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Increased social stratification and complexity are indicators of major socio-

cultural changes for a prehistoric community. Human lifeways, general well-beings and 

diet in particular, is often directly impacted by these social processes, and may be 

reflected in mortuary contexts. In prehistoric times, central Thailand was an area with 

vast ecological and cultural diversity which subsequently became the epicenter of 

Dvaravati, a prosperous state and cultural entity of Dvaravati in early historic period. 

During the course of the Metal Age, archaeological evidence suggests that this area 

underwent gradual but significant changes in social and subsistence due to increased 

regional interaction, integration, and adoption of newly introduced cultigens. 

Using paleopathological and light stable isotopic ratios, this study aims to 

delineate the impact of social complexity change on human skeletal health and dietary 

change through time on intra- and inter-site levels. Based on the assumption that 

people occupying different social strata having different access/preference to resources 

and practicing varied tasks, it is hypothesized that as social complexity increased (as 

evident in mortuary variability), the variation of human skeletal health and dietary 
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composition also increased. In addition, this study assesses health life history and 

dietary pattern on a site level to be used in cross-regional comparison. Human and 

faunal skeletal remains from central Thai archaeological sites are incorporated. 

The results indicate that no detectable health and dietary changes were 

associated with social status differentiation during the Metal Age in central Thailand. 

The lack of biological impact from social change is interpreted as either social status 

expressed in burial did not entail differentiation of resource access and daily tasks in 

life, or the inherent ecological variability within the region facilitated a tradition of highly 

inert and locale-specific human biology that endured the impact of social structure 

change through time. Previous archaeological, cultural, and biological research of 

Mainland Southeast Asia appears to support the latter interpretation. This study 

provides a large-scale regional synthesis on the interaction among social, ecological, 

and human biological aspects of Metal Age central Thailand that is beneficial for the 

further understanding of human lifeways and socio-cultural change in a larger Southeast 

and East Asian context. 
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CHAPTER 1 
INTRODUCTION 

Social status differentiation is an important dimension of social complexity. 

Naturally existing diversity of human personalities and physical characteristics are key 

elements of all social relationships (Ames, 2007). These variations are inherent 

differences and do not necessarily constitute inequality. Only “when a society invests 

these differences with cultural and social meanings, prizing, and rewarding some over 

others” does inequality exist (Ames, 2007: 487). Ames (2007, 2010) argues that 

competition and dominance are deeply rooted in human history and results in the 

universal presence of inequality throughout human societies. While personality and 

biological differences are not inequalities, per se, differential access to key resources 

and concomitant economic and social consequences are often associated with these 

inherent differences (Ames, 2007). Scholars attempt to develop distinctions between 

inequality and status, in which the latter is a more fixed and structured phenomenon in 

society (e.g., Hayden, 2001; Ames, 2007).  

The social position of individuals in prehistoric populations is often inferred from 

their mortuary context. To a larger extent, mortuary context informs the overall social 

structure and complexity at the population level (e.g., Saxe, 1970; Binford, 1971). In a 

society experiencing change in social complexity, people’s lives may be impacted in 

various ways. The biological aspects of human life in particular, represented by health 

and diet, are two direct means to evaluate this relationship between social and 

biological change (e.g., Ambrose et al., 1997; Larsen, 2002; Pechenkina et al., 2002; 

Temple and Larsen, 2007). 
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Studies elsewhere have established a positive relationship between social status 

and skeletal health (e.g., Walker and Hewlett, 1990; Goodman, 1998). People of higher 

status may not have participated in daily physical tasks extensively. Indeed, the division 

of labor among social groups is sometimes evident (e.g., Robb et al., 2001). As for 

dietary behavior, higher status individuals tend to have, and may monopolize, access to 

high value foods such as premier cuts of meat, exotic foods, foods with higher 

nutritional value, and foods requiring extensive processing (Curet and Pestle, 2010). In 

societies where certain food items were deemed of high value, individuals of higher 

status seem to have utilized more of those items than lower status individuals (e.g., 

White et al., 1993; Ambrose et al., 2003). If social status is inherited (ascribed), 

individuals with better nutrition would lead a healthier childhood and would develop a 

better immune system, reflected in fewer skeletal pathologies caused by childhood 

stress.  As a result, higher status people often have lower prevalence of activity-related 

skeletal degeneration and overall better skeletal health (Danforth, 1999). 

The relationship among social status, health, and diet, however, is not always 

clear. Often, there is no correlation between skeletal health and dietary pattern among 

people of different social status (e.g., Paine et al., 2007; Woo and Sciulli, in press). In 

these cases, the lack of a consistent relationship between social status and biological 

change has been explained as social status being not transparently inferable from 

burials, being expressed in a more subtle way, or that high status did not preclude the 

risks of individuals suffering from skeletal degeneration and/or stress-related events 

(Goodman, 1998; Pain et al., 2007). While higher status people do have lower 

prevalence of activity-related skeletal markers suggesting a different physical pattern 
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from others in a population, prevalence of skeletal markers indicative of nutritional and 

physiological stress may have no relation to an individual’s social status (e.g., Robb et 

al., 2001). These scenarios underscore the complexity of relationship between social 

status and biological status as inferred from skeletal remains.  

Mainland Southeast Asia is a region with an immense degree ecological and 

cultural diversity (Higham, 2002). In present day Thailand, the area referred to as 

central Thailand is low in altitude and enclosed by mountainous ridges and highland to 

its west, north, and east, with the Gulf of Thailand (or termed “Gulf of Siam”) along its 

southern border (Higham and Thosarat, 2012). This region has remarkably complex 

systems of hydrology, typography, and geology, resulting in high habitat diversity. The 

physical landscape is therefore dotted with “pockets” of ecozones that furnished an 

assortment of subsistence and cultural diversity in prehistory (Higham, 2002; Eyre, 

2006, 2010; White, 2011; Higham and Thosarat, 2012). Central Thailand has a long 

cultural history spanning from the late Neolithic to the Metal Age, before transitioning 

into the historic period. At around A.D. 700-800, central Thailand became the epicenter 

of the first state-level polity and its associated cultural period, the Dvaravati, whose 

heavily Buddhist cultural elements and political structure profoundly influenced the 

development of early civilization in central Thailand and nearby regions (Higham and 

Thosarat, 2012). The Metal Age, a transitional period between the Neolithic and historic 

period, was a critical time within which significant social and technological changes 

occurred that contributed to the state formation (Higham, 2002).  

