missing 0 0 0 0 0 0 

Mean 715.4850 473.2329 242.2521 164.6787 133.0950 297.7737 

Median 723.0302 461.7301 250.0869 160.5437 127.0516 286.9452 
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Std. Deviation 56.72055 85.48687 57.26343 48.19800 35.32371 78.53847 

Variance 3217.220 7308.005 3279.100 2323.047 1247.764 6168.291 

Percentiles 25 669.2600 412.3214 202.5382 132.3198 111.8873 245.3333 

50 723.0302 461.7301 250.0869 160.5437 127.0516 286.9452 

75 763.3862 526.3043 284.5430 195.3360 152.7726 328.2701 

 
Table 11: Summary statistics for male Hawikku femora. 

 TA CA MA Ix Iy J 

N Valid 55 55 55 55 55 55 

Missing 0 0 0 0 0 0 

Mean 877.3792 556.5954 320.7838 222.8746 180.7323 403.6070 

Median 903.2109 540.2497 312.8747 213.5532 177.0910 396.3094 

Std. Deviation 88.77114 76.43781 67.21066 52.94377 40.97325 84.52001 

Variance 7880.315 5842.739 4517.273 2803.042 1678.807 7143.632 

Percentiles 25 797.5049 498.7068 272.7906 183.2141 154.5273 340.8815 

50 903.2109 540.2497 312.8747 213.5532 177.0910 396.3094 

75 940.4966 626.9546 357.4866 257.9246 201.9735 451.6701 

 
Table 12: Summary statistics for female Pueblo Bonito femora. 

 TA CA MA Ix Iy J 

N Valid 23 23 23 23 23 23 

Missing 0 0 0 0 0 0 

Mean 756.5501 517.0113 239.5389 165.8555 136.6206 302.4761 

Median 775.4658 522.4142 260.1085 164.6028 139.1873 314.3720 

Std. Deviation 55.13903 88.39495 53.46008 40.76704 25.08790 60.62939 

Variance 3040.313 7813.667 2857.980 1661.952 629.403 3675.923 

Percentiles 25 703.6964 449.4942 210.8444 140.1920 123.8940 249.8623 

50 775.4658 522.4142 260.1085 164.6028 139.1873 314.3720 

75 802.3080 562.0495 276.6642 180.0682 157.2496 335.9601 

 
Table 13: Summary statistics for male Pueblo Bonito femora. 

 TA CA MA Ix Iy J 

N Valid 16 16 16 16 16 16 

Missing 0 0 0 0 0 0 

Mean 868.1589 563.4351 304.7238 205.6473 152.2528 357.9001 

Median 877.6342 564.8389 308.3673 211.6577 150.9083 356.6380 

Std. Deviation 86.86841 85.06063 71.61040 55.41418 43.48848 91.81727 

Variance 7546.120 7235.311 5128.049 3070.731 1891.248 8430.411 

Percentiles 25 832.9164 499.2496 262.9858 168.7893 117.1079 312.7857 

50 877.6342 564.8389 308.3673 211.6577 150.9083 356.6380 

75 923.4888 616.0094 343.5557 231.8862 174.8571 394.2097 
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Tibiae 

Female Tibiae 

 Boxplots of standardized values of TA, CA, MA, Ix, Iy, J, and Ix/Iy of female 

tibiae are presented in Figures 25-31 and summary statistics are presented in Tables 14 

and 16. The median TA is higher in the Pueblo Bonito sample than in the Hawikku 

sample and the IQRs overlap. There is one outlier above the 90th percentile in the Pueblo 

Bonito sample. There are four outliers above the 90th percentile in the Hawikku sample, 

including one extreme outlier. The median CA is higher in the Pueblo Bonito sample than 

in the Hawikku sample and the IQRs overlap. Two outliers appear above the 90th 

percentile in the Hawikku sample, one of which was also an outlier in the TA analysis. 

