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Abstract 

Integrating three projects, this dissertation focused on the analysis of human skeletal 

remains to better understand human adaptation and lifeways in Bronze Age North 

China. During this time, China witnessed dramatic sociocultural changes in the Central 

Plain caused by urbanization and represented by the large city centre in Anyang, while 

pre-urbanization lifeways such as nomadic subsistence practice remained unchanged in 

some parts of Northeast China. Human skeletal remains, often well-preserved in North 

China, provide unique opportunities to examine osteological evidence to evaluate human 

responses to these sociocultural changes. 

The first project analysed oral health indicators (caries, abscesses, AMTL, and pulp 

chamber exposure) in three Late Bronze Age (ca. 3000 – 2000 B.P.) skeletal 

populations (n=187) from the Central Plain and Northeast China. The results clearly 

showed that deteriorated oral health was observed in agriculture-based subsistence. 

The second project assessed impacts of early urbanization on 347 commoners of the 

Late Shang (ca. 3250 – 3046 B.P.) in Anyang. High frequencies were observed in all the 

commoners for enamel hypoplasia but significantly different frequencies were found 

between groups or sexes for cribra orbitalia or osteoperiostitis respectively, indicating 

overall high levels of stress, likely derived from early urbanization and different stress 

responses by different groups and sexes. The last project evaluated the prevalence of 

osteoarthritis in 193 adult remains of the Late Shang in Anyang (ca. 3250 – 3046 B.P.). 

The observed pattern showed a clear sex difference of osteoarthritis distribution, 

suggesting a strong gender division of labour. An extremely high frequency (at 92%) of 

metatarsal-phalangeal osteoarthritis caused by kneeling (repetitive hyperdorsiflexion of 

toes) indicated that kneeling was most likely a prescribed cultural component in daily life 

and activities. This speculation is consistent with the observation that kneeling as a 

symbol appeared in many oracle bone characters of the time.    

This dissertation research has provided new regional perspectives for bioarchaeological 

studies of subsistence practice and social dynamics of the past, and it has also 

demonstrated when positioned within rich archaeological contexts, human remains can 

provide unique insight to enhance our ability to study human environment interactions of 

the past. 
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Chapter 1.  
 
Introduction 

The field of bioarchaeology integrates perspectives and advances from multiple 

research areas, such as archaeology, clinical medicine, and biology, to investigate 

skeletal remains in a broad context of past human living circumstances, and to 

reconstruct ecological interactions and lifeways among the past populations (Larsen 

2002). An overarching perspective has been proposed that the first epidemiological 

transition in human history occurred in the early Neolithic, known as Neolithic 

Demographic Transition (Bocquet-Appel 2002; Bocquet-Appel and Naji 2006) widely 

across geographically separated cultures, as a response to the economic shift from 

forager to horticulturalist-farmer, and later on to intensive agriculture (Cohen 1989, 2009; 

Cohen and Armelagos 1984; Hassan 1981). This overarching perspective is gleaned 

from a growing body of literature which commonly uses evidence of chronic diseases 

(e.g. dental caries) or biological stress indicators (e.g. cribra orbitalia, enamel 

hypoplasia, osteoperiostitis, and osteoarthritis) to explore the physiological responses to 

varying environmental and subsistence changes, the rise of civilization, and increases in 

cultural complexity in the past populations (Larsen 2015; Cohen and Crane-Kramer 

2007; Pinhasi and Stock 2011; Steckel and Rose 2002). Those markers of stress offer a 

unique opportunity to evaluate the consequences of the demographic transition on 

ancient health, and to elucidate how changes in population size and density 

synergistically interact in complex ways with social and political organization, mobility 

patterns, and other stressors to change illness patterns in ancient human populations. 

Particularly, the literature outlines patterns of activity, health, and subsistence practices 

among prehistoric foragers (Larsen and Kelly 1995; Lieverse et al. 2009; Ibáñez-Gimeno 

et al. 2015; Humphrey et al. 2014; Temple 2007a),  pastoralist lifeways (Eng 2016; 

Murphy et al. 2013), the cost of transition to agricultural economies (Larsen 1995; 

Pechenkina et al. 2002; Eshed et al. 2006; Larsen 2006; Temple 2007b; Stock and 
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Pinhasi 2011; Larsen and Ruff 2011; Clark et al. 2014; Suzuki et al. 2015), the 

consequences of contact between European and Aboriginal populations (Ubelaker 1994; 

Offenbecker and Case 2015), the influence of the emergence of complex societies 

(Pechenkina and Delgado 2006; Peck 2013) and increased social inequality (Wright and 

White 1996; Oyamada et al. 2008, 2010; Buzon and Judd 2008; Buzon 2006, 2014; 

Redfern et al. 2015). These health profiles, in turn, greatly help us understand the 

different patterns of stress and human adaptive behaviours among past societies. 

1.1. Objectives  

China holds great potential to add a body of literature for the study of health and 

stress in the past, since a geographical bias exists in the field (Pechenkina 2012). There 

are so many more comparative collections from the Americas and Europe, than from 

Asia, especially from China. Only handful studies have placed their focus on health 

status and stress of past populations in ancient China (e.g. Eng 2007; Pechenkina et al. 

2002; Pechenkina and Benfer 2002; Pechenkina et al. 2007; Okazaki et al. 2015; 

Okazaki, Wei, et al. 2013; Okazaki, Pei-Ying, et al. 2013; Merrett et al. 2015). Yet, China 

is one of few regions in the world with independent emergence of agriculture and 

civilization (Zhao 2011; Cohen 2011, 2009). Cultivation of millet and rice, domestication 

of pig, chicken and dog in Neolithic China allowed the establishment of permanent 

settlements and sustained population growth (Crawford 2009; Liu and Xu 2007; Wang, 

Ding, et al. 2010; Zhuang and Kidder 2014). Owing to the rapid economic growth and 

increasing infrastructure construction in this country, a large number of archaeological 

sites and numerous human skeletal remains have been unearthed from various 

geographic areas spanning broad time periods. Thorough archaeological investigations 

and detailed interpretation of historical documents have provided rich and reliable 

information about the once living populations.  

The aim of this dissertation is to explore the potential of human skeletal remains 

in China for reconstructing and interpreting regional human adaptation and lifeways. 

Particular interest of this study has been placed on how human experiences and 

interactions with the environment would affect the health status of the past populations, 

and how differences in social and cultural factors would contribute to the changes in 
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human behaviour. Numerous regional studies elsewhere in the world suggest that the 

adoption of agriculture has various influences on the health of ancient populations, 

especially in relation to oral health (Armelagos et al. 1991; Bocquet-Appel et al. 2008; 

Stock and Pinhasi 2011; Lukacs 2012; Pechenkina and Oxenham 2013). For instance, a 

decline in general health seen in the Americas may have been caused in part by maize 

cultivation, while the rice farming may have helped to promote better health in southeast 

Asia (Steckel and Rose 2002; Oxenham 2006; Tayles et al. 2000, 2009; Temple and 

Larsen 2007). In addition, social stratification associated with the emergence of 

civilization also has varying effects on health status and disease patterns for different 

social classes (Sakashita et al. 1997; Robb et al. 2001; Cucina and Tiesler 2003; 

Pechenkina and Delgado 2006; Buzon and Judd 2008; Cardoso and Garcia 2009; Peck 

2013; Gheggi and Seldes 2014). In order to provide a new regional perspective for 

assessing these hypotheses, this dissertation addresses three specific research 

objectives: 1) to examine the relationship between subsistence practice and oral health; 

2) to investigate the distribution of systemic stress in different social groups; and 3) to 

explore the correlation between occupation specialization and activity induced 

osteoarthritis. 

1.2. Human skeletal remains from Bronze Age North China   

Before further analyses and discussion, there are few points that need to be 

clarified. Firstly, it would be ideal if more skeletal series from all over China could be 

included in this study. However, due to the different levels of acidity in soils, fewer 

skeletal series are well-preserved in archaeological sites in South China. In contrast, 

human skeletal remains are much better preserved in North China. Moreover, because 

Chinese archaeology was first fostered in North China, more human skeletal remains 

have been collected and archaeological contexts of various sites or cultures are 

relatively better reconstructed than those in South China. Within the limited period of 

time and the availability of skeletal samples, this dissertation includes four groups of 

skeletal human remains from North China.  

Secondly, the samples in this study are from the Bronze Age. At this time 

fundamental changes in social organization and environmental conditions were in flux 
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(Liu and Chen 2012). Following the Climatic Optimum in Holocene a harsher climate 

greatly influenced living conditions of ancient populations in North China (Liu and Feng 

2012). Evidence of subsistence shifts have been found in many of the marginal areas 

(Jiang and Liu 2007; Wang, Shao, et al. 2006), potentially introducing stresses on the 

health and well-being of the people. Additionally, interactions between agropastoralist 

cultures on the northern frontier and the agricultural societies in the Central Plain 

intensified (Tian and Guo 1998; Lu 1998; Yang and Shao 2014). During the Bronze Age, 

many regional cultures developed into state-level societies (Liu and Chen 2012). Large 

urban centers, for example the capital city of Late Shang dynasty at Yinxu, underwent a 

rapid early urbanization process (Jing et al. 2013), which potentially initiated tremendous 

stress on the inhabitants across social classes. With diverse ecological, geographical, 

and social landscapes, human remains from Bronze Age North China provide an 

excellent opportunity to investigate the impact of different subsistence economies and 

social relations on ancient health.  

1.3. Structure of the dissertation 

This dissertation is structured into nine chapters. After briefly introducing the 

basic methodological framework upon which this dissertation is built, the subsequent 

chapter (Chapter 2) presents an introduction to the theoretical position and biocultural 

approach used in this study. Chapter 3 provides an overview of osteoarchaeological 

research in China, briefly commenting on the limitations and current trends in this field 

and elucidating the need for synthetic study. The main body of this dissertation (Chapter 

4 to 7) is composed of a preview and three separate but closely related studies. Each 

study has its own background information, specific hypotheses, methods, results, and 

discussion. Chapter 4 briefly introduces the three individual studies. Chapter 5 examines 

the relationship between human subsistence choices and oral health of ancient peoples 

through a comparative study of three Late Bronze Age samples (n=187) from North 

China (ca. 3000 – 2000 B.P.). The next two projects are conducted on human skeletal 

remains of the Late Shang dynasty (ca. 3250 – 3046 B.P) in Anyang, Henan province, in 

order to address questions of social dynamics. Chapter 6 investigates the impact of early 

urbanization on the Yin commoners by assessing three systemic stress indicators 
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(enamel hypoplasia, cribra orbitalia, and osteoperiostitis) on skeletal remains of different 

burial contexts (n=347). Chapter 7 explores the potential influence of social division of 

labor and the habitual activity patterns at Yin by evaluating the activity-related stress 

marker, osteoarthritis, by sex and neighbourhood (n=193). Chapter 8 highlights the 

implications and contributions of this work in Chinese archaeology and bioarchaeology. 

Finally, future research interests and directions are presented in Chapter 9. 
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Chapter 2.  
 
Bioarchaeological Concepts and Theories on the 
Study of Human Skeletal Remains 

Bioarchaeology broadly incorporates many research fields because of the 

common interest in seeking insights into past human populations (Goodman 1991). The 

multidisciplinary nature of this field encourages a wide breadth of innovations 

contributing to its methodology and theory in making inferences about many aspects of 

past lives and lifestyles, such as diet, migration, activity, and general stress (Steckel et 

al. 2002). The insights engendered from bioarchaeological investigations not only 

expand our understanding of the past societies obtained from archaeological or historical 

sources, but also provide a unique perspective that may not be gleaned from other 

sources (Larsen 2015). The current research is positioned within the background of 

bioarchaeological inquiry, and thus it links human osteology, clinical medicine, 

archaeology, ancient literature, aDNA studies, and stable isotope analysis. This chapter 

provides an overview of the theoretical background and methodology in this field, 

elucidating how the biocultural approach can infer stress and overall health status in 

relation to ecological and social factors. 

2.1. Stress, stressors and stress indicators  

2.1.1. Stress and stressors  

Stress, defined as physiological disruption resulting from any environmental 

factor, is central to the study of health and adaptation in archaeological populations 

(Larsen 2015). Stress can be induced by various forces (stressors), such as malnutrition, 

infectious and metabolic disease, psychological disorder, environmental constrains, and 

political/social instabilities. Yet, the human body responds to different stressors in “an 

identical manner with increasing the demand for adaptation and readjustment” (Selye 

1973). The ability to survive stressors depends on an individual’s resilience which differs 

significantly by age, sex, and other factors. Skeletal tissue combines both plasticity and 
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durability to adapt to the biological stress induced by numerous persistent conditions 

(Goodman and Martin 2002). If the body cannot effectively adapt to the stressors, 

biological changes in the body may negatively interrupt the growth and development of 

dental and skeletal tissues. Certainly, not all stressors would result in physiological 

manifestations, but ones with duration and severity probably would affect the tissue-level 

responses (Wood et al. 1992). 

Across different periods of life history, stressors have different impacts on 

aspects of overall health and adaptation in humans and seen in a wide range of 

archaeological settings (Agarwal 2016). It has been well recognized that the early years 

of childhood are the most sensitive to environmental constraints in comparison with 

other life stages (Goodman and Armelagos 1989). Exposure to different levels of 

pathogen load, nutritional deficit and other stressors produced by various environments 

can significantly impact growth and development in early life. For example, overcrowded 

living conditions in past and present urban cities often encounter poor sanitation and 

inadequate food supply, resulting in elevated levels of infectious disease and 

malnutrition in children (Gowland and Redfern 2010; Lewis 2010). In addition, based on 

Barker’s hypothesis, stressors during prenatal and postnatal development, such as 

maternal malnutrition, low birth weight, insufficient infant nutrition, and chronic infection 

can cause negative adult general health outcomes and reduced adult longevity, through 

developmental plasticity and compensatory growth (Armelagos et al. 2009; Barker et al. 

2002; Rodney and Mulligan 2014). Adults are also exposed to the same levels of stress, 

as they live under the same conditions. However, they are biologically more resilient with 

mature immunocompetence and reduced requirements for growth and maintenance 

(McDade et al. 2008). Therefore, fewer changes caused by systemic stress would 

actually be visible in the bones and teeth of adults. In order to measure stress 

experienced by a past population as a whole, a series of skeletal and dental stress 

indicators have been applied, providing a unique opportunity to gain a more reliable and 

informative understanding of ancient people and health (Goodman and Martin 2002). 
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2.1.2. Stress indicators  

In an archaeological setting, it is possible to identify stress within the local 

environment based on cumulative evidence obtained from the analysis of artifacts and 

other sources of archaeological data. However, it could be very challenging to determine 

how a particular individual or group of people were exposed to the stressor and how the 

stressors influence people’s activities and health from archaeological sources alone. 

However, what can be detected from the human remains are the indicators of stress that 

formed and shaped during the life course of the individuals (Agarwal and Glencross 

2011). Bioarchaeological investigation highly values information from human remains in 

interpreting adaptation behaviours and recent human evolution, providing new 

perspectives to existing scholarship and opening a new window to seek insights into 

past population dynamics.  

It can be challenging however since the stress often leaves no markers on the 

skeletons, such as acute infections and other diseases (van Schaik et al. 2014). Even if 

there were some traces left, it more than likely is non-specific. Although it is now 

possible in some circumstances to detect certain pathogens through ancient DNA 

analysis and thorough paleopathological diagnosis (Boldsen and Mollerup 2006; Wilbur 

and Stone 2012; Müller et al. 2013; Adler et al. 2013; Warinner et al. 2014; Suzuki et al. 

2014; Klaus and Ortner 2014; Weyrich et al. 2015), most often bioarchaeological 

investigations target non-specific stress indicators to decode the complex 

interrelationships between environmental restraints and host resistance within a certain 

cultural system (archaeological context) (Larsen 2015). For example, enamel defects are 

dental indicators of disruption in growth and development, representing any 

physiological perturbations that happened during fetal life and early childhood when the 

tooth crown is being formed. By examining surface and internal structures of enamel 

defects, we can reconstruct the chronology and the duration of stress exposure to 

assess patterns of stress in the general population (Guatelli-Steinberg 2003; FitzGerald 

et al. 2006; Merrett et al. 2015). In conjunction with stable isotope and enamel defect 

analyses, we may further reconstruct the life histories of the past population including 

diet and duration of the deprivation (e.g. (Henderson 2015)). 
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In addition to gauging systemic stress through disruptions in enamel formation, 

analyses of skeletal remains also unveil pathological indicators of deficiency, nonspecific 

inflammations, specific infectious diseases, and articular joint degenerative conditions 

resulting from heavy workloads and physical activity. For instance, cribra orbitalia is one 

of the pathological bone markers that reflects a synergistic interaction between 

malnutrition, poor iron absorption and infection during early childhood (Wapler et al. 

2004; Walker et al. 2009; Buckley et al. 2014; Klaus 2015). It is characterized by 

“spongy” lesions on the orbital roofs. Evaluating the variation in prevalence of this lesion 

across different human populations, social statuses, and sexes can inform us on how 

health disparities are associated with varying living environments, and reflect the cost of 

human adaptation (Larsen et al. 2001).  

Moreover, non-specific periosteal reactions, seen as osteoperiostitis on dry 

bones (most commonly found on the tibia) is a baseline indicator to measure adult 

systemic stress (DeWitte 2014; Klaus 2014). It could result from various impacts, such 

as increased population density, malnutrition, poor sanitation, exposure to pathogens, 

and extensive labour demand (Goodman and Martin 2002; van der Merwe et al. 2010; 

Robb 2014; Klaus 2014). Therefore, even though the indicator is not specific, 

documenting the prevalence and the distribution of osteoperiostitis is extremely 

informative for evaluating community health status and portraying a general picture of a 

population’s disease experience (Larsen 2015). Additionally, osteoarthritis, as one of the 

skeletal indicators of activity-induced stress, has long been used to reconstruct lifeways 

of early populations (Jurmain et al. 2012). By looking at multiple joints, assessing the 

prevalence, severity and distribution, human skeletal remains can offer a unique data set 

for inferring patterns of workload and many other aspects of lifestyle that involve physical 

activity (Waldron 2012). Furthermore, there are other dental indicators, such as dental 

caries, periodontal disease, abscesses, and antemortem tooth loss (AMTL), that are 

subsumed under the term “oral health”. Examining the frequencies of these pathologies 

provides insights into dietary behavior and subsistence strategies in different populations 

across the world (Turner II 1979; Larsen 1983; Lukacs 2012). They also provide 

information on adult systemic stress exposure (Dewitte and Bekvalac 2010, 2011; 

DeWitte 2012). These insights are certainly not available from any other record derived 

from archaeological settings. 
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2.2. Biocultural perspective  

More importantly, the intriguing power of bioarchaeological investigation is that it 

seamlessly integrates with many other sciences, utilizing innovative methods to address 

specific questions (Reitsema and McIlvaine 2014). Contextual information obtained from 

archaeobotanic study, paleoenvironmental reconstruction, zooarchaeological analysis 

present the significant context for interpreting the observed stress indicators on skeletal 

human remains and understanding the complex relationships between humans, culture, 

and environment. Most recently, among the aforementioned research areas, molecular 

biology promises new research potentials, especially the analysis of ancient DNA in the 

study of pathogens in the past (Adler et al. 2013; Warinner et al. 2014).In addition stable 

isotope analysis facilitates reconstruction of paleodiet (Richards et al. 2001), and 

exploration of social dynamics including weaning practices (Tsutaya and Yoneda 2015), 

migration (Price 2004; King et al. 2013), and social inequality (Price et al. 2010; 

Waterman et al. 2016; Cheung et al. 2015). Bioarchaeology accumulates lines of 

evidence, exceedingly enhancing our ability to explore past experience and to put in 

place the foundation for understanding the present and future (Klaus 2014). It has 

started moving beyond the typological tradition, and underpinning its route with a 

population-oriented biocultural perspective (Larsen 2015). 

Thus, the theoretical framework has been established to explain how aspects of 

health correlate to the synergistic relationship of ecological, social, political and 

economic factors (Agarwal and Glencross 2011). In the biocultural perspective 

(Goodman et al. 1984), the environment can be seen, on one hand, as a source of 

adequate natural resources to maintain an individual’s survival and thus to sustain a 

society’s stability. On the other hand, it is a major stressor to restrain the development at 

both levels. Certainly, cultural systems and human adaptive practices can buffer against 

the environmental stressors (Schell 1997). However, it does not work in a 

straightforward way. Instead, it entangles with other variables within the living 

environment. For example, it has been well recognized that socioeconomic inequality is 

highly correlated with developmental stress and worsened health outcomes in both 

contemporary and past populations (Oyamada et al. 2008; Sorensen et al. 2009; 

Paynter 1989; Redfern et al. 2015; Yaussy et al. 2016). Therefore, in a stratified society, 
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a cultural buffering system would work differently in various segments of the population, 

producing further health disparities within the community. 

This dissertation applies this biocultural approach on the human skeletal remains 

from China, an area that has not been fully studied. Human remains are placed in the 

relevant context drawn from a wide range of other data sources, including archaeological 

assemblages and historical literature. This dissertation provides new data for testing 

hypotheses that have been developed elsewhere in the world, offering more regional 

perspectives in the study of recent human evolution and adaptation.  
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Chapter 3.  
 
Osteoarchaeological Research in China 

This chapter will review what has been achieved in Chinese osteoarchaeology, 

followed by attempts to analyze the strengths and weaknesses of current inquiry and to 

highlight current trends in the field. Although beyond the scope of this dissertation, the 

review of these possible explanations illuminates the challenges that have hindered a 

more complete understanding of past peoples and lives.  

3.1. Development of human osteological research in China 

Bioarchaeology is a relatively undeveloped discipline in China. The practice of 

osteological research is mainly oriented by a traditional physical anthropology paradigm 

(Zhu 2000; Pechenkina 2012). It is not surprising that investigations on cranial-facial 

morphology have been the greatest component of Chinese osteoarchaeology 

(Pechenkina 2012), in that the trajectory of osteoarchaeological research in China is 

beginning to follow a similar trend as the development of the “new physical 

anthropology” in the Western academy in the last century.  

Before the People’s Republic of China was established in 1949, there were only 

a few sporadic anthropological surveys that were conducted predominantly by Western 

scholars (Zhu 2000). Osteoarchaeology in China was inevitably influenced by the 

scholars from different intellectual schools and by the development of Chinese 

archaeology (Pechenkina 2012). Those foreign and indigenous scholars who actively 

worked on Chinese skeletal materials in 1920s all had Western academic backgrounds. 

The time at which they had been trained in the West was the heyday of population 

affinity studies in the 19th and early 20th centuries. Early research articles were more 

engaged with the realm of typologies of cranial morphology, and thus rarely focused on 

the health, diseases and lifeways of ancient peoples (Aufderheide and Rodriguez-Martin 

1998). This academic tradition in the West remained little changed even after 

Washburn’s avocacy (Washburn 1951) of the “new physical anthropology” (Buikstra and 



 

13 

Cook 1980; Armelagos 2003). With the establishment of the new archaeology and the 

concept of human adaptation in the West in the 1980s, studies on human skeletal 

remains shifted from its focus on cranial typologies for determining population affinities 

to one that uses osteological evidence to test archaeologically-derived hypotheses, and 

one which included many aspects of past life, such as diet, activity, and adaptation 

(Armelagos 2003; Larsen 2015). Since then, the Western academy witnessed significant 

strides in the study of human remains from archaeological contexts. Bioarchaeology, as 

a new and promising field, increasingly engenders collaborations between 

archaeologists and scholars from other disciplines including osteology, genetics, clinical 

medicine, and chemistry, to systematically and holistically depict a more comprehensive 

picture of the past (Larsen 2015).  

Nonetheless, this shift in the Chinese academy has been proceeding slowly. 

Several factors may have hampered the development of bioarchaeology in China. 

Firstly, Chinese osteoarchaeological research was limited by its function as a line of 

evidence supporting the reconstruction of temporal-spatial sequences of archaeological 

cultures. China has always been a country stretching across a vast area with multiple 

ethnic groups of great diversity and distinct cultures (Fei 1999). According to the 

historical documents, many of those ancient ethnic groups that lived in the surrounding 

areas had frequent contacts with people in the Central Plain of China since the Neolithic 

(Fei 1999). The origins of ancient ethnic groups and their cultural connotations were 

essential for the research in Chinese archaeology. However, except for seeking 

biological similarities and differences from cranial morphology, human remains seemed 

less informative than material culture in endeavors to portray the origins of 

archaeological cultures. Therefore, reconstructing the profile of ancient population 

affinity is integrated in the framework of Chinese archaeology. Subsequently, traditional 

human osteological study puts more emphasis on the biological nature of past 

populations, overlooking human agency in their daily lives and the plasticity of the 

skeletal remains by considering a skeleton as a static subject of study. In this way, 

traditional research cannot maximally utilize the rich archaeological context to explore 

the past and the interactions between ancient groups and the surrounding 

ecological/social environments.  
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Another factor that may have obstructed a better understanding of the past 

populations was the “academic tradition” of Chinese osteoarchaeology itself. Because 

the skull is the target for cranial morphology study, archaeologists in the field would be 

more likely to only collect the skull but ignore the postcranial remains. Moreover, 

because craniometrics has always been conducted on male skulls, women and children 

have often been excluded from analyses. The practice of drawing conclusions regarding 

a population based solely on one part of the body and one segment of the whole society 

largely limited the usefulness of osteoarchaeology in providing more specific information 

on community health. Furthermore, few stress indicators, such as stature and trauma, 

have routinely been documented in osteological reports (e.g. Yan 1973; Xia et al. 1988; 

Gong et al. 1988; Han and Pan 1983; Pan 1990; Institute of Archaeology, Chinese 

Academy of Social Sciences and Henan Provincial Institute of Cultural Relics and 

Archaeology 2010), yet they have seldom been connected with health status and human 

adaptation behaviours, and are often without much regard to the context in which the 

remains were found (e.g. Li et al. 2000; Du et al. 2006).  

3.2. New osteoarchaeological research  

Although population affinity studies are still the mainstream in the Chinese 

academy, some shifts have been made lately. In recent decades, with the increasing 

number of new excavations, Chinese archaeology has progressively changed (Wang 

2014a). The original typological analysis of mortuary assemblages for defining cultural 

relationships has been gradually replaced by one that is interested in regional 

interactions, such as population migration and cultural diffusion, settlement and mortuary 

patterns, and social dynamics (Chen et al. 2003; Xu 2012; Jing et al. 2013). 

Consequently, more questions regarding past society and people have been addressed. 

New archaeological excavations unearthed human skeletal remains with broad temporal 

and spatial distribution of the sites. These human remains have been carefully collected 

and curated in universities and archaeological research institutes across China. More 

and more Chinese scholars with professional osteoarchaeological training as well as 

scholars from overseas, work on these skeletal remains, injecting new blood into the 

field of Chinese osteoarchaeology.  
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New perspectives on the study of human remains generate a wide range of 

research topics from various archaeological and historical contexts. Breakthroughs are 

seen on the inquiry of the artificial alteration of the human body in antiquity, including the 

origin of tooth ablation and its dispersal in East Asia (Zhang 1981; Han and Pan 1981; 

Chen 1996; Han and Nakahashi 1998; Yang 2005b), a local custom of holding a stone 

ball in the mouth in a coastal area of East China and the influence on the mortuary 

practice in the broader region (Yuan 2007), evidence of foot binding (Hou 2013), cranial 

deformation (Yan 1972; Han et al. 1974; Sun 2011), and cranial trepanation (Chen and 

Fu 1996; Han and Chen 1999; Han et al. 2005). In addition, paleodemographic profiles 

of past populations have been routinely examined in osteoarchaeological reports, and 

many studies have questioned the skewed sex ratio in archaeological samples inferring 

specific details of archaeological background (Chen 1990; Zhang and Wang 2004; Li 

2006a; Wang 2007a; Gu 2007; Zhao et al. 2015). Moreover, special efforts have also 

been made to use skeletal evidence to discuss potential diagnoses of certain diseases, 

such as ankylosing spondylitis (Zhang 1995), DISH (Hou 2013), fluorosis of bone and 

teeth (Hou 2013), tuberculosis (Pechenkina et al. 2007; Hou 2013), treponematosis 

(Suzuki et al. 2005; Zhang 2008), as well as parasitological analyses of soil collected 

from the stomach area (Wei, Weng, et al. 2012; Institute of Archaeology, Chinese 

Academy of Social Sciences and Henan Provincial Institute of Cultural Relics and 

Archaeology 2010). Furthermore, using recognizable changes to the skeleton that reflect 

an individual’s life history to address the question of composite life of the general 

population, known as osteobiography, has also been practiced on Chinese materials (Li, 

Wagner, et al. 2013).  

Besides looking for specific bone markers to chase ancient customs and to 

diagnose diseases, using evidence of stress indicators to measure and assess long-term 

trends in human adaptation and behaviour in the past is also getting more attention. 

Except for those early attempts (Mao and Yan 1959a, 1959b; Han et al. 1974), a 

growing body of research has placed the focus on dental caries (He 1997; Gong et al. 

2006; Sakashita et al. 1997; Wei et al. 2009; Okazaki, Pei-Ying, et al. 2013; Okazaki, 

Wei, et al. 2013; Okazaki et al. 2015; He 2016) and other forms of dental abnormalities 

including tooth wear (Chen and Li 2013; Gong et al. 2005; Han et al. 2004; Liu et al. 