The technological and craft specialization in central Thailand was also prominent. 

The Khao Wong Prachan Valley, in particular, was a major metal source that facilitated 
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the development and production of copper and related crafts (e.g., Natapintu, 1988; 

Pigott et al., 1997; Pryce et al., 2010). During the Metal Age, copper products became a 

status symbols due to their rarity and difficulty of production (Higham and Thosarat 

2012). Traces of social differentiation existed during the early Metal Age and the 

gradual and significant change of social structure did not become apparent in mortuary 

context until the later part of the Metal Age (Iron Age) (Higham, 2002). Iron Age 

Thailand was a period of population growth, settlement expansion, heightened ceramic 

diversity, and marked mortuary variation (Higham, 2002; Higham and Thosarat, 2012). 

Human burials during this period were associated with mortuary items and treatments 

expressed in the forms of ceramic goods, bronze ornaments, iron tools, stone tools, 

faunal remains, and body placements (Higham, 2002; Lartcharnrit, 2006; Ciarla, 2007a; 

Higham and Thosarat, 2012). The degree of mortuary elaborateness among individuals 

within a site, however, often varied. The difference in mortuary treatment and generally 

more elaborated burial practice during Iron Age indicate that social status differentiation 

became more prominent when compared to the Bronze Age and earlier periods 

(Higham, 2002). 

With the process of subtle and prevailing social change during the Metal Age in 

central Thailand, it is important to address how social processes may have impacted 

human lifeways. If such an impact does exist and is detectable within the skeleton 

(morphology/paleopathology), the level and extent of the impact is also critical to clarify 

the relationship between social and biological change. The implications of an overall (all 

or most members of a society), partial (certain segments of a society), or no impact (no 

change of skeletal health and dietary behavior) by social change on human biology are 
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germane to the assessment of social structure development and its associated socio-

cultural aspects of life.  

Research Objectives 

It is the objectives of this study to delineate the impact of social change, social 

status differentiation in particular, on human biological health and dietary choices during 

the Metal Age in central Thailand. More specifically, the main focus is to measure and 

understand the impact of social stratification on human physical well-being and on 

inferred dietary behavior. This study also addresses aspects of skeletal health and 

dietary pattern on a regional level, using a biocultural approach (e.g., Goodman et al., 

1988).  

Two hypotheses will be examined using skeletal and dietary data. First, higher 

social differentiation would result in higher variation of skeletal health within a population 

through time. This would also be true when the skeletal pathology data from sites 

occupying different time periods are compared in a chronological sequence. Second, 

greater social difference would result in greater variation of inferred dietary behaviors 

within a population through time. This would also be true when the dietary data from 

sites occupying different time periods are compared in chronological sequence. 

It is worth noting that while the fluctuation of pathology prevalence and inferred 

diet through time or among sites is important evidence to gauge population well-being 

and reconstruction of the relationship between humans and the landscape, respectively, 

it is the variation of these two biological aspects within a site and among sites through 

time that may lead to the detection of social differentiation. This is based on the 

assumption that increased social stratification would lead to differential access to food 
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resources and/or varied participation in physical tasks. Both of which could contribute to 

the variation of individual skeletal health and dietary pattern. 

Human skeletal remains from six archaeological sites from central Thailand are 

incorporated in this study. Five of which are located in inland central Thailand (Non Mak 

La, Ban Mai Chaimongkol, Promtin Tai, Ban Pong Manao, Kao Sai On-Noen Din) and 

one is in coastal central Thailand just inland of the Gulf of Thailand (Khok Phanom Di). 

The latter is a large, well-studied late Neolithic site (Higham and Thosarat, 1994, 2004), 

that serves as an ecological and temporal outgroup for comparison with the inland 

central Thai Metal Age sites. 

Methods 

To maximize data collection and resolution in often poorly preserved human 

skeletal assemblages, characteristic of tropical and subtropical Thailand, two analytical 

approaches are employed. Paleopathological observation is performed to assess the 

composite general health evident in skeletal and dental remains. The data are analyzed 

on site and regional levels. Human skeletal biology research has been constructive in 

many parts of Mainland Southeast Asia (e.g., Oxenham and Tayles, 2006; Domett and 

O’Reilly, 2009; Ikehara-Quebral, 2010). These studies provide a solid framework for 

understanding regional human biology and inferred social change. Bone chemistry data 

for Mainland Southeast Asia, and Thailand in particular, has also been conducted, but 

to a less extent. Dietary and mobility assessments for northeast and coastal central Thai 

sites have been conducted using strontium, oxygen, and carbon isotopes (Bentley et al., 

2005, 2007; King, 2006; King and Norr, 2006; Cox et al., 2010). These studies not only 

offer significant insight to the more nuanced aspects of prehistoric life, but also provide 

key insight to social structure (e.g., residency, marriage system, population movement) 
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and human-landscape interaction. The inferences from these studies are incorporated 

in the interpretation of the data generated in the current study. 

Dissertation Structure 

There are 10 chapters in this dissertation. After this introductory chapter, Chapter 

2 outlines the physical geography, geology, and ecology of central Thailand to illustrate 

the diversity of the region. As this study focuses on the relationship between social and 

biological changes, cultural history, settlement, and subsistence are also reviewed both 

regionally and in central Thailand. The prehistory is relevant towards the development 

of an interpretative framework within which the biological data may be interpreted. 

Debates on central Thai prehistoric chronology during the Metal Age and inferred inter-

community structure are also reviewed. 

Chapter 3 details the archaeological and cultural background of each site 

incorporated in this research. Where possible, sites are divided into further sub-

chronological groups to provide better resolution when assessing intra-site biological 

change through time. 

Chapter 4 reviews the development and application of paleopathology and stable 

isotopic analysis in the field of bioarchaeology and Mainland Southeast Asia. The 

etiology and implication of skeletal pathologies included in this study (dental 

pathologies, porotic hyperostosis/cribra orbitalia, degenerative joint disease, and 

trauma) are detailed in this chapter. Stable isotope ratio analysis has been widely 

utilized in reconstructing various aspects of human dietary behavior, residency/mobility, 

cultural practice, and the surrounding environment over the past few decades. 