The median MA is higher in the Pueblo Bonito sample than in the Hawikku sample and 

the IQRs overlap. There are four outliers, all in the Hawikku sample: two above the 90th 

percentile and two below the 10th percentile. The median Ix is higher in the Pueblo Bonito 

sample than in the Hawikku sample and the IQRs overlap. There is one outlier above the 

90th percentile in the Pueblo Bonito sample which also appeared as an outlier in the TA 

analysis. The three outliers in the Hawikku sample, all above the 90th percentile, also 

appeared as outliers in the CA and MA analysis. The median Iy is close in both samples 

but higher in the Hawikku than Pueblo Bonito and the IQRs closely overlap. There are 

four outliers all above the 90th percentile in the Hawikku population including one 

extreme outlier. The median J is higher in the Pueblo Bonito sample than in the Hawikku 

sample and the IQRs overlap. The outlier above the 90th percentile in the Pueblo Bonito 

sample was also an outlier in the Ix and TA analyses. There are three outliers above the 
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90th percentile in the Hawikku sample as well. The extreme outlier is from the same 

element that was also identified as an extreme outlier in the Iy analysis and appeared as an 

outlier in the Ix and CA analyses. The median Ix/Iy is higher in the Pueblo Bonito sample 

than in the Hawikku sample and the IQRs overlap. There is one outlier above the 90th 

percentile in the Hawikku sample.  

 

Male Tibiae 

Boxplots of standardized values of TA, CA, MA, Ix, Iy, J, and Ix/Iy of male tibiae 

are presented in Figures 25-31 and a summary statistics are presented in Tables 15 and 

17. The median TA is greater in the Pueblo Bonito sample than in the Hawikku sample 

and the IQRs overlap. There is an outlier below the 10th percentile in the Pueblo Bonito 

sample and an outlier above the 90th percentile in the Hawikku sample. The median CA is 

higher in the Pueblo Bonito sample than in the Hawikku sample. The IQRs overlap and 

there are no outliers. The median MA is higher in the Hawikku sample than the Pueblo 

Bonito sample, although the values are close and the IQRs closely overlap. There are 

three outliers above the 90th percentile in the Hawikku sample including two extreme 

outliers. The median Ix is higher in the Pueblo Bonito sample than in the Hawikku sample 

and the IQRs overlap. There are two outliers in the Hawikku sample: one above the 90th 

percentile and one below the 10th percentile. The median Iy is higher in the Pueblo Bonito 

sample than in the Hawikku sample and the IQRs overlap. There is one outlier above the 

90th percentile in the Hawikku sample and two outliers below the 10th percentile, one of 

which was also an outlier in the Ix analysis. The median J is higher in the Pueblo Bonito 

sample than in the Hawikku sample and the IQRs overlap. There is an outlier below the 
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10th percentile in the Pueblo Bonito sample. There is an outlier above the 90th percentile 

in the Hawikku sample which was also an outlier in the Ix analysis and two outliers below 

the 10th percentile, both of which were also outliers in the Iy analysis and one of which 

was also an outlier in the Ix analysis. The median Ix/Iy is higher in the Pueblo Bonito 

sample than in the Hawikku sample. The IQRs overlap and there is an outlier above the 

90th percentile in both samples. In the Hawikku, this was also an outlier in the J and Ix 

analyses.  

 

 
Figure 25: Standardized tibial TA by site and sex. 
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Figure 26: Standardized tibial CA by site and sex. 

 

 

 
Figure 27: Standardized tibial MA by site and sex. 
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Figure 28: Standardized tibial Ix by site and sex. 

 

 
Figure 29: Standardized tibial Iy by site and sex. 
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Figure 30: Standardized tibial J by site and sex. 

 

 
Figure 31: Standardized tibial Ix / Iy by site and sex. 

 

 
Table 14: Summary statistics for female Hawikku tibiae. 

 TA CA MA Ix Iy J 

N Valid 80 80 80 80 80 80 

Missing 0 0 0 0 0 0 

Mean 601.0701 462.8044 138.2657 222.2766 130.3557 352.6323 

Median 586.4749 449.0344 135.1446 221.6660 121.5942 340.8199 

Std. Deviation 83.50639 88.82647 62.37812 52.25312 40.18632 87.78475 
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Variance 6973.317 7890.142 3891.030 2730.388 1614.940 7706.163 

Percentiles 25 552.6419 400.1840 109.7833 182.7264 104.6658 291.8676 

50 586.4749 449.0344 135.1446 221.6660 121.5942 340.8199 

75 642.5604 510.8232 171.3357 246.0878 146.7827 393.7681 

 
Table 15: Summary statistics for male Hawikku tibiae. 