2010; Wang, Zeng, et al. 2006; Wei, Zeng, et al. 2012), antemoterm tooth loss, 
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abscesses, periodontal disease (Wang et al. 2007; Zhang 2003; Zhao et al. 2014), 

temporomandibular morphology (Zhu and Song 1989), and malocclusion (Zeng et al. 

1983; Liu et al. 2006) to discuss relationships between oral health and subsistence 

practices. However, the lack of consistent standards for observation and measurement 

prevents effective comparison with other data from China or elsewhere in the world. 

Additionally, questions in oral health not well-addressed included those related to 

temporal trends, sex and social differences, and varying degrees of cariogenesis of 

different cereals.  

Similarly, articular joint degenerative conditions (e.g. osteoarthritis), 

musculoskeletal modifications (entheseal changes), long bone cross-section geometry 

(biomechanical stress), as well as various trauma conditions and stature have also 

received considerable attention (e.g. Gresky et al. 2015; He and Tang 2015; He 2016; Li 

2002; Schultz et al. 2008; Sun and Zhu 2015; Wang 2014b; Wei, Zeng, et al. 2012; 

Zhang 2008; Hernandez 2009). For example, many previous studies including 

archaeological site reports and dissertations have document osteoarthritis. Yet, except 

for a few (e.g. Hernandez 2009; Eng 2016), most of the studies only report the observed 

lesions, but lack population statistic data and a synthetic approach to link the 

observations with archaeological contexts. The lesions have rarely been used as 

activity-related stress indicators to investigate population-specific patterns of workload 

and lifestyle. Furthermore, only very limited data on systemic stress indicators, such as 

cribra orbitalia and enamel hypoplasia, are available from China (e.g. Zhang and Zhu 

2006; Zhang 2009; He 2015; Pechenkina et al. 2002; Eng 2007). Crucial information 

about the stress and deprivation experienced during growth and development in early 

life of the ancient populations has been overlooked so far.  

More recently, however, a few population-level comparative studies have been 

conducted on Chinese materials, systematically investigating pastoral lifeways and 

stress in a marginal setting (Eng 2007); the health and stress of Neolithic populations on 

the Central Plain of China in conjunction with isotope analysis (Pechenkina and Benfer 

2002; Pechenkina et al. 2007, 2002); the stress and lifeways of people at Liyudun site in 

south China (Li, Wang, et al. 2013). Moreover, advanced techniques such as ancient 

DNA and stable isotope analysis have been integrated into the study of the human past 



 

17 

in Chinese bioarchaeology, capturing higher resolution pictures, such as the social 

structure and genealogy (Jilin University Ancient DNA Laboratory 2001), dietary practice, 

migration, and other forms of social dynamics, including sex differences and social 

inequality (Cheung 2015). Taken together, bioarchaeology in China has made 

substantial attempts to contribute the exploration of past human experience.  

This dissertation, built upon the rich research history and informative 

archaeological contexts, uses multiple skeletal indicators of stress to explore three 

specific archaeological questions that relate to the shift in subsistence practice and 

social organization (see Chapter 4 for details).  
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Chapter 4.  
 
Preview of the Three Individual Studies 

This dissertation comprises three individual but closely related studies. The 

following three chapters are three separate manuscripts submitted to peer-review 

journals within the field of bioarchaeology. Each chapter has its own background 

information, specific hypotheses and research methods, results, and discussion. The 

research hypotheses developed for each study were designed to independently test the 

various models of lifeways in past societies. Some of the issues this dissertation 

addresses are as follows: subsistence and oral health, early urbanization and systemic 

stress, and social division of labour and osteoarthritis. 

1) In many other parts of the world oral health of ancient populations deteriorated 

with the adoption of agriculture. Often sex differences in the prevalence of oral pathology 

have been observed. 

In Chapter 5, three Late Bronze Age skeletal populations (n=187) with different 

geographical locations and subsistence practices in North China were selected: 

Chenjiagou (ca. 3000–2200 BP) from Henan, Central China, representing an intensified 

agricultural practice; Houtaomuga (ca. 2250–2050 BP) from Jilin, Northeast China, 

representing hunting-gathering-fishing with a limited mixed agriculture; Jinggouzi (ca. 

2530–2440 BP) from Inner Mongolia of China, representing pastoral economy. The 

prevalence of oral health indicators (caries, abscesses, AMTL, and pulp chamber 

exposure) were examined to explore the correlation between oral health status and 

aspects of subsistence choices. The results confirm the general pattern observed 

elsewhere in the world, that agriculturalists (Chenjiagou site) exhibit the worst dental 

health status when comparing with the mixed hunter-fisher-gatherers (Houtaomuga site) 

and pastoralists (Jinggouzi site), especially in women. These patterns of dental 

pathology were compared to those from a variety of temporal and geographic settings in 

China reflecting temporal trends, sex difference, and degree of cariogenesis of plants 

cultivated in diverse areas of China and East Asia. In conjunction with other potential 

sources of data, such as burial assemblages, isotopic analysis, and paleoclimate 
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reconstruction this study provides a regional perspective on the understanding of the 

influence of different subsistence practices on oral health in China. 

2) With the increase in social complexity and progression of urbanization, health 

status is thought to decline. Moreover, these processes often differentially affect certain 

segments of urban society creating significant general health disparities between 

different social groups and different sexes.  

In order to address these research questions, Chapter 6 has explored the impact 

of early urbanization on commoners during the Late Shang dynasty (ca. 1250 – 1046 

B.C.) in Anyang, China. A total of 347 individuals examined in this study represent non-

elites who were recovered from two different burial contexts (formally buried in lineage 

cemeteries and randomly scattered in refuse pits). Frequencies of enamel hypoplasia 

(childhood stress), cribra orbitalia (childhood stress and frailty) and osteoperiostitis (adult 

stress) were examined to assess overall systemic stress exposure. The results indicate 

that urban commoners from different social backgrounds experienced high but similar 

stress during childhood. However, stress buffering significantly declined in certain social 

groups when they reached adulthood, such as in the refuse pit female cohort and in the 

lineage burial male cohort, as seen as increased stress marker prevalences. Compared 

with data from other places in the world, the differential impacts of stresses 

accompanying subtle social stratification in various groups within the Late Shang society 

are discussed. 

3) Changes in lifeways of newly urbanized populations are to be expected 

particularly when workloads and habitual physical activities vary as social stratification 

and craft specialization increase. For people across age, sex, and social groups, 

patterns of activity may differ among the neighbourhoods of the society. 

In Chapter 7, the prevalence of osteoarthritis was assessed, in order to 

investigate the relationships between urban lifeways and activity-induced stress. Adult 

human skeletal remains from three sites (n=193) of Yinxu (same adult commoner 

remains used in the previous study) were selected. Eight major joints of the upper and 

lower limbs and three indicators of spinal osseous changes (apophyseal facet joints 

osteoarthritis, Schmorl’s depressions, and osteophytes on vertebral body margins) were 
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examined. Together with contextual archaeological information and oracle bone 

inscriptions, the distinctive distributions of osteoarthritis between sexes, and among 

different communities may reflect causative relationships associated with the social and 

gender division of labour during early urbanization at Yin. In addition, the dramatically 

high prevalence of metatarsal-phalangeal joint osteoarthritis reveals an unique habitual 

activity, kneeling existed in the Late Shang dynasty. This study demonstrates the 

benefits and power of using written documents to facilitate the interpretation of 

osteological patterns, and in turn to better understand human society of the past.      

These three individual studies synthetically analyzed human skeletal remains 

from China, contextualizing the biological records of stress into a relevant archaeological 

and historical framework and hopefully promoting future research directions in Chinese 

bioarchaeology. The following chapters will provide detailed analyses and discussions 

on each topic. 
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Chapter 5.  
 
Subsistence Choices and Oral Health 

5.1. Introduction 

As often the only part of the body surviving from post-mortem degradation, dental 

remains from archaeological sites are commonly examined in bioarchaeological 

investigations. Oral health status has been considered one of the most informative 

biomarkers of diet and food preparation techniques in past societies, since dental 

pathological lesions are believed to be closely related to subsistence practices (Turner II 

1979; Lukacs 1992; Lubell et al. 1994). Numerous studies of dental caries, antemortem 

tooth loss, and other forms of dental and alveolar defects have been associated with the 

transition to agricultural economies (Cohen and Armelagos 1984; Powell 1985). As a 

result, dental pathology has been used in addressing the temporal and chronological 

changes in patterns of subsistence practice (Pechenkina et al. 2002; Belcastro et al. 

2007; Bernal et al. 2007; Klaus and Tam 2010), as well as in inferring gender differences 

and status-related questions in many parts of the world (Lukacs 1996; Sakashita et al. 

1997; Cucina and Tiesler 2003; Lukacs 2011a, 2011b; DeWitte 2012; Lopez et al. 2012; 

Petra et al. 2014).  

A large body of research has shown that the subsistence transition from hunting 

and gathering to agriculture has had enormous but varying impacts on human health. In 

contrast to early views of agriculture’s positive impact on health (Childe 1951), 

researchers beginning in the 1970s and 1980s suggested that agriculture seems to 

negatively affect human health, especially dental health (Cohen and Armelagos 1984; 

Armelagos et al. 1991; Steckel and Rose 2002; Steckel et al. 2002; Larsen 2006; 

Pinhasi and Stock 2011). However, the relationship between agricultural practice and 

dental health is far more complex (Halcrow et al. 2013). More recently, researchers have 

found that dental pathology may not be a sensitive indicator of the initial shift to 

agriculture in some regions (Tayles et al. 2000; Oxenham 2006; Willis and Oxenham 
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2013) as many of these health markers may have not undergone significant change until 

the development of intensive agriculture (Eshed et al. 2006; Stock and Pinhasi 2011).  

China is one of the major centers for the origins of agriculture (Zhao 2011). While 

rice was cultivated in South China in the early Neolithic, millet and other dry-land 

agricultural crops, were cultivated approximately the same time along the Yellow River 

(Lee et al. 2007; Zhao 2011) and then rapidly spread over the vast area of North China. 

Archaeological investigations reveal various degrees of human manipulation of plants 

and their environment and regional patterns of reliance on agriculture (Bar-Yosef 2011; 

Cohen 2011). Due to the acidity in soils, fewer human skeletons have been well 

preserved in archaeological sites in South China, whereas in North China the 

preservation of human remains is much better. In recent decades, large numbers of 

human remains have been recovered and collected from archaeological sites in North 

China. With diverse landscapes and various adaptive subsistence patterns, skeletal 

human remains from North China provide an excellent opportunity to investigate the 

impacts of different subsistence economies on ancient health. 

In this paper, we report a comparative study of oral health of three skeletal 

populations from Late Bronze Age Northern China: Houtaomuga (ca. 2250–2050 BP) 

from Jilin Province, representing hunting-gathering-fishing with a limited mixed 

agriculture; Jinggouzi (ca. 2530–2440 BP) from Inner Mongolia Autonomous Region, 

representing a pastoral economy; and Chenjiagou (ca. 3000–2200 BP) from Henan 

Province, representing a population practising intensified agriculture. Although they are 

all from North China geographically, each represents a quite unique regional ecosystem 

and subsistence practice.  

5.2. Materials and methods 

5.2.1. Archaeological sites   

The samples evaluated in this paper come from three recently excavated 

archaeological sites in Northern China: Houtaomuga, Jinggouzi, and Chenjiagou (see 
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Figure 5-1). All are approximately dated to the same time period, equivalent to Late 

Bronze Age ca. 3000–2000 BP.  

 

Figure 5-1.  Map of the sites/samples involved in this study.  

(Modified from: http://commons.wikimedia.org/wiki/File:East_Asia_topographic_map.png) 

5.2.1.1. Houtaomuga 

Houtaomuga site (45.39° N, 123.47° E) is located on the east bank of 

Xinhuangpao Lake, in Da’an County, Jilin Province, Northeast China (Figure 5-1). The 

lake is in the western portion of the Nengjiang and Songhuajiang river valley system 

(Songnen Plain in Figure 5-1). The mountain ranges: Daxing’anling to the west, 

Xiaoxing’anling to the north, and Changbaishan to the east surround the rolling terrain of 

this vast plain intersected with numerous rivers. The climate is typical of Northeast China 

(Li et al. 1982; Xia and Wang 1987; Wu and Zhang 2006): it is warm and wet in the 

summer with a mean air temperature 26-28°C, and mean annual precipitation of 

approximately 400-500mm; many lakes and swamps form along the Nenjiang riverbanks 

during the rainy season; in the winter, the dry season, this area becomes very cold with 

much less precipitation, and temperature drops to about -22 to -28°C. Surface soil 
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desertification has progressed drastically through time with the typical modern landscape 

being a lake-ridden, swampy, sandy desert plain (Qiu et al. 1992; Li and Lv 1996).  

The two initial excavations of Houtaomuga site were conducted in 2011 and 2012 

by Jilin University and Jilin Provincial Institute of Cultural Relics and Archaeology (Wang 

2013). With abundant natural resources, the site was continuously inhabited from 

Neolithic to Late Bronze Age (8000–2050 BP) in spite the long and cold winter with 

which the ancient inhabitants had to deal. Human remains analyzed in this study (62 

individuals) were unearthed from 57 burials of Hanshu Culture II (ca. 2250–2050 BP) 

that is contemporary with Late Bronze and Early Iron Age of Central Plain of China 

(Zhao 2002; Qiao 2005; Zhao 2009a). Since the majority of the culture components of 

Hanshu Culture II are started from the Late Bronze Age and the iron artefacts only had 

been found at the very late phase of Hanshu Culture, it would make more sense to 

consider the remains to be of a Late Bronze Age skeletal population. Dental materials 

are relatively well preserved, making it possible to examine oral health of the inhabitants.   

The burials and middens at Houtaomuga site contain evidence for the 

consumption of both fresh water and terrestrial animal foods. The large amount of wild 

faunal remains including numerous fish bones provides great insight into their daily lives. 

The pottery assemblages strongly suggest that small-scale agriculture had been 

practiced while plentiful fish remains in faunal assemblages and in specialized fish pits in 

the cemetery indicate that fish were an important component of both diet and ritual 

activity (Wang 2013).  

5.2.1.2. Jinggouzi 

Jinggouzi site (43.23° N, 118.14° E) is located in the village of Jinggouzi, Linxi 

County, Inner Mongolia, North China (Figure 5-1). It is situated on the upper reaches of 

Xar Moron River in the Mongolian-Manchrian grassland ecoregion on the northwest 

edge of Horqin Sandy Land. The region is typical of a semi-arid and sub-humid climate 

with mean annual precipitation of approximately 385mm falling predominantly between 

June and August. Average temperature in summer is about 20–23°C and in winter about 

-11 to -15°C (Kong et al. 1991; Jia 2010). At present land degradation in this region has 

spread rapidly as a result of intensive cultivation and over-grazing, in combination with 
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extensive winds and loose sandy soil. The landscape is characterized by a mosaic of 

sand dunes, lowland meadows and savannas (Kong et al. 1991; Jia 2010; Wang 2012).  

Excavation was conducted in 2002 and 2003 by Inner Mongolia Autonomous 

Region Archaeological Institute and Jinlin University (Wang, Ta, et al. 2010). Fifty-eight 

burials including single and multiple burials, one house, and nine middens were 

recovered. The majority of the remains (58 burials and two middens) can be dated to ca. 

2530–2440 years BP (Wang, Ta, et al. 2010). Most had been disturbed in antiquity, likely 

from ancient looting (Zhang 2005a). Although such disturbance may have created some 

commingling of the individuals within a multiple burial, care was taken to avoid assigning 

skeletal elements of multiple people to the same individual. Sixty-four well preserved 

individuals with dentition were included in this study. 

There is strong evidence to suggest that animal husbandry was the main 

subsistence practice at Jinggouzi since about 86% of burials are associated with 

domesticated animal bones such as horse, cow, and sheep as funerary goods (Wang, 

Ta, et al. 2010; Wang 2012). No pig bones have been found in any of these burials 

probably suggesting a lack of long term sedentary lifestyle (Gao 1996; Zheng 2003). 

Many of the bronze and bone artifacts are related to animal husbandry though tools for 

agriculture practice have not been recovered (Wang and Hu 2013). Most bronze items 

were made for decorative purposes, and only a few were tools such as knives and 

arrowheads. The most abundant bone tools, well-made arrowheads, were often found 

associated with male individuals (Zhang 2005a). Jinggouzi people most likely represent 

a nomadic group also because the site is situated right at the boundary of today’s 

agricultural and nomadic ecosystems. In addition, the artefact assemblage also 

resembles in style other nomadic groups during the Bronze Age on the Eurasia steppe 

(Wang 2004, 2012; Yang 2008; Wang and Hu 2013). 

5.2.1.3. Chenjiagou 

Chenjiagou site is located in the village of Chenjiagou of Wenxian county (34.94° 

N, 113.15° E), Henan Province, Central China (Figure 5-1). The site is about one 

kilometer to the north of Laomanghe River, a branch of the Yellow River on the Yellow 

River's alluvial plain. Currently, the climate of this area is characterized as warm-
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temperate, sub-humid, continental and monsoonal (Ye et al. 2011). Typical temperatures 

vary from about 19 to 31°C in the summer and -1 to 9°C in the winter. The annual 

precipitation is 500-700mm, with about 30-40% of rainfall occurring in the winter crop 

growing season (Ye et al. 2011). Favorable climate conditions and fertile soil make the 

Central Plain of China one of the major grain producing areas today.  

As a part of the massive salvage excavation for the South-North Water Transfer 

Project, Chenjiagou site was uncovered during 2005 and 2006 by Henan Provincial 

Institute of Cultural Relics and Archaeology (Yang and Guo 2007). This excavation 

yielded an exceptionally large number of relatively well-preserved burials, middens, 

human and animal remains, and pottery kilns dating from Neolithic to dynastic times. A 

brief site report is published (Yang and Guo 2007), yet the full site report is still under 

preparation. Human remains (61 individuals well preserved with dentition) examined in 

this study were from the late Bronze Age collection (ca. 3000–2200 BP), retrieved from 

59 burials and one midden. The wide variety of pottery vessel types found in burials 

reflects a typical sedentary agricultural community (Yang and Guo 2007). 

5.2.2. Regional settings 

The different geographic locations of these sites, diverse ecological conditions 

and archaeological context indicate that the inhabitants of the three sites had access to 

different kinds of resources, developing different subsistence patterns. In fact, the 

geographical region in which Houtaomuga site and Jinggouzi site are situated today is 

the so-called “ecotone of agriculture and pastoralism in Northern China” (Shi et al. 1993) 

which is along 250-500mm annual precipitation line covering a vast area of the southern 

border of Mongolian-Manchurian steppe and the Northeast China Plain (Wang et al. 

1999; Zhao et al. 2002). Influenced by the East Asian monsoon in the summer and the 

Siberian high-pressure system in the winter, the climatic conditions in this region are 

characterized by strong seasonality (Makohonienko et al. 2004).  

This ecotone has been a climatically sensitive region for millennia (Xia and Wang 

1987; Xu et al. 2002; Zhao et al. 2002; Makohonienko et al. 2004). Early agricultural 

practice in this area can be traced to cal. 8200 B.P. (Fang 1999; Shelach 2000; Suo 
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2003, 2005; Bar-Yosef 2011; Cohen 2011; Zhao 2011). Evidence of climate fluctuations 

and subsistence strategy changes through time have emerged (Shelach 2006). 

Prehistoric climate and regional ecological conditions have been a research focus for 

decades (Zhang et al. 1997; Teng 2010) with data synthesized from modern 

environmental conditions and archaeological contexts for reconstructing paleoclimate. 

Pollen data proxies of paleoenvironment for the period between 8000 and 7000BP (the 

Holocene Megathermal or Holocene Optimum (Zheng et al. 1998; Teng 2010) indicate 

that the Xar Moron River valley, where Jinggouzi site is located, was covered by 

broadleaf forest suggesting a wetter climate than at present (Li and Lv 1996; Hu et al. 

2002; Jia 2010). Although the warmer and wetter climate lasted about 5500 years, within 

it there were three recognized periods favorable to early agriculture (Teng 2010; Yang 

and Ye 2013). Correspondingly, many archaeological sites found in this region indicate 

sedentary communities and increasingly dependent on agriculture (Xia et al. 2000; Suo 

2005; Shelach 2006; Cohen 2011). However, as drier conditions prevailed beginning ca. 

3000 cal. year B.P. (Xu et al. 2002; Herzschuh et al. 2004), the vegetation gradually 

switched to forest-steppe and grass-steppe, with the early agricultural economy replaced 

by pastoralism and mixed subsistence (Li et al. 2006). Jinggouzi site was occupied 

during the climate conditions favorable to pastoralism.  

The Songnen Plain where Houtaomuga inhabitants once lived also experienced 

climate fluctuations (Qiu et al. 1992) from 2800 B.P. to 1400 B.P. According to sediment 

and pollen core analyses, at the time of site occupation the climate was colder and drier. 

Yet, Houtaomuga site is quite distinct from Chenjiagou site of Central China and 

Jinggouzi of Southeast Inner Mongolia in terms of the landscape, the natural resources 

and the ecosystem. It was not ideal for extensive agricultural practice. However, the 

abundant lakes and streams made Songnen Plain home for various species of waterfowl 

and wild terrestrial animals (Yang 2005a; Yang et al. 2010). Therefore, in the past, 

fishing-hunting-gathering activities should be expected in the area of Houtaomuga. 

In contrast, the climate and natural environment of Central Plain (and 

Chenjiagou) was more stable and suitable for dry-land agriculture (Wu and Liu 2004). 

This is an area where millet and other crops were domesticated, and dry-land agriculture 

can be traced back to ca. 8000 B.P. (Crawford 2009; Zhao 2011). Because of the retreat 
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southward of the East Asian monsoon, the climate became cooler and drier around 4000 

B.P. on the Central Plain (Wu and Liu 2004). In spite of the harsher conditions, 

agricultural practice had dramatically intensified through the Late Neolithic and Early 

Bronze Age and population increased rapidly. By the late Bronze Age inhabitants at 

Chenjiagou site would have relied heavily on dry crop cultivation. 

5.2.3. Methods and techniques for skeletal analysis  

To more effectively examine oral health, four dento-alveolar parameters were 

explored: dental caries, antemortem tooth loss (AMTL), abscessing, and pulp chamber 

exposure. These informative indicators have been widely used in bioarchaeology, 

effectively facilitating population comparisons.  

Dental caries is characterized by the localized demineralization of enamel and 

the underlying dentine initiated by acid-producing bacteria in plaque (Ortner 2003): 591). 

Many factors, for example oral hygiene, dental defects, genetic predisposition, 

fluoridation, and saliva movement (Lukacs and Largaespada 2006), contribute to the 

development of dental caries, yet it has more often been linked to the varying food 

resources and dietary practices. Caries presence or absence was determined by visual 

examination of the teeth. Carious lesions were considered present only if the cavity 

penetrated the tooth enamel or the root surface. Caries was documented by location 

within tooth and by tooth types affected. No distinction was made between major and 

minor caries in this study, however, when the origin of carious lesion could not be 

determined and the pulp chamber exposed, it was noted as large caries. 

The aetiologies of AMTL and dental abscesses are both multifactorial, including 

caries, extensive dental wear, trauma, oral hygiene, dental calculus, periodontitis, and 

nutritional disorders (Lukacs 2007, 2012). Abscessing in alveolar bone can also lead to 

the loss of teeth before death. Tooth sockets were carefully examined to distinguish 

postmortem from antemortem tooth loss. AMTL was recorded when alveolar socket is 

complete closed or partial closed with reduced alveolar height and active bone 

formation. Postmortem tooth loss (PMTL) was assessed by the absence of alveolar 

remodeling. Abscesses were recorded where the site of inflammation presents as a 



 

29 

perforating fistula and/or the presence of a drainage channel on the alveolar bone. 

However, because radiological examination was not used in this study, visual 

observation would not detect the potential presence of small abscesses in the periapical 

region. Thus this study shows only cases with advanced or chronic abscesses. 

Dental caries, AMTL and abscessing lesions were documented according to the 

methods outlined in the protocols (Buikstra and Ubelaker 1994): 54-56). Since the 

preservation of anterior and posterior teeth varies by individual and group, and the 

posterior teeth are significantly more susceptible to carious lesion formation due to the 

number of crenulations and fissures on the crown (Hillson 2001), the calculation of 

caries frequency was performed as the ratio of affected to observed teeth per tooth type 

(anterior teeth, premolars, and molars) by sex and across age groups. For AMTL and 

abscesses, the alveolar segments were used for the assessment. In this study, teeth 

that were lost antemortem and postmortem were not taken into consideration for 

calculating dental caries rate, and as suggested by some researchers, both of these can 

potentially deviate from the “real” prevalence of caries in the populations (Sakura 1965; 

Costa 1980; Whittaker et al. 1981; Sakura 1985; Lukacs 1995; Duyar and Erdal 2003). 

However, caries is not the only factor causing tooth loss antemortem. Among others, 

severe dental attrition, trauma and periodontal disease can also contribute the 

prevalence of AMTL (Hillson 2001; Oxenham and Matsumura 2008; Wasterlain et al. 

2009) and the findings from this study appear to support this implication. Therefore, no 

attempt was made to use corrective factors for calculating dental caries rate in this 

study. 

Pulp chamber exposure may result from penetrating caries, severe occlusal 

wear, dental trauma, among other factors (Lukacs 2012). Here, exposure of the pulp 

chamber was documented and scored by tooth in two ways: as associated with severe 

attrition with the entire or partial crown worn away and a polished dentine surface 

(Ortner 2003): 604) or as caused by large caries with destruction of the entire crown 

and/or large portions of the root (Ortner 2003): 590).  

Standard osteological techniques summarized in Buikstra and Ubelaker (Buikstra 

and Ubelaker 1994) were used to estimate the age of individuals. For the subadults, age 
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markers include the stages of epiphyseal closure (McKern and Stewart 1957), long bone 

length (Hoffman 1979; Ubelaker 1989), and dental formation and eruption (Ubelaker 

1989; Smith 1991). For adults, age estimation was based on morphological changes of 

the pubic symphysis and cranial suture closure (Brooks and Suchey 1990; Shao 1985; 

Lovejoy, Meindl, Pryzbeck, et al. 1985). For those adult individuals without pelvic bones 

preserved, age estimation was mainly established by scoring the degree of cranial 

suture closure (Meindl and Lovejoy 1985), in conjunction with the severity of dental wear 

(Lovejoy 1985; Lovejoy, Meindl, Mensforth, et al. 1985; Shao 1985). The age categories 

are used in the study as infants (perinatal – 3 years), children (4 – 12 years), 

adolescents (13 – 19 years), young adults (20 – 34 years), following Buikstra and 

Ubelaker (Buikstra and Ubelaker 1994). However, the categories of middle (35 – 44 

years) and old adults (45+ years) have been combined in this study as older adults (35+ 

years) due to the very small sample size of old adults. Adults with indeterminate age 

denoted as adults (20+ years). Sex of adults was carried out by visual examination of 

pelvic and cranial morphology (Phenice 1969).  

Two-tailed Chi square statistical tests were used to test significant differences in 

dental lesion prevalences for each tooth type respectively. In addition, the intra-group 

comparisons were focused on the sex difference; the inter-group comparisons were 

conducted for each age group and sex separately in order to avoid the potential bias 

produced by the different demographic profile of each population. Significance levels 

were set at P-value less than 0.05. Fisher’s Exact tests were used when the cell sizes 

were smaller than five. All statistical analyses were performed using the statistical 

package SPSS 21 program. 

5.3. Results 

To facilitate reading this study, we use the following abbreviations: Mixed-HTMG 

to stand for the skeletal population from Houtaomuga (HTMG) site with mixed hunting-

gathering-fishing and limited agriculture, Pastoralist-JGZ for the Jinggouzi (JGZ) site, 

and Agriculturalist-CJG for the Chenjiagou (CJG) site. 
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The material consists of 187 skeletal human remains, of which 145 were adult 

(including 49 males, 67 females, and 29 sex indeterminate individuals) and 42 were 

subadult (Table 5-1). In total, 2488 permanent teeth, 390 deciduous teeth and 4360 

tooth sockets were studied. Since very few pathological conditions have been observed 

on infants and children’s dentitions, dental health data presented here are for adult 

permanent teeth (N=2186) and alveoli (N=3047). Since the age and sex distribution is 

known to have a potential impact on interpretation of pathological conditions, statistical 

analysis was undertaken to assess if any significant differences existed among three 

samples involved in this study (Table 5-2). The age and sex distribution of the Mixed-

HTMG sample does not differ significantly from the Pastoralist-JGZ sample. It should be 

noted, however, due to the absence of young male individuals in the Agriculturalist-CJG 

sample, the demographic profile of young adults is significantly different from the other 

two comparative samples (χ2 range 5.003 – 5.706, P<0.05) (Table 5-2). Tables 5-3, 5-6, 

and 5-7 correspondingly summarize frequencies of three dental stress indicators (caries, 

AMTL, and abscesses) and the results of statistical analyses on intra- and inter- group 

comparisons among Mixed-HTMG, Pastoralist-JGZ, and Agriculturalist-CJG samples by 

tooth type, by sex, and across the age categories.  
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Table 5-1. Demographic profile of the skeletal samples. 