Therefore, the mechanics and interpretive strength of these techniques on their own 

(stable carbon, nitrogen, and oxygen isotopes) and combined are also discussed. A 
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brief review on the application of isotopic analysis for paleodietary reconstruction is also 

provided. 

Chapter 5 details the methods used for paleopathological observation and stable 

isotope ratio analysis. The preservation and condition of human skeletal remains is 

assessed for each archaeological site. Protocols for selecting skeletal and tooth 

samples for stable isotope analyses are presented, and laboratory protocols for 

extracting bone collagen and hydroxyapatite from skeletal/dental samples reviewed. 

The analytical process of isotope ratio mass spectrometry and statistical analyses used 

in the interpretation of isotopic data is explained. 

Chapter 6 reports the results of skeletal health based on observed pathologies. 

Each site’s pathology prevalence is compared within the context of a particular 

pathology/health indicator. This provides a clear assessment of health among sites 

analyzed. As the data show, paleopathological profiles for the inland sites and the 

coastal sites are quite distinct. To further examine the paleopathological variation at the 

population level, intra-regional comparison is conducted between inland central Thai 

sites. 

Chapter 7 presents the stable isotope data derived from sampled faunal remains. 

Animal species tend to have predictable habitats and dietary behaviors that allows for 

the establishment of an isotopic, ecological baseline, which in turn facilitates 

interpretation of the human isotopic data. 

Chapter 8 details the results of the stable isotopic data derived from human 

skeletal and dental remains. Bone collagen (δ13Cbone coll and δ15Nbone coll), bone apatite 

(δ13Cbone ap and δ18Obone ap), and enamel apatite (δ13Cen ap and δ18Oen ap) data are 
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reported by site and between sites to provide regional and assess dietary variation 

through time. In-depth evaluation of human dietary choices and resource utilization 

patterns within each site is also discussed. Where possible, isotopic data are compared 

between sub-chronological periods within a site to assess potential dietary variation. In 

addition, individual life history of diet is assessed and compared with respect to a site’s 

finer sub-chronology to gauge the possible effects of change in social structure on 

people’s food/water sources earlier and later in an individual’s lifetime. 

Chapter 9 integrates the paleopathological and stable isotopic data with respect 

to the archaeology, culture, and ecology of the region to see if change in social 

complexity had a measureable impact on human skeletal health and diet. Data 

indicative of human overall health are discussed first on the site level and then on 

regionally for central Thailand. In doing so, the first hypothesis that variation of human 

skeletal health would increase as social complexity increased is examined. The 

variation or lack thereof in paleohealth indicators between inland central Thai sites is 

discussed. The reconstruction of human dietary behavior constitutes the second portion 

of this chapter. The dietary variation as inferred from stable isotopes is also assessed, 

by site, and then regionally (inland vs. coastal), and temporal evaluation of isotopic data 

are assessed with respect to the correlation of dietary change and increased social 

complexity. Data from each site are then examined in order to assess the variation vis-

à-vis social change throughout a site’s occupation. The second hypothesis that dietary 

variation would increase as social complexity increased is examined here. To address 

human health and dietary variation in central Thailand, the role of ecological diversity 
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and its effect on human lifeways alongside social development in central Thailand are 

evaluated. Lastly, Chapter 10 summaries and concludes this study. 

Research Impact 

This dissertation generates the first large scale isotopic data set in central 

Thailand for dietary reconstruction. To date, King (2006) and King and Norr (2006) are 

the only similar studies with a special focus on northeast Thailand. Central Thailand, an 

ecologically diverse region, offers a rich background to address how human dietary 

behavior in this area may contribute to understanding how local ecology influences 

people’s food choice. As introduced above, paleopathological research has been solidly 

established in northeast, coastal central Thailand, and other parts of Mainland 

Southeast Asia. The assessment of skeletal health in central Thailand provides the first 

comprehensive paleopathological analysis addressing both individual and population-

based biocultural response to a changing social context. This study provides a regional 

comparative and inter-regional synthesis based on complementary data from 

paleopathology and stable isotopes. When the biological data are interpreted in 

conjunction with more archaeological record, how other key socio-cultural aspects such 

as trade network, polity structure, residency, and regional integration affected human 

lifeways over time may be elucidated.
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CHAPTER 2 
CENTRAL THAILAND LANDSCAPE, GEOGRAPHY, AND PREHISTORY 

Geophysical Landscapes of Prehistoric Thailand 

With its complex geology and hydrology, Mainland Southeast Asia has a high 

degree of diversity in both physical and cultural landscapes. Principally situated in the 

subtropical monsoon belt, environmental factors such as altitude and proximity to the 

coast facilitate intricate patterns of rainfall, areal dry season, and temperature 

fluctuation (Higham, 2002). The three major river systems (Chao Phraya River, Mekong 

River, Red River) from southern China in Mainland Southeast Asia can be considered 

the lifelines of the human cultural landscape (Higham, 2002). The Chao Phraya River 

runs through northern and central regions of Thailand and drains into the Gulf of 

Thailand. The Mekong River, with its famous Mun and Chi Rivers as up-stream 

tributaries branching in the Khorat Plateau, northeastern Thailand) extends to 

Cambodia and Vietnam before emptying into the South China Sea. The Red River runs 

from Yunnan Province, China and enters Vietnam, forming part of the China-Vietnam 

border before draining into the Gulf of Tonkin. 

Because of Thailand’s dense subtropical forest, tributaries of the Chao Phraya 

and Mekong Rivers served as the main arteries for transportation, cultural transmission, 

and exchange (Higham, 2004). However, annual water flow of these rivers is not 

constant but intermittent during dry spells. Alternating dry seasons and annual floods 

are unpredictable and characteristic of Thailand’s physical geography. The combined 

effects of the time and extent of monsoon rain, the amount of snowmelt at the head 

water, and the rain shadow effect in mountainous zones and water catchments are all 

complicating factors that characterize Thailand’s varied ecology. Repetitive annual 
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flooding of major river systems creates large floodplains and overtime extends to their 

respective river deltas. Monsoons are unpredictable in strength and duration. Similar 

patterns occurring today most definitely occurred in prehistory. In fact, as this 

dissertation is being completed, Thailand is experiencing the worst flood in half a 

decade inundating the central-coastal areas for months. The extreme annual fluctuation 

of rainfall/water flow in most parts of Thailand no doubt influenced the lifeways of 

prehistoric people and their diverse adaptive responses to this dynamic environment 

(Higham, 2002, 2004, described in detail below). 