 TA CA MA Ix Iy J 

N Valid 52 52 52 52 52 52 

Missing 0 0 0 0 0 0 

Mean 749.6439 535.2618 214.3821 310.9888 169.0458 480.0347 

Median 749.9998 528.6425 205.3094 305.8088 175.2406 481.2158 

Std. Deviation 85.69412 73.47728 76.38323 60.57041 38.83930 87.37535 

Variance 7343.483 5398.911 5834.399 3668.775 1508.491 7634.453 

Percentiles 25 690.3994 478.0502 165.3704 284.8311 150.0792 445.2506 

50 749.9998 528.6425 205.3094 305.8088 175.2406 481.2158 

75 808.0872 595.9933 237.7010 350.4657 191.6199 538.9799 

 
Table 16: Summary statistics for female Pueblo Bonito tibiae. 

 TA CA MA Ix Iy J 

N Valid 21 21 21 21 21 21 

Missing 0 0 0 0 0 0 

Mean 648.1387 481.0699 167.0689 255.1657 120.8766 376.0423 

Median 650.7212 498.8487 155.3507 272.0999 114.0286 371.9920 

Std. Deviation 75.47027 88.06730 66.89098 61.53121 29.69453 86.11031 

Variance 5695.761 7755.850 4474.404 3786.090 881.765 7414.986 

Percentiles 25 588.5729 404.7556 126.4498 195.0434 97.6760 299.7153 

50 650.7212 498.8487 155.3507 272.0999 114.0286 371.9920 

75 686.0418 534.7838 210.4214 294.1704 137.0325 429.1530 

 
Table 17: Summary statistics for male Pueblo Bonito tibiae. 

 TA CA MA Ix Iy J 

N Valid 15 15 15 15 15 15 

Missing 0 0 0 0 0 0 

Mean 768.1809 573.2999 194.8810 341.6886 163.6662 505.3548 

Median 796.5842 600.9854 190.9273 341.0261 186.0889 517.5738 

Std. Deviation 93.87008 96.67367 66.51659 88.60592 42.76907 121.17175 

Variance 8811.591 9345.798 4424.456 7851.009 1829.194 14682.593 

Percentiles 25 688.0283 481.0667 141.8163 300.9618 123.9472 439.3969 

50 796.5842 600.9854 190.9273 341.0261 186.0889 517.5738 

75 832.1396 657.7838 229.9140 414.6956 195.5148 608.5134 
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Statistical Analysis: MANOVA 

  

 Tables 18-25 present the results from MANOVA statistical analysis. This test is 

intended to compare the variables TA, CA, MA, Ix, Iy, and J for each skeletal element 

between the Pueblo Bonito and Hawikku samples. Comparisons were kept between each 

sex to account for sexual dimorphism as well as cultural factors that impact the divisions 

of labor between the sexes. Significant difference was found in female humeral TA (p ≤ 

0.000), CA (p ≤ 0.001), Ix (p ≤ 0.002), Iy (p ≤ 0.000), and J (p ≤ 0.000). Significant 

difference was found in male humeral MA (p ≤ 0.001). Significance was also found in 

female femoral TA (p ≤ 0.002) and female tibial Ix/Iy (p ≤ 0.000).  

 

 

 

 

 
Table 18: Standardized female humeri between sites. Hawikku n = 89; Pueblo Bonito n = 24. 

Variable Significance (p) 

TA 0.000 

CA 0.001 

MA 0.897 

Ix 0.002 

Iy 0.000 

J 0.000 

 
Table 19: Standardized male humeri between sites. Hawikku n = 56; Pueblo Bonito = 14. 

Variable Significance (p) 

TA 0.819 

CA 0.027 

MA 0.001 

Ix 0.762 

Iy 0.022 

J 0.163 
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Table 20: Standardized female radii between sites. Hawikku = 86; Pueblo Bonito = 21. 

Variable Significance (p) 

TA 0.015 

CA 0.144 

MA 0.569 

Ix 0.312 

Iy 0.088 

J 0.129 

 
Table 21: Standardized male radii between sites. Hawikku n = 48; Pueblo Bonito n = 12. 

Variable Significance (p) 

TA 0.720 

CA 0.280 

MA 0.146 

Ix 0.356 

Iy 0.315 

J 0.309 

 
Table 22: Standardized female tibiae between sites. Hawikku n = 80; Pueblo Bonito n = 21. 