Site/Sample 
Infants  
(perinatal - 3 years) 

Children  
(4 -12) 

Adolescents  
(13-19) 

Young Adults  
(20 - 34) 

Older Adults  
(35+) 

Adults**  
(20+) Total 

M* F* I* M F I M F I 

Mixed-HTMG 18 5 2 12 14 1 3 5   1 1 62 

Pastoralist-JGZ 5 6 4 11 15 1 7 8 1 1 4 1 64 

Agriculturalist-CJG   2  8  12 8 7 3 4 17 61 

* M=Male; Female=F; Sex indeterminate individuals are denoted as I. 
** Age indeterminate adult individuals are grouped as adults (20+). 

 

 

Table 5-2.  Age and sex distribution of the samples and the results of Kolomogorov–Smirnov test. 

Site/Sample Mixed-HTMG Pastoralist-JGZ Agriculturalist-CJG HTMG – JGZ JGZ – CJG HTMG – CJG 

Individual M* F* M F M F χ2 P χ2 P χ2 P 

YA* 12 14 11 15 0 8 0.078 0.780 5.003 0.034 5.706 0.030 

OA* 3 5 7 8 12 8 0.178 1.000 0.614 0.433 1.163 0.410 

* M=Male; Female=F; YA=Young adults; OA=Older adults. Statistically significant differences are in bold. Level of significance: P≤0.05. 
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5.3.1. Caries 

Table 5-3 displays the frequencies of dental caries and the results of statistical 

analyses. For the inter-group comparisons, dental caries affected 2.7% (n=590) of adult 

permanent teeth in Mixed-HTMG sample; and with much higher rates 23.9% (n=940) of 

teeth in Agriculturalist-CJG. In contrast, only 0.8% of teeth (n=626) were affected in 

Pastoralist-JGZ. These differences among the three sites are obvious, and as 

demonstrated, statistically significant (χ2 range 7.126 – 168.224, P<0.05). 

However, when the comparisons were conducted by sex and age categories, the 

distribution of statistical significance of caries prevalence differences among the samples 

varies (Figure 5-2). Mixed-HTMG young males do not differ significantly from the 

Pastoralist-JGZ peers (χ2=0.882, P=1.000), while Mixed-HTMG young females show 

significantly elevated caries rate than Pastoralist-JGZ young females (χ2=12.801, 

P=0.000), especially on molars (χ2=8.390, P=0.007), but they do not present significant 

disparity with Agriculturalist-JGZ young females. Since the Agriculturalist-CJG sample 

does not contain any young male individuals, the differences of caries prevalences with 

other two samples remain unknown in this study. Older males and females from 

Agriculturalist-CJG had significantly greater carious tooth frequencies than their 

counterparts of Mixed-HTMG and Pastoralist-JGZ (χ2 range 1.621 – 35.987, P<0.05), 

whereas differences between Mixed-HTMG and Pastoralist-JGZ older adults (statistical 

differences on female molars: χ2=1.621, P=0.563) have not been detected. 

For the intra-group comparisons, Mixed-HTMG young females were found to 

have significantly higher levels of molar caries than the young males. There was also a 

significantly higher level of dental decay on molars in Agriculturalist-JGZ older females 

than in older males. Similarly, the Pastoralist-JGZ rate of molar caries in older females 

was also higher than the older males of Pastoralist-JGZ, although the difference did not 

reach a significant level.  
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Table 5-3 Frequency of caries by tooth type and the χ2 statistical results of intra- and inter- group comparisons. 

Caries  Mixed-HTMG Pastoralist-JGZ Agriculturalist-CJG  Inter-group comparison 

  
N* % 

Sex difference 
N % 

Sex difference 
N % 

Sex difference  HTMG vs JGZ JGZ vs CJG HTMG vs CJG 

  χ2 P χ2 P χ2 P  χ2 P χ2 P χ2 P 

Young Male Anterior teeth 66 0.0 1.023 0.496 64 0.0 － － － － － －  － － － － － － 

 Premolars 72 0.0 3.506 0.099 59 0.0 － － － － － －  － － － － － － 

 Molars 95 1.1 6.501 0.014 82 0.0 － － － － － －  0.868 1.000 － － － － 

 Total 233 0.4 10.593 0.001 205 0.0 － － － － － －  0.882 1.000 － － － － 

Young Female Anterior teeth 65 1.5   72 0.0   70 0.0    1.116 0.474 － － 1.085 0.481 

 Premolars 63 4.8   64 0.0   54 3.7    3.121 0.119 2.324 0.216 0.080 1.000 

 Molars 86 9.3   86 0.0   74 14.9    8.390 0.007 13.728 0.000 1.176 0.278 

 Total 214 5.6   222 0.0   198 6.6    12.801 0.000 15.041 0.000 0.166 0.684 

Older Male Anterior teeth 19 0.0 － － 38 0.0 － － 62 22.6 1.359 0.244  － － 9.977 0.002 5.187 0.032 

 Premolars 8 0.0 － － 23 0.0 － － 60 40.0 0.094 0.760  － － 12.942 0.000 4.945 0.043 

 Molars 17 0.0 － － 29 0.0 3.535 0.120 62 32.3 5.010 0.025  － － 11.990 0.001 7.343 0.004 

 Total 44 0.0 － － 90 0.0 4.551 0.048 184 31.5 0.135 0.713  － － 35.987 0.000 18.602 0.000 

Older Female Anterior teeth 19 0.0   20 0.0   38 13.2    － － 2.880 0.153 2.740 0.158 

 Premolars 20 0.0   26 0.0   30 36.7    － － 11.864 0.001 9.402 0.002 

 Molars 13 0.0   35 11.4   30 56.7    1.621 0.563 15.116 0.000 12.183 0.000 

 Total 52 0.0   81 4.9   98 33.7    2.648 0.155 22.331 0.000 22.449 0.000 

Total Adult* Anterior teeth 182 2.2   203 0.0   334 11.7    4.508 0.049 25.560 0.000 13.856 0.000 

 Premolars 178 1.7   191 0.0   281 28.1    3.245 0.111 64.492 0.000 51.871 0.000 

 Molars 230 3.9   262 1.9   325 32.9    1.780 0.182 90.374 0.000 68.561 0.000 

 Total 590 2.7   656 0.8   940 23.9    7.126 0.008 168.224 0.000 123.046 0.000 

*N=number of individuals analyzed. Total adult includes individuals with indeterminate age and/or sex. Statistically significant differences are in bold. Level of significance: P≤0.05.
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Figure 5-2. The comparison of caries by tooth groups, by sex and age.  
(YA = young adults; OA = older adults) 

 

Relatively speaking, of the three tooth types, the molars were the most frequently 

affected in all three sites (Table 5-4). The most commonly affected site of carious lesions 

of the three skeletal series is the interproximal surface (Table 5-4), while the buccal and 

lingual surfaces and the root apex were the least affected areas. There are also a 

considerable number of carious teeth for which the origin of decay cannot be 

determined, particularly when the pulp chamber was exposed. In Agriculturalist-CJG 

sample, males tend to present more carious lesions on the occlusal surface, while 

females are more likely to have caries on the cementoenamel junction (CEJ)/root area; 

however, the differences were not found to be significant (χ2=0.949, P=0.330). 
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Table 5-4 Distribution of dental caries by location, by tooth type, and by sex. 

Mixed-HTMG 
Total Male Female Indeterminate 

A* % Anterior Premolar Molar Anterior Premolar Molar Anterior Premolar Molar

Occlusal 4 25.0   1  1 2    

Interproximal 3 18.8  1 2       

Buccal/Lingual 0 0.0          

Cervical 3 18.8       3   

Root 0 0.0          

Large** 6 37.5    1 1 4    

Total 16           

Pastoralist-JGZ 
Total Male Female Indeterminate 

A % Anterior Premolar Molar Anterior Premolar Molar Anterior Premolar Molar

Occlusal 0 0.0          

Interproximal 2 40.0      2    

Buccal/Lingual 0 0.0          

Cervical 1 20.0      1    

Root 0 0.0          

Large 2 40.0      2    

Total 5           
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Agriculturalist-CJG 
Total Male Female Indeterminate 

A % Anterior Premolar Molar Anterior Premolar Molar Anterior Premolar Molar

Occlusal 40 17.8 7 2 3  2 9 4 2 11 

Interproximal 97 43.1 4 11 13 10 10 14 3 7 25 

Buccal/Lingual 1 0.4       1   

Cervical 22 9.8 1  4 1 3 5 2 3 3 

Root 1 0.4         1 

Large 64 28.4 3 14 5 1 14 7 2 11 7 

Total 225           

* A=affected. ** The origin of carious lesion cannot be determined and pulp chamber exposed. 
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5.3.2. Pulp chamber exposure 

Table 5-5 presents the distribution of pulp chamber exposure in the three 

samples. Overall, most of the exposed pulp cavities of the Pastoralist-JGZ sample were 

associated with severe dental attrition, while in the Agriculturalist-CJG sample, the 

exposed pulp chamber was most likely caused by large carious defects. No large dental 

caries has been observed in males from Mixed-HTMG and Pastoralist-JGZ. All exposed 

pulp cavities of the males of these two samples were associated with severe dental 

wear, especially in the anterior teeth (Figure 5-3). In contrast, at Agriculturalist-CJG 

there is evidence for a substantial number of dental caries with pulp cavity exposure in 

both males and females (Figure 5-3). Moreover, Agriculturalist-CJG females do not show 

any pulp chamber exposure caused by severe dental attrition. The frequencies of 

exposed pulp chamber with heavy dental attrition do not differ significantly in three 

samples (χ2=1.529, P=0.446), however, the frequencies of exposed pulp chamber with 

large caries are significantly different as Agriculturalist-CJG displays the highest level of 

caries-related pulp chamber exposure (χ2=64.458, P=0.000) (Table 5-5). 

Table 5-5 The frequencies of pulp chamber exposure associated with large 
caries and with severe dental wear (sex-pooled). 

Pulp chamber 
exposure 

Number of teeth 
observed 

With heavy 
dental 
wear 

% 
With 
large 
caries 

% 

Houtaomuga 590 6 1.0 6 1.0 

Jinggouzi 656 10 1.6 2 0.3 

Chenjiagou 940 17 1.8 64 6.8 

Chi-Square 
Tests 

  
χ2 = 1.529 

 
χ2 = 64.458 

P-value = 
0.466 

P-value = 
0.000 
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Figure 5-3 The frequencies of pulp chamber exposure caused by large caries 
and by severe dental wear in males and females. 

5.3.3. Antemortem tooth loss 

For the inter-group comparisons, AMTL was very common in Agriculturalist-CJG 

adults, overall affecting 14.2% (n=1432) of tooth sockets (Table 5-6). The prevalences 

calculated by tooth type are significantly higher than the other two sample series (χ2 

range 6.006 – 70.749, P<0.05). The frequency of AMTL in Mixed-HTMG sample was 

5.9% (n=899) of tooth sockets, while the frequency in Pastoralist-JGZ sample was 4.1% 

(n=1079) of tooth sockets. The differences between these two samples are not 

statistically significant in total, however, Mixed-HTMG adults tend to have significantly 

higher prevalence of AMTL on the molars than that of Pastoralist-JGZ adults. Mixed-

HTMG females’ significantly higher proportion of AMTL on molars (χ2=4.204, P=0.040) 

may account for the difference in the total adults (Table 5-6). Moreover, Pastoralist-JGZ 

older females present the significantly lowest rate of molar AMTL than the other two 

older female samples (χ2 range 7.136 – 10.000, P<0.05) (Figure 5-4). Additionally, 

Mixed-HTMG young males and females present significantly higher AMTL rate on 

anterior teeth than their Pastoralist-JGZ counterparts (young male: χ2=5.512, P=0.029; 

young female: χ2=9.224, P=0.003).  
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Figure 5-4 The comparison of AMTL by tooth groups, by sex and age.  
(YA = young adults; OA = older adults) 

For the intra-group comparisons, the significant differences on the percentage of 

tooth sockets affected by AMTL did not appear between two sexes of Mixed-HTMG and 

Pastoralist-JGZ during their young adulthood, and the trend remains the same between 

the Pastoralist-JGZ older males and females; however, the AMTL frequencies are much 

higher in older females than older males of Mixed-HTMG and Agriculturalist-CJG, and 

the differences are statistically significant (χ2 range 3.968 – 12.994, P<0.05) (Table 5-6).
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Table 5-6 Frequency of AMTL by alveoli segment and the χ2 statistical results of intra- and inter-group comparisons. 

AMTL  Mixed-HTMG Pastoralist-JGZ Agriculturalist-CJG  Inter-group comparison 

  
N* % 

Sex difference 
N % 

Sex difference 
N % 

Sex difference  HTMG vs JGZ JGZ vs CJG HTMG vs CJG 

  χ2 P χ2 P χ2 P  χ2 P χ2 P χ2 P 

Young Male Anterior teeth 117 4.3 0.461 0.497 118 0.0 － － － － － －  5.152 0.029 － － － － 

 Premolars 81 2.5 0.069 1.000 80 0.0 － － － － － －  2.000 0.497 － － － － 

 Molars 108 3.7 2.068 0.150 108 0.0 3.574 0.125 － － － －  4.075 0.122 － － － － 

 Total 306 3.6 2.153 0.142 306 0.0 3.383 0.130 － － － －  11.201 0.001 － － － － 

Young Female Anterior teeth 146 6.2   145 0.0   80 1.3    9.224 0.003 1.821 0.356 2.951 0.102 

 Premolars 96 3.1   96 0.0   58 0.0    3.048 0.246 － － 1.849 0.291 

 Molars 121 8.3   123 3.3   79 0.0    2.833 0.092 2.621 0.157 6.973 0.007 

 Total 363 6.1   364 1.1   217 0.5    12.975 0.000 0.649 0.655 11.183 0.001 

Older Male Anterior teeth 28 0.0 － － 60 11.7 0.887 0.346 134 6.7 4.291 0.038  3.549 0.092 1.342 0.266 1.991 0.361 

 Premolars 16 0.0 1.840 0.290 40 2.5 0.937 1.000 91 8.8 1.667 0.197  0.407 1.000 1.719 0.275 1.520 0.603 

 Molars 22 0.0 12.994 0.000 46 8.7 0.358 0.740 112 29.5 0.555 0.456  2.033 0.296 7.843 0.005 8.600 0.003 

 Total 66 0.0 12.238 0.000 146 8.2 0.797 0.372 337 14.8 3.968 0.046  5.750 0.020 3.987 0.046 11.179 0.001 

Older Female Anterior teeth 42 0.0   54 18.5   77 15.6    8.352 0.004 0.121 0.728 7.280 0.008 

 Premolars 28 10.7   36 0.0   50 16.0    4.156 0.075 6.519 0.019 0.414 0.737 

 Molars 32 43.8   48 12.5   57 35.1    10.000 0.002 7.136 0.008 0.651 0.420 

 Total 102 16.7   138 11.6   184 21.7    0.676 0.411 6.044 0.014 1.058 0.304 

Total Adult* Anterior teeth 357 4.8   425 5.2   559 9.3    0.063 0.802 6.006 0.014 6.448 0.011 

 Premolars 237 3.4   284 1.1   382 8.9    3.385 0.075 19.187 0.000 7.059 0.008 

 Molars 305 9.2   367 5.2   491 23.8    4.104 0.043 54.777 0.000 30.927 0.000 

 Total 899 5.9   1076 4.1   1432 14.2    3.474 0.062 70.749 0.000 38.735 0.000 

*N=number of individuals analyzed. Total adult includes individuals with indeterminate age and sex. Statistically significant differences are in bold. Level of significance: P≤0.05.
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5.3.4. Abscesses 

For the inter-group comparisons, 18.7% (n=1432) tooth sockets observed of 

Agriculturalist-CJG had evidence of dental abscesses, while the presence of abscesses 

on dentition at Mixed-HTMG was also high with 6.7% (n=899) tooth sockets having 

evidence of the pathological condition (Table 5-7). When compared with Agriculturalist-

CJG and Mixed-HTMG, Pastoralist-JGZ sample had a much smaller proportion (2.4%) of 

tooth sockets affected by abscesses (n=1076). The differences among these three 

samples are all statistically significant (χ2 range 9.358 – 157.712, P<0.05) when counted 

by the number of tooth sockets affected and by tooth type (Table 5-7), despite the 

comparison on adult anterior teeth between Mixed-HTMG and Pastoralist-JGZ 

(χ2=3.319, P=0.068). Mixed-HTMG young males present a significantly higher level of 

abscess prevalence on anterior teeth (7.7%, n=117) than that of the pastoralist-JGZ 

young males (0.0%, n=118; χ2=9.438, P=0.002). Pastoralist-JGZ young females show 

significantly lower frequency of molar abscesses (0.0%, n=123) than that of the other 

two young female groups (χ2 range 6.354 – 17.046, P<0.05). Older Agriculturalist-CJG 

males and females differ significantly from Pastoralist-JGZ by suffering the high 

prevalences of abscesses of three types of tooth sockets (χ2 range 3.907 – 41.555, 

P<0.05).  

For the intra-group comparisons, Mixed-HTMG young males seem more likely to 

have higher prevalence of abscesses (7.7%, n=117) on the anterior teeth than that of 

the young females (0.7%, n=146; χ2=8.719, P=0.006), while young females are more 

affected by molar abscessing condition (13.2%, n=121) than the young males (3.7%, 

n=108; χ2=6.488, P=0.011). However, abscesses on anterior teeth affect older females 

of Mixed-HTMG (16.7%, n=42) and Agriculturalist-CJG (32.5%, n=77) much more than 

those that affect their male counterparts (0.0%, n=28; 14.9%, n=134; respectively) 

(Figure 5-5).  
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Table 5-7 Frequency of abscesses by alveoli segment and the χ2 statistical results of intra- and inter-group comparisons. 

Abscesses  Mixed-HTMG Pastoralist-JGZ Agriculturalist-CJG  Inter-group comparison 

  
N* % 

Sex difference 
N % 

Sex difference 
N % 

Sex difference  HTMG vs JGZ JGZ vs CJG HTMG vs CJG 

  χ2 P χ2 P χ2 P  χ2 P χ2 P χ2 P 

Young Male Anterior teeth 117 7.7 8.719 0.006 118 0.0 3.305 0.130 － － － －  9.438 0.002 － － － － 

 Premolars 81 2.5 0.069 1.000 80 0.0 － － － － － －  2.000 0.497 － － － － 

 Molars 108 3.7 6.488 0.011 108 0.0 － － － － － －  4.075 0.122 － － － － 

 Total 306 4.9 0.124 0.725 306 0.0 3.383 0.130 － － － －  15.377 0.000 － － － － 

Young Female Anterior teeth 146 0.7   145 2.8   80 0.0    1.853 0.214 2.247 0.300 0.550 1.000 

 Premolars 96 3.1   96 0.0   58 0.0    3.048 0.246 － － 1.849 0.291 

 Molars 121 13.2   123 0.0   79 5.1    17.406 0.000 6.354 0.022 3.536 0.060 

 Total 363 5.5   364 1.1   217 1.8    11.076 0.001 0.555 0.480 4.602 0.032 

Older Male Anterior teeth 28 0.0 5.185 0.037 60 5.0 0.286 0.706 134 14.9 8.969 0.003  1.449 0.548 3.907 0.048 4.768 0.026 

 Premolars 16 25.0 0.074 1.000 40 10.0 3.800 0.117 91 29.7 0.002 0.967  2.100 0.206 5.952 0.015 0.144 1.000 

 Molars 22 9.1 0.884 0.560 46 10.9 5.511 0.025 112 33.0 0.476 0.490  0.051 1.000 8.209 0.004 5.110 0.024 

 Total 66 9.1 0.821 0.356 146 8.2 3.778 0.052 337 24.9 2.612 0.106  0.044 0.833 17.854 0.000 7.979 0.005 

Older Female Anterior teeth 42 16.7   54 7.4   77 32.5    1.996 0.203 11.564 0.001 3.451 0.063 

 Premolars 28 21.4   36 0.0   50 30.0    8.512 0.005 13.082 0.000 0.670 0.413 

 Molars 32 3.1   48 0.0   57 31.6    1.519 0.400 18.294 0.000 9.882 0.002 

 Total 102 13.7   138 2.9   184 31.5    9.910 0.002 41.555 0.000 11.033 0.001 

Total Adult* Anterior teeth 357 5.0   425 2.6   559 14.0    3.319 0.068 38.161 0.000 18.441 0.000 

 Premolars 237 7.2   284 1.8   382 21.2    9.358 0.002 54.763 0.000 21.609 0.000 

 Molars 305 8.2   367 2.7   491 22.2    10.102 0.001 66.679 0.000 26.349 0.000 

 Total 899 6.7   1076 2.4   1432 18.7    21.319 0.000 157.712 0.000 66.224 0.000 

*N=number of individuals analyzed. Total male or total female includes individuals with indeterminate age. Total adult includes individuals with indeterminate age and sex. Statistically significant differences are in bold. Level of significance: 
P≤0.05.
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Figure 5-5 The comparison of abscesses by tooth groups, by sex and age.  
(YA = young adults; OA = older adults) 

5.4. Discussion 

It has been strongly suggested that oral pathologies are related to subsistence 

patterns, differences in diet, and food preparation techniques (Turner II 1979; Lukacs 

2012). The current study presents a unique series of samples from China to provide a 

regional perspective of the research. Although each of the three skeletal populations has 

a slightly different age-distribution, care was taken to examine the data avoiding the 

impact of biased interpretation.  
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5.4.1. Impact of subsistence strategy on oral health 

Evidence of caries in the samples is consistent with the data presented in 

previous studies by others. The caries prevalence of the Pastoralist-JGZ sample is quite 

low (0.8% of total adults by tooth count). This finding is in accordance with other studies 

that archaeological populations who lived in hunting-gathering or nomadic lifeways tend 

to suffer lower caries prevalence (Turner II 1979; Lillie 1996; Inoue et al. 1997; Eng 

2007; Murphy et al. 2013; Miller et al. 2014). Analysis of stable isotopes (carbon and 

nitrogen) from human bone samples of Pastoralist-JGZ site displays an average δ15N 

value of 9.75‰, indicating that animal sources were the fundamental part of the diet in 

the Pastoralist-JGZ population (Wang, Ta, et al. 2010). Moreover, the average δ13C 

value of -12.38‰ also reflects consumption of local C4 plants, particularly millet. Such a 

low caries rate in the Pastoralist-JGZ community may suggest that plant foods were not 

the primary component of their diet. These results conform to Turner’s scheme (Turner II 

1979) for prehistoric pastoralists who had high-protein and low-carbohydrates diets. 

Studies on dental pathology and dietary practices from nearby regions present a similar 

picture. Zhang and his colleagues (Zhang et al. 2009) draw attention to the prevalence 

of dental caries in five early Iron Age samples from the nearby southern border of the 

Mongolian steppe in China. It seems that the more reliance that the ancient communities 

placed on agricultural activities, the higher the prevalence of dental caries. Okazaki et al. 

(Okazaki, Wei, et al. 2013) also report dental stress of six series of human skeletal 

remains from the Great Wall region along the ecotone of agriculture and pastoralism in 

Northern China. A consistent increase in the prevalence of caries was found from the 

middle Neolithic to historical times. Two Bronze Age pastoralist samples from Northern 

Kazakhstan and two early Iron Age pastoralist samples from southern Siberia show low 

frequencies of dental caries, and the stable isotope data of these two studies provide 

very similar levels of δ15N and δ13C values (Miller et al. 2014; Murphy et al. 2013) with 

the Pastoralist-JGZ sample. In comparison with Mixed-HTMG and Agriculturalist-CJG, 

more pulp chamber exposure in the Pastoralist-JGZ people may have been associated 

with severe dental attrition, especially on the anterior teeth (Figure 5-3), and the higher 

percentage of AMTL of anterior teeth observed in this group (Table 5-6). These 

observations could be related to the mastication of coarser diet and possible habitual 

tooth use as tools in the Pastoralist-JGZ people. 
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Similarly, the Mixed-HTMG sample displays a relatively low rate of caries (2.7% 

teeth affected), which places Mixed-HTMG within the range of frequencies of carious 

teeth of either hunting and gathering economies (0-5.3%) or the mixed economies (0.4-

10.3%) following Turner’s pattern (Turner II 1979). Liu et al. (Liu et al. 2010) documented 

low frequency of caries in three Bronze Age and Iron Age Xinjiang samples (2.5% of 

teeth affected, lump sum data of three sites) of China, suggesting a high proportion of 

hunter-gatherer economy in their lives. The low caries rate of Mixed-HTMG is also very 

similar to that of hunter-gatherers throughout North American, Europe, Africa, and Asia: 

by tooth count, such as Larsen (Larsen 1983) for a sample from Georgia coast, North 

America (0.6% for males and 1.2% for females); Walker and Erlandson (Walker and 

Erlandson 1986) for the northern Channel Islands, California (Skull Gulch B series with 

6.3% caries rate); Meiklejohn et al. (Meiklejohn et al. 1984) for a European Mesolithic 

series (1.9%); Walker and Hewlett (Walker and Hewlett 1990) for Central Africa (range 

from 5.2% to 8.1%); Lukacs and Pal (Lukacs and Pal 1993) for India (range from 0.9% to 

1.2%); Lieverse et al. (Lieverse, Link, et al. 2007) for Siberia’s Cis-Baikal (0.3%); Temple 

and Larsen (Temple and Larsen 2007) for prehistoric Jomon foragers (range from 3.7% 

to 11.4%); and Pietrusewsky et al. (Pietrusewsky et al. 2013) for Neolithic Taiwan 

(1.9%). 

For comparison with Mixed-HTMG sample, few of human skeletal samples 

unearthed from Songnen Plain in Northeast China have been examined for dental 

pathology. Inoue’s investigation (Inoue et al. 1997) includes two skeletal populations that 

are in close geographic proximity to Mixed-HTMG and with similar archaeological 

context. The two populations reveal very low caries rates (Pingyang 0.8% by tooth; 

Wan’gong 0.4% by tooth). Although stable isotope analysis, zooarchaeological and 

archaeobotanic investigations of the Mixed-HTMG site are currently under way and are 

thus not available for this study, other studies of similar archaeological sites from the 

same Songnen Plain may provide some useful insights of the subsistence economy of 

the Mixed-HTMG site.  

From Neolithic to Bronze Age, the various archaeological cultures that developed 

in Songnen Plain are characterized by lack of agricultural tools (Chen 2004; Chen et al. 

2005, 2011; Zhao 2007) suggesting that we might expect low caries prevalence at 
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Mixed-HTMG. Chen et al. (Chen et al. 2011) point out that microliths such as points and 

blades, commonly seen in archaeological assemblages in this area, are thought to form 

hunting and fishing weapons, and to be used for meat processing. Large ground stones 

and chipped stones for agricultural activities were very rare in sites in the Songnen Plain. 

Bone and shell tools have always been associated with fishing and hunting (such as 

arrowheads and fishing spears), and processing and gathering activities (shell knives). 

In contrast most of the bronze items are thought to be made for decorative purposes and 

are rarely seen as large agriculture tools (Zhang 2005c; Chen et al. 2011). As crop 

farming and animal husbandry are two major components of ancient agriculture (Zhao 

2011), plant cultivation on Songnen Plain was probably underdeveloped when the 

Mixed-HTMG site was occupied. This is consistent with zooarchaeological evidence 

(Chen 2004; Chen et al. 2011; Zhao 2007) that domesticated animal remains such as 

pig and sheep were found in quite limited numbers, while the majority of the faunal 

assemblage consisted of wild animals, fish and shells (Chen et al. 2011). Thus, hunting-

fishing-gathering was the primary subsistence strategy for the Mixed-HTMG inhabitants 

along with some cultivation of domesticated plants of Songnen Plain. Similar to the 

Pastoralist-JGZ population, high-protein and low-carbohydrate resources made up their 

daily intake. The high prevalence of calculus (81.1% individually, data not shown in this 

study) in the Mixed-HTMG sample is very evident. As a high protein diet has been 

associated with calculus formation (Hillson 1979; Lieverse 1999), the calculus present at 

Mixed-HTMG supports the zooarchaeological evidence for high protein consumption and 

conversely low carbohydrate consumption consistent with low caries prevalence.  

As demonstrated in many parts of the world, there is a complex relationship 

between subsistence and caries development. The effects of cereals on caries 

prevalence vary with many factors including the type of cereal eaten, food preparation 

techniques, inclusion of high carbohydrate sources such as figs (Meiklejohn et al. 1984) 

or tubers such as taro (Zhu and Lu 1997; Chen and Li 2013), and whether or not cereals 

constitute a substantial proportion of the diet (Turner II 1979; Eshed et al. 2006; Temple 

and Larsen 2007; Tayles et al. 2009). Indeed, Turner’s (1979) study indicates 

agricultural populations display a wide range (2.1% – 26.9% by tooth) of caries 

prevalence (Turner II 1979). In the present study Agriculturalist-CJG displays the highest 

frequency of dental caries (23.9% teeth affected) suggesting a cariogenic carbohydrate 
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was present in high quantities in their diet. Populations of sites contemporaneous with 

Agriculturalist-CJG (Zhu 1990; He 1997; Li 2008; Meng 2008; Zhang et al. 2009) all 

show a higher caries prevalence (6.8% – 14.6%) than the late Bronze Age sites of 

Pastoralist-JGZ (0.8%) and of Mixed-HTMG (2.7%) reported here. On the Central Plain 

of China, caries data from Neolithic and early Bronze Age populations (dated from 

7000BP to 3600BP) range from 1.0% – 6.6%, indicating cariostasis over the 

approximately 3000 years time span considered (Han et al. 1974; Li et al. 1991; He 

1997; Inoue et al. 1997; Pechenkina et al. 2002; Gong et al. 2006; Zhang et al. 2006) 

despite millet domestication.  