In addition to dynamic features of the monsoon and potential flooding on land, 

sea level during the Holocene was also in flux. A series of sea level oscillation between 

8,000-4,000 B.P. also contributed to coastal settlement and subsistence patterns in 

prehistory. At around 10,000 B.P., sea level was about 40-60 m below present-day level 

(Geyh et al., 1979, cited in Higham, 2002: 8). Based on geomorphological studies in the 

region, during 5,000-4,000 B.P. sea level was approximately 2.5-5.8 m higher than 

present and began to recede to its current level at around 4,000 B.P. (Tjia, 1980 cited in 

Higham, 2002: 8). In terms of soil composition, higher sea level also left behind layers of 

marine clay to as much as 14 m near current Bangkok area (Higham, 2002). Higher sea 

level in the past means human occupation along the Chao Phraya and Mekong River 

systems were much closer to the coast.  

Central Thailand Geography  

Central Thailand borders modern day Myanmar to the west with mountainous 

ridges and valleys extending west-east from Myanmar to Laos in the north, Phetchabun 

Ridge to the northeast highlands (Khorat Plateau), and the Gulf of Thailand to the south 

(Figure 2-1). Central Thailand encompasses a vast area from 18˚ to 11˚N longitude and 
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from 98˚ to 101˚ E latitude, including northern peninsular Thailand (Higham and 

Thosarat, 1998). Within this area, there are three geographic areas: the West 

Continental Highlands, the Central Highlands, and the Central Plain. The West 

Continental Highlands make up parts of Thai-Myanmar border and have yielded 

evidence of human occupation from late Pleistocene onwards (Higham, 2002). 

Neighboring the Khorat Plateau, Central Highlands are comprised of undulating terrain 

and the Pa Sak River system occupying most part of the eastern central Thailand. Ban 

Pong Manao (PMN) included in this study is situated in the Central Highlands. Sloping 

westward and southward, catchments around the tributaries of the Chao Phraya River 

form the riverine Central Plain that is the heart of central Thailand. Just north of modern 

day Ayutthaya, the Pa Sak River drains into the Chao Phraya River which continues to 

present-day Bangkok and empties into the Gulf of Thailand. When sea level was higher 

at around 5,000 B.P., the coastal area was as close as to Ayutthaya and therefore, the 

Central Plain was a shallow extension of the river delta formed by the accumulation of 

marine/riverine clay. The Central Plain is nowadays considered “the heart of Thailand” 

as it is the major source of agricultural production and population center in Thailand 

(Higham and Thosarat, 1998). Predominantly rice is grown in the Central Plain whereas 

cultigens requiring drier, more seasonal conditions (e.g., millet, corn, sorghum, and 

chilies) are more common in the northern part of the Central Plain, such as the Lopburi 

area. This is partially due to the change of geological landscape as limestone outcrops 

and inselbergs become more abundant inland than in the swampy lowland (Higham, 

2002). 
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The fluctuating rainfall between dry and rainy seasons characteristic of the inland 

Central Plain is another contributing factor to the change of vegetation and what 

cultigens may be grown locally. The mountain ridges enclosing the west, north, and east 

sides of the Central Plain shield the Central Plain from the moisture brought in by the 

Siberian cold front. As the front travels through mountain ridges to the north and 

northeast of central Thailand, the windward side of the mountain captures the majority 

of moisture in rain and snow form leaving only dry air to continue southward to the 

Central Plain. A rain shadow effect for the inner Central Plain thereby exists which 

results in a long dry season between the months of December and March (Higham, 

2002). Between the years 1971-2000, average precipitation during the driest month of 

January was recorded as low as 16.7 mm (Thai Meteorological Department, 2012). 

During these years for the monsoon season, from mid-May to October, precipitation 

averaged 903.3 mm in central Thailand; Thai Meteorological Department, 2012) which 

can overwhelm land and river systems causing extensive floods annually. While the 

flooding may have supported wet rice or “floating rice” agriculture, the long and often 

unpredictable drought during the dry season rendered year-around wet rice agriculture 

unsustainable. Alternatively, the incorporation of arid cultigens as food sources was 

likely the best option.  

As evident in archaeological record, the complex geological and hydrological 

characteristics of central Thailand have shaped a very diverse cultural history of the 

past peoples (Higham, 2002). The aforementioned sea level rise between 5,000 and 

4,000 B.P. not only had immense effects on altering physical landscape but also 

impacted on human subsistence, lifeways, and cultural landscape in general (e.g., 
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Higham and Thosarat, 1998). The much closer coast in the past in central Thailand 

would have greatly facilitated the exploitation of marine resources via shortened course 

to the sea on the Chao Phraya River. The easier access to the coast also would have 

contributed to population interaction, mobility, and exchange (e.g., Bentley et al., 2007). 

Cultural History of Thailand and Central Thailand 

Thailand is the only country unaffected by 18th century European colonialism in 

the region and is relatively unscathed from the disturbance of recent wars. The stable 

political condition and encouraging social attitude towards understanding the past have 

facilitated the early establishment of archaeology by local scholars since the mid-18th 

century. In 1959, the first joint international collaboration between was established 

between Thai and Danish archaeologists led by Sørensen, excavating the Ban Kao site 

in Kanchananburi, western Thailand (Higham, 2002). Since then, multiple collaborations 

have produced well-excavated sites throughout the country. More recently, Vietnam and 

Cambodia has also attracted major attention of local and international scholars resulting 

in intensive excavation and studies (e.g., Stark and Bong, 2001; Stark, 2004; Evans et 

al., 2007; O’Reilly et al., 2008; Oxenham et al., 2011). Surveys and excavations in Laos 

(e.g., Sayavongkhamdy et al., 2000; White and Bouasisenogpaseuth, 2008) and 

Myanmar (e.g., Higham, 2002; Moore, 2003; Hudson and Gutman, 2004; O’Reilly, 

2007) are also ongoing. In general, current knowledge on Mainland Southeast Asian 

prehistory is largely based on archaeological research in Thailand, Vietnam, and 

Cambodia.  