Variable Significance (p) 

TA 0.021 

CA 0.403 

MA 0.067 

Ix 0.015 

Iy 0.315 

J 0.278 
 

Table 23: Standardized male tibiae between sites. Hawikku n = 52; Pueblo Bonito n = 15. 

Variable Significance (p) 

TA 0.472 

CA 0.105 

MA 0.374 

Ix 0.126 

Iy 0.646 

J 0.370 

 
Table 24: Standardized female femora between sites. Hawikku n = 95; Pueblo Bonito n = 23. 

Variable Significance (p) 

TA 0.002 

CA 0.031 

MA 0.837 

Ix 0.914 

Iy 0.653 

J 0.789 
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Table 25: Standardized male femora between sites. Hawikku n = 55; Pueblo Bonito n = 16. 

Variable Significance (p) 

TA 0.714 

CA 0.760 

MA 0.410 

Ix 0.261 

Iy 0.018 

J 0.066 

 

 

Statistical Analysis: Kruskal-Wallace 

 Kruskal-Wallace statistical analysis was used to analyze the bilateral asymmetry 

between the two samples. The amount of bilateral asymmetry (%DA) was calculated for 

each paired element (i.e. both the right and left element was valid for analysis) using the 

equation stated above. A complete list of results for analysis of bilateral asymmetry in 

TA, MA, CA, Ix, Iy, J, and Ix/Iy are presented in Tables 26-29. The only significant value 

is the male radial Ix/Iy (p = 0.003).  

 

 
Table 26: Female humeri.  

Variable H p 

%DA TA 0.331 0.565 

%DA CA 0.106 0.745 

%DA MA 0.303 0.582 

%DA Ix 0.003 0.960 

%DA Iy 0.001 0.980 

%DA J 0.016 0.900 

%DA Ix / Iy 0.303 0.582 

 
Table 27: Female radii.  

Variable H p 

%DA TA 1.220 0.269 

%DA CA 2.795 0.095 

%DA MA 0.108 0.743 

%DA Ix 0.151 0.698 

%DA Iy 4.367 0.037 
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%DA J 2.140 0.144 

%DA Ix / Iy 2.053 0.152 

 
Table 28: Male humeri.  

Variable H p 

%DA TA 1.987 0.159 

%DA CA 0.109 0.741 

%DA MA 0.757 0.384 

%DA Ix 0.044 0.834 

%DA Iy 0.397 0.529 

%DA J 0.202 0.653 

%DA Ix / Iy 1.987 0.159 

 
Table 29: Male radii.  

Variable H p 

%DA TA 0.237 0.626 

%DA CA 4.537 0.033 

%DA MA 6.226 0.013 

%DA Ix 2.504 0.114 

%DA Iy 2.700 0.100 

%DA J 2.700 0.100 

%DA Ix / Iy 8.533 0.003 

 

 

 

The majority of statistically significant differences in geometric properties of 

female and male humeri, radii, femora, and tibiae between the Hawikku and Pueblo 

Bonito samples were found in the upper limbs. Significant increases in female humeral 

bending rigidity (p ≤ 0.002) and male humeral medullary area (p ≤ 0.001) at the Hawikku 

site compared to the Pueblo Bonito site. Significant decreases were found in male 

humeral cortical area (p ≤ 0.000), M-L bending rigidity (p ≤ 0.000), and polar second 

moment of area (p ≤ 0.004) in the Hawikku site compared to the Pueblo Bonito site. A 

decrease was also found in female femoral total subperiosteal area (p ≤ 0.002) in the 

Hawikku site compared to the Pueblo Bonito site. For female humeri, all significant 

differences involved individuals from the Hawikku having higher values than individuals 
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from Pueblo Bonito except for J analysis when standardized by bone length. Significant 

values were also found in male humeri, although they were split between the Hawikku or 

Pueblo Bonito samples having higher average values. Other instances of significant 

differences were in female femora, where the Pueblo Bonito sample had higher TA 

values. The male radial Ix / Iy bilateral asymmetry was also found to be significant. The 

averages between the two samples were close, although the Pueblo Bonito sample had a 

slightly higher average and a greater spread of values.  
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DISCUSSION 

Upper Limbs 

 Changes in the upper limbs are typically associated with changes in manual labor. 