In Southeast Asia cariostasis was also observed during the transition to rice 

agriculture (Tayles et al. 2000; Oxenham 2006; Tayles et al. 2009; Pietrusewsky et al. 

2013). Although the cause of the cariostasis in adoption of rice and millet cultivation is 

not clear at this stage, it is possible that such a phenomenon is the compound result of 

consuming both newly incorporated rice or millet and other existing starch-rich foods in 

the diet. Studies also demonstrate that starchy foods such as tubers and roots can 

significantly increase the risk of caries development (Turner II 1979; Walker and 

Erlandson 1986; Temple and Larsen 2007). For example, a very high caries prevalence 

(23.7%, n=283, by tooth) was observed in Zengpiyan, an early Neolithic cave site (9000 

– 7500BP) (no evidence of rice cultivation) in South China (Zhu and Lu 1997).   

However, it can be expected that if the portion of domesticated rice or millet is 

increased significantly, the prevalence of caries would be increased accordingly as seen 

in those intensified agricultural societies such as Agriculturalist-CJG (ca. 3000 – 2200 

BP) in this study. Temple and Larsen (2007) observe substantial increases in caries 

prevalence during the adoption of rice agriculture (2500-1300BP) in Japan.  

Moreover, AMTL, abscesses and pulp chamber exposure reveal valuable 

insights about the diet and subsistence patterns of the studied skeletons. Once a carious 

lesion penetrates the pulp chamber, bacteria can enter the systemic circulation, causing 

inflammation around the tooth socket, and eventually the affected tooth will be lost 

during lifetime. However, severe occlusal attrition can also cause pulp cavity exposure to 

bacteria, and in turn, cause inflammation, abscessing and tooth loss. The Agriculturalist-
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CJG sample displays remarkably higher percentage of AMTL and abscesses than those 

of Pastoralist-JGZ and Mixed-HTMG (Tables 5-6, 5-7). Moreover, dental lesions of the 

Agriculturalist-CJG sample progress to significant pulp exposure, likely caused by large 

caries (Table 5-5). Despite the age distribution skewed towards older individuals at this 

site, the high rate of caries, AMTL and abscesses in the Agriculturalist-CJG sample 

probably reflect the nature of oral health typically seen in well-developed agricultural 

populations in ancient China.  

5.4.2. Sex differences in dental pathology   

Sex differences in oral health have been widely documented in many 

archaeological and contemporary populations with females showing higher frequency of 

caries than males (Larsen 1983; Lukacs 1996; Temple and Larsen 2007; Lukacs and 

Thompson 2008; Okazaki, Pei-Ying, et al. 2013). The results of this study indicate that 

dental caries clearly affected the oral health of women at the three sites to a much 

greater degree than men, especially in the older age categories. However, in Mixed-

HTMG the molars of younger females had significantly more carious lesions than those 

of young males. It seems that females suffered a greater increase in caries rates than 

males with the addition of millet agriculture. In other parts of the world the phenomenon 

has been as attributed to earlier eruption of teeth as well as the higher carbohydrate 

intake of females, and differences in tooth use reflecting sexual division of labor in past 

societies (Walker and Hewlett 1990). Stable isotope values for the three sites of this 

study are not presently available. However, at the Early Iron Age site of Xindianzi (likely 

more closely related to Pastoralist-JGZ) stable isotope values suggest that males were 

consuming higher levels of animal protein than females (Zhang 2005b; Zhao 2009b). 

Also, the few previous works on carbon and nitrogen isotopes from sites in the Central 

Plain give no evidence that sex differences extended to the diet. However, certain 

“prestige” foods (i.e. meat) may have been restricted to different social groups in 

Neolithic to Early Iron Age populations (Pei et al. 2008; Zhang et al. 2010; Hou et al. 

2013). 

Not only behavioural differences in dietary practices but also female reproductive 

physiology have been proposed to negatively affect oral health (Lukacs 2008; Watson et 
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al. 2010; Fields et al. 2009). Women encounter heavier genetic and hormonal influences 

especially those related to female life history (Lukacs and Thompson 2008; Lukacs 

2011b). Watson and colleagues (Watson et al. 2010) found greater frequencies of 

carious lesions at the CEJ or root in women. Alveolar bone loss due to pregnancy is 

proposed to have predisposed the root area of the tooth to cariogenic lesion formation 

(Watson et al. 2010), besides or exacerbating other factors such as periodontal disease 

may also have contributed to the formation of CEJ/root caries. However, as suggested 

by Temple (Temple 2011), more research may be needed to demonstrate a causal 

relationship between pregnancy and root caries.  

Following the method of Watson et al. (Watson et al. 2010), we tested the sex 

differences of caries origin (the occlusal surface or the CEJ/root area) in Agriculturalist-

CJG individuals, yet a significant difference was not found. As mentioned above, 

however, the origin of decay of many carious teeth cannot be determined in 

Agriculturalist-CJG sample, particularly when the pulp chamber exposed. It is impossible 

to know how that origin-undetermined large caries could affect the statistics. Therefore, 

in order to get a better understanding of the association between the CEJ/root caries 

and sex difference, more future research should be focused specifically on investigating 

sex differences in caries rates and caries location.  

5.4.3. Patterns of oral health  

The differences in the diet and subsistence practices of the three studied skeletal 

populations reveal that caries can be the major factor influencing the highest rates of 

development of AMTL and abscesses, as the highest prevalence of these pathological 

lesions found in the Agriculturalist-CJG people. Moreover, a high rate of pulp chamber 

exposure in the Agriculturalist-CJG sample is mainly caused by large caries not dental 

wear (Figure 5-3).  

Dental wear is seen more in the Mixed-HTMG and Pastoralist-JGZ peoples but 

the overall dental pathology is significantly less severe as clearly demonstrated in 

Figures 5-2, 5-4 and 5-5. Therefore, it can be argued that intensified agricultural 

practices with the availability of high carbohydrate components in human diets indeed 
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create new challenges to human oral health, as caries are a leading cause of dental 

pathology.  

5.5. Conclusions  

The analysis of dental pathology from these Late Bronze Age skeletal 

populations from North China conducted in this study has shed new light on human-

environment interactions in ancient China through examining the relationships between 

human subsistence practices and oral health of ancient peoples. While this time period 

witnessed intensified agricultural practices in the Central Plain, other regions of China 

such as Northeast China and Inner Mongolia may have had to adopt different 

subsistence practices due to dramatic eco-environmental differences. Different 

geographic environments and subsistence practices unavoidably affect the health status 

of people living in these regions.  

The skeletal populations in this study represent a series of samples from ancient 

China and the analysis of dental lesions has generated some unique results: 1) the 

extremely low rate of dental caries in the Pastoralist-JGZ people can accurately reflect 

their low carbohydrate diet; 2) the extremely high rate of dental caries in the 

Agriculturalist-CJG people results from their intensified agricultural practices; and 3) the 

relatively low rate of caries in the Mixed-HTMG people fit almost perfectly with a mixed 

pattern of fishing, gathering, hunting and limited agricultural practices; 4) females were 

found to develop more severe dental lesions than males in all three groups, indicating 

that sex-based division of labor and activity patterns might have existed in these ancient 

communities, or other factors such as female reproductive life history, may also bear on 

the high level of dental stress. 

The results in this study are generally consistent with previous studies by others 

in other parts of the world and in China as well. While this study has only focused on oral 

health, it is hoped that the distinct and reliable pattern generated from this comparative 

study can promote more bioarchaeological studies on human skeletal remains from 

ancient China.  
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Chapter 6.  
 
Early Urbanization and Systemic Stress 

6.1. Introduction 

Shang is a well-known early state-level society in Bronze Age China, and is the 

kingdom with the earliest written records of oracle bone inscriptions (Liu and Chen 

2012). Its last capital, “Yin”, was unveiled in the 1920s in the modern city of Anyang, 

Henan Province. Previous studies have shown that, following relocation of the Shang 

capital to Anyang, this settlement rapidly expanded from a small residential area to a 

flourishing large urban centre (occupied ca. 1250 – 1046 B.C.) (Tang 1993; Tang and 

Jing 2009). Centred around the palace-temple complex near a village called Xiaotun (小

屯) and the royal cemetery at Xibeigang (西北岗) in the northwest, this ancient capital 

city had scattered over 35 sq. km across the Huan River valley in Anyang (114.19° E, 

36.07° N) (Figure 6-1) (Wang et al. 2014). 

The discovery of this Bronze Age mega-site “Yinxu (Ruins of Yin)” was one of the 

earliest scientific archaeological excavations conducted in China (Institute of 

Archaeology, Chinese Academy of Social Sciences 1987; Bagley 1999). Numerous 

archaeological analyses indicate that the Yin-Shang Kingdom had managed to sustain a 

vast urban settlement. As population density dramatically increased, access to 

resources would have been significantly limited, exerting social, nutritional and 

pathogen-related stresses on the society (Schell 1997; Lewis 2010; Amoroso et al. 2014; 

Klaus 2014). Traditional archaeological works have relied heavily on written records and 

artifacts from elite contexts to understand Shang society. Without information about the 

commoners, our understanding of lifeways at Yinxu remains far from complete (Jing and 

Campbell 2009; Campbell 2012). As a result, the study of non-elites may prove to be 

very useful in terms of characterizing and assessing impacts of early urbanization on 

changing society in ancient China.   
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Figure 6-1 Map of Yinxu and the locations of the sites.  
(1) Xin’anzhuang, (2) Xiaomintun, (3) Heihelu, (4) Liujiazhuang North, and (5) Huayuanzhuang 
East. 

This paper examines three systemic stress indicators (enamel hypoplasia, cribra 

orbitalia, and osteoperiostitis) on the human skeletal remains of non-elite Shang people 

recovered from two different burial contexts (lineage burials and refuse pits) and two 

sexes (males and females). The hypotheses tested are that: 1) physiological stress of 

urban inhabitants increased through time during the process of early urbanization of 

Yinxu; and 2) archaeologically-defined subgroups were differentially buffered against 

systemic stress in two sexes in the urban community. The addition of this osteological 

dataset to archaeological and written evidence provides new insight into ancient Yin-

Shang society. 
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6.2. Archaeological context 

Yinxu is located on an alluvial plain on a tributary of the Yellow River in North 

China. At present the climate is continental-temperate with seasonal monsoon 

influences, and clearly distinct seasons (Wang et al. 2014). As early as 8000BP, 

conditions in the Yellow River Valley supported dry-land millet-based agricultural 

practice (Crawford 2009; Zhao 2011). By the Holocene Climate Optimum (7500 to 

5000BP), pollen proxies and other paleoenvironmental evidence all indicate that North 

China was covered by broadleaf forest, suggesting a warmer and wetter climate than 

currently (Shi et al. 1992; Wu and Ge 2005). By the Late Shang (3000BP), climate had 

gradually turned cooler and dryer (Guo 2002; Wang and Huang 2002; Tang and Zhou 

2005; Zhu 2005) initiating resource stress that continued through Yin-Shang and even 

into the Han and later dynasties. As climate deteriorated, resource stress required 

intensive deforestation for establishment of a multicropping agricultural system, seen 

archaeologically as a dramatic increase in the number of lithic tools for agriculture (such 

as knives and sickles) and supporting an amplified significance and reliance on 

agricultural practice (Liu and Chen 2012; Jing and Campbell 2009; Tang and Zhou 2005; 

Wang 2007b, 2011; Lee et al. 2007; Institute of Archaeology, Chinese Academy of 

Social Sciences 1994; Zhang et al. 2007; Wei 2007; Xu et al. 2010). With intensified 

social stratification and increased social division of labor, additional stressors were 

introduced and thus hastened health disparities among Yinxu inhabitants (Liu and Chen 

2012; Schell 1997; Wang and Huang 2002). As supported by zooarchaeological and 

inscriptional evidence, animal husbandry was practiced on a grand scale during the Late 

Shang, not only for meat and raw materials for bone tool making, but more importantly 

as sacrifices in ritual activities to reinforce elite power and social identity (Yuan and Flad 

2005; Li et al. 2011; Li 2011; Hu 2012; Campbell 2015). Nonetheless, animal husbandry 

in Late Shang did not guarantee everyone equal amounts of animal protein. The 

differential access to adequate food resources, especially key nutrients, may have 

affected health and physiological development of people at Yinxu. 

Given the relatively short occupation time of Yinxu, the diversity and scale of 

archaeological artifacts suggest that Yinxu had undergone continuous urban expansion 

with increasing population density (Wang and He 2007). This conclusion reflects recent 
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studies of materials drawn from the many new archaeological sites excavated during the 

period of rapid economic growth in Anyang city over the past two decades. In addition to 

royal cemeteries, these new sites also include over 10,000 burials and numerous 

residential areas, refuse pits, storage pits, drainage systems, roads, workshops, and 

other features related to Shang people’s daily activities and lifeways. Based on oracle 

bone inscriptions and archaeological records, Song (Song 1991) once estimated that 

urban population size could have reached 450,000 by the end of Late Shang dynasty. 

Although the actual number of people is still under debate (Huang 2010), Yinxu as a vast 

urban centre inevitably would encounter problems of human waste removal and difficulty 

of maintaining potable water as seen in other large settlements elsewhere in the world 

(Armelagos et al. 2005). Therefore, given the high population density developing in the 

urban areas, gastrointestinal and other infections may be major stressors for the people 

at Yinxu. 

Urbanization in Yinxu, a continuous and intensifying process, can be divided into 

four phases based on the typology of the unearthed artifacts, the stratigraphic 

correlation, and oracle bone inscription studies (Zheng and Chen 1981; Tang 2002). The 

trend towards decreasing diversity of the forms and styles of artifacts and architecture 

through time has been interpreted as indicating institutionalization and simplification 

during the process of early urbanization at Yinxu (Jing et al. 2013).  

Yin-Shang people formed their own neighbourhoods within which the sphere of 

daily activities and interpersonal interactions including craft specialization, worship of 

common ancestors and burial in shaft pits in lineage cemeteries would take place (Tang 

1998; He 2011). Within each cemetery consistency in the pattern of burial goods, body 

position and orientation indicate their social, cultural and even genetic similarities (Jing 

et al. 2013; Zhu 2004). Lineage cemeteries are thought to represent extended 

families/clans of Yin-Shang people (Zhu 2004) as suggested by substantial 

archaeological evidence. For example, a unique lineage emblem can be found on 

bronze vessels recovered from an individual cemetery (Institute of Archaeology, Chinese 

Academy of Social Sciences 1994; Tang 1998; Yang and Gao 1998). In addition, the 

oracle bone inscriptions describe Yinxu burial practices that are consistent with what is 

observed archaeologically (Yang 1986). The English word “lineage” may not be the best 
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choice to translate the Chinese character zu (族) meaning extended families/clans, in 

particular for bioarchaeological research, but it was adopted in the study to be consistent 

with other Shang archaeological studies.  

Nonetheless human skeletal remains are frequently found outside these lineage 

cemeteries of Yinxu, in areas such as refuse pits located near or within the residential 

areas, sacrificial pits, house foundations, or wells (Yang and Gao 1998; Yang 1986). In 

this study, human skeletons were recovered from layers of ash in residential areas 

without evidence of intentional burial, consistent body position, and often with no grave 

goods. Archaeological analyses of this type of burial are understudied in China although 

it has been found as early as in Neolithic Yellow River region (Ye 2014; Yang and Yang 

1983; Sun and Wu 2010). Although it is difficult to determine the social status of these 

skeletal individuals, this group of people is referred to in this study as the excluded 

cohort with no lineage connections (Yang and Gao 1998; Yang 1986), as those who 

were prevented from being buried in the normal lineage cemeteries.   

Human skeletal remains are valuable and extremely informative, helping to 

illustrate the impacts of early urbanization on Yin-Shang society. They exhibit direct 

evidence of survivability and adaptation to changing social and cultural developments. 

Human skeletal materials, as living tissues, follow biological principles to response to 

myriad stresses during life. However, bone response can vary significantly with social 

and cultural experiences, thus creating a unique opportunity to study biocultural 

interactions in past human societies (Agarwal and Glencross 2011; Gowland 2015). This 

is a significant and novel approach to the study of the early urbanization process in 

ancient China as there are few systematic studies focused on the health status and well-

being of Shang people (Sakashita et al. 1997).  

6.3. Materials and methods 

6.3.1. Materials 

The sample evaluated in this study is composed of 347 skeletal individuals from 

five recently excavated archaeological sites in the Yinxu Conservation Area in Anyang 
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city (Figure 6-1). These burials are dated to ca. 3250 B.P. – 3046 B.P., covering all four 

phases of Yinxu culture. The human skeletal remains were recovered from both lineage 

cemeteries and refuse pits in all four archaeological sites (Table 6-1) although the ratio 

of these two subgroups varies from one site to another. 

Table 6-1 Skeletal samples used in this study. 

Site 
Sample 
Size 

Phase Burial type 

Early 
phase 

Late 
phase 

Lineage 
burials 

Refuse 
pits 

Xin’anzhuanga 178 38 48 162 16 

Heihelub 44 16 24 42 2 

Xiaomintunc  87 1 54 76 11 

Liujiazhuang Northd  34 0 0 1 33 

Huayuanzhuang Easte  4 0 4 4 0 

TOTAL 347 55 130 285 62 
a The excavation of Xin’anzhuang site was led by the present study co-author Zhanwei Yue.  
b The excavation of Heihelu site was led by the present study co-author Jigen Tang. 
a, b Site reports are not yet published. 
c (Yinxu Xiaomintun Team 2007). 
d (Institute of Archaeology, Chinese Academy of Social Sciences 2012). 
e (Institute of Archaeology, Chinese Academy of Social Sciences 2007). 

 

Of the 285 individuals excavated from the lineage burials, 185 can be assigned 

to a clear chronological phase in Yinxu culture based on their archaeological contexts 

and typological traits of pottery. In order to increase the statistical power of analyses and 

facilitate temporal comparisons we combined Yinxu culture I and II to form early phase, 

and Yinxu culture III and IV to form late phase based on shared respective similarities of 

material culture (Zheng and Chen 1981; Tang 2002). 

Sixty-two individuals from refuse pits were examined in this study, unfortunately 

most of these individuals cannot be assigned to any chronological period due to the lack 

of associated cultural artifacts. As a result, these remains were excluded from temporal 

comparisons. However, refuse pit individuals were included in all other inter-subgroup 

comparisons. 
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6.3.2. Methods 

This osteoarchaeological research of excavated human skeletons of Late Shang 

dynasty (ca. 3250-3046 B.P.) was part of the collaborations “The Regional 

Archaeological Survey in the Huan River Valley” and “Human and Social Dynamics of 

Early Bronze Age China” between the Institute of Archaeology at the Chinese Academy 

of Social Sciences and the Department of Anthropology at the University of British 

Columbia. Dr. Zhichun Jing co-directed the joint project with Professor Jigen Tang from 

the Institute of Archaeology at the Chinese Academy of Social Sciences. The project had 

a formal permit issued by the China Bureau of Cultural Heritage Administration. The 

human skeletons analyzed were all archaeological samples that were excavated under 

supervision of Drs. Tang and Jing. All these samples are stored at the Anyang Work 

Station, a field facility of the Institute of Archaeology at the Chinese Academy of Social 

Science. The examination of human skeleton samples was conducted at the Anyang 

Work Station, strictly following the standards and protocols in accordance with the WMA 

Declaration of Helsinki – Ethical Principles for Medical Research Involving Human 

Subjects. 

The preservation of the analyzed remains is generally good but the 

completeness of recovered skeletal elements varies considerably between individuals. 

For each individual, all bone surfaces were examined. Any morphology beyond the 

range of normal was documented. For the purpose of this study, only remains containing 

at least one of the following: frontal bone with at least one orbit, anterior teeth, and tibia 

were included in the analysis. As a result, the total number of individuals included in this 

study varies slightly for each of these three different stress indicators. 

6.3.2.1. Age estimation and sex identification 

Age estimations and sex identifications were made using the osteological 

methods in the Standards (Buikstra and Ubelaker 1994). Adult age-at-death estimation 

was based on multiple techniques: pubic symphysis and auricular surface (Brooks and 

Suchey 1990; Shao 1985; Lovejoy, Meindl, Pryzbeck, et al. 1985), cranial suture closure 

(Meindl and Lovejoy 1985), and dental wear pattern (Shao 1985; Lovejoy 1985; Lovejoy, 

Meindl, Mensforth, et al. 1985). Subadult age-at-death was determined using dental 
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formation and eruption (Ubelaker 1989; Smith 1991), epiphyseal closure (McKern and 

Stewart 1957) as well as diaphyseal length (Ubelaker 1989; Hoffman 1979). For more 

detailed analysis, individuals were grouped into six age categories (Buikstra and 

Ubelaker 1994) (Table 6-2). Adults with indeterminate age were excluded from statistical 

analyses. 

Table 6-2 Age groups defined in this study. 

Age group Age range (Years)

1 Perinatal – 3 

2 4 – 12 

3 13 – 19 

4 20 – 34 

5 35 – 49 

6 50 + 

6.3.2.2. Indicators of systemic stress 

Three indicators of systemic stress (linear enamel hypoplasia, cribra orbitalia, 

and osteoperiostitis) were evaluated macroscopically with the aid of a X10 eye loupe 

magnifier. Linear enamel hypoplasia (LEH), an indicator of physiological disruption and 

recovery during childhood, has been extensively used to explore the environmental 

impacts in humans, non-human primates and other species (Skinner 2014, 1996; Zhou 

and Corruccini 1998; King et al. 2005; Upex and Dobney 2012; Temple and Larsen 

2013). It is characterized as horizontal grooves or pits on the labial surface of both the 

deciduous and permanent anterior teeth (Figure 6-2). The cause of LEH is a systemic 

metabolic stress, it is multifactorial: maternal essential nutrient deficiencies, fever, 

starvation, congenital conditions, low birth weight and parasitic infection (Goodman 

1991; Temple and Goodman 2014). As the defects cannot be remodelled after the 

formation of enamel, LEH represents a chronological record of stress episodes that 

happened in the first 7 years of life (prenatally to 12 months for deciduous teeth, and 

birth to 7 years for permanent teeth) (Goodman et al. 1980; Hillson 2014). In this study, 

only maxillary anterior teeth (incisors and canines) and mandibular canines were 

documented, since these teeth are believed to be more sensitive to systemic stress than 

posterior teeth (Goodman et al. 1980; Schultz 2001, 2012). LEH was counted as present 

when one or more hypoplastic events were visible on any observed teeth. 
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Figure 6-2 Linear enamel hypoplasia on the labial surface of right anterior 
maxillary dentition of 2003AXN192.  

(Scale bar = 1cm) 

Cribra orbitalia (CO) is porous sieve-like lesions on the superior orbital roof of the 

frontal bone (Figure 6-3). It is considered to be the earliest osseous expression of many 

types of anaemia and/or subperiosteal bleeding which can be caused and affected by 

multiple factors. Anaemias implicated include chronic childhood hemolytic, megaloblastic 

and/or iron deficiency. Multivitamin deficiencies (especially B12, B6 and/or C) or trauma, 

infection-related subperiosteal reaction can cause subperiosteal new bone formation. In 

addition, suboptimal osteoid calcification (rickets) and neoplastic processes may also 

present similar appearance (Schultz 2001, 2012; Ortner 2003; Wapler et al. 2004; 

Walker et al. 2009; McIlvaine 2015; Buckley et al. 2014; Klaus 2015). Although the 

aetiology of CO is not fully understood (Walker et al. 2009; Rothschild 2012), it is 

generally considered to be caused by synergistic reactions associated with increased 

pathogen load, gastrointestinal infestation, and/or malnutrition, prolonged breast-feeding, 

poor maternal health, and weaning diarrhea (Armelagos et al. 2005; Walker et al. 2009; 

Stuart-Macadam 1985, 1992; Keenleyside 1998; Salvadei et al. 2001; Brickley and Ives 
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2008; Oxenham and Cavill 2010; Peck 2013; Redfern et al. 2015). The condition was 

assessed if the individual has at least one orbit preserved for analysis. Status of the 

lesions was recorded as active at the time of death (unremodelled lesions with sharp 

pore margins) and healed at the time of death (remodelled lesions with rounded pore 

margins) (Mensforth et al. 1978). Although porotic hyperostosis on the ectocranial vault 

surface appears similar to cribra orbitalia, only CO was included in this study due to the 

following: firstly, CO is more sensitive to stresses (Stuart-Macadam 1989) and is more 

accurate for identifying than osteoporotic lesions on the vault, especially when the pitting 

is already healed; secondly, taphonomic changes on many skulls have damaged the 

bone surface, preventing reliable observation of porotic hyperostosis from being made. 

 

Figure 6-3 Cribra orbitalia on the right orbit of 2007AXAM30.  
(Scale bar = 1cm) 

The third indicator, osteoperiostitis, is a layer of new woven bone deposited 

under an inflamed periosteum as the result of chronic inflammatory conditions and/or 

infection (Grauer 1993; Beck 1998; Goodman and Martin 2002). The lesion can be 

observed on the cortical surface primarily of major long bones (Figure 6-4). In this study, 

osteoperiostitis is used as a nonspecific indicator of physiological stress in response to 
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endogenous or exogenous stressors in adulthood. Subadults were excluded from the 

statistical analysis since the sample size is too small to reveal meaningful pattern and 

the presence of periosteal lesions may sometimes be associated with normal growth 

(Ortner et al. 2001). The presence of subperiosteal new bone formation was recorded on 

the tibia as many previous studies have demonstrated that the tibia is the most affected 

skeletal element for this lesion (Klaus 2014; Belcastro et al. 2007; Lambert 1993; Larsen 

2015; Roberts and Manchester 2005; Buzon and Judd 2008; Klaus and Tam 2009; 

DeWitte 2014). All bone surfaces in every skeleton were examined for the presence and 

activity of periosteal lesions, following the criteria provided by Buikstra and Ubelaker 

(Buikstra and Ubelaker 1994). As expected, the anterior surface of the tibia is the only 

bone /bone surface showing a much higher prevalence of the lesion while the other 

skeletal elements only reveal the lesion sporadically. Therefore, only the anterior surface 

of tibial diaphysis was included in the study for detailed analysis. Both left and right 

tibiae, if present, were examined for the presence of osteoperiostitis. Special care was 

made to distinguish the lesion from rough muscle attachments marks and localized 

trauma.  

 

Figure 6-4 Osteoperiostitis on medial surface of right tibial shaft of 
2007AXAM101.  

(Scale bar = 2cm)  
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6.3.2.3. Statistical analysis 

In this study, the odds ratio (ORs) statistic was conducted to assess the 

differences between two groups of people (for example, males vs. females) to minimize 

the bias brought by non-identical age structures in the data (Klaus 2014; Waldron 1994; 

Klaus et al. 2009). Following the analytical procedures described by Klaus and 

colleagues (Klaus et al. 2009), ORs were calculated separately for each indicator in 

each defined age cohort. When the prevalence is higher in the first population compared 

(in this case, the males), OR is greater than1; if prevalence is higher in the second 

population compared (the females), OR is less than 1. For example, an OR of 2.82 

would mean the prevalence of this indicator is 2.82 times greater in males; an OR of 

0.78 would represent the prevalence is 1.28 times (1/0.78 = 1.28) greater in females. 

A common odds ratio (ORMH) is then estimated and tested by the Mantel-

Haenszel statistic to determine the overall prevalence pattern between two groups of 

people as an age-related proportion. Significant differences between the samples in 

each comparison were determined by chi-square tests. Fisher’s exact tests were used 

when the cell number is less than 5. All statistical analyses were produced using SPSS 

21. The detailed odds ratio values are presented in the supporting information section. 

6.4. Results 

6.4.1. Demographic profile 

The demographic profile of the sample was generated based on the human 

skeletal remains of 70 subadults and 277 adults (Figure 6-5): two infants (perinatal – 3 

years), 27 children (4 – 12 years), and 41 adolescents (13 – 19 years), consisting 0.6%, 

7.8%, and 11.8% of total individuals, respectively. The adult sample comprises 38.3% of 

total individuals aged 20 to 34 years (n=133), 27.7% aged 35 to 49 years (n=96), 5.5% 

aged over 50 years (n=19), and 8.4% of adults (n=29) with indeterminate age (older than 

20 years). For adults, 39.7% are males (n=110), 42.6% females (n=118), and 17.6% 

individuals with indeterminate sex (n=49).  
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When the sample was broken down by temporal phases (Table 6-3) and by two 

different burial aspects (lineage burials and refuse pits) (Table 6-4), the sex ratios do not 

show any significant difference by Kolmogorov-Smirnov test. However, the age 

distributions differ significantly between the two types of burials. The latter may also 

reflect sample bias since more lineage burials were included in the analysis.  

 

Figure 6-5 Age-at-death and sex distribution of the total sample  
(P=Perinatal). 
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Table 6-3 Age-at-death distribution of skeletons by sex and time period.* 

  Subadults Adults 

TotalAge groups 
1 (P – 3) 2 (4 – 12) 3 (13 – 19)

4 (20 – 34) 5 (35 – 49) 6 (50+) Adults of indeterminate age (20+)

  M F I M F I M F I M F I 

Early phase 0 1 10 8 13 0 8 3 2 1 0 1 1 2 5 55 

Late phase 0 8 11 17 18 5 23 21 7 4 5 3 2 1 5 130 

* P = Perinatal; M = Male; F = Female; I = Adults of indeterminate sex. 