The cultural history of Mainland Southeast Asian prehistory follows the tradition 

of three developmental/evolutionary stages, namely the Neolithic, Bronze Age, and Iron 

Age (e.g., Higham, 1989, 1996, 2002, 2004; White, 1995a; Bellwood, 1997, 2006; 
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Bellwood and Glover, 2006). It is worth noting that in Southeast Asia, the transition from 

one period to the next is often ill-defined and these transitions do not necessary imply 

significant social or lifeway changes. For example, Eyre (2010: 46) notes that Higham 

and Higham (2009: 132) describe the transition from the Ban Non Wat late Bronze Age 

phase to the Iron Age as “seamless” and that the appearance of iron objects was the 

only way to distinguish between the two periods. Pigott et al. (1997) also suggest no 

major socio-cultural changes at the Bronze Age to Iron Age transition. In addition, the 

commencement of iron smelting and manipulation of Iron did not abruptly replace the 

continued use of bronze. While utilitarian tools were largely made of iron towards the 

later Iron Age (e.g., Ban Na Di and Ban Chiang, Higham, 2002), the frequency of 

bronze ornamental objects at this time did not diminish. A combination of both iron and 

bronze-based craft production would have increased the efficiency of the production 

process, enhanced the performance of the final products, and added to the diversity of 

toolkits (Higham, 2002). Technologically speaking, the so-called “Iron Age” is essentially 

an extension of the “Bronze Age”. It is critical to stress that while the technological 

advances may have been evident in habitation and burial contexts, the transition of 

technological traditions itself may not necessarily have been a driving force for a 

marked cultural change (e.g., Eyre, 2006; Pryce, 2009; White and Hamilton, 2009). 

The prehistory of Thailand extends to the late Pleistocene. Since then, modern 

human occupation has occurred across space and time in the region, including central 

Thailand. The following sections provide an overview of cultural history in prehistoric 

Thailand and a brief description of early historic period. 
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Pre-Neolithic and Hoabinhian Periods 

The pre-Neolithic period in Mainland Southeast Asia is evident from a number of 

archaeological sites: Nguom (>23,000 B.P.), Dieu (from 30,000 B.P.), Son Vi (~23,000-

13,000 B.P.), Hoabinhian (~18,000 B.P.), and Bacsonian (~10,000 B.P.) (Higham, 

2002). Sites dating to these periods are usually found in upland caves and rock shelters 

in Vietnam and Thailand due to better preservation and less disturbance by the 

elements and later activities. Hunting and gathering was the main mode of subsistence. 

Faunal assemblages, presumed to reflect hunted and collected foods, excavated from 

the Red River Valley sites and coastal Vietnam include wild cattle, water buffalo, 

rhinoceros, forest birds, water turtle, land tortoise, shellfish, crab, deer, gastropod, and 

bivalve shellfish (Higham, 2002: 34). In Chao Phraya Valley, remains of sambar deer, 

pig deer, barking deer, bovine, pig, freshwater/bivalve shellfish, gastropod, turtle, and 

crab were discovered and likely were food items in the past. The variety of recovered 

faunal remains suggests that people had a broad spectrum diet and exploited riverine 

and lacustrine habitats (Higham, 2002).  

The term Hoabinhian initially referred to a stone tool type first found in a northern 

Vietnamese province of Hòa Bình in the late 1920s by Colani. The Hoabinhian stone 

tool industry is based on river cobbles that produced limited tool categories including 

sumatraliths (unifacial discoid tools) and short axes. The term later has been used to 

designate the period/culture on Mainland Southeast Asia (and northeastern Sumatra) 

immediately before the Neolithic rice agriculture, as far back as around 16,000 B.C. 

(Higham, 2002). A bone industry was also evident at Da Phuc rock shelter in Vietnam 

which reflects hunting tools (points or awls). Fired pottery vessels and marine shells are 
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among the Hoabinhian artifacts indicating that the people had a developedknowledge in 

tool making and contact with the coastal groups (Higham, 2002). 

Similar to other pre-Neolithic sites, Hoabinhian sites tend to be situated in caves 

by rock shelters with usually thin layers of habitation evidence (Higham, 2002). This 

evidence suggests seasonal occupation was the typical mode of dwelling characteristic 

of mobile hunter-gatherers (e.g., Higham, 2002). Shoocongdej (2000) attempts to fit a 

tropical mobility model for the late and post-Pleistocene cave site of Lang Kamnan in 

western Thailand that mobility during the wet season was for residential purpose while 

dry season movement was for logistics. The archaeological remains from this site 

support residential wet season mobility; however, no substantial evidence is present 

supporting logistically driven dry season mobility. Therefore, Shoocongdej (2000: 34) 

suggests that the high degree of subsistence and settlement pattern variation existed 

among the hunter-gatherer groups during the Late Pleistocene and Early Holocene in 

Mainland Southeast Asia was a result of changing availability of food resources in 

seasonal tropical environments 

Notable Hoabinhian sites within modern day Thailand are distributed in all 

geographic regions. In the uplands of northern Thailand, Spirit Cave, Banyan Valley 

Cave, and Steep Cliff Cave represent a hunter-gatherer tradition that adapted to 

forested and webbed stream systems (e.g., Gorman, 1971, 1972, 1977; Yen, 1977). In 

Chao Phraya River Valley, Khao Talu site along Kwae Noi River and Laang 

Spean/“Bridge Cave” site along Kwae Noi River preserve human occupation remains 

indicating the utilization of wide spectrum foodstuffs (Pookajorn, 1981). Both Kwae Noi 

and Kwae Yai are tributaries of the Chao Phraya River. In peninsular Thailand, Lang 
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Rongrien and Moh Khiew and Sakai are large cavern sites containing Hoabinhian tools 

and human remains (Pookajorn, 1992; Higham, 2002). At the northern border of the 

Gulf of Thailand, Nong Nor and Khok Phanom Di are the most prominent sites. Nong 

Nor is a seasonal shell midden site occupied for a few months ~2,450 B.C. Due to sea 

level fluctuation in the past, sediment evidence near Nong Nor suggests it was located 

by an embayment with unrestricted access to the sea while protected by shallow, low 

lying land surrounding the site (Higham and Thosarat, 1998, 2012; Higham, 2002). 