Drawing from archaeological data and previous CSG studies, the intensification of 

agriculture, particularly under colonial presence, would be expected to be reflected in an 

increase in cross-sectional properties of the upper limb elements (Akins, 1986; Bridges, 

1989; Bridges et al., 2000; Hamilton, 1982; Macintosh et al., 2017; Pietrusewsky & 

Douglas, 1994; Reinhard et al., 1994; Sparacello & Marchi, 2008).  

Female Humeri 

Of all the elements analyzed, female humeri were found to show the greatest 

number of significant changes between the two samples. This study found that female 

humeral TA, CA, Ix, Iy, and J significantly increased from the Pueblo Bonito to the 

Hawikku sample. These properties indicate an increase in overall compression strength 

(TA and CA) as well as resistance to medio-lateral (Ix), anterior-posterior (Iy), and 

torsional strength (J). Since area and SMAs were all found to increase, these changes 

likely represent an increase in the intensity of a particular activity pattern rather than a 

change in the type of activity. Changes in one of the second-moments of area, for 

instance, would indicate the need to adapt to a directional force that was not previously 

present.  

A previous study of the Pueblo Bonito skeletal sample utilizing development of 

the deltoid tuberosity as an indicator of activity found evidence for high intensity manual 
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labor for females (Akins, 1986). This research found 70 percent of males to display slight 

development of the deltoid tuberosity and 29 percent to show pronounced development, 

while 55 percent of the females showed slight development and 44 percent showed 

pronounced development (Akins, 1986). In fact, rigorous manual labor has been 

considered to be a defining characteristic of behavior patterns for prehistoric females 

(Macintosh et al., 2017). However, even while starting at relatively high levels of 

intensity of manual labor, the intensification of agriculture has been found to further 

increase mechanical loading and skeletal development in female upper limb elements. 

For the Mississippian people of the Lower Illinois Valley, it appeared that the 

intensification of agriculture in the region resulted in a significant increase in the size of 

the deltoid tuberosity in females (Hamilton, 1982). 

Colonial presence often had multifaceted effect on the lives of Native Americans, 

contributing to changes in subsistence economy as well as the intensity of labor. Spanish 

colonialism in particular differed from other European powers such as Great Britain and 

France by more closely monitoring and controlling Native American populations through 

religious and governmental authorities (Larsen et al., 2001). One of the leading set of 

studies on agricultural transitions in conjuncture with colonialism focused on the 

prehistoric Georgia coast (Larsen, 1984; Larsen, 1998; Larsen et al., 2001; Larsen, 1995; 

Ruff et al., 1984). In this area, Spanish colonizers employed repartimiento, a “highly 

exploitative draft-labor system” (Larsen et al., 2001: 75). The early prehistoric Georgia 

group was found to have the most robust humeri with notable decreases for both sexes in 

the late prehistoric period. In the early mission period, however, male humeral robusticity 
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increased while female humeral values continued to decrease. Both sexes showed an 

increase in the late mission period (Larsen et al. 2001). The transition to more intensified 

maize agriculture was found to be associated with a reduction in cross-sectional 

geometric properties associated with bending and torsion in both sexes (Larsen, 1995).  

There were slight differences in Spanish colonialism throughout the Unites States. 

In the Southwestern United States, for instance, the encomienda system gave land to 

Spaniards as a reward for military service, requiring Pueblo people who were living on 

these lands to pay tribute to the encomendero, vastly increasing the labor demands of 

many Pueblo peoples (Speilmann et al., 2009). These cultural changes have been 

supported by bioarchaeological investigations which found skeletal changes indicating 

increased in labor intensity from the pre-colonial to colonial periods at sites such as Gran 

Quivira (Speilmann et al., 2009). However, unlike the present research, the changes in 

activity patterns were found to affect females to a lesser degree than males. Comparable 

to the changes found between Pueblo Bonito and Hawikku, bioarchaeological analysis 

suggested that females experienced increases in the intensity of the same types of 

activities rather than a change in activity type (Speilmann et al., 2009). Similarity to the 

changes noted between the Pueblo Bonito and Hawikku samples was found in a study on 

the effects of colonialism in Michigan (Barondess, 1998). Cross-sectional analysis found 

that male and female humeral properties increased during the historical period. Though 

several cross-sectional properties increased at both the distal and midshaft locations on 

the humerus in both sexes, the historic period females were found to show the most 
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significant changes when compared with prehistoric females from the same area 

(Barondess, 1998). 