 

 

Table 6-4 Age-at-death distribution of skeletons by sex and burial type.* 

Age groups 

Subadults Adults 

Total
1 (P – 3) 2 (4 – 12) 3 (13 – 19)

4 (20 – 34) 5 (35 – 49) 6 (50+) Adults of indeterminate age (20+)

M F I M F I M F I M F I 

Lineage burials 2 19 33 41 51 11 38 36 14 6 7 4 4 3 16 285 

Refuse pits 0 8 8 16 13 1 3 5 0 1 1 0 1 2 3 62 

* P = Perinatal; M = Male; F = Female; I = Adults of indeterminate sex.
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6.4.2. Systemic stress indicators 

The crude prevalence of LEH at Yinxu was found to be quite high across all age 

groups (Table 6-5). Of the 230 individuals with either permanent maxillary anterior teeth 

or mandibular canines preserved, 80.9% can be scored with presence of at least one 

LEH: 84.6% (n=78) for males, 80.0% (n=80) for females, and 80.8% (n=52) for subadults 

(perinatal – 19 years).  

Table 6-5 Crude prevalence data of systemic stress indicators by sex, 
temporal phase and burial type.*  

   Enamel Hypoplasia Cribra Orbitalia Osteoperiostitis

   N % N % N % 

Total 230 80.9 165 30.3 — — 

Subadults 52 80.8 23 52.2 — — 

Adults Adults Total 178 80.9 142 26.8 180 40.0 

M 78 84.6 61 26.2 78 46.2 

F 80 80.0 69 27.5 83 36.1 

Time Period Early 
phase 

M 12 83.3 6 33.3 12 33.3 

F 10 60.0 8 37.5 16 31.3 

Total 31 80.6 22 31.8 35 34.3 

Late 
phase 

M 35 85.7 26 38.5 28 42.9 

F 32 78.1 27 25.9 25 24.0 

Total 92 81.5 65 33.8 57 31.6 

Burial type Lineage 
burials 

M 67 85.1 50 30.0 63 46.0 

F 70 80.0 56 21.4 70 30.0 

Total 196 81.1 129 27.9 150 36.7 

Refuse 
pits 

M 11 81.8 11 9.1 15 46.7 

F 10 80.0 13 53.8 13 69.2 

Total 34 79.4 36 38.9 29 58.6 

* — Observations in adults only; N = total number of individuals observed; M = Male; F = Female. 

Overall, of the 165 individuals with orbital roofs available for analysis, 30.3% 

exhibit evidence of cribra orbitalia: 26.2% (n=61) for males, 27.5% (n=69) for females; 

and 52.2% (n=23) for subadults (perinatal – 19 years) (Table 6-5). Among all individuals, 

only 3 children (perinatal – 12 years) were found to have active cribra orbitalia, and all 

others exhibit remodelled lesions of cribra orbitalia. 
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Of the 180 adults with tibial diaphyses preserved, 40.0% were found to display 

osteoperiostitis: 46.2% (n=78) for males and 36.1% (n=83) for females (Table 6-5). 

For adults, odds ratio tests of the overall comparison by sex reveal that females 

seem more likely to have an elevated prevalence of healed cribra orbitalia. In contrast 

males were more susceptible to enamel hypoplasia when they were young and to 

osteoperiostitis in adulthood than their female counterparts (Table 6-6; see detailed odds 

ratio results in Table A1). However, the prevalences of these three stress indicators 

between sexes were not significantly different by chi-square analysis. 

Table 6-6 Interpretation of odds ratio statistics for the overall comparison of 
systemic stress by sex, phase, and burial type.* 

Pathological 
condition 

Interpretation of odds ratio results 

Male (M) vs. 
Female (F) 

Early phase (E) vs. 
Late phase (L) 

Lineage burials (B) 
vs. Refuse pits (R) 

Enamel Hypoplasia 1.45 times M > F 1.19 times L > E 1.26 times B > R 

Cribra Orbitalia 1.06 times F > M 1.59 times L > E 1.71 times R > B 

Osteoperiostitis 1.61 times M > F 1.02 times L > E 2.43 times R > B* 

* The difference is statistically significant (χ2
MH

 = 3.578, df = 1, P = 0.039). 

6.4.3. Comparison by temporal phases 

Odds ratio tests for the overall comparison are presented in Table 6-6 (see 

detailed odds ratio results in Table A2). Enamel hypoplasia increased 1.19 times and 

cribra orbitalia prevalence is elevated 1.59 times in the late phase. People of the early 

phase were 1.02 times more likely to be affected by osteoperiostitis. However, no 

statistically significant temporal changes of the three systemic stress indicators have 

been detected. Crude prevalence comparisons are illustrated for the indicators by sex 

and by temporal phase (Figure 6-6; Table 6-5). 



 

68 

 

Figure 6-6 Crude prevalence comparisons of systemic stress indicators by sex 
and by temporal phase. 

Within-phase comparisons by sex (Table 6-7; see detailed odds ratio results in 

Table A3) reveal that males display a consistently higher prevalence of all of the stress 

indicators through time, however, the differences are not statistically significant. 

Table 6-7 Interpretation of odds ratio results for the comparison of systemic 
stress by sex and by phase. 

Pathological 
condition 

Interpretation of odds ratio results 

Within-phase comparisons  Between-phase comparisons 

Male (M) vs. Female (F) Early phase (E) vs. Late phase (L) 

Early phase Males 

Enamel Hypoplasia 3.21 times M > F 1.15 times L > E 

Cribra Orbitalia 3.33 times M > F 1.11 times L > E 

Osteoperiostitis 1.53 times M > F 1.26 times L > E 

 Late phase Females 

Enamel Hypoplasia 1.92 times M > F 4.29 times L > E 

Cribra Orbitalia 1.67 times M > F 1.20 times E > L 

Osteoperiostitis 2.59 times M > F 1.49 times E > L 
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Between-phase comparisons by sex (Table 6-7; see detailed odds ratio results in 

Table A4) did not show any significantly elevated prevalence of the indicators in either 

males or females through time though males have slightly higher prevalences. 

6.4.4. Comparison by burial type 

The comparisons between the two types of burials reveal that the prevalence of 

osteoperiostitis significantly increased (2.43 times) in individuals from refuse pits (Table 

6; see detailed odds ratio results in Table A5). Additionally, individuals from refuse pits 

had nonsignificantly higher prevalence of cribra orbitalia (1.71 times) and lower 

prevalence of LEH (1.26 times) than those from lineage burials. Crude prevalence 

comparisons are illustrated for the indicators by sex and by burial type (Figure 6-7; Table 

6-5).  

 

Figure 6-7 Crude prevalence comparisons of systemic stress indicators by sex 
and burial type. 

Within-burial comparisons by sex (Table 6-8; see detailed odds ratio results in 

Table A6) reveal that in lineage burials, males seem to have elevated prevalence of 

systemic stress indicators; specifically, males present significantly increased prevalence 
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of osteoperiostitis (2.26 times). Within refuse pits, females show higher prevalence of 

cribra orbitalia (10 times) and osteoperiostitis (4.03 times) than the males, however, the 

differences are not statistically significant.  

Table 6-8 Interpretation of odds ratio results for the comparison of systemic 
stress by sex and by burial type. 

Pathological condition 

Interpretation of odds ratio results 

Within-burial comparisons Between-burial type comparisons 

Male (M) vs. Female (F) 
Lineage burials (B) vs. Refuse pits 
(R) 

Lineage burials Males 

Enamel Hypoplasia 1.56 times M > F 2.30 times B > R 

Cribra Orbitalia 1.55 times M > F 3.53 times B > R 

Osteoperiostitis 2.26 times M > F* 1.06 times B > R 

 Refuse pits Females 

Enamel Hypoplasia 1.10 times M > F 1.04 times B > R 

Cribra Orbitalia 10.00 times F > M 6.62 times R > B**  

Osteoperiostitis 4.03 times F > M 7.69 times R > B*** 

* The difference is statistically significant (χ2
MH = 4.093, df = 1, P = 0.028). 

** The difference is statistically significant (χ2
MH = 6.380, df = 1, P = 0.007). 

*** The difference is statistically significant (χ2
MH = 7.249, df = 1, P = 0.006). 

Between-burial type comparisons by sex (Table 6-8; see detailed odds ratio 

results in Table A7) show that males from lineage burials have greater systemic stress 

indicator values than males from refuse pits, albeit not a statistically significant 

difference. Nevertheless, females of the refuse pits are affected more by cribra orbitalia 

and osteoperiostitis than females from lineage burials (6.62 times greater cribra orbitalia 

prevalence and 7.69 times greater osteoperiostitis prevalence). 

6.5. Discussion 

The present study was undertaken to explore influences of early urbanization on 

health and well-being of Yinxu inhabitants in the Late Shang dynasty. Our data show 

that a considerable proportion of Yinxu inhabitants experienced a life with substantial 

physiological stress in childhood as evidenced by the high proportion of enamel 

hypoplasia (80.9%), suggesting systemic stress was pervasive across all sectors of Yin-
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Shang society. However, following childhood some segments of society appear less 

buffered from further stress impacts than others. For example, females of refuse pits 

were significantly more affected by cribra orbitalia (CO) and osteoperiostitis than all the 

other groups. In addition, lineage cemetery males were more affected by osteoperiostitis 

than lineage cemetery females and refuse pits males. Contrary to our hypotheses that 

the three indicators would increase through time as urbanization progressed, there were 

no significant differences between the two phases. 

There are at least three plausible explanations for these results. Perhaps the 

components of urbanization affecting inhabitants’ health had developed very rapidly 

following the establishment of Yinxu, were already in place in the preceding Shang 

society, or had been present since the transition to sedentary agricultural societies in the 

earlier Neolithic. In addition, the markers may not be sensitive enough to catch the 

changes occurring during the rise of urban living. Furthermore, perhaps gender roles 

and social status differences in prevalence may better reflect the effects of urbanization 

on human health. 

6.5.1. Systemic stress of Yinxu inhabitants 

Although the markers used in this study are considered to be non-specific 

indicators of stress, each marker reflects a different segment of a person’s life history. 

Enamel hypoplasia permanently documents in subadult and adult dentitions systemic 

stress episodes in childhood. Thus even though the Yinxu sample under-represents 

children the LEH prevalence presented here still provide substantial evidence of 

childhood physiological disruption. As cribra orbitalia (CO) is more frequently seen in 

children under five years of age, it is an additional indicator of childhood stress (Stuart-

Macadam 1985). In adults the continued presence of CO suggests that healing and 

recovery were slowed or hindered and therefore its presence in adults provides a 

window on childhood frailty (Stuart-Macadam 1985; Facchini et al. 2004). The use of 

cribra orbitalia in conjunction with LEH facilitates more comprehensive interpretations of 

the factors contributing to childhood non-specific stresses at Yinxu. The third marker 

osteoperiostitis (observed in this study in adults only) exhibits an adult record of 

systemic stress. Use of all three markers provides a more holistic view of lifeways of the 
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Late Shang people at Yinxu with the potential to detect interactions between childhood 

stress exposure and risks of negative reactions to stressors later in life. 

6.5.1.1. LEH 

Enamel hypoplasia was high at Yinxu in all contexts (80.9%), which is higher 

than all earlier populations in ancient China as demonstrated in other studies for the 

Yellow River region ranging from 9% to 76% (Pechenkina et al. 2007, 2002). It should be 

pointed out that the frequency is assessed at the individual level but not at the tooth level 

(66.5% data not shown). The estimation of LEH prevalence in individuals often 

intrinsically exceeds the prevalence of the teeth, and hence it is important to compare 

data obtained from the same method quantifying lesion prevalence. However, because 

not all anterior teeth are present for observation in the individuals, reporting at the tooth 

may further underestimate LEH prevalence (Goodman and Rose 1990), making the 

figure less reliable. Therefore, the individual level prevalence of LEH is included for 

detailed analysis in this study.  

High frequencies of LEH have been found in populations living in fluctuating 

marginal environments or experiencing subsistence transition. For instance, high 

prevalence of LEH (76.4%) was detected at the mixed agricultural/pastoral site of 

Houtaomuga in Northeast of China (Merrett et al. 2015). Similarly, LEH is high in ancient 

Japan: 48-65% for Jomon foragers and 63% for Yayoi agriculturalists (Temple 2010). 

Farther south in Vietnam and Thailand the prevalence in sedentary societies practicing 

agriculture is 71.7% at Da But and 67.3% at Metal period sites (Oxenham 2006). 

Additionally, a higher prevalence of LEH is also observed in a modern Chinese 

population (55.9%), when people are under the stress of famine (Zhou and Corruccini 

1998).   

Moreover, even higher prevalences have been observed in some complex 

societies from the Americas and Europe (Belcastro et al. 2007; Pechenkina and Delgado 

2006; Šlaus 2008). For example, Classic Maya populations from Xcambo, Mexico 

reached almost 100% (99.5%) (Méndez Collí et al. 2009), while the Villa El Salvador XII 

series from Peru exhibited 72.9% (Pechenkina and Delgado 2006). High prevalence 

continues in Medieval Europe in a population from Tirup, Denmark (86.3%) 
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(Palubeckaitė et al. 2002). It is evident that high population density and urban life 

contribute to higher LEH prevalences.    

Clinical studies show that enamel defects can be linked to numerous aetiological 

factors both hereditary and acquired through systemic and environmental conditions 

(Hillson 2014; Goodman and Rose 1990; Seow and Perham 1990; Salanitri and Seow 

2013). Taken together, this suggests that biologically no one in this society escaped 

stresses. The proximate causes of this non-specific systemic stress indicator such as 

vitamin deficiencies, limited food resources, quality and quantity of the food supply within 

the context of child-rearing practices and maternal diets, and heavy pathogen load in a 

sedentary urban lifestyle clearly can be expected during the urbanization process. As 

suggested, the high LEH frequency observed in this study reflects truly adverse impacts 

of early urbanization on all groups of Yin-Shang people, as seen through the lens of high 

vulnerability of children to physiological disturbances. 

Since the majority of Yinxu people had experienced stress sufficient to halt 

enamel protein synthesis, trade-offs for early survival might be expected, for example 

survival of stress in childhood may compromise ability to survive future stress episodes 

(Temple and Larsen 2013; Temple and Goodman 2014). However, the extremely high 

levels of LEH may obscure evidence of factor interactions and compromised future 

health (Merrett et al. 2015). The additional factors below are explored to tease out 

meaning from these results. 

6.5.1.2. Cribra Orbitalia 

Adult prevalence of cribra orbitalia at Yinxu is 26.8% (n=142). From an extensive 

literature review, cribra orbitalia in adults appears to increase in prevalence through time 

and with each demographic transition (Oxenham 2006; Kent 1986; Stuart-Macadam 

1998; Bocquet-Appel et al. 2008). In the Yellow River valley of China cribra orbitalia 

starts at earlier Neolithic sites (9000 to 5000BP) with values between zero and 25% 

(Pechenkina et al. 2007, 2002; Zhang 2009). During the later Neolithic (5000 to 4000BP) 

much higher frequencies have been recorded reaching up to 50% (Pechenkina et al. 

2007, 2002; Shang and Han 2001). The trend towards elevated prevalence continues 

(44 – 56%) into dynastic China as population density and social complexity increase 
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(Pechenkina et al. 2007, 2002; Zhang and Zhu 2006). This trend is mirrored with low 

values in Neolithic Japan (Temple 2010; Hirata 1990) and higher values (26.3 to 46%) in 

complex highly stratified societies in other regions of the world (Redfern et al. 2015; 

Pechenkina et al. 2007; Benus et al. 2010). Clearly, Yinxu at the 26.8% seen in the 

present study is consistent with this trend.  

However, the adult prevalence of cribra orbitalia tells only a partial story. Through 

partitioning of our sample by age into subadults and adults, biological and cultural 

factors contributing to stress exposure vulnerability and resilience can be further 

explored. The subadult prevalence of 52.2% (n=23) is consistent with data reported in 

other studies. Over half of the subadults present the osseous lesion at Neolithic sites in 

China and Japan (Temple 2010; Shang and Han 2001) and in Bronze Age China (Zhang 

and Zhu 2006). 

This seemingly contradictory outcome might be adequately interpreted through a 

biocultural approach. The higher value for subadults in our sample reflects the severe 

biological vulnerability of children. Although the adults are also exposed to the same 

levels of stress (they are living under the same conditions), they are biologically more 

resilient having mature immune systems and reduced requirements for growth and 

maintenance (Scrimshaw and SanGiovanni 1997; McDade et al. 2008). As a 

manifestation of bone response to stress, cribra orbitalia may not permanently document 

the stress episodes experienced. In addition, CO is more specific in causation. However, 

both markers reflect the same time frame of vulnerability of childhood. Taken together 

we might expect the lower prevalence of CO than LEH seen in this study. In adults 

remodelled orbital lesions may result from repeated childhood stress with slow recovery. 

These adults may have lacked sufficient buffering mechanisms, biological and/or cultural 

to allow for healing and eventual disappearance of the lesions. Thus CO may be a 

marker of use in both subadult and adult analyses. 

In addition, adults are differentially buffered by cultural aspects of the Shang 

lineage system. Since Yin-Shang is a highly stratified state level society (Liu and Chen 

2012; He 2011; Chang 1974), it can be speculated that the cultural buffering 

mechanisms for adults at Yinxu were unevenly distributed, as labour divisions and craft 
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specialization were part of the social framework. Those with better buffering 

mechanisms may recover from the stress of their earlier life, and certainly reduce the 

chance of developing new lesions. The CO data in this study seem to fit nicely within this 

scenario. In adults, cribra orbitalia varies significantly when only female samples are 

compared (χ2
MH = 6.380, df = 1, P = 0.007). Refuse pit females exhibit 6.62 times greater 

CO (53.9%, n=13) than lineage burial females (21.4%, n=56) highlighting the influence 

of social and cultural factors on health indicator variables. If so, the CO data reveal not 

only biological response to stress itself but also to social and cultural influences on 

recovery and resilience.  

6.5.1.3. Osteoperiostitis 

As a non-specific indicator recording the baseline inferences of stress in 

adulthood, a large body of bioarchaeological scholarship links tibial osteoperiostitis with 

infectious agents such as Staphylococcus or Streptococcus (Klaus 2014; Ortner 2003). 

However, other factors such as vitamin deficiencies (Buckley et al. 2014; Paine et al. 

2007; Weston 2012) and repetitive trauma (Beck 1998; Lambert 1993; Robb 2014, 1994; 

van der Merwe et al. 2010; Dewitte and Bekvalac 2011) have also been implicated. 

Therefore, its multifactorial aetiology often precludes specific interpretation of the lesion.  

A high prevalence of osteoperiostitis in adults (40.0%, n=180) was found in this 

study. However, in comparison to the values reported for six Neolithic sites in Central 

China (0.0%) (Pechenkina et al. 2007), the forty per cent for Yinxu inhabitants seems 

remarkably elevated. An increase in prevalence has also been found in Southeast Asia 

with agricultural intensification from Neolithic to Early Bronze Age (Clark 2014). Similarly, 

studies in North America reveal a significant increase of osteoperiostitis frequency from 

precontact preagriculturalists to late contact populations (Larsen 1998), indicating a 

strong connection between this pathological condition and sedentary agricultural 

lifeways, and population density. European populations in more complex societies during 

the Late Antiquity – Early Middle Ages transition also exhibited primarily increases in 

osteoperiostitis prevalence (Belcastro et al. 2007; Šlaus 2008). 

As Yinxu was a craft production centre (Li et al. 2011; He 2011; Campbell et al. 

2011), Yinxu inhabitants lived and worked closely together, facilitating the transmission 
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of acute or chronic systemic infections within the population. In addition, the lesions 

observed in Yinxu people may not just reflect the level of chronic systemic stress but 

also the impacts of malnutrition such as scurvy, Vitamin B3 deficiency, rickets, vascular 

disease, and traumatic injuries (Ortner 2003; Lambert 1993; Paine et al. 2007; Weston 

2012; Dewitte and Bekvalac 2011). It is not surprising to see that the females in the 

refuse pits had suffered significantly more osteoperiostitis (7.69 times, χ2
MH = 7.249, df = 

1, P = 0.006) than their female peers in lineage burials as the refuse pit females were 

less buffered by exclusion from the lineage system.  

Recent studies show that tibial osteoperiostitis could also be related to 

inflammation caused by repetitive stress injuries (Beck 1998; Robb 2014, 1994; Moen et 

al. 2009; Franklyn and Oakes 2015). When confronted by extensive chronic and 

repetitive strain that challenges the limits of bone elasticity, the periosteal-cortical bone 

interface of the tibia can be injured initiating new bone formation. The new bone serves 

to reduce further stress and potential fractures (Beck 1998). The observed alterations on 

the bone surface could be seen as a product of repetitive movements, resulting from 

heavy physical demand and/or extensive walking/running for long distances (Robb 2014, 

1994; van der Merwe et al. 2010; Moen et al. 2009; Franklyn and Oakes 2015). These 

scenarios have been linked to the elevated levels of subperiosteal inflammation seen 

among Andean women with heavy labour demands in Postcontact Peru (Klaus and Tam 

2009). 

Significantly higher prevalence of osteoperiostitis is found in lineage males than 

in lineage females (2.26 times, χ2
MH = 4.093, df = 1, P = 0.028). If the tibial 

osteoperiostitis is caused by repetitive physical demand as suggested above, our data 

may reflect the increasingly heavy workloads of lineage male craft specialists within the 

growing urban centre.  

Although we could not rule out the possibility that some endemic infectious 

diseases might account for the high frequency of osteoperiostitis in the Yinxu population, 

there is so little periostitis observed on skeletal elements other than the tibia (data not 

shown) that no positive patterns to support their presence was observed. Therefore, the 

synergistic reaction of chronic infection with nutritional stress, high population density 
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and repetitive physical stresses from extensive workloads of daily activities in the urban 

center were more likely to have contributed to the overall picture.   

6.5.2. Temporal trends in lineage burials 

The three systemic stress indicators all show increases in prevalence from early 

to late phase, but odds ratio statistics failed to demonstrate any significant differences. 

This is not what we originally hypothesized: the prevalences were expected to increase 

drastically with intensifying urbanization at Yinxu. This discrepancy has many important 

implications.        

Firstly, Yinxu may not be the first place where the early urbanization was 

initiated. Instead, the Shang King may have moved the last capital to Anyang with an 

established urban system in place and perhaps even with an urbanized population. New 

archaeological discoveries on the development of urbanism in the early states of Erlitou 

and Erligang in the Central Plain reveal abundant evidence of large urban centres well 

before the establishment of Yinxu, thus pointing to possible locations for initial 

urbanization (Liu and Chen 2012). 

Secondly, although other archaeological evidence of deteriorating environment 

and increasing population density through time (Zhang et al. 2007; Song 1991; Cao et 

al. 2010) indicates the presence of intensifying sociocultural and political stresses, Yin 

society may have developed mechanisms to maintain the delicate balance between 

adaptation to changing social and environmental conditions and societal collapse. As 

supported by our data, within the 200 years of the regime, no dramatic increases in the 

prevalence of systemic stress indicators have been detected. 

Thirdly, although Yinxu collapse was not instantaneous, our data of human 

remains failed to catch the expected increases in stress marker prevalence. This could 

be caused by: 1) small sample size; 2) sample bias towards the stable period of Yinxu; 

3) the collapse happening too rapidly, leaving inadequate amounts of time for skeletons 

to develop any detectable lesions of the stress indicators used in this study. 
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Overall our data, showing no change through time, demonstrate the general 

patterns of stress exposure during the period of social balance at Yinxu. Further 

exploration of human skeletal remains in the initial and final stages of Yinxu occupation 

may generate new insights into the impact of urbanization on lifeways and health. 

6.5.3. Impact of early urbanization at Yinxu 

Yin is considered to be the largest capital centre with early urbanization of its 

time in China. Regional deforestation, interregional trade networking, and internal social 

stratification that provided the resources needed to support the urban population and 

craft production have all been observed in the Yinxu archaeological record. Given the 

inferred poor living conditions at Yinxu, it is expected that the stress would be evident in 

the human skeletal remains.   

Three analyzed physiological stress markers in this study show increases in 

prevalences when compared to earlier Neolithic societies in China, and also indicate 

trends similar to those seen in other societies elsewhere in the world. This confirms that 

urbanization exerts tremendous stress on the inhabitants. Furthermore, each of these 

three stress indicators has also revealed detailed and specific information about different 

segments of urban life history. 

Without any possibility of tissue remodelling, LEH serves as a very sensitive 

marker to record childhood stress. With a prevalence of over 80%, our data is higher 

than any earlier Neolithic societies in China. Biologically, childhood is more vulnerable to 

stress, but socioculturally, childhood at Yinxu has not been effectively buffered against 

the impacts of stress. LEH clearly shows that the entire urban population (the 

commoners) at Yinxu was severely subjected to stresses.  

With a chance of tissue remodelling, cribra orbitalia is used in this study to 

examine the body’s recovery and resilience from childhood stress. Osteoperiostitis 

assesses adult frailty. Our odds ratio results confirm that patterns of adult systemic 

stress in Late Shang dynasty of Yinxu were strongly conditioned by subtle social 

stratification.  
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In the context of lineage burials, health disparities between the two sexes were 

significantly different. Lineage males generally displayed a greater negative response to 

physiological stressors than their lineage female counterparts, indicating that lineage 

men may have been under greater physiological stress and have laboured more 

strenuously or intensively than the women. Heavy labour occupations of craft production 

such as bronze casting and tool making were within the professional realm of lineage 

males as seen by burial goods patterning (Kong 2007). For instance, bronze tools such 

as chisels and axes are found in male burials (Kong 2007). Additionally, one-sixth of the 

male burials contained bronze weapons, while weapons have been very rarely found in 

the same burial with spindle whorls that may represent female roles (Tang 1998; Parker 

Pearson 1999) for a different interpretation of grave goods). This suggests that men 

predominated in the labour force and the military in Yinxu society. Although Yinxu 

commoners of lineage burials had stronger connections within certain lineages than 

those excluded individuals of refuse pits, they may have participated in more laborious 

though more prestigious activities such as craft production. 

Concerning the refuse pit people, their social status is less clear, indicating the 

heterogeneous nature of this group in the urban centre. Skeletons from refuse pits are 

usually interpreted as sacrificial victims (Yang 1986) or slaves (Yang and Yang 1983). 

However, no osteological evidence has been identified for perimortem trauma such as 

decapitation or dismemberment cut marks that would clearly indicate human sacrifice. 

Life of the refuse pit people, especially females, appears to have been more stressful 

than for the lineage cohort, suggesting they belong to a marginalized and less privileged 

subgroup of Yin-Shang society. A recently published work on carbon and nitrogen 

isotopes from Xin’anzhuang site (which was also analyzed in this study) suggests that 

refuse pit people had lower animal protein intake in life that those of lineage burials 

(Cheung et al. 2015). Clearly, the process of early urbanization at Yinxu exacerbated the 

subtle health outcomes between the archaeologically-defined social subgroups. 

6.6. Conclusions 

This study has examined systemic stresses that Yinxu inhabitants experienced 

during the Late Shang dynasty. This time period witnessed a dramatic increase in social 
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stratification and urbanization, compounding their impacts on human health. Our study 

from two different burial contexts reveals important insights into the lifeways of the 

Shang people.  

1) LEH (an indicator of childhood stress exposure) was pervasive 

throughout the entire sample. This indicates that substantial systemic stress, associated 

with increased population density and urbanization, affected the whole society. The 

universal vulnerability of children to physiological disturbances highlights the importance 

of biological factors of growth and development in the dental expression of childhood 

stress exposure.  

2) Cribra orbitalia (an indicator of childhood stress and recovery and 

resilience in later life) was significantly higher in the female refuse pit cohort than all 

others, revealing differential impacts of stresses accompanying subtle social stratification 

on various groups within society.  

3) The higher prevalence of osteoperiostitis (an indicator of adult stress 

exposure) was observed in the male lineage cohort than in the lineage females, inferring 

that men may have conducted higher levels of repetitive daily physical activities that 

affected the lower limbs than women. This is suggested to be related to increasing 

gender division of labour with early urbanization. 

The observed patterns of variation show that the people at Yinxu must have 

experienced a stressful life caused by urbanization. Potentially, there were many 

adverse factors such as high population density, narrowed dietary choices, laborious 

lifestyle, and intensified social stratification that may have acted synergistically to affect 

the frailty of some individuals. However, gender roles and archaeologically-defined 

social groups differentiate Yinxu inhabitants in their susceptibility to adult systemic stress 

(as shown by cribra orbitalia and osteoperiostitis). This demonstrates the complexity of 

biocultural interactions in shaping human adaptation under conditions of stress.  

The current study represents a new approach in Shang archaeology using 

human osteological evidence to explore the impacts of early urbanization on health and 

stress exposure of the Shang ‘masses’. Such insights from Shang commoners (rather 
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than royal elites) will prove to be extremely useful for future synthetic analyses of 

skeletal remains and material culture, thus enhancing the existing archaeological 

narrative of Shang society. 
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Chapter 7.  
 