Despite its wide use, the term “Hoabinhian” has no clear definition or temporal 

boundary as it can refer to a time period, subsistence economy, or technology on 

Mainland Southeast Asia. Acknowledging some degree of validity in Vietnamese sites, 

Shoocongdej (2000) argues that “Hoabinhian” as a “culture” lacks a well-defined 

meaning and does not constitute an integral entity. Other stone tool types coexisted with 

“typical Hoabinhian” ones over a considerable period of time. Therefore, she states that 

the term “Hoabinhian” is not effective in investigating and explaining cultural variation in 

Mainland Southeast Asia, in general, and she suggests dropping the use of the term as 

it over-simplifies of the complex hunter-gatherer period in Mainland Southeast Asia. 

Regardless of the naming issues of this pre-Neolithic period, the first peoples of 

Mainland Southeast Asia likely lived in fairly rough and dense subtropical terrain, and 

sought protection from the elements and potential predators in caves and rock shelters. 

Stone tool assemblages suggest that hunting and gathering was the principle 

subsistence strategy. Pre-Neolithic settlements are rare and suggest low population 

density in the region; however, the presence of non-local artifacts suggests long 

distance contact as well. 
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Neolithic 

The transition from the Hoabinian to the Neolithic period in Mainland Southeast 

Asia is largely associated with the transition from hunting and gathering subsistence to 

rice agriculture. The exact timing of this subsistence transition is difficult to identify, 

however, at present the consensus rests upon the heavy influence of rice farmers from 

southern China and their expansion into Mainland Southeast Asia (Higham, 2002, 2004; 

cf. White, 2011). The temperature oscillation at around 8,000-6,000 B.C. seems to have 

been associated with the domestication of rice and some animal species in the Yangze 

River Valley in China (Higham and Lu, 1998; Higham, 2002). By the 3rd millennium B.C., 

rice expansion reached areas of south/southeastern China, Vietnam, central Thailand 

and the Khorat Plateau, made evident by the particular styles of mortuary practice and 

artifacts that were similar to those in the Yangze River Valley sites (Higham, 2002). The 

dispersion of the rice farmers transported their material culture and lifestyle into 

Mainland Southeast Asia. Prolonged interaction with local hunting and gathering 

peoples, a hybridization with local culture emerged (e.g., Higham, 1996, 2002, 2006; 

Bellwood, 1997, 2005, 2011; Rispoli, 2007; Sanchez-Mazas et al., 2008). 

Rice was not an exotic plant for Southeast Asia prior to the Neolithic period since 

rice remains have been discovered at early Hoabinian sites in Thailand and Vietnam 

(Higham, 2002, 2004). Most likely driven by demographic expansion of the rice farming 

populations (Bellwood, 2011), the spread of rice agriculture arrived in Mainland 

Southeast Asia either by land via the Lingnan area of southern China or along the 

Vietnamese coast by sea route, although perhaps not in homogeneous fashion 

(Higham, 2002). While northeast Thailand sites such as Non Nok Tha have evidence for 

rice cultivation and associated ceramic style, contemporaneous settlements in Vietnam 
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maintain a hunting and gathering subsistence (Higham, 2004). The famous Neolithic 

site of Khok Phanom Di on the Gulf of Thailand also preserved episodes of mortuary 

variation and material culture suggesting the intrusion of rice farmers, either from central 

Thailand or via the sea (Higham and Thosarat, 1998). 

The Neolithic sites in Thailand are scarce compared to the later time periods, 

although the spatial distribution of these sites is not restricted to a particular region of 

Thailand (Higham, 2002). A suite of hallmark traits characterizing Neolithic material 

culture bear similarity with Yangzi farming cultures and have been found throughout 

Thailand, mostly within mortuary contexts. They include incised and/or painted fine 

ceramic pots, black burnished pottery, and jar burials with infants and adults (Bayard, 

1972; White, 1986; Higham and Thosarat, 1994, 1998; Pigott et al., 1997; Rispoli, 1997, 

2007; Higham, 2002, 2004, 2009, 2011). Most notable sites include Non Nok Tha, Ban 

Chiang, Ban Non Wat, Ban Lum Khao, and Noen U-Loke in northeast Thailand; Ban 

Tha Kae, Phu Noi, Non Pa Wai, Nil Kham Haeng, and Khok Charoen in central 

Thailand; and Khok Phanom Di on the Gulf of Thailand (Higham, 2002). The practice of 

animal domestication is suggested based on the presence of dog, pig, and bovine 

skeletal remains found at Ban Non Wat and Ban Lum Khao sites (Upper Mun River 

Valley) that show evidence of human consumption and roles in mortuary practice. In 

addition, artifacts made with exotic shell (marine) species are discovered in the Neolithic 

sites indicating certain degree of exchange system had been established (Higham, 

2004). 

Khok Phanom Di is perhaps the best studied (pre)Neolithic site in Thailand. The 

site witnessed a relatively rapid deposit of material culture and human burials over a 
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period of 600 years (~2,100-1,500 B.C.; Higham and Thosarat, 2004). The sequence 

(divided into seven phases) suggests a marine oriented hunting and gathering 

subsistence was maintained well into the 2nd millennium B.C. During phases 3B and 4 

(~1,750-1,650 B.C.), evidence of intrusive rice farmers, based on mortuary artifacts, 

appeared at the site. This period coincided with the receding coastal margin and 

extension of the marsh areas previously covered by sea water, creating favorable 

freshwater environment for rice cultivation. Consumption of cultivated rice seems 

unequivocal since remains of rice husk were found in human feces and stomach 

contents preserved in the abdominal area of certain individuals (Higham and Thosarat, 

1994). After the sea level returned to its previous level at ~1,650 B.C., the main dietary 

sources reverted from terrestrial plants and animals to mangrove and marine-based 

sources. Higham and colleagues (e.g., Higham and Thosarat, 1994) suggest pottery 

making and the consumption of rice and rice farming in the Neolithic transition go hand-

in-hand. These characteristics, in fact, were used to distinguish the original Khok 

Phanom Di hunting and gathering culture from the intrusive rice farming cultural tradition 

(cf., White, 1995b) (see Chapter 3 for more detailed description on Khok Phanom Di). 

The introduction and adoption of rice agriculture is a defining trait marking the 

transition from previous period into the Neolithic period in Mainland Southeast Asia. 