Interpreting changes in activity patterns must be considered with regard to both 

direct and indirect consequences of colonialism. Increases in labor demands through the 

repartimiento system for instance typically resulted in changes in male humeral structural 

properties as males were more directly involved in performing these labor tasks (Larsen 

et al., 2001; Speilmann et al., 2009). Products such as corn and hides, however, made up 

the primary forms of tribute under the encomienda system, thereby drastically increasing 

the output demand (Speilmann et al., 2009). As agricultural processing was typically a 

female activity, these changes would have influenced females in particular. Furthermore, 

though there was more consistency in the types of activities undertaken by women, in 

some cases the changes in male activities under colonialism created a need for females to 

take on additional tasks to support the community, thereby further increasing the labor 

demands of females (Deagan, 2004).  

Significant changes in female humeral cross-sectional properties, particularly 

second moments of area, are somewhat surprising given the how hormonal factors 

influence bone’s ability to respond to mechanical loading. As discussed in Chapter 1, 

estrogen limits the bones’ ability to respond to directional forces associated with 

mechanical loading, sometimes resulting in an underestimation of the intensity of female 

manual labor in past societies (Bass et al., 2002; Jӓrvinen et al., 2003; Macintosh et al., 

2017). In the case of the current research, however, significant differences were found in 

SMAs (Ix, Iy, and J), suggesting activity levels for Hawikku females was very different 
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from that of Pueblo Bonito females. Additionally, maturity also plays a role in how 

responsive bone is to mechanical loading. In pre-adults, mechanical loading has little 

effect on medullary expansion but results in increased periosteal expansion (Bass et al., 

2002; Trinkaus et al., 1994). Skeletal response to mechanical stimuli has been shown to 

be more pronounced in juveniles who are still undergoing growth and development in 

comparison to adults (Forwood & Burr, 1993; Turner et al., 2003). Although skeletal 

response to loading is slower in adults compared to juveniles, as the adult stage of life is 

significantly longer, allowing more time for changes to occur, so cumulative changes 

should be taken into account (Kerr et al., 1996; Ruff et al., 2006). Therefore, though 

female bone is typically less responsive to directional forces in mechanical forces, 

loading earlier in life could account for the found differences in the two samples. 

Additionally, Hawikku females made up the largest portion of the study sample (Figure 

4)  with the 31 to 35 year age range and the 36 to 40 year age range being the first and 

second most represented groups, respectively. The Pueblo Bonito females had a 

somewhat similar age spread with the 31 to 35 year, 36 to 40 year, and 41 to 45 year 

groups having the most individuals along with the 51 to 55 year group.  

 

Male humeri 

 This study found an increase in MA in male humeri between the Pueblo Bonito 

and Hawikku samples, indicating that while the total subperiosteal area remained the 

same, the size of the medullary cavity increased, decreasing the overall compression 

strength of the bone. Similar to the results for female humeri, as no one SMA changed a 
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significant amount, the type of activity likely stayed the same while the intensity 

changed. However, unlike females, humeral strength decreased between the two samples 

suggesting a decrease in the intensity of manual labor.  

Comparable results have been found in other bioarchaeological studies. The same 

study that showed an increase in the deltoid tuberosity in females with the intensification 

of agriculture in the Lower Illinois Valley did not find the same change in males 

(Hamilton, 1982). This decrease in male humeral robusticity is also similar to the decline 

observed from the Neolithic to Medieval period (Sparacello, 2008). However, given that 

the male skeleton is more adaptive to directional forces, changes in activity type that 

would load the upper limbs in different ways (i.e. changing from hunting to farming) 

would be expected to be seen (Bass et al., 2002).  