Urban Lifeways and Activity Induced Osteoarthritis 

7.1. Introduction 

 The last capital city of Shang is located on both banks of the Huan River to the 

northwest of the modern city Anyang, China (114.19°E, 36.07°N) (Figure 7-1). The 

archaeological ruin, now known as “Yinxu”, has been listed as a UNESCO World 

Heritage site in 2006. It is well-known for the recovery of the earliest Chinese writing 

system, oracle bone inscriptions, as well as its tremendous artifacts representing a 

sophisticated craft industry, especially bronze casting. Shang civilization associated with 

early urbanization in China flourished in Anyang for over 200 years (ca. 1250 – 1046 

B.C.) (Tang 2004). This time period is generally phased as the Late Shang in Chinese 

archaeology (Tang 2001). During this time social stratification was further intensified; 

new occupations and urban life emerged. It is believed that Yinxu people, particularly the 

commoners are divided into different working occupation groups involved in 

manufacturing specialized crafts in order to fulfill their duties to the Shang kings and 

support their families (Chang 1980; Keightley 2012). 
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Figure 7-1 Geographic location of modern city Anyang, the archaeological ruin 
Yinxu (shadowed in yellow), and the three sites of this study. 

(1) Xin’anzhuang, (2) Heihelu, and (3) Xiaomintun. 

It is intriguing to reconstruct how dramatic social and cultural changes affected 

health status and lifeways of the Yinxu people. Such important insights can prove helpful 

for understanding subsequent changes in the Shang Dynasty. One direct approach of 

reconstruction is the study of ancient human skeletal remains. Human bone, as a living 

tissue, can be shaped and crafted through adaptive responses to cultural and 

environmental changes (Agarwal and Glencross 2011). One of the commonly 

documented and well-studied changes in the field of human bioarchaeology is 

osteoarthritis. Previous clinical and osteoarchaeological studies demonstrate that 

osteoarthritis can be caused by many factors such as age, sex, genetics, hormones, 

nutrition, and body mass, among others (Hame and Alexander 2013; Weiss 2006; 

Sharma et al. 2006; Spector and MacGregor 2004). However, it is well-established that 

intensive physical demands and mechanical strains primarily prompt the development of 

osteoarthritis (e.g. Rogers and Waldron 1995; Goodman and Martin 2002; Weiss and 

Jurmain 2007; DiFiori et al. 2014; Gouttebarge et al. 2015). Some studies have also 

shown an etiological relationship that can be determined between certain osteoarthritis 
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patterns and specific underlying occupational or habitual practices (e.g. Stirland and 

Waldron 1997; Brown et al. 2008; Klaus et al. 2009; Palmer 2012). As a result, many 

efforts are made to use osteoarthritis to investigate subsistence and lifeways (e.g. 

Walker and Hollimon 1989; Lieverse, Weber, et al. 2007; Klaus et al. 2009; Eshed et al. 

2010; Lieverse et al. 2016; Suzuki et al. 2015) and to reconstruct past societal changes 

such as sexual division of labour and occupational or habitual activity patterns (e.g. 

Ubelaker 1979; Lai and Lovell 1992; Molleson 1994; Sofaer Derevenski 2000; Molnar et 

al. 2009; Palmer et al. 2016; Eng 2016). 

This study will take a similar approach to examine osteoarthritis in human 

skeletal remains from Yinxu to explore connections between osteoarthritis frequencies 

and social factors such as sex division of labour and occupation specialization in the 

Late Shang. This osteoarchaeological study is also expected to shed light on the 

growing understanding of social dynamics of Shang society and the process of early 

urbanization in ancient China.   

7.2. Archaeological context at Yinxu  

Yinxu, the Shang core area, was called the Great Settlement Shang (dayishang, 

大邑商) in oracle bone inscriptions (Tang and Jing 2009). Bordered with mountain 

ranges on the west, this urban settlement was on the Yellow River’s alluvial plain in 

North China. Fertile soil on the broad floodplain, vast forest vegetation, and diverse 

wildlife resources could have provided Yin inhabitants with significant economic 

advantages (Wang and Huang 2002; Zhu 2005; Zhang et al. 2007). However, when 

Yinxu was established, the Holocene Climate Optimum was drawing to an end with 

climate gradually turning cooler and dryer in the region (Wang and Huang 2002; Wu and 

Ge 2005; Tang and Zhou 2005). Archeological studies indicate that agriculture 

intensified to support the urban population. Archaeobotanical remains of grains including 

millet, rice, sorghum, barley and wheat have been recovered in association with lithic 

agricultural tools such as knives and sickles (Lee et al. 2007; Wang 2007b; Cao et al. 

2010; Wang 2011; Wang et al. 2014). Scholars propose that the oracle bone inscriptions 

depict “the masses” (ren 人 or zhong 众) who worked the agricultural fields (Yang and 

Ma 2010). Labour division was also intensified at Yin; craft industries were developed for 
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the manufacture pottery, bone, and bronze items. Numerous bronze items and pottery 

artifacts are recovered from Yinxu, revealing the magnitude and scale of production that 

would have created different specialized occupations. A recent recovery of tons of raw 

materials for bone artifacts serves to emphasize the extent of output of the craft 

industries (Li et al. 2011; Campbell et al. 2011). 

The Shang cemeteries at Yinxu are also believed to represent social and cultural 

kinships. Shang society at Yin is thought to be organized and stratified by lineage-based 

groups (zu 族) (Tang 1998, 2004; Keightley 2000, 2012; Zhu 2004; Jing et al. 2013). 

Kingly lineage (wangzu 王族), princely lineages (zizu 子族) and all other royal 

descendant lineages (duozizu 多子族) were at the top of the kinship community pyramid 

at Yin (Chang 1974; Keightley 2012). Social elites, the heads of these lineages, also 

formed hierarchies tied to the ruling king through the closeness of kin relationships and 

were assigned social responsibilities by the ruling king (Keightley 2000). The non-elite 

members of the different lineages were denoted as the masses in oracle-bone 

inscriptions (Yang 1986). Controlled by the social elites, these common people worked 

laboriously in subsistence practice, craft production, infrastructure construction, and 

warfare to fulfill the political and economic demands of the Shang kings (Keightley 2012; 

Jing et al. 2013). The lineage system had functioned not only in the social and cultural 

aspects of Yinxu society, but also in determining the spatial distribution of 

neighbourhoods (Tang and Jing 2009). These segregated neighbourhoods are thought 

to be associated with certain specialized occupations that can be estimated by 

archaeological evidence of workshops found nearby (Wang and He 2007; He 2011; Jing 

et al. 2013; Keightley 2012). Thus the lineage cemeteries of different kinship 

communities at Yinxu are used in this study as representative samples to explore social 

and occupational differences within the Late Shang. 

7.3. Materials and methods 

7.3.1. Materials 

The 193 adult skeletal individuals included in this study, were recovered from 

three archaeological sites: Xin’anzhuang (AXA), Heihelu (ABD), and Xiaomintun (XMT) 
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in Anyang (Figure 7-1). Since the comprehensive archaeological site reports of these 

excavations are still in preparation for publication, we here briefly introduce the 

background of the sites.  

1. Xin’anzhuang site (AXA), located on the south of the Palace-Temple 

complex of Yinxu (Figure 7-1), was discovered in 1989 and excavated in 1993 and 2007. 

Over 300 burials of Yinxu culture are recovered, but only 112 human skeletons were 

preserved well enough to be included in this study. Since there is no clear evidence 

positing these individuals into any specialties, we assume them to be non-specialist 

commoners. 

2. Heihelu site (ABD) was excavated from 1996 to 1999 through a salvage 

archaeological project. This excavation uncovered about 700 burials including two large-

sized, “甲” shaped tombs and many settlements, especially residence-related features 

such as house foundations, storage and refuse pits, wells, drainage systems, and roads, 

reflecting a full range of daily activities at Yin. Unfortunately, the preservation of human 

skeletons is so poor that only 26 individuals could be included in this study. Since there 

is no strong evidence linking these individuals to any special occupations, we assume 

them to be non-specialist commoners.  

3. Xiaomintun site (XMT) was excavated in 2003 and 2004 (Yinxu 

Xiaomintun Team 2007), revealing rich archaeological features of a bronze foundry, 

residences and burials. Bronze-casting tools found in many burials may suggest their 

occupations were related to the nearby bronze foundry (Wang and He 2007). Fifty-five 

well-preserved individuals were included in this analysis. 

All human remains included in this study can be securely assigned to Yinxu 

culture (ca. 1250 B.C. - 1046 B.C.) by characteristic features of stratigraphy, burial 

structures, and mortuary goods (Yinxu Xiaomintun Team 2007; Hu 2010). Compared 

with the large ramped richly-furnished tombs in the royal cemetery at the Xibeigang (西

北岗) and the Palace-Temple complex at Xiaotun (小屯) (Figure 7-1), these small-sized 

rectangular pits are believed to be the Yin commoners’ burials (Yang 1986) as over 95% 

of these burials are less than 3 m2 in size and most of them lack burial goods. 
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7.3.2. Methods 

7.3.2.1. Age estimation and sex identification 

Multiple morphological indicators were used to estimate sex and age-at-death of 

each individual following the standard protocols (Buikstra and Ubelaker 1994), in 

conjunction with descriptions in the Chinese data collection manual (Shao 1985). Sex 

assessment was based primarily on pelvic (Phenice 1969; Buikstra and Mielke 1985; P. 

Walker's method in Buikstra and Ubelaker 1994) and cranial morphology (P. Walker's 

method in Buikstra and Ubelaker 1994). Three categories: male, female and 

indeterminate were created in this study. To increase the accuracy of any sex 

comparisons only males and females were included, with indeterminates excluded.  

Age-at-death estimation was based on features including pubic symphysis 

(Brooks and Suchey 1990) and auricular surface (Lovejoy, Meindl, Pryzbeck, et al. 

1985), cranial suture closure (Meindl and Lovejoy 1985), and dental wear pattern 

(Lovejoy 1985). Since osteoarthritis is age-progressive and strongly affected by physical 

activities throughout adulthood, subadults (younger than 20 years) were excluded from 

this study. Adult individuals were classed into three age categories: young adults (20-34 

years), middle adults (35-49 years), and older adults (50+ years) (Table 7-1). In addition, 

adults without the clear morphological indicators of age and/or sex were also excluded 

from statistical analyses. Moreover, the age categories of middle (35-49 years) and older 

adults (50+ years) have been combined into a broader category: older adults (≥35 

years) for further statistical analysis to increase sample size (Figure 7-2). The sample 

sizes obtained from each age- and sex-group are comparable allowing for more 

analogous assessments between groups (Table 7-1).     

Among 193 adults examined in this study, 78 and 85 were confidently identified 

as males and females respectively, they were therefore used in sex comparison. The 

ratio of 1:1.09 (78:85) may slightly overrepresent the actual sex ratio of a living human 

population, but in order to keep the sample size large enough, no adjustment was made. 

The sex- and age-indeterminates were included in crude prevalence comparisons of 

osteoarthritis.    
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Table 7-1 Demographic distribution of the samples analysed in this study. 

Age Group Site Male Female Indeterminate Total

Young adults (20-34) Xin’anzhuang 20 26 5 51 

 Heihelu 2 8 0 10 

 Xiaomintun 14 8 1 23 

Subtotal  36 42 6 84 

Middle adults (35-49) Xin’anzhuang 21 23 6 50 

 Heihelu 3 4 0 7 

 Xiaomintun 10 6 2 18 

Subtotal  34 33 8 75 

Old adults (50+) Xin’anzhuang 1 2 1 4 

 Heihelu 1 0 2 3 

 Xiaomintun 3 5 0 8 

Subtotal  5 7 3 15 

Adults of indeterminate age (20+) Xin’anzhuang 1 2 4 7 

 Heihelu 1 0 5 6 

 Xiaomintun 1 1 4 6 

Subtotal  3 3 13 19 

Total adults Xin’anzhuang 43 53 16 112 

 Heihelu 7 12 7 26 

 Xiaomintun 28 20 7 55 

Grand Total  78 85 30 193 
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Figure 7-2 Demographic distribution of the samples. 

7.3.2.2. Examination criteria for osteoarthritis and spondylosis 

Osteoarthritis was examined macroscopically with the help of a X10 eye loupe 

magnifier. Synovial joints of the shoulder, elbow, wrist, hand, hip, knee, ankle, foot, and 

vertebral apophyseal facet joints were graded and recorded. Osteophytes on vertebral 

body rims (osteophytosis) and Schmorl’s nodes (Schmorl and Junghans 1971) were also 

assessed following the criteria of Buikstra and Ubelaker (1994). The moderate and 

marked expressions are documented as present. Specific locations of joints for detailed 

observation for osteoarthritis were chosen following the description of Larsen and 

colleagues (Larsen et al. 1995) (Table 7-2). The presence of osteoarthritis in synovial 

joints was counted only when the presence of eburnation or at least two of the following 

criteria were observed: marginal lipping, subchondral bone porosity, new bone formation 

on the joint surface, joint contour alteration (Rogers and Waldron 1995; Waldron 2009). 

The severity was graded as follows: 1) slight (one minor change is observed; this was 

not considered as presence of osteoarthritis in this study); 2) moderate (two or more 

criteria are exhibited); 3) severe (eburnation and any of the previous criteria) (Rogers 

and Waldron 1995; Waldron 2009). Any skeletal individuals with at least the half of the 

articular surface of a joint element or vertebral part available for examination were 

included in the analysis of osteoarthritis. As a result, the total number of individuals 

included in this study varies slightly from one joint system to another. Any possible 

secondary arthritis that is most likely associated with an observed fracture on the 

skeleton was excluded. Due to incompleteness of the skeletons, the left and right side 

comparison was not conducted in this study.  
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Table 7-2 Description of joint systems and articular surfaces (adopted from 
Larsen and Kelly, 1995:109). 

Joint Systems Articular Surfaces 

Upper limb Shoulder Humeral head; glenoid fossa 

Elbow Distal humerus (capitulum, trochlea, and 
coronoid fossa); proximal ulna (olecranon, 
coronoid process and radial notch); and head 
of the radius 

Wrist Distal surface of the radius and ulnar notch; 
distal surface of the ulna; carpals and proximal 
metacarpals 

Hand Metacarpal heads; phalanges 

Lower limb Hip Femoral head; acetabulum 

Knee Femur distal end (lateral and medial condyles); 
patella; tibia proximal end (lateral and medial 
condyles) 

Ankle Tibia distal end (talar articular surfaces); 
tarsals 

Foot Metatarsal heads; phalanges 

Spine Schmorl’s nodes (S) Cervical, thoracic and lumbar Schmorl’s nodes 

Apophyseal Facets (Ap) Cervical, thoracic and lumbar superior and 
inferior articular facets 

Marginal Osteophytosis (Ost) Cervical, thoracic and lumbar vertebral body 
rims 

7.3.2.3. Statistical analysis 

The prevalences and distribution of osteoarthritis at the individual level were 

compared within and between sex and occupational groups (for example, males vs. 

females, or non-specialists vs. bronze casting artisans). Multivariate odds ratios (ORs) 

were used to assess statistical significance for each comparison. They were calculated 

separately for each joint in each age cohort: young adults (20-34 years) and older adults 

(≥35 years) using SPSS 21. The Mantel-Haenszel common odds ratios (ORMH) were 
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used to determine the overall differences between two groups of people as an age-

related proportion (Waldron 1994; Klaus et al. 2009; Klaus 2014). Significant difference 

(P<0.05) was determined by Chi-square tests or by Fisher’s exact tests when the cell 

number is less than 5. 

7.4. Results 

7.4.1. Overall crude prevalence of osteoarthritis at Yinxu 

Overall, 41% (n=188) of Yinxu adults were affected by osteoarthritis in the 

appendicular joints; 26.3% (n=118) of individuals presented with Schmorl’s nodes and 

33.1% (n=118) of people displayed osteophytosis on the vertebral body; and 18.6% 

(n=118) of them suffered apophyseal joint facet osteoarthritis (Table 7-3). Osteoarthritis 

frequency is higher in lower limb joints (38.3%, n=180) than in the upper limb (12%, 

n=133). Xiaomintun site exhibits an overall elevated osteoarthritis prevalence in all joints 

in comparison to the other two sites (Table 7-3). 

In general, osteoarthritis was most common in the foot joints (especially, the 

metatarsal-phalangeal (MP) joints, 50.5%, n=111) and least common for the wrist (0%, 

n=63) and hand joints (2.1%, n=47) (Table 7-4). For the osseous changes in the spine, 

very few Schmorl’s nodes were observed in cervical vertebrae (2.2%, n=91), but were 

more frequently seen in thoracic (25.8%, n=97) and lumbar vertebrae (13.7%, n=102). 
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Table 7-3 Crude prevalence of osteoarthritis by site. 

Joint system 
Xin'anzhuang Heihelu Xiaomintun Total  

N* % N % N % N % 

Upper limb 75 10.7 20 5.0 38 18.4 133 12.0

Lower limb 106 38.7 25 16.0 49 49.0 180 38.3

Any osteoarthritis in the appendicular joints 111 40.9 26 15.4 52 53.8 188 41.0

Spine Schmorl's nodes 68 25.0 14 7.1 36 36.1 118 26.3

 Apophyseal facets 69 13.0 14 14.3 35 31.4 118 18.6

 Vertebral body marginal osteophytes 68 25.0 14 35.7 36 47.2 118 33.1

* N = total observed. 
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Table 7-4 Crude prevalence of osteoarthritis by sex and age. 

Joint Systems Male Female Total 

YAa OAa Totala YAa OAa Totala YAb OAb Totalc 

Na % N % N % N % N % N % N % N % N % 

Upper limb Shoulder 22 18.2 24 20.8 48 18.8 26 3.8 25 8.0 53 5.7 51 9.8 52 13.5 107 11.2

Elbow 22 0.0 21 9.5 45 6.7 29 3.4 28 0.0 58 1.7 52 1.9 53 5.7 110 4.5 

Wrist 13 0.0 10 0.0 25 0.0 18 0.0 17 0.0 36 0.0 32 0.0 28 0.0 63 0.0 

Hand 10 0.0 7 0.0 17 0.0 16 0.0 12 0.0 28 0.0 26 0.0 21 4.8 47 2.1 

Lower limb Hip 33 3.0 31 9.7 66 6.1 36 5.6 37 5.4 74 5.4 70 4.3 75 8.0 152 5.9 

Knee 26 15.4 23 17.4 51 15.7 28 10.7 31 32.3 60 21.7 56 12.5 61 24.6 124 18.5

Ankle 25 0.0 21 14.3 48 6.3 31 3.2 28 0.0 60 1.7 58 1.7 51 5.9 116 3.4 

Foot 21 38.1 21 81.0 44 56.8 26 34.6 26 65.4 52 50.0 49 34.7 54 70.4 111 50.5

Spined Cervical S 13 7.7 20 5.0 33 6.1 24 0.0 25 0.0 49 0.0 39 2.6 51 2.0 91 2.2 

Ap  14 0.0 21 33.3 35 20.0 24 4.2 27 14.8 51 9.8 40 2.5 54 25.9 95 15.8

Ost 14 0.0 22 45.5 36 27.8 24 0.0 25 20.0 49 10.2 40 0.0 53 30.2 94 17.0

Thoracic S 20 35.0 22 36.4 43 37.2 26 15.4 24 20.8 50 18.0 47 23.4 49 26.5 97 25.8

Ap 20 0.0 22 13.6 43 7.0 24 0.0 24 12.5 48 6.3 45 0.0 49 12.2 95 6.3 

Ost 20 0.0 22 31.8 43 16.3 25 4.0 24 37.5 49 20.4 46 2.2 49 32.7 96 17.7

Lumbar S 21 14.3 21 9.5 43 14.0 26 15.4 27 14.8 53 15.1 48 14.6 52 11.5 102 13.7

Ap 19 0.0 20 10.0 40 5.0 26 3.8 27 25.9 53 15.1 46 2.2 51 21.6 98 12.2

Ost 21 4.8 21 38.1 43 23.3 26 11.5 27 48.1 53 30.2 48 8.3 52 48.1 102 29.4
a YA = Young adults; OA = Older adults; Total = Total individuals including adults of indeterminate age; N = number of individuals observed. 
b YA = Young adults including adults of indeterminate sex; OA = Older adults including adults of indeterminate sex.  
c Total = Total individuals including adults of indeterminate age and sex. 
d S = Schmorl’s nodes; Ap = Apophyseal facets; Ost = Vertebral body marginal osteophytosis. 
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7.4.2. Presence of eburnation 

The prevalence of eburnation, generally representing the most severe cases of 

osteoarthritis, is relatively high in cervical apophyseal joints (7.4%, n=95) (Figure 7-3 and 

see the details in Table A8 in the Appendix: Supplementary Tables). Young adult 

eburnation is only found in knee (3.6%, n=56) and foot joints (metatarsal-phalangeal 

joints) (4.1%, n=49). For the older individual cohort, some differences that related to sex 

are found: eburnation in the shoulder (12.5%, n=24) (Figure 7-4), hip (6.5%, n=31), and 

ankle (4.8%, n=21) are only observed in older males, while eburnation in lumbar 

apophyseal facet joints is only observed in older females (7.4%, n=27) (Figure 7-5; Table 

A8). 

 

Figure 7-3 Eburnation on the left inferior cervical apophyseal facet  
(2007AXAM140. Scale bar = 1cm). 
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Figure 7-4 Eburnation on the left glenoid fossa  
(2007AXAM165. Scale bar = 1cm). 

7.4.3. Comparison by sex 

Overall, odds ratio statistics do not reveal any significant differences between the 

two sexes within the 95% confidence interval. However, males present a remarkable 

increase of osteoarthritis in the shoulder (3.85 times greater than females, χ2
MH = 2.898, 

df = 1, P = 0.055) (Figure 7-6). Males also exhibit relatively high prevalence of 

osteophytosis on the cervical vertebral body (3.33 times greater than females, χ2
MH = 

2.365, df = 1, P = 0.067), and Schmorl’s depressions on thoracic vertebrae (2.51 times 

greater than females, χ2
MH = 2.734, df = 1, P = 0.060) (Figures. 7-6 and 7-7). Most of the 

nonsignificant trends toward increased osteoarthritis prevalence are in males. Females 

only show higher prevalence of osteoarthritis in the knee and lower spine. Odds ratio 

analysis by age reveals that males commonly express higher osteoarthritis prevalences 

and the earlier onset of osteoarthritis in the joint systems of shoulder, knee, foot, and 

Schmorl’s nodes on the thoracic vertebrae. However, the ORs for the wrist and hand 

joints, and cervical Schmorl’s nodes could not be calculated (denoted as “—” in the 

tables) since among the young adults osteoarthritis lesions were not observed in those 

joints.  
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Figure 7-5 The prevalence of eburnation on major appendicular joints and 
spinal apophyseal joints by sex and age.
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Figure 7-6 The prevalence of osteoarthritis in major appendicular joints and osseous changes in the spine.  
(S = Schmorl’s nodes; Ap = Apophyseal facets; Ost = Vertebral body marginal osteophytosis). 
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Figure 7-7 Schmorl’s node on inferior surface of subadult thoracic vertebra  
(2007AXAM91. Scale bar = 1cm). 

In sum, males exhibit higher osteoarthritis prevalences and earlier age onset of 

osteoarthritis in most upper body joint systems, while females only present higher 

osteoarthritis frequencies in the knee and lumbar region. The detailed odds ratio results 

are presented in Table A9 in the Supporting Information section. 

7.4.4. Comparison by site 

Due to the small sample size of Heihelu site, further statistical comparisons were 

only conducted within and between Xin’anzhuang and Xiaomintun sites. The crude 

prevalence of osteoarthritis in three sites by sex is presented in Table A10. Overall, the 

prevalence of osteoarthritis in Xiaomintun significantly increases 4.13 times in the 

shoulder (χ2
MH = 3.454, df = 1, P = 0.036); and is 5.46 times higher in cervical 

apophyseal joints (χ2
MH = 5.653, df = 1, P = 0.011) than in those of Xin’anzhuang (Figure 

7-8). Moreover, the Xiaomintun sample also shows increases in knee (2.67 times, χ2
MH = 

2.789, df = 1, P = 0.055), in thoracic vertebral body osteophytes (3.33 times, χ2
MH = 

2.521, df = 1, P = 0.056), and higher frequency of Schmorl’s node presence in thoracic 

vertebrae (2.57 times, χ2
MH = 2.650, df = 1, P = 0.062) than in the Xin’anzhuang sample 

(Table A11). 
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Figure 7-8 Prevalence of osteoarthritis in major appendicular joints and osseous changes in the spine at Xin’anzhuang 
and Xiaomintun. 

(S = Schmorl’s nodes; Ap = Apophyseal facets; Ost = Vertebral body marginal osteophytosis). 
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For Xin’anzhuang site, within-site comparison did not reveal any statistically 

significant difference between males and females, although Xin’anzhuang males show a 

much elevated thoracic Schmorl’s nodes prevalence (3.29 times greater than females, 

χ2
MH = 1.875, df = 1, P = 0.091) (Table A12). In Xiaomintun site, males appear to exhibit 

a greater tendency to osteoarthritis in the shoulder, hip, knee, and cervical and thoracic 

spine. However, these differences were not significant. The only statistically significant 

difference was found in lumbar vertebral body rim osteophytosis of Xiaomintun site, 

where females had a much higher frequency (15.15 times greater than males, χ2
MH = 

4.886, df = 1, P = 0.015) (Table A13). 

Between-site comparison by sex reveals that Xiaomintun males exhibit 

statistically significantly elevated prevalence of osteoarthritis in the knee (6.29 times, 

χ2
MH = 3.209, df = 1, P = 0.039) and of osteophytes on thoracic vertebral rims (12.00 

times, χ2
MH = 2.834, df = 1, P = 0.045) (Figure 7-9). The trends are toward greater 

osteoarthritis frequencies (shoulder and cervical apophyseal joints) in comparison with 

Xin’anzhuang males (Table A14). Similarly, Xiaomintun females universally dominate the 

higher frequencies of osteoarthritis in most of the joints (Figure 7-10). However, only the 

frequencies of the lumbar vertebral body marginal osteophytes were increased 

significantly (4.78 times, χ2
MH = 2.702, df = 1, P = 0.043), while the thoracic Schmorl’s 

nodes were elevated near the level of significance (4.24 times, χ2
MH = 2.155, df = 1, P = 

0.068) (Table A15).  

In sum, Xiaomintun sample shows higher rates of osteoarthritis in most of the 

joint systems than those of Xin’anzhuang sample. The within-site comparisons reveal 

that males display higher prevalence of osteoarthritis than females in both sites in 

general, however the differences are not statistically significant. The between-site 

comparisons show that both males and females of Xiaomintun site have higher 

frequency of osteoarthritis than their counterparts of Xin’anzhuang site. 
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Figure 7-9 Prevalence of osteoarthritis in males by site.  
(S = Schmorl’s nodes; Ap = Apophyseal facets; Ost = Vertebral body marginal osteophytosis). 
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Figure 7-10 Prevalence of osteoarthritis in females by site.  
(S = Schmorl’s nodes; Ap = Apophyseal facets; Ost = Vertebral body marginal osteophytosis).
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7.4.5. Metatarsal-phalangeal joint osteoarthritis 

 Table 7-4 shows that skeletal remains of adults exhibit remarkably high 

frequency of metatarsal-phalangeal joint (MP) osteoarthritis (50.5%) (Figure 7-11) 

regardless of sex (Figure 7-6) and site (Figures. 7-8 – 7-10). In order to understand the 

rate of degenerative changes of MP osteoarthritis, the severity of MP osteoarthritis was 

determined by age based on Waldron’s (2009) criteria (Figure 7-12; Table 7-5). Although 

not included in the above analyses, subadult joint systems were examined for evidence 

of osteoarthritis. Five of the 15 subadults (10-15 years old) (33.3%) expressed slight 

bony extensions of the articular facet on the superior surface of the distal metatarsals. In 

adults, the prevalence and severity both increased drastically with age (Figure 7-13).  

 

Figure 7-11 Joint contour changes (red arrows) on the dorsal surface of the 
distal metatarsals  

(2003AXSM204). Scale bar = 1cm. 
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Table 7-5 Crude prevalence of osteoarthritis in metatarsal-phalangeal joints by age and severity. 

Age groups Total observed 
Absent (0) Slight (1)a Moderate (2) Severe (3) 

Absent % Affected % Affected % Affected % 

Subadults (< 20) 15 10 66.7 5 33.3 0 0.0 0 0.0 

Young adults (20 – 34) 49 4 8.2 28 57.1 15 30.6 2 4.1 

Older adults (≥ 35) 54 3 5.6 13 24.1 37 68.5 1 1.9 

Total adultsb 111 8 7.2 47 42.3 53 47.8 3 2.7 
a OA scores 0 and 1 = Absent; OA scores 2 and 3 = Present. 
b Total adults = Total adults including adults of indeterminate age (≥ 20).
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Figure 7-12 The severity of MP osteoarthritis. 

 

 

Figure 7-13 Prevalence of osteoarthritis in metatarsal-phalangeal joints by age. 
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7.5. Discussion 

7.5.1. Health and stress of Yinxu commoners 

Osteoarthritis has been commonly used as a general indicator of excessive 

physical activities in human populations in the past (Larsen 2015; Pearson and Buikstra 

2006) although osteoarthritis itself may not be able to pinpoint any specific occupation 

stress (Weiss and Jurmain 2007; Jurmain et al. 2012). The overall high prevalence of 

osteoarthritis across sexes and sites in this study indicates that the whole population 

must have undertaken continuous and heavy physical activities, which is consistent with 

the expected impact of early urbanization. At Yinxu many challenges and pressures can 

be associated with increased population density such as limited access to resources and 

with potential intensified social stratification. As a result, Yinxu commoners are expected 

to work harder to survive a “stressful” urban life. Such stress has also been well 

illustrated by high frequencies of lineal enamel hypoplasia (LEH) and cribra orbitalia 

observed in a previous study based on some of the same samples analyzed here 

(Zhang et al. 2016). That study presents strong evidence that childhood stress is 

common among Yinxu commoners (Zhang et al. 2016). The osteoarthritis data in this 

study provide not only a general picture of health and stress exposure but also a detailed 

illustration of adult lifeways of Yinxu commoners such as social division of labour, 

occupational specialization and habitual activities.   