However, the spread and adoption of rice agriculture could be limited by factors such as 

geographic barriers (Bellwood, 2011), precipitation patterns (monsoon rain), soil quality, 

and the need for a new food source. With high degree of landscape diversity in 

Mainland Southeast Asia, it is expected that dietary needs were met by broad spectrum 

hunting and gathering activities. For coastal sites, the wealth of marine-oriented food 
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resources and saline soil composition might have prolonged the adoption of rice 

agriculture. Evidence for animal domestication and the remains of fish and shellfish 

suggest stable animal protein resources, although the distribution of animal protein 

consumption among prehistoric people is unknown. In general, Neolithic subsistence 

here was likely a mixture of plant cultivation (rice and in some parts, millet), 

supplemented by foodstuffs raised domestically and/or procured from the environment. 

Bronze Age 

The timing when Southeast Asia, Thailand especially, transitioned from the 

Neolithic period into the Bronze Age is currently a heated debate among scholars. While 

the discovery and interest of the Bronze Age in Mainland Southeast Asia initiated back 

in the 19th century, in the past four decades, new discoveries and techniques intensified 

the debate over the issues concerning the date and origin of Southeast Asian copper-

base metallurgical tradition (e.g., White, 1986, 1997, 2008; Ciarla; 2007b; Pigott and 

Ciarla, 2007; Higham and Higham, 2009; Higham et al., 2011; White and Hamilton, 

2009). The excavation in Non Nok Tha in northeast Thailand during 1965-1968 

produced, among others, a particularly sophisticated tin-bronze socketed implement. 

Considering the two charcoal dates available, Solheim believed that the earliest Bronze 

Age sequence at Non Nok Tha can be dated back to the 3rd millennium B.C. and that 

the aforementioned implement is the world’s oldest socketed tool, dating to ~3,500 B.C. 

(cited in White and Hamilton, 2009). Solheim’s early date of the northeast Thai Bronze 

Age and level of sophistication of the socketed tool prompted the discussion of an 

independent bronze tradition of Southeast Asia, contra to the then well-acknowledged 

notion of a Near Eastern origin (see White, 2008). During 1974-1975, an international 

collaboration between the University of Pennsylvania Museum and the Fine Arts 
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Department of Thailand, led by Gorman and Charoenwongsa, conducted two seasons 

of rescue excavation at Ban Chiang. Based on erroneous absolute dates, Gorman and 

Charoenwongsa (1976) proposed that northeast Thailand entered the Bronze Age at 

around 3,600 to 2,900 B.C. Not long after the publication of these early dates, scholars 

began to challenge the dating techniques and relevance of sample context (e.g., Loofs-

Wissowa, 1983; Higham, 1984). Higham, among others, was concerned with the 

archaeological context where the charcoal was recovered. In Higham’s view, charcoal 

from grave fill sediments cannot be securely ascertained to have been associated with 

the actual stratigraphy intended to be dated (e.g., Higham, 1984, 1988). Higham has 

challenged the implications of an early Bronze Age date by citing typological and 

technological similarities of bronze objects between southern China and northeast 

Thailand, falsifying the possibility of an independent development of copper-base 

metallurgy in the latter (Higham, 1984). In recent years, Solheim’s and Gorman and 

Charoenwongsa’s (1976) particularly early dates of initial Bronze Age are no longer 

considered valid (e.g., White, 1986, 1997, 2008; Higham, 1996, 2011; Ciarla, 2007b; 

Pigott and Ciarla, 2007). 

Currently, there are two major views concerning the date of initial Bronze Age in 

Thailand that are almost one millennium apart. White, being the principal scholar in 

charge of the excavated materials from Ban Chiang after Gorman, proposes a later date 

for the earliest Bronze Age phase to be around the early 2nd millennium B.C. (White, 

1982, 1986). White (1988) observes that the bronze working found in Ban Chiang’s 

initial Bronze Age phase appears fully developed, lacking any trace of an experimental 

stage. This led her to dispute the speculation of an independently developed bronze 
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tradition in northeast Thailand. Instead, she suggests that the copper-base metal 

working tradition here has external origin/origins (White, 1988), possibly from Inner Asia 

(e.g., White, 1986, 2008; White and Hamilton, 2009). Again, the publication of this date 

was followed by a series of debates and criticism. Aside from the provenience/context 

problems Higham raised previously (1984), the origin and transmission sequence of the 

copper-base technology in northeast Thailand is also a concern (e.g., Higham, 1988, 

1996, 2002; Higham et al., 2011). Higham, on the other hand, has long advocated for a 

later Bronze Age date for Mainland Southeast Asia, at ~1,500 B.C. or possibly later 

(Higham, 1984, 1988, 1996, 2004; Higham et al., 2011). For example, evaluating (valid, 

i.e., in situ charcoal) radiocarbon dates and artifact contexts from several sites in 

northeast Thailand (e.g., Ban Na Di, Ban Chiang Hai, Ban Kho Noi, Non Chai) and 

Vietnam, Higham (1984: 238) observes that “bronze working was present in coastal 

Vietnam and the Mekong Valley by c. 1,500 B.C.”. He argues that the accessibility and 

exposure to Chinese expansion during this time or earlier brought about the bronze 

working tradition to northeast Thailand by ways of exchange. 

Partially as a response to Higham’s criticism on the provenience uncertainty of 

charcoal samples used by Gorman and Charoenwongsa (and later by White), White 

submitted another set of Ban Chiang samples for AMS dating to further understand the 

chronology, especially the early Bronze Age, of northeast Thailand. The seven samples 

are from rice-tempered mortuary vessels (White, 1997), although Higham et al. (2011) 

specify six are from organic temper of mortuary vessels and one from rice phytolith 

found in the sediment filling a mortuary pot. With two samples eliminated from 

consideration due to dramatically old dates, five dates concur with White’s previous 
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viewpoint on an early date for Bronze Age Ban Chiang (early 2nd millennium B.C.). In 

2008, White published two more AMS dates from charcoal samples. Combining the 

seven valid samples, White concludes that the Neolithic–Bronze Age transition occurred 

~2,000 B.C. at Ban Chiang and across northeast Thailand more generally (White, 2008; 

White and Hamilton, 2009). Based on the recent dating data, White and Hamilton 

(2009) construct a possible transmission route of the copper-base metallurgy into 

northeast Thailand from the central Asian Steppes, via the Seima-Turbino transcultural 

phenomenon. Higham, not surprisingly, takes issue with these new dating results and 

their interpretation. While using the organic temper is acknowledged as being more 

reliable and has been used in dating the well-studied site of Ban Don Ta Phet (Glover, 