 

Female and male radii 

No changes were found in any of the radial cross-sectional properties for either 

sex. These findings suggest that the behavioral changes that occurred did not affect the 

radius or that the changes were subtle enough to not create significant changes. Research 

differs as to how susceptible the radius is to changes in mechanical loading. For instance, 

in the upper limb, correlations between SMAs and climate as well as SMAs and mobility 

increase from proximal to distal locations along the limb (Stock, 2006). Along with 

results for changes in tibial SMAs with changes in mobility, these results suggest that 

behavioral differences between populations might be more visible in the distal elements 

of the upper and lower limbs (Stock, 2006). However, additional research on loading of 
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the upper limb elements has suggested that the proximal elements might be more affected 

by mechanical loading (Shaw and Stock, 2009). Other studies have found differences in 

radial properties between samples, which was interpreted as differences due to rowing  

(Rosa, 2019). Therefore, though several significant changes occurred in humeral cross-

sectional properties between the Pueblo Bonito and Hawikku samples, the lack of 

differences in radial properties could be a result of the radius being less susceptible to 

changes in loading or to the activity patterns putting less strain on the radius compared to 

the humerus.  

 

Lower Limbs 

 Lower limb skeletal morphology is closely tied with mobility. An increase in 

agriculture typically results in a decrease in mobility, often reflected in declines in 

robusticity and changes in diaphyseal shape (Holt, 2003; Larsen & Ruff, 1994; Ruff, 

1987, 1994; Ruff et al., 1994; Stock, 2006; Stock & Pfeiffer, 2001, 2004). However, this 

trend is more accurately descriptive of male behavior patterns. For females, the 

intensification of agriculture had less of an effect on lower limb CSG, and more on upper 

limb CSG, showing that the intensification of agriculture increased the demands of 

manual labor for women while having very little effect on terrestrial mobility (Macintosh 

et al., 2017). One common factor in sexual division of labor in hunting and gathering 

societies is that males will engage in activities that require traveling away from the home 

base, while females are typically involves less mobility (Murdock & Provost, 1973). This 

trend has been supported by CSG studies that found higher levels of sexual dimorphism 
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in hunting and gathering groups relative to agricultural or industrial societies, indicating 

that the differences in mobility between females and males influence skeletal structure 

(Ruff, 1987). The present study compares a group with a mixed subsistence economy to 

one with more intensive agriculture. Based on the trend that female activity often does 

not include extensive mobility it would be unlikely that changes in female skeletal 

morphology would appear between the Pueblo Bonito and Hawikku samples. Males 

however would be likely to experience a decrease in mobility that would be expected to 

manifest as decreases in cross-sectional properties of the lower limb elements between 

the Pueblo Bonito and the Hawikku samples. 

Female femora 

 The results indicate a decrease in the TA of female femora, indicating a decline in 

the overall compression strength between the sample from Pueblo Bonito and that from 

Hawikku. This suggests that behavioral changes resulted in a less demanding work with 

regards to the lower limb. Changes in lower limb CSG have frequently been associated 

with decreases in mobility as a result of the intensification of agriculture. However, in 

other studies the changes as a result of decreases in terrestrial mobility have been 

reflected in other cross-sectional properties than the total cortical area alone (Larsen, 

1981; Larsen & Ruff, 1994; Stock, 2006). For instance, a significant correlation between 

female SMA (J) and terrestrial mobility has been found at the femoral midshaft in 

females (Stock, 2006). Additionally, studies of the Georgia coast foraging to farming 

transition found a greater decline in MA than TA or CA (Larsen, 1981; Ruff et al., 1994). 

However, as previously noted, changes in terrestrial mobility as an indicator of 
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agriculture are more commonly seen in males (Macintosh et al., 2017). Therefore, given 

terrestrial mobility is not a frequently observed trait of female behavior patterns and that 

changes in terrestrial mobility are often reflected changes in diaphyseal shape, the results 

are somewhat surprising. A possible explanation is, as discussed previously, female bone 

has less ability to respond to directional forces due to higher levels of estrogen than males 

(Bass et al., 2002; Jӓrvinen et al., 2003; Macintosh et al., 2017). Additionally, female 

behavior patterns that included mobile activities such as collecting water could have 

remained similar between the two populations.  

 

Male femora 

 This study found no changes in area or second moments of area in male femora 

between the Pueblo Bonito and Hawikku samples. These results are somewhat 

unexpected given the assumption that the people of Pueblo Bonito utilized a mixed 

subsistence strategy while the people of Hawikku engaged in more intensive agriculture. 