7.5.2. Division of labour by sex 

A higher osteoarthritis prevalence is observed in males than in females in this 

study. Three joint systems display close-to-significant sex differences in the prevalence 

of osteoarthritis: shoulder, osteophytosis on cervical vertebral body, and thoracic 

Schmorl’s nodes. The distribution of higher osteoarthritis prevalence in males is 

consistent for most of the joint systems. Similar patterns of higher prevalence in males 

have been reported in studies of other ancient populations (e.g. Bridges 1992; 

Williamson 2000; Larsen et al. 2008; Eshed et al. 2010; Woo and Sciulli 2013; Larsen 

and Ruff 2011). If this sex difference is caused by gendered division of labour, males 
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would be expected to carry out more physically stressful activities (Hann 1986; Larsen 

1998).  

 A distinctive pattern of osteoarthritis prevalence was also revealed in this study. 

Males have earlier age osteoarthritis onset of the shoulder and cervical and thoracic 

spine, while females have earlier age osteoarthritis onset of lower limb joints and lumbar 

spine (Table 7-4). An earlier age onset of osteoarthritis is believed to be related to early 

experiences of activity-induced stress on joints (Jurmain 1999). Thus, our data indicate 

that young men and women at Yinxu may have started to conduct different laborious 

activities on a daily basis early in life. One subadult from Xin’anzhuang site displaying a 

Schmorl’s node may serve as an example of early experience of heavy working beyond 

the threshold of joint injury (Figure 7-7). With cumulative effects, older males display 

universally higher rates of osteoarthritis in major appendicular joints and upper spine, 

especially in the shoulder and in thoracic Schmorl’s nodes. The consistency of the male 

pattern indicates that arduous physical activities continue to involve the use of arms and 

upper body throughout life.  

In modern human populations, shoulder joints seem seldom to be affected in 

young individuals (Millett et al. 2008), however, osteoarthritis has more often been 

reported among elite athletes (particularly professional tennis players) than non-athletes, 

suggesting that the repetitive strains introduced by certain exercises can injure the 

cartilage of the shoulder joints (Gouttebarge et al. 2015). In previous bioarchaeological 

studies, high prevalence of osteoarthritis in the shoulder joints of male hunter-gatherers 

and agriculturalists is believed to be the result of excessive use of the joint during their 

daily practices (Bridges 1991; Larsen et al. 2008). Moreover, the greatest differences of 

vertebral osteophytosis prevalence between males and females at Yinxu are found in 

the lower cervical region of the spine. This pattern is also generally consistent with those 

in other populations in the world, and is probably related to similar mechanical stresses 

on the maximum curvature of the cervical spine (Woo and Pak 2014; Shimoda et al. 

2012). Furthermore, the presence of Schmorl’s nodes in this study shows a higher 

percentage in male thoracic region (37.2%, n=43) than in that of females (18.0%, n=50). 

Studies on modern cadavers and archaeological remains suggest that Schmorl’s nodes 

form more in lower thoracic spine or the thoracolumbar junction (Pfirrmann and Resnick 
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2001; Üstündağ 2009). While bipedalism predisposes humans to suffer intervertebral 

disc herniation more often than non-human primates and other species (Plomp et al. 

2015), axial load bearing certainly increases the stress and worsens the osteoarthritis 

outcome (Resnick et al. 1995; Weiss 2005). Several studies on military populations 

demonstrate that those who experienced demanding physical stress involving 

continuous movement and flexion of the spine have higher frequencies of Schmorl’s 

nodes (Burke 2012; Coughlan and Holst 2000).  

It is possible that in Yinxu urban centre a culturally-prescribed division of labour 

between sexes required that males started participating in heavy or strength demanding 

tasks, such as metalworking and construction, from an early age. The greater 

prevalence of thoracic disc herniation, shoulder and upper spinal osteoarthritis in males 

may reflect working conditions that probably involved lifting and carrying heavy weights 

and repetitively performing manual labour with compressive forces (Šlaus 2008; Brown 

et al. 2008). By carrying a heavy load on the shoulder, muscles around the upper spine 

region (e.g. trapezius, sternocleidomastoid muscle, rhomboid major and minor, and 

levator scapulae) also disperse the pressure to the cervical and thoracic vertebrae, 

which would cause tremendous stress on the apophyseal joint facets and the vertebral 

bodies. More ethnographic research of traditional bronze-casting will prove to be helpful 

in illustrating correlations between bronze-casting and human osteoarthritis distribution 

patterns. 

It seems contradictory that the upper body instead of the lower body was more 

affected. This may be better understood from a biomechanical perspective. The human 

bipedal skeleton is biomechanically structured to bear more body weight and more 

stresses in its lower vertebral column and lower limbs. However, this differential 

structural buffering of the body is not adequate to compensate for unusually heavy 

labour, making the upper body more vulnerable to the formation of osteoarthritis for Yin 

males.     

The abnormalities observed in this study must indicate unusually strenuous 

physical activities exerted on the skeletons. It is reasonable to assume that repetitively 

lifting and carrying heavy weights of bronze-casting would be one such abnormally 
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extensive mechanical stress. It can be assumed that when shoulder and upper limbs are 

used in this way, the upper and lower parts of the skeleton would bear the same amount 

of extra stress. The upper part, structured to withstand less weight and stress, would 

develop osteoarthritis more easily than the lower part. Such osteoarthritis differences 

would then be positively correlated with the magnitude of excessive physical stress. The 

osteoarthritis data in this study have clearly demonstrated that the forces applied to the 

skeletons was beyond normal human daily activities, instead suggesting specialization of 

occupations.                       

Females at Yinxu display relatively lower prevalence of osteoarthritis in major 

joints of the body than the males in general, although the differences do not appear 

statistically significant. Rather, the higher osteoarthritis prevalence of knee and lower 

spine in females may indicate that they participated in certain subsistence practice or 

other daily activities involving strain on the lower body from a very early age. Modern 

clinical studies also support the argument that occupational mechanical loading of the 

knee (especially in the work environment involving kneeling, squatting, lifting) can cause 

or aggravate osteoarthritis (Palmer 2012; McMillan and Nichols 2005). In the agricultural 

society at Yinxu, crop farming was considered to be a major activity and source of 

physical stress. Oracle bone inscriptions documented many events of divination 

indicating that Shang kings were concerned with crop planting, supporting the 

significance of agriculture in Shang society (Institute of Archaeology, Chinese Academy 

of Social Sciences 1994; Keightley 2012). Inscriptions document that it was “the 

masses”, the common people, who worked together for the royal elites in lineage-based 

units in the agricultural fields (Institute of Archaeology, Chinese Academy of Social 

Sciences 1994; Zhu 2004). However, it is not specified whether men or women were the 

primary working force in agriculture. It is reasonable to assume that with the intensified 

strenuous lifestyle in the Late Shang, women at Yinxu might have actively participated in 

toilsome tasks in subsistence practice to support their families, and thus fulfilling 

dramatically increased social demands of the growing urban centre (Underhill 2002), as 

seen in postcontact females in Peru (Klaus et al. 2009). Additionally, Yinxu women may 

have undertaken most of the domestic work (Hendon 2006) such as grain preparation 

(Molleson 1989, 1994, 2007) that would have overloaded the lower body, or they may 
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have also been involved in food-related specific craft production, as seen in pottery and 

basket manufacture of Abu Hureyra women (Molleson 2007). 

7.5.3. Occupational specialization and neighbourhoods 

Previous archaeological studies suggest that Yinxu was spatially organized by 

lineage-based neighbourhoods (Tang and Jing 2009; Jing et al. 2013). These 

neighbourhoods were physically segregated but socially and economically connected to 

each other (Jing et al. 2013). It has been proposed that Yinxu neighbourhoods were 

most likely defined by occupational specialization (Chang 1980; Jing et al. 2013). Our 

osteoarthritis data have indeed revealed some distinctive differences associated with 

archaeological sites/neighbourhoods, which may help link osteoarthritis prevalence 

differences to occupational specialization.   

 When compared with those from Xin’anzhuang site Xiaomintun individuals, 

particularly males, show a significantly elevated prevalence of osteoarthritis on most of 

the appendicular joints and on the spine (Figures. 7-8 and 7-9). Moreover, Xiaomintun 

males also display a clearer age-progressive increase in the osteoarthritis frequency 

than males of Xin’anzhuang site (Table A14). This can be well interpreted if Xiaomintun 

site represents a specialized neighbourhood of bronze-casting (Wang and He 2007) 

which requires excessive weight-lifting physical strength. At Xiaomintun site, the 

mortuary assemblages containing bronze foundry tools strongly suggest the occupants 

were more likely craftsmen of the nearby foundry (Yinxu Xiaomintun Team 2007).  

The female pattern of osteoarthritis at Xiaomintun can also reveal additional 

insights about the lifeways of the bronze-casting neighbourhood. Even though men may 

have devoted most of their energy to manufacturing bronze, the Xiaomintun women also 

worked intensively. Their economic roles in the community, for example taking care of 

the crops or livestock, may have contributed to the women’s lower body joint 

osteoarthritis, particularly the lumbar vertebral body rim being significantly more affected 

than their male counterparts.  

Xin’anzhuang sample is assumed to be a non-specialist commoner group based 

on the archaeological context. This assumption seems to be consistent with our 
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osteoarthritis data that Xin’anzhuang male prevalence does not significantly depart from 

that of the females, signalling their similar level of activities and/or workload.  

These diverse patterns of osteoarthritis at Xiaomintun and Xin’anzhuang seem to 

support the argument that occupational specialization existed in different 

neighbourhoods at Yinxu. The elevated osteoarthritis prevalence at Xiaomintun with 

higher load-bearing and labour-demanding activities may reflect the stress from the 

bronze-casting occupation in this neighbourhood. Further archaeological studies and 

more contextual information may help us better situate the patterns of osteoarthritis 

within their social and cultural frameworks.   

7.5.4. Habitual activities 

An overall high frequency of metatarsal-phalangeal joint (MP) osteoarthritis was 

observed in both males and females in this study. Over 92% of a total of 111 skeletons 

display slight to severe pathological osteoarthritis conditions (Table 7-5) and over 50% 

are seriously affected (displaying lipping, porosity, and/or eburnation alterations) with no 

sex and site differences (Tables 7-4 and 7-5; Figures. 7-6, 7-8 – 7-10, and 7-13).  

The MP osteoarthritis is believed to be caused by a kneeling position that 

incorporates hyperdorsiflexion of the toes (Ubelaker 1979). Many archaeological studies 

have demonstrated that subsistence activities in ancient populations such as using 

mortar and pestle to husk the grain or saddle quern to grind cereals involved kneeling 

positions that result in the MP osteoarthritis lesion (Molleson 1994). This has been 

observed in many parts of the world, for example: Abu Hureyra site from Northern Syria 

(Molleson 1989)(Molleson, 1989), Tell Abraq (38%, n=403 foot bones) from Oman (Blau 

1996), Ayalan (20%, n=651 foot bones) from coastal Ecuador and Hawikuh sample 

(21%, n=94 individuals) from New Mexico (Ubelaker 1979).  

What makes the MP osteoarthritis data strikingly different in this study is that high 

frequencies were found in both males and females. However, in these case studies 

mentioned above, only a small percentages of the analyzed individuals, more likely in 

females, show MP osteoarthritis, which have been explained by females’ labour 

specialization (Molleson 2007; Ubelaker 1979). However, these daily subsistence 
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activities may not be adequate to account for the osteoarthritis data in this study as 

almost all male and female adult individuals were equally affected. 

We therefore propose that kneeling was a very common body position in daily life 

and daily activities of Yinxu people – kneeling is a habitual posture with important social 

and cultural implications. Figure 7-14 shows a typical kneeling position. If the position is 

held for a long time, it may not only cause the MP osteoarthritis but also osteoarthritis of 

the knee. This linkage pattern of the osteoarthritis lesion is, to a certain degree, 

confirmed by our data as the MP osteoarthritis and Knee osteoarthritis are among the 

first to emerge when compared to all other joints. For instance, in skeletons with both 

knee and MP joints preserved (n=85), 15.3% individuals show osteoarthritis on both joint 

systems. In addition, 12.5% of young adults present osteoarthritis of the knee (n=56) 

and 34.7% (n=49) in the metatarsal-phalangeal joint. Furthermore, eburnation, as the 

most severe condition of osteoarthritis, was observed in 3.6% (n=56) of young adult 

knees, and in 4.1% (n=49) of the metatarsal-phalangeal joints (Figure 7-4). It is difficult 

to know the age at which habitual kneeling started or the time between starting the 

kneeling and developing osteoarthritis; our eburnation data seems to indicate that it must 

start in childhood, otherwise, eburnation would not emerge in such young individuals.         
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Figure 7-14 Formal kneeling position with hyperflexion of the knees and 
hyperdorsiflexion of the toes (ovals) in Late Shang China (A); 
Osteoarthritis on (B) patellae and (C) metatarsal-phalangeal joint of 
individual 98ABDM704. 

(Drawing by Ziyi Li. Scale bar = 1cm). 

The high MP osteoarthritis has been found to be exclusively in the Late Shang 

period while in other earlier and later periods in ancient China only a very small 

percentage of individuals exhibit the lesion. For example, MP osteoarthritis has been 

found sporadically in some late Neolithic sites in China (Institute of Archaeology, 

Chinese Academy of Social Sciences and Henan Provincial Institute of Cultural Relics 

and Archaeology 2010); we can assume that these few cases in late Neolithic China 

were probably related to subsistence activities, such as using grind stones and querns to 

grind cereals. Other studies also report the high MP osteoarthritis from other Yinxu 

culture sites in Anyang (Yuan 2010) and in contemporary Late Shang archaeological 

sites outside of Anyang (Institute of Archaeology, Chinese Academy of Social Sciences 

and Henan Provincial Institute of Cultural Relics and Archaeology 2010). Although there 
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were no identified royal elites at the sites in the present study, one elite individual at 

Huayuanzhuang Locus East site at Yinxu also exhibits the MP osteoarthritis lesion 

(Institute of Archaeology, Chinese Academy of Social Sciences 2007). More research is 

needed to examine the frequency of MP osteoarthritis on elite human skeletons. These 

observations indicate that not only common people (and maybe social elites as well) 

who lived in the urban centre but also people who lived elsewhere under the Shang 

cultural regime shared the high MP osteoarthritis prevalence, suggesting that habitual 

kneeling is characteristic of the Shang culture (Figure 7-14). 

Kneeling was probably an important cultural element in the Late Shang; it is no 

surprise to see its trace on many contemporary artifacts. For example, a small jade 

statue, from the famous royal Fuhao Tomb (Figure 7-15) [also see in (Institute of 

Archaeology, Chinese Academy of Social Sciences 1994): color figure 11: 1 <M5:372>], 

vividly illustrates a kneeling posture while numerous oracle bones are found with 

inscriptions containing kneeling symbols. The oracle bone inscriptions are now 

commonly believed to represent the earliest Chinese words/characters as many oracle 

inscriptions have been deciphered into Chinese words. Chinese is a hieroglyphic 

language, many symbolical signs in modern Chinese characters can be traced back to 

those picturing actions and body postures in oracle inscriptions. It is interesting to notice 

many important concepts/words (Figure 7-16) such as “male” and “female” bear a 

kneeling posture, which have been interpreted by some archaeologists as the evidence 

of manners/protocols for males and females in various activities including feasting and 

some ritual ceremonies (Chang 1983; Li 2006b; Feng 2013).  
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Figure 7-15 Jade kneeling statue from Fuhao Tomb (M5:372). 

(Photo by Zhichun Jing) 

 

 

Figure 7-16 Examples of kneeling symbol in oracle bone inscriptions  

(1. Female; 2-3. good; 4. order or command; 5. slave; 6. male; 7. ghost; 8-13. ritual and feasting. 
Characters redrawn after Chang 1983; Li 2006; Feng 2013. Kneeling skeleton drawn by Ziyi Li). 
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The nature of the cultural implications of kneeling is subject to much debate 

among Chinese archaeologists and historians (Li 2006b; Lin 1993; Feng 2013; Tian 

2013). Many argue that kneeling was a formal position in Shang, guided by a prescribed 

“formal rule”. We agree that there might have been some compulsory elements 

associated with this behaviour, since kneeling for extended periods is not a very 

pleasant experience. Kneeling means “obey”, “respect” or “hierarchy” in Chinese culture; 

such meanings were even more explicitly expressed in oracle characters, the first written 

Chinese language. We can assume that kneeling might be the body language to 

demonstrate position in the hierarchy.   

Shang is the first well-established kingdom in ancient China; it represents the 

most complex hierarchical society. For all commoners in Shang kneeling, as sign of their 

lower status within the hierarchy, was incorporated into their daily activities. As a result, 

kneeling for extended periods with prolonged hyperdorsiflexion of toes would eventually 

cause alteration of the articular surfaces of the joints. It seems straightforward that 

kneeling is part of ritual activities such as worship of ancient ancestors. The ritual 

activities alone may not cause severe enough stress for the development of MP 

osteoarthritis. We therefore argue that it was other additional daily activities 

incorporating kneeling that would account for the high MP osteoarthritis in this study.   

Shang was eventually replaced by the Zhou Dynasty in China. Using a different 

approach to run the kingdom, Zhou continued to emphasize “hierarchy” as a concept but 

may no longer have forced people to incorporate the “hierarchy symbol of kneeling” in 

their daily activities. It would be especially interesting to examine archaeological human 

skeletal remains from Zhou to verify the speculation.  

7.6. Conclusions 

In this study, osteoarthritis has proven to be a useful stress indicator for 

investigating mechanical stress loads and lifeways of Shang commoners as they went 

through stressful early urbanization and intensified social stratifications in the Late 

Shang. Based on the observed osteoarthritis severity and distribution pattern, some 
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important inferences can be drawn about sex division of labor, occupational 

specialization, and habitual activities associated with Shang hierarchy. 

Significant sex differences of osteoarthritis location and distribution pattern 

indicate that male adults had undertaken more heavy-duty lifting and carrying labour 

involving the shoulder and the upper limbs, resulting in a much higher prevalence in 

male skeletons. This makes biomechanical sense as the upper body is not evolutionary 

shaped for weight-bearing, and it would be more likely to develop osteoarthritis than the 

lower body. In general, the Shang male commoners conducted more mechanically 

stress labour, as a result of the gender division of labour.      

 Between-site comparisons reveal a significant high osteoarthritis frequency in the 

Xiaomintun sample, indicating some specialized labour-occupation with the group. This 

speculation can be supported by archaeological burial goods from Xiaomintun indicating 

strong connections with bronze-casting. The skeletal evidence of osteoarthritis in this 

study is generally in agreement with the notion proposed by some Chinese 

archaeologists that these Shang cemeteries may represent different neighborhoods and 

different specialized occupations.      

The observed extremely high prevalence of the metatarsal-phalangeal joint 

osteoarthritis caused by kneeling is a new phenomenon which has not been reported in 

any other populations in the world. We believe that this habitual kneeling was a culturally 

important body gesture related to the Shang hierarchy, and that it was incorporated into 

daily activities and daily life. This can be supported by the fact that kneeling as a symbol 

meaning “obey” and “respect” is incorporated into many characters of oracle bone 

inscriptions recovered from Yinxu. These oracle characters are considered to be the 

earliest form of the Chinese writing system, and the implications of kneeling can still be 

discerned in modern Chinese characters. 

The osteoarthritis analyses in this study have generated important insights about 

habitual and occupational stresses and lifeways of Shang commoners. Among them, 

one of most unexpected results is the high prevalence of the metatarsal-phalangeal joint 

osteoarthritis caused by kneeling. Based on oracle bone inscriptions and even modern 

Chinese characters one may argue that kneeling as a symbol of “obey” and “respect” 
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might just be “wishful thinking” from ruling elites in the past, however our data show that 

kneeling was also a “physical action” incorporated in daily activities for almost all 

commoners in the Late Shang. 
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Chapter 8.  
 
Concluding Discussion 

This dissertation was designed to address questions about the health and stress 

in the past. This project opens new avenues of research in stress and lifeways of ancient 

populations in China. The following sections summarize the archaeological implications 

of the case studies and highlight the contributions to Chinese archaeology and 

bioarchaeology. 

8.1. Implications  

8.1.1. Subsistence practice and oral health   

There is a huge gap between the West and Asia in terms of the study of oral 

health of ancient people (Pechenkina 2012). To date, very limited data is available in 

Asia, particularly in China. In fact, dental diseases have long been studied in broad 

geographical and temporal settings in China. However, due to the language barriers and 

the intrinsic methodological problems of Chinese oral health studies, these data are 

seldom referred to by others. The comparative study in Chapter 5 provides three sample 

sets from North China representing groups with different lifeways and subsistence 

practices. Site-specific information is collected from other independent lines of 

archaeological evidence including social/cultural influence, environmental changes, and 

dietary shifts. In this paper, data from many previous studies have also been 

summarized and discussed, situating these three samples into a broader view of oral 

health in China and in East Asia, and providing an holistic analysis of the oral health 

changes with temporal-spatial depth.  

Moreover, since China is one of the major centres for domestication of many 

agricultural crops in the early Neolithic, this study of dental health sheds light on the 

differences in cariogenic properties of various cereals, and reflects the types of human 

behaviour in different lifeways, including food preparation processes. In addition, sex 
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differences in dental caries prevalence have been evaluated in this paper, revealing a 

much higher degree of dental caries in women of all three subsistence strategies. This 

disparity is worst with millet agriculture, indicating that certain factors associated with 

female life history may predispose women to dental caries infections, but that the 

adoption of agriculture accelerates the deterioration of oral health in women.  

In sum, this study presents detailed examination and discussion of the changes 

of oral health status of three archaeological human populations in North China. This 

offers a regional perspective to the study of oral health and subsistence behaviour of 

human populations. 

8.1.2. Early urbanization and systemic stress 

Multiple lines of evidence derived from archaeological assemblages and ancient 

literature have been utilized to explore urban lifestyles and stratified social structure in 

the Shang dynasty at Yinxu. Rather, the value of human remains of those who once 

created the striking material culture of Shang has not been fully appreciated. Chapter 6 

presents a thorough analysis of three commonly assessed systemic stress indicators on 

human remains, providing important information for the ongoing discussions in Shang 

archaeology about early urbanization, social stratification, and social identity.  

Variations in prevalence of these three stress indicators indicate the differential 

costs of stress in the Late Shang dynasty. Increased population density and urban 

lifestyles brought tremendous stress to the society generally, while the stratified social 

structure further intensified health disparities in adults. Considering that systemic stress 

may have increased during the process of early urbanization, future research should 

include pre-Shang and Early phase Shang skeletal remains at Yinxu to clarify this issue. 

Further, skeletons from the rural areas should also be included in the analysis of health 

and stress exposure.  

Taken together, this culture-specific study on commoner skeletal remains 

provides compelling insights into the social dynamics of Shang society. This provides 

new perspectives that cannot be gained from conventional archaeological studies that 

primarily emphasize material culture.  
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8.1.3. Urban lifeways and activity-induced osteoarthritis 

Chapter 7 analysed osteoarthritis on adult human skeletal remains from Yinxu. 

The results generated from this research have significant implications for the study of 

early urbanization in Shang archaeology. Firstly, the patterns of activity-related 

osteoarthritis observed in Late Shang skeletal remains provide a new line of evidence 

augmenting the existing understanding of Shang society that Shang neighbourhoods 

were occupationally organized. Additionally, the significant physical stress differences 

found in the two sexes prompts new directions for future archaeological investigation, 

potentially opening new paths of research in gender division of labour, in oracle bone 

inscription study and in Shang archaeology. 

Secondly, the significance of the kneeling posture in Shang culture and in 

Chinese culture in general has long been recognized in the studies of archaeological 

artifacts and oracle bone inscriptions. From a bioarchaeological point of view, this project 

has not only offered direct evidence of kneeling from human bones, but has also 

provided valuable insights into the daily lives of Late Shang people. In order to verify if 

kneeling is a culture-prescribed custom, future studies should focus on the 

bioarchaeological examination Shang culture through its human remains, as well as 

through comparisons with non-Shang remains across broader temporal and 

geographical loci. Thus, this study of osteoarthritis on human skeletal remains 

demonstrates the power of using multiple lines of contextual information to explore the 

past biological, behavioral, and social dynamics.  

8.2. New contribution to Chinese archaeology and 
bioarchaeology 

This dissertation serves as a case study through which to explore the potential of 

human remains to contribute to Chinese archaeology in general. This project 

emphasizes a population-level systematic evaluation of human remains and positions 

skeletal populations within their archaeological contexts. Additionally, multiple stress 

indicators that were assessed seize a holistic perspective of the past human health in 

China. They are crucial for characterizing patterns of behaviour, lifestyle, health and 
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other segments of life in past societies, since the once-living populations inhabited a full 

range of circumstances, including environmental conditions, social organization, cultural 

activities, personal interactions, and other intertwined contexts. By taking advantage of 

and building on existing archaeological scholarship, this study, in turn, contributes 

valuable new insights to Chinese archaeology.  

Firstly, the insights obtained from stress indicators on human remains are simply 

not visible using conventional archaeological methods. For example, osteoarthritis has 

been commonly documented in previous osteological reports for many archaeological 

sites in China. Nonetheless, it has rarely been contextualized into the pertinent 

archaeological settings and linked with patterns of human activities to explore past 

societies. Chapter 7 in this dissertation systematically situates the pathological changes 

on skeletal remains into multiple levels of Shang archaeological context, providing direct 

evidence of the human condition in the ongoing discussion of social dynamics. This 

perspective from human remains has been the very first to be introduced into Shang 

archaeology with comprehensive analysis at the population level. The patterns of 

osteoarthritis found in this study confirm the observations made previously on the 

archaeological assemblages and oracle bone inscriptions about social/gender division of 

labor, occupation specialization in neighbourhoods, and the common activity of kneeling 

in Shang culture. This study demonstrates how the bioarchaeological investigations on 

human remains can facilitate the reconstruction of past societies, providing a well-tested 

and widely practiced methodological framework for future bioarchaeological studies in 

China.  

Secondly, the insights found from stress indicators on human remains open new 

paths of research interest in Chinese archaeology. For example, due to the lack of 

informative archaeology context, previous archaeological investigations paid little 

attention to the social identity and social relations of the human remains excavated from 

refuse pits. Those individuals are simply referred to as slaves, implying a very low social 

status in society. With such an assumption, one would expect that these people must 

have experienced more severe stress than those in other segments of the society, such 

as the lineage commoners. Rather, the study of systemic stress indicators in Chapter 6 

proposed a scenario that Late Shang commoners at Yin may have experienced similar 
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high stress load during their childhood with those in refuse pits. The health disparities in 

adults were strongly conditioned by the subtle social stratification in Yin-Shang society. 

Social differences in gender may have played a more important role in influencing the 

health and well-being at Yin. Therefore, future Shang archaeological studies should 

place more emphasis on investigating the context of refuse pit human remains. Future 

bioarchaeological research should be able to verify the patterns observed. This study 

has proven that when used in conjunction with other contextual information, human 

remains provide us an unique opportunity for investigating the range of variation in 

adaptive behaviour and the biological costs of lifeways. In turn, Chinese archaeology will 

benefit profoundly. 

Thirdly, the insights built up from stress indicators on human remains tie Chinese 

archaeology with the present world. By adding bricks of human experience into the 

construction of the past societies in ancient China, Chinese archaeology is no longer a 

curiosity-driven exploration of artifacts. It is moving forward to provide a panoramic 

outlook of past lifeways, setting the basis to understand the present. Human remains in 

the archaeological setting hold great potential in addressing issues that relate to current 

concerns. For example, the illness that is reflected in the stress indicators evaluated in 

this dissertation, such as dental caries, cribra orbitalia, osteoperiostitis, and 

osteoarthritis, are still major problems affecting modern lives in China and many other 

societies in the world. Therefore, knowledge accumulated from the past, such as 

changing climate and dietary practice shifts, social inequality, and the outcome of human 

health, will help us better understand the present and the future.  

Last but not least, this study contributes to a growing body of literature on 

bioarchaeology by adding new data from China to the research on subsistence practices 

and social dynamics. This study situates the human osteological condition into specific 

geographical and archaeological contexts, offering new regional perspectives to the 

study of health and stress of past populations in the world. In addition, the data collection 

process of this study followed the standard protocols that are widely applied in the 

Western academy, making future comparative studies possible. Through regional and 

continental comparisons, we will be able to better understand the human condition. 
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8.3. Limitations 

As with all bioarchaeological research, it is important to acknowledge any 

inherent limitations. Firstly, the “osteological paradox” (Wood et al. 1992) has already 

been discussed within these dissertation projects in reference to the differential 

manifestation of skeletal stress indicators. The issue of hidden heterogeneity in risk is 

also relevant to the assessment of the stress exposure in this study. Cemetery samples 

often cover a wide temporal range. As a result, for example, individuals were buried at 

the beginning of the cemetery occupancy may have experienced totally different 

environmental/social conditions to those buried at the later period of cemetery usage. 