As previously discussed, increases in sedentism represented by decreases in lower limb 

robusticity is typically considered a hallmark in agricultural intensification, particularly 

for males. Declines in mobility are frequently reflected through changes in diaphyseal 

shape, particularly A-P bending strength (Holt, 2003; Ruff, 1994; Ruff, 1987; Stock & 

Pfeiffer, 2001; Stock & Pfeiffer, 2004). For instance, the Georgia coast foraging to 

farming transition found a decrease in the Imax/Imin ratio indicating a reduction in A-P 

bending strength (Larsen, 1981; Ruff et al., 1994). Research on the Jomon people utilized 

CSG analysis to asses sexual dimorphism. Sexual dimorphism was especially prominent 
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in the femur, thought to be indicative of differences in mobility due to sexual divisions of 

labor (Knobbe, 2010). 

Two possible explanations for the lack of change in femoral robusticity are the 

effect of terrain and the susceptibility of the femur to changes in mobility. Some research 

has found that rugged terrain can offset the decrease in robusticity that tends to occur 

with declines in mobility (Marchi, 2008; Sparacello, 2008). Additionally, research has 

suggested that tibial robusticity is more closely associated with mobility than femoral 

robusticity (Stock, 2006). Research on the intensification of agriculture in Europe found 

that changes in tibial CSG were more pronounced than femoral CSG (Macintosh et al., 

2014). These results allow the possibility that mobility changes could have occurred but 

were not reflected in the femur.  

 

Female tibiae 

A significant change was found in female tibial Ix/Iy, which decreased from the 

Pueblo Bonito to the Hawikku sample. As Ix/Iy ratios were found to be higher than 1.0 

this indicated greater levels of A-P than M-L bending rigidity. The decrease in this value 

from the Pueblo Bonito sample indicates that while the main pattern of loading may have 

stayed consistent, the difference between the two directions was reduced. This change is 

interesting considering no significant changes were found in Ix or Iy. Furthermore, as 

previously discussed, decreases in lower limb robusticity associated with the 

intensification of agriculture are an uncommon characteristic for female behavior patterns 

(Macintosh et al., 2017).  
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Male tibiae 

 No changes were found in tibial areas or second moments of area for males. 

Again, this result is somewhat surprising given the connections between increased 

sedentism with the intensification of agriculture, particularly for males. One study (Stock, 

2006) which investigated the correlation of terrestrial mobility found that in males, 

correlations increased from proximal to distal locations along the lower limb, with the 

tibial midshaft being the greatest indicator. While the lack of difference in the femur, 

particularly the male femur, could have been attributed to the femur being less closely 

correlated with mobility, the lack of difference in the tibia suggest that there were no 

significant changes in mobility between the populations. These results continue the 

earlier discussion as to whether the femur or tibia is a greater indicator of mobility.  

 

Conclusion 

 The effects of colonialism are difficult to interpret as it is not colonialism itself 

that is reflected in skeletal remains, but changes that occur to society and ways of life. 

Similar to understanding that patterns in CSG are not a direct result of changes in 

subsistence economy, rather changes in activities that play a part in those subsistence 

economies, understanding the biological changes that native populations underwent is 

“multifactorial and complex” (Larsen, 1994; 110). These changes include shifts in 

subsistence economy, increased labor to support colonists in food production, 

construction projects, cargo-bearing over long distances, as well as infectious diseases 
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(Black, 1992; Crosby, 1986; Dobyns, 1983, 1993; Larsen, 1981, 1994; Ramenofsky, 

1987). The experience of colonial occupation differs for Native American populations. 

For instance, while many experienced intensification of maize agriculture, others 

experienced little change in diet or a shift to incorporate more foraged food sources 

(Reinhard et al., 1994; Speilmann et al., 1990; Stodder & Martin, 1992; Walker & 

DeNiro, 1986; Walker & Johnson, 1992). Additionally, as Hawikku was occupied before 

and after colonial occupation, there is no way of knowing how much cultural changes 

were experienced the individuals in the studied sample and therefore exactly what 

amounts and types of changes were likely to have occurred.  

Though little research has been done specifically using CSG analysis to interpret 

the changes in activity patterns as a result of colonial occupation, the results of this 

research can contribute to understanding how behavior patterns changed. The unexpected 

lack of change in male lower limb cross-sectional properties for males in particular 

provides an example of the variability in subsistence economies and mobility patterns. 

Additionally, this research contributes to the building narrative of the role of female labor 

under colonialism by demonstrating the drastic changes that occurred in female humeral 

properties between the Pueblo Bonito and Hawikku samples presumably as a result of a 

significant increase in manual labor.  
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