This variation might not be reflected when relatively broader time phases are used (e.g. 

early phase vs. late phase). Secondly, the level of preservation varies in the skeletal 

samples. The primary complication to arise from this was even smaller subgroups when 

divided by age or sex categories. In order to increase the sample size, a broad category 

of ≥35 as old adults are used. Within this category, the distribution of relatively younger 

or elder individuals may unevenly distributed in each comparative groups. This is 

especially problematic in Chapter 5 where agriculturalists-CJG sample contains more old 

individuals than the other two comparative samples. This may explain in part the 

extremely elevated dental caries rate in this particular group. Lastly, absence/presence 

as a method of recording stress exposure can potentially loss important information of 

specificity (e.g. episodes and duration of stress exposure in LEH) and severity (e.g. 

Schmorl’s nodes) in different groups.  

8.4. Concluding remarks 

Bioarchaeological investigations of human skeletal remains hold significant 

promise for addressing the questions of our past. This study, incorporating information 

from archaeological materials, historical documents, genetic and isotopic analyses, and 

paleoclimate reconstruction, has systematically studied the health and stress of skeletal 

populations from Late Bronze Age China. From a biocultural perspective, this 

dissertation demonstrates the essential value of human remains in understanding past 

human dynamics. It is hoped that this dissertation can encourage more future studies in 
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bioarchaeology and the pursuit of answers from the past that are also relevant to our 

present and future. 
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Chapter 9.  
 
Future Directions 

Human remains have enormous value for interpreting the past. It is particularly 

true that human remains provide direct evidence of ancient health and stress which are 

interlinked with many social and cultural factors. The three studies in this dissertation 

have established that with the relevant archaeological and historical contexts, the study 

of human remains can greatly help Chinese archaeologists begin to explore social and 

behavioural dynamics of the past. Future research possibilities are endless as many 

questions still remain to be addressed.  

One of the main objectives in this dissertation project is evaluating the dental 

diseases in past populations in China. Many previous studies involving dental caries, 

abscesses and antemortem tooth loss have been cited in this dissertation, however, 

most of skeletal samples are from North China where the millet-based dry-land 

agriculture predominated. However, a broader view of the distribution of dental caries 

and the correlation with different subsistence practices is needed. Recently, more 

samples are available from South China, where rice and root plants were first 

independently cultivated in early Neolithic (Zhao 2011). Future oral health studies of 

skeletal populations from South China can be used to test proposed hypotheses about 

better health associated with rice agriculture in Southeast Asia (Lukacs 2012; Tayles et 

al. 2009; Temple and Larsen 2007). 

Moreover, besides dental caries, other dental pathologies, such as periodontal 

disease, contribute to the loss of teeth antemortemly. However, due to the continuous 

eruption of teeth in adults as a compromise for occlusal wear and the lack of consistent 

methodology for documenting this lesion (Clarke and Hirsch 1991; Hildebolt and Molnar 

1991), periodontal disease is either rarely incorporated in oral health studies or used for 

regional comparisons. Currently, it is becoming clear that periodontal disease negatively 

affects general health of the individual (Slots 2003; Davies and Davies 2005). More 

scholars are encouraged to use well-tested standards to identify periodontal disease in 

skeletal remains. One interesting argument is that periodontal disease may be one of the 
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intriguing factors linked to systemic infection in the body (Dewitte and Bekvalac 2011). In 

this case, documenting periodontal disease and its relation to the osteoperiostitis studied 

here could be very promising in understanding adult systemic conditions and mortality in 

the past populations. 

The other focus of this dissertation is documenting stress and deprivation during 

growth and development. The presence and absence of horizontal grooves of enamel 

hypoplasia on the labial surfaces of teeth was recorded macroscopically on Late Shang 

human remains; LEH can be studied at different levels. Recently, with the help of 

scanning electron microscopy (SEM), the duration of stress episode of the development 

disruption can be reconstructed by generating perikymata spacing profiles of ancient 

populations (King et al. 2002, 2005; Merrett et al. 2015; Temple 2014). Perikymata are 

microstructures observed on the enamel surface. In regions of LEH, perikymata provide 

a relative index of stress duration and intervals of time between each LEH defect 

(Guatelli-Steinberg 2008; Temple et al. 2012). By counting the number of perikymata, 

the environmental impacts such as stress duration, seasonal food shortage and 

subsistence difference in human and non-human primates have been successfully 

explored (Temple et al. 2012, 2013; Guatelli-Steinberg 2003; Guatelli-Steinberg et al. 

2004; Skinner and Hopwood 2004; Skinner 2014). Therefore, introducing high-resolution 

techniques such as SEM to document LEH in ancient populations gives us an unique 

opportunity to accurately estimate and compare the stress duration in different social 

groups. For future bioarchaeological research on the Late Shang, more detailed 

information of stress in terms of inter- and intra- population variations can be collected 

facilitating exploration of more informative perspectives regarding the links between 

stress and social/environmental factors. 

Furthermore, the last individual study in this dissertation linked the distributions of 

osteoarthritis with strenuous lifestyles in the Late Shang society. Future research with 

increased sample sizes from diverse site localities will help verify the patterns observed 

in this study. In addition, examination of entheseal changes on skeletons (Jurmain and 

Villotte 2010), also known as musculoskeletal stress markers (Hawkey and Merbs 1995), 

will add more lines of evidence in order to reconstruct social identity and lifestyle of the 

past Shang inhabitants. 
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Appendix. 
 
Supplementary Tables 

Table A1. Odds ratio results for the overall comparison of systemic stress between males and females across age 
categories.* 

Pathological condition OR4
a OR5 OR6 ORMH

b Interpretation 

Enamel Hypoplasia 2.82 0.81 — 1.45 1.45 times greater prevalence in males 

Cribra Orbitalia 0.78 1.54 0.33 0.93 1.06 times greater prevalence in females

Osteoperiostitis 1.57 1.13 20.00 1.61 1.61 times greater prevalence in males 

* — ORs were not calculated when any cell values are zero.  
a OR4 to OR6 correspond to individual odds ratios for adult age groups 4 to 6 (see Table 2). 
b ORMH, the Mantel-Haenszel common odds ratio of each pathological condition. 
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Table A2. Odds ratio results for the comparison of systemic stress between early phase and late phase across age 
categories.* 

Pathological condition OR1
a OR2 OR3 OR4 OR5 OR6 ORMH

b Interpretation 

Enamel Hypoplasia — — — 0.27 1.80 — 0.84 1.19 times greater prevalence in the Late phase

Cribra Orbitalia — — — 1.94 — — 0.63 1.59 times greater prevalence in the Late phase

Osteoperiostitis    1.17 1.33 — 0.98 1.02 times greater prevalence in the Late phase

* — ORs were not calculated when any cell values are zero. Blank area, observations in adults only. 
a OR1 to OR6 correspond to individual odds ratios for age groups 1 to 6 (see Table 2). 
b ORMH, the Mantel-Haenszel common odds ratio of each pathological condition. 
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Table A3 Odds ratio results for the comparison of systemic stress between males and females in early phase and late 
phase.* 

Pathological condition OR4
a OR5 OR6 ORMH

b Interpretation 

Early phase      

Enamel Hypoplasia 2.40 6.00 — 3.21 3.21 times greater prevalence in males 

Cribra Orbitalia 3.33 — — 3.33 3.33 times greater prevalence in males 

Osteoperiostitis 3.00 0.25 — 1.53 1.53 times greater prevalence in males 

Late phase      

Enamel Hypoplasia — 1.36 — 1.92 1.92 times greater prevalence in males 

Cribra Orbitalia 0.57 5.57 0.50 1.67 1.67 times greater prevalence in males 

Osteoperiostitis 2.00 2.29 8.00 2.59 2.59 times greater prevalence in males 

* — ORs were not calculated when any cell values are zero. 
a OR4 to OR6 correspond to individual odds ratios for adult age groups 4 to 6 (see Table 2). 
b ORMH, the Mantel-Haenszel common odds ratio of each pathological condition. 
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Table A4 Odds ratio results for the comparison of systemic stress between early phase and late phase in males and 
females.* 

Pathological condition OR4
a OR5 OR6 ORMH

b Interpretation 

Males      

Enamel Hypoplasia — 2.00 — 0.87 1.15 times greater prevalence in the Late phase 

Cribra Orbitalia 7.00 — — 0.90 1.11 times greater prevalence in the Late phase 

Osteoperiostitis 1.75 0.29 — 0.80 1.26 times greater prevalence in the Late phase 

Females      

Enamel Hypoplasia 0.15 0.46 — 0.23 4.29 times greater prevalence in the Late phase 

Cribra Orbitalia 1.20 — — 1.20 1.20 times greater prevalence in the Early phase 

Osteoperiostitis 1.17 2.67 — 1.49 1.49 times greater prevalence in the Early phase 

* — ORs were not calculated when any cell values are zero.  
a OR4 to OR6 correspond to individual odds ratios for adult age groups 4 to 6 (see Table 2). 
b ORMH, the Mantel-Haenszel common odds ratio of each pathological condition. 
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Table A5 Odds ratio results for the overall comparison of systemic stress between different burial types.*  

Pathological condition OR1
a OR2 OR3 OR4 OR5 OR6 ORMH

b Interpretation 

Enamel Hypoplasia — 0.55 4.20 1.39 0.74 — 1.26 1.26 times greater prevalence in lineage burials

Cribra Orbitalia — 2.25 0.27 0.95 0.11 — 0.58 1.71 times greater prevalence in refuse pits 

Osteoperiostitis    0.55 0.12 0.71 0.41c 2.43 times greater prevalence in refuse pits 

* — ORs were not calculated when any cell values are zero. Blank area, observations in adults only. 
a OR1 to OR6 correspond to individual odds ratios for age groups 1 to 6. 
b ORMH, the Mantel-Haenszel common odds ratio of each pathological condition. 
c The difference is statistically significant (χ2 = 3.578, df = 1, P = 0.039). 
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Table A6 Odds ratio results for the comparison of systemic stress between male and female inhabitants in burial 
types.* 

Pathological condition OR4
a OR5 OR6 ORMH

b Interpretation 

Lineage burials      

Enamel Hypoplasia 2.90 1.00 — 1.56 1.56 times greater prevalence in males 

Cribra Orbitalia 1.62 2.56 0.33 1.55 1.55 times greater prevalence in males 

Osteoperiostitis 2.17 1.71 16.00 2.26c 2.26 times greater prevalence in males 

Refuse pits      

Enamel Hypoplasia 3.20 — — 1.10 1.10 times greater prevalence in males 

Cribra Orbitalia 0.10 — — 0.10 10.00 times greater prevalence in females 

Osteoperiostitis 0.34 — — 0.25 4.03 times greater prevalence in females 

* — ORs were not calculated when any cell values are zero.  
a OR4 to OR6 correspond to individual odds ratios for adult age groups 4 to 6 (see Table 2). 
b ORMH, the Mantel-Haenszel common odds ratio of each pathological condition. 
c The difference is statistically significant (χ2 = 4.093, df = 1, P = 0.028). 
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Table A7 Odds ratio results for the comparison of systemic stress between different aspects of burial types in males 
and females.* 

Pathological condition OR4
a OR5 OR6 ORMH

b Interpretation 

Males      

Enamel Hypoplasia 1.88 3.00 — 2.30 2.30 times greater prevalence in the lineage burials 

Cribra Orbitalia 3.53 — — 3.53 3.53 times greater prevalence in the lineage burials 

Osteoperiostitis 1.17 0.67 — 1.06 1.06 times greater prevalence in the lineage burials 

Females      

Enamel Hypoplasia 2.07 — — 1.04 1.04 times greater prevalence in the lineage burials 

Cribra Orbitalia 0.22 0.07e — 0.15c 6.62 times greater prevalence in the refuse pits 

Osteoperiostitis 0.19 — — 0.13d 7.69 times greater prevalence in the refuse pits 

* — ORs were not calculated when any cell values are zero.  
a OR4 to OR6 correspond to individual odds ratios for adult age groups 4 to 6 (see Table 2). 
b ORMH, the Mantel-Haenszel common odds ratio of each pathological condition. 
c The difference is statistically significant (χ2 = 6.380, df = 1, P = 0.007). 
d The difference is statistically significant (χ2 = 7.249, df = 1, P = 0.006). 
e The prevalence is about 14.29 times greater in the refuse pit females at age 35 to 49 years. The difference is statistically significant (χ2 = 5.888, 
df = 1, P = 0.042).  
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Table A8 The overall prevalence of eburnation by sex and age. 

Eburnation Male Female Total 

Joint systems 
YAa OAa Totala YAa OAa Totala YAb OAb Totalc 

N % N % N % N % N % N % N % N % N % 

Upper limb Shoulder 22 0.0 24 12.5 48 6.3 26 0.0 25 0.0 53 0.0 51 0.0 52 5.8 107 2.8

 Elbow 22 0.0 21 0.0 45 0.0 29 0.0 28 0.0 58 0.0 52 0.0 53 0.0 110 0.0

 Wrist 13 0.0 10 0.0 25 0.0 18 0.0 17 0.0 36 0.0 32 0.0 28 0.0 63 0.0

 Hand 10 0.0 7 0.0 17 0.0 16 0.0 12 0.0 28 0.0 26 0.0 21 4.8 47 2.1

Lower limb Hip 33 0.0 31 6.5 66 3.0 36 0.0 37 0.0 74 0.0 70 0.0 75 4.0 152 2.0

 Knee 26 3.8 23 0.0 51 2.0 28 3.6 31 3.2 60 3.3 56 3.6 61 1.6 124 2.4

 Ankle 25 0.0 21 4.8 48 2.1 31 0.0 28 0.0 60 0.0 58 0.0 51 2.0 116 0.9

 Foot 21 4.8 21 4.8 44 4.5 26 3.8 26 0.0 52 1.9 49 4.1 54 1.9 111 2.7

Spine Apophyseal facets  Cervical 14 0.0 21 14.3 35 8.6 24 0.0 27 11.1 51 5.9 40 0.0 54 13.0 95 7.4

  Thoracic 20 0.0 22 0.0 43 0.0 24 0.0 24 0.0 48 0.0 45 0.0 49 0.0 95 0.0

  Lumbar 19 0.0 20 0.0 40 0.0 26 0.0 27 7.4 53 3.8 46 0.0 51 5.9 98 3.1

a YA = Young adults; OA = Old adults; Total = Total individuals including adults of indeterminate age; N = number of individuals observed; 
b YA = Young adults including adults of indeterminate sex; OA = Old adults including adults of indeterminate sex;  
c Total = Total individuals including adults of indeterminate age and sex. 
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Table A9 The overall odds ratio results for the comparison of osteoarthritis prevalence between males and females.* 

Joint systems OR<35 OR≥ 35 ORMH P χ2 df 
Interpretation 
Male (M) vs. Female (F)

Upper limb Shoulder 5.556 3.026 3.851 0.055 2.898 1 3.85 times M > F 

 Elbow — — 2.649 0.423 0.062 1 2.65 times M > F 

 Wrist — — — — — — — 

 Hand — — — — — — — 

Lower limb Hip 0.531 1.875 1.163 0.835 0.024 1 1.16 times M > F 

 Knee 1.515 0.442 0.719 0.510 0.168 1 1.39 times F > M 

 Ankle — — 3.840 0.233 0.620 1 3.84 times M > F 

 Foot 1.162 2.250 1.562 0.324 0.573 1 1.56 times M > F 

Spine1 Cervical S — — — — — — — 

  Ap — 2.875 2.185 0.234 0.736 1 2.19 times M > F 

  Ost — 3.333 3.333 0.067 2.365 1 3.33 times M > F 

 Thoracic S 2.962 2.171 2.508 0.060 2.734 1 2.51 times M > F 

  Ap  — 1.105 1.105 0.909 0.103 1 1.11 times M > F 

  Ost — 0.778 0.675 0.516 0.122 1 1.48 times F > M 

 Lumbar S 0.917 0.605 0.758 0.652 0.023 1 1.32 times F > M 

  Ap  — 0.317 0.274 0.129 1.489 1 3.65 times F > M 

  Ost 0.383 0.663 0.588 0.314 0.559 1 1.70 times F > M 

* OR<35, the odds ratio for young adults (20-34 years); OR≥ 35, the odds ratio for older adults (≥ 35 years); ORMH, the Mantel-Haenszel common odds 
ratio of each joint system; — ORs were not calculated when any cell values are zero. 
1 S = Schmorl’s nodes; Ap = Apophyseal facets; Ost = Vertebral body marginal osteophytosis. 
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Table A10 Crude prevalence of osteoarthritis in three sites by sex. 

Joint system 

Xin'anzhuang Heihelu Xiaomintun 

Male Female Totala Male Female Total Male Female Total 

Na % N % N % N % N % N % N % N % N % 

Upper limb Shoulder 25 8.0 33 6.1 63 6.3 4 25.0 7 0.0 12 8.3 19 31.6 13 7.7 32 21.9 

 Elbow 26 7.7 36 2.8 66 6.1 6 0.0 10 0.0 19 0.0 14 7.1 12 0.0 27 3.7 

 Wrist 17 0.0 22 0.0 41 0.0 4 0.0 5 0.0 9 0.0 4 0.0 9 0.0 14 0.0 

 Hand 10 0.0 18 0.0 29 3.4 2 0.0 3 0.0 8 0.0 5 0.0 7 0.0 12 0.0 

Lower limb Hip 39 2.6 48 6.3 95 5.3 6 0.0 12 0.0 27 0.0 23 13.0 14 7.1 38 10.5 

 Knee 27 7.4 38 21.1 74 16.2 5 0.0 9 11.1 18 5.6 19 31.6 13 30.8 32 31.3 

 Ankle 24 0.0 39 2.6 67 1.5 5 0.0 10 0.0 23 0.0 20 15.0 11 0.0 32 9.4 

 Foot 19 63.2 34 50.0 62 54.8 3 66.7 6 33.3 11 36.4 22 50.0 12 58.3 38 47.4 

Spineb Cervical Sch 20 10.0 31 0.0 57 3.5 4 0.0 6 0.0 16 0.0 11 0.0 12 0.0 24 0.0 

  Ap  22 9.1 32 6.3 60 8.3 2 0.0 6 0.0 10 10.0 11 45.5 13 23.1 25 36.0 

  Ost 22 18.2 31 12.9 59 13.6 2 50.0 6 0.0 10 20.0 12 41.7 12 8.3 25 24.0 

 Thoracic Sch 23 34.8 32 12.5 57 21.1 3 33.3 5 0.0 9 11.1 17 41.2 13 38.5 31 38.7 

  Ap  23 4.3 31 3.2 56 3.6 4 0.0 5 0.0 15 0.0 17 11.8 12 16.7 30 13.3 

  Ost 23 4.3 31 16.1 56 10.7 3 0.0 5 20.0 9 11.1 17 35.3 13 30.8 31 32.3 

 Lumbar Sch 25 12.0 31 12.9 59 11.9 3 0.0 9 0.0 20 0.0 16 18.8 13 30.8 30 23.3 

  Ap  24 4.2 31 9.7 57 7.0 2 0.0 9 11.1 13 15.4 14 7.1 13 30.8 28 21.4 

  Ost 25 24.0 31 22.6 59 23.7 2 100.0 9 11.1 13 38.5 16 12.5 13 61.5 30 36.7 

a Total = Total individuals including adults of indeterminate sex; N = number of individuals observed; 
b S = Schmorl’s nodes; Ap = Apophyseal facets; Ost = Vertebral body marginal osteophytosis  
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Table A11 The overall odds ratio results for the comparison of osteoarthritis prevalence between Xin’anzhuang and 
Xiaomintun.* 

Joint systems OR<35 OR≥ 35 ORMH P χ2 df 
Interpretation 
Xin’anzhuang (AXA) vs. Xiaomintun (XMT) 

Upper limb Shoulder 0.244 0.241 0.242 0.036 3.454 1 4.13 times XMT > AXA 

 Elbow — 0.897 1.310 0.821 0.111 1 1.31 times AXA > XMT 

 Wrist — — — — — — — 

 Hand — — — — — — — 

Lower limb Hip 0.78 0.386 0.488 0.308 0.422 1 2.05 times XMT > AXA 

 Knee 0.533 0.300 0.374 0.055 2.789 1 2.67 times XMT > AXA 

 Ankle — — 0.145 0.104 1.551 1 6.90 times XMT > AXA 

 Foot 0.877 1.438 1.122 0.802 0.000 1 1.12 times AXA > XMT 

Spine1 Cervical S — — — — — — — 

  Ap — 0.216 0.183 0.011 5.653 1 5.46 times XMT > AXA 

  Ost — 0.667 0.667 0.535 0.082 1 1.50 times XMT > AXA 

 Thoracic S 0.323 0.451 0.389 0.062 2.650 1 2.57 times XMT > AXA 

  Ap — 0.341 0.341 0.246 0.553 1 2.93 times XMT > AXA 

  Ost — 0.237 0.300 0.056 2.521 1 3.33 times XMT > AXA 

 Lumbar S 0.833 0.117 0.343 0.095 1.837 1 2.92 times XMT > AXA 

  Ap — 0.560 0.419 0.217 0.864 1 2.39 times XMT > AXA 

  Ost 1.034 0.600 0.672 0.463 0.205 1 1.49 times XMT > AXA 

* OR<35, the odds ratio for young adults (20-34 years); OR≥ 35, the odds ratio for older adults (≥ 35 years); ORMH, the Mantel-Haenszel common odds 
ratio of each joint system; — ORs were not calculated when any cell values are zero. Bold face indicates p-values less than 0.05. 
1 S = Schmorl’s nodes; Ap = Apophyseal facets; Ost = Vertebral body marginal osteophytosis. 
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Table A12 Odds ratio results for the comparison of osteoarthritis prevalence within Xin’anzhuang site by sex.* 

Xin’anzhuang Joint systems OR<35 OR≥ 35 ORMH P χ2 df 
Interpretation 
Male (M) vs. Female (F) 

Upper limb Shoulder 1.455 1.237 1.360 0.767 0.050 1 1.36 times M > F 

 Elbow — — 1.388 0.813 0.225 1 1.39 times M > F 

 Wrist — — — — — — — 

 Hand — — — — — — — 

Lower limb Hip — 0.772 0.272 0.290 0.323 1 3.68 times F > M 

 Knee 0.333 0.273 0.299 0.151 1.270 1 3.34 times F > M 

 Ankle — — — — — — — 

 Foot 1.048 — 2.328 0.213 0.848 1 2.33 times M > F 

Spine1 Cervical S — — — — — — — 

  Ap — 1.667 1.667 0.638 0.006 1 1.67 times M > F 

  Ost — 1.714 1.714 0.527 0.041 1 1.71 times M > F 

 Thoracic S 3.566 3.000 3.293 0.091 1.875 1 3.29 times M > F 

  Ap  — 1.625 1.625 0.744 1.625 1 1.63 times M > F 

  Ost — 0.313 0.238 0.225 0.649 1 4.20 times F > M 

 Lumbar S 0.778 — 0.572 0.552 0.023 1 1.45 times F > M 

  Ap  — 0.458 0.458 0.531 0.005 1 2.18 times F > M 

  Ost 0.577 1.200 0.950 0.941 0.074 1 1.05 times F > M 

* OR<35, the odds ratio for young adults (20-34 years); OR≥ 35, the odds ratio for older adults (≥ 35 years); ORMH, the Mantel-Haenszel common odds 
ratio of each joint system; — ORs were not calculated when any cell values are zero. 
1 S = Schmorl’s nodes; Ap = Apophyseal facets; Ost = Vertebral body marginal osteophytosis. 
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Table A13 Odds ratio results for the comparison of osteoarthritis prevalence within Xiaomintun site by sex.* 

Xiaomintun Joint systems OR<35 OR≥ 35 ORMH P χ2 df 
Interpretation 
Male (M) vs. Female (F) 

Upper limb Shoulder — 2.571 5.173 0.160 1.084 1 5.17 times M > F 

 Elbow — — — — — — — 

 Wrist — — — — — — — 

 Hand — — — — — — — 

Lower limb Hip — 2.000 2.699 0.436 0.053 1 2.70 times M > F 

 Knee — 0.600 1.400 0.686 0.000 1 1.40 times M > F 

 Ankle — — — — — — — 

 Foot 1.000 0.700 0.826 0.801 0.015 1 1.21 times F > M 

Spine1 Cervical S — — — — — — — 

  Ap — 5.000 2.500 0.312 0.304 1 2.50 times M > F 

  Ost — 7.500 7.500 0.113 1.286 1 7.50 times M > F 

 Thoracic S 1.125 1.111 1.117 0.884 0.049 1 1.12 times M > F 

  Ap  — 0.750 0.750 0.800 0.095 1 1.33 times F > M 

  Ost — 1.500 1.500 0.672 0.003 1 1.50 times M > F 

 Lumbar S 0.500 0.571 0.549 0.498 0.054 1 1.82 times F > M 

  Ap  — 0.250 0.176 0.153 1.041 1 5.68 times F > M 

  Ost — 0.082 0.066 0.015 4.886 1 15.15 times F > M 

* OR<35, the odds ratio for young adults (20-34 years); OR≥ 35, the odds ratio for older adults (≥ 35 years); ORMH, the Mantel-Haenszel common odds 
ratio of each joint system; — ORs were not calculated when any cell values are zero. Bold face indicates p-values less than 0.05. 
1 S = Schmorl’s nodes; Ap = Apophyseal facets; Ost = Vertebral body marginal osteophytosis. 
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Table A14 Odds ratio results for the comparison of osteoarthritis prevalence in males between Xin’anzhuang and 
Xiaomintun.* 

Male Joint systems OR<35 OR≥ 35 ORMH P χ2 df 
Interpretation 
Xin’anzhuang (AXA) vs. Xiaomintun (XMT) 

Upper limb Shoulder 0.182 0.212 0.197 0.067 2.301 1 5.08 times XMT > AXA 

 Elbow — 0.600 0.600 0.734 0.172 1 1.67 times XMT > AXA 

 Wrist — — — — — — — 

 Hand — — — — — — — 

Lower limb Hip — 0.222 0.149 0.122 1.342 1 6.71 times XMT > AXA 

 Knee 0.167 0.152 0.159 0.039 3.209 1 6.29 times XMT > AXA 

 Ankle — — — — — — — 

 Foot 0.857 — 2.120 0.308 0.468 1 2.12 times AXA > XMT 

Spine1 Cervical S — — — — — — — 

  Ap — 0.133 0.133 0.060 2.119 1 7.52 times XMT > AXA 

  Ost — 0.457 0.457 0.394 0.157 1 2.19 times XMT > AXA 

 Thoracic S 0.593 0.750 0.669 0.555 0.059 1 1.49 times XMT > AXA 

  Ap — 0.500 0.500 0.600 0.009 1 2.00 times XMT > AXA 

  Ost — 0.083 0.083 0.045 2.834 1 12.00 times XMT > AXA 

 Lumbar S 1.000 — 0.352 0.306 0.285 1 2.84 times XMT > AXA 

  Ap — 1.000 1.000 1.000 0.000 1 1.00 times AXA > XMT 

  Ost — 2.333 2.861 0.295 0.350 1 2.33 times AXA > XMT 

* OR<35, the odds ratio for young adults (20-34 years); OR≥ 35, the odds ratio for older adults (≥ 35 years); ORMH, the Mantel-Haenszel common odds 
ratio of each joint system; — ORs were not calculated when any cell values are zero. Bold face indicates p-values less than 0.05. 
1 S = Schmorl’s nodes; Ap = Apophyseal facets; Ost = Vertebral body marginal osteophytosis. 
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Table A15 Odds ratio results for the comparison of osteoarthritis prevalence in females between Xin’anzhuang and 
Xiaomintun.* 

Female Joint systems OR<35 OR≥ 35 ORMH P χ2 df 
Interpretation 
Xin’anzhuang (AXA) vs. Xiaomintun (XMT) 

Upper limb Shoulder — 0.429 0.786 0.853 0.225 1 1.27 times XMT > AXA 

 Elbow — — — — — — — 

 Wrist — — — — — — — 

 Hand — — — — — — — 

Lower limb Hip — 0.348 0.860 0.902 0.243 1 1.16 times XMT > AXA 

 Knee — 0.333 0.652 0.563 0.034 1 1.53 times XMT > AXA 

 Ankle — — — — — — — 

 Foot 0.818 0.733 0.771 0.715 0.000 1 1.30 times XMT > AXA 

Spine1 Cervical S — — — — — — — 

  Ap — 0.400 0.246 0.157 0.991 1 4.07 times XMT > AXA 

  Ost — 2.000 2.000 0.571 0.001 1 2.00 times AXA > XMT 

 Thoracic S 0.188 0.278 0.236 0.068 2.155 1 4.24 times XMT > AXA 

  Ap — 0.231 0.231 0.267 0.266 1 4.33 times XMT > AXA 

  Ost — 0.400 0.525 0.449 0.094 1 1.90 times XMT > AXA 

 Lumbar S 0.643 0.154 0.292 0.149 1.021 1 3.42 times XMT > AXA 

  Ap — 0.545 0.349 0.219 0.735 1 2.87 times XMT > AXA 

  Ost 0.400 0.159 0.209 0.043 2.702 1 4.78 times XMT > AXA 

* OR<35, the odds ratio for young adults (20-34 years); OR≥ 35, the odds ratio for older adults (≥ 35 years); ORMH, the Mantel-Haenszel common odds 
ratio of each joint system; — ORs were not calculated when any cell values are zero. Bold face indicates p-values less than 0.05. 
1 S = Schmorl’s nodes; Ap = Apophyseal facets; Ost = Vertebral body marginal osteophytosis. 