1990), Higham and colleagues question White’s (1997) collagen extraction protocols 

utilized to prepare the 1997 samples and hold that the inbuilt age of the 2008 charcoal 

samples is a confounding issue (Higham and Higham, 2009; Higham et al., 2011). In 

Higham’s view, using charcoal in general runs the risk of being misled by the inbuilt age, 

where the 14C date reveals the time when the carbon atoms were removed from the 

atmosphere and incorporated into plant organisms. With the taxonomy unidentified, it is 

unknown if the charcoal samples from Ban Chiang were derived from older trees that 

might have had already lived for decades or hundreds of years before burned by 

human, resulting in charcoal remains. With concerns of inbuilt age, the radiocarbon 

dating using charcoals may have produced a much older date range than what is being 

dated in reality (Gavin, 2001; Higham et al., 2011). Therefore, Higham and colleagues 

(e.g., Higham and Higham, 2009; Higham, 2011; Higham et al., 2011) propose that 

results of charcoal radiocarbon date (not only those from Ban Chiang) can be at best 
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viewed as “terminus post quem” (limit after which) and that the charcoal dates only 

mean the artifacts/burials/evidence of occupation was deposited afterwards, not 

indicative of certain events (e.g., initial Bronze Age phase).  

In recent years, Higham led a large-scale excavation at Ban Non Wat in the 

Khorat Plateau, with one of the goals as to establish a chronological framework based 

on a series of absolute dates (Higham, 2011). The date determinations majorly include 

freshwater shells that were placed as grave goods, while some previously obtained 

charcoal dates were incorporated in constructing the Ban Non Wat sequence. Since 

Higham advocates against the reliance on charcoal dates, Higham (Higham and 

Higham, 2009) provides a justification by comparing the date ranges derived from five 

charcoal samples found in a nearby site of Ban Lum Khao with the Ban Non Wat 

charcoal dates. A total of 75 (Higham and Higham, 2009) or 76 (Higham, 2011; Higham 

et al., 2011) dating samples enable Higham’s team to specifically determine the date 

ranges of its 12 mortuary/occupation phases of Ban Non Wat, previously designated by 

archaeological context. The samples from the initial Bronze Age phase bracket the 

Neolithic-Bronze Age transition at 1,053-996 B.C. (calibrated date) (Higham and 

Higham, 2009). This date range matches well with Higham’s stand point for a later date 

of the initial Bronze Age in Thailand. With dates from Ban Non Wat sequence, Higham 

and Higham (2009) proceed to further iterate the southward transmission route of 

copper-base metallurgy from the Yellow and Yangtze Rivers during Shang Dynasty 

China, via Lingnan (the mountainous range in southern China), to northeast/central 

Thailand.  
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In a further attempt to resolve the criticism put forth regarding a series of Ban 

Chiang dates, Higham and colleagues proceed to perform the AMS dating on 14 

skeletal samples (ten human and four pig) from the Ban Chiang collection (Higham et 

al., 2011). They believe that bones with good collagen preservation are the best and 

most direct sources to obtain reliable dates, satisfying both methodological and 

contextual requirements. The results are dramatically different from White’s (1998, 

2008) organic temper dates (and the charcoal dates) and conform to Higham’s 

perspective of a late 2nd millennium B.C. date of the early Bronze Age in northeast 

Thailand. 

The contrasting views on the Bronze Age date between Higham and White 

greatly influence the approach of each when formulating arguments regarding 

transmission routes of copper-base metallurgical traditions into Mainland Southeast 

Asia and the scenarios of socio-cultural structure on both intrasite and inter-site levels, 

during and after the Neolithic-Bronze Age transition in prehistoric Thailand. Since the 

1980s, Higham has promoted a gradual diffusion process and southward transmission 

route of bronze working tradition from Lingnan area in southern China to Southeast Asia 

The base of his argument includes the timeframe between the development of 

sophisticated Shang bronze industry aggregated in China’s Central Plain and the initial 

Bronze Age time range in north/northeast Thailand (Higham’s date version) and 

technological and stylistic similarities between these two areas (e.g., Ciarla, 2007b; 

Pigott and Ciarla, 2007; Higham, 2011; Higham et al., 2011). Higham cites extensive 

evidence suggesting waves of southward expansion of rice farmers from Yangze River 

Valley through various water channels in the Lingnan area in southern China into 
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north/northeast Thailand occurred as early as the Neolithic period (~first half of the 3rd 

millennium B.C.). Based on the remains of rice and implements for rice 

agriculture/processing found in Khok Phanom Di on the Gulf of Thailand and Ban Non 

Wat on Khorat Plateau, Higham and team suggest the rice farmers’ expansion into 

Mainland Southeast Asia and contact with local people intensified via river and/or 

marine routes by at least early 2nd millennium B.C., or perhaps some centuries earlier 

(Rispoli, 2007; Chi and Hung, 2010; Higham, 2011; Higham et al., 2011). Higham and 

colleagues strongly advocate the linkage between the intensification of northern farmer-

Southeast Asian villager interaction and the transmission of new craft production 

technology, namely copper-base metallurgy among others. Typological, compositional, 

and stylistic similarities and evolution between Shang/later Chinese artifacts and those 

found in Thai Neolithic and Bronze Age sites support a southward diffusion of craft 

production from southern China to Mainland Southeast Asia (Higham et al., 2011). 

On the other hand, as briefly mentioned above, White and Hamilton (2009) 

suggest the establishment of copper-base technology in northeast Thailand as derived 

from Inner Asian Steppes, most likely near the Urals. Combining evidence from the 

archaeological record available in recent years from China and Russia and the early 

date of the Bronze Age in northeast Thailand, they indicate that the Inner Asian bronze 

tradition being the source for that of Southeast Asia is most plausible in terms of the 

timeline for the appearance of bronze metallurgy and technological/stylistic closeness in 

both places. White and Hamilton (2009), who view Higham’s approach as “Sinocentric”, 

criticize his use of the chronological data and technological evidence. They also argue 

that Higham’s southward diffusion route from China oversimplifies the technology 



 

56 

transmission process and is constricted by core/peripheral bias on the theoretical level 

(see White and Hamilton, 2009 for detailed argument; cf. Ciarla, 2007b; Pigott and 

Ciarla, 2007). For Higham (Higham, 2011; Higham et al., 2011), among other things, 

White’s proposed transmission route is counter-intuitive as the terrain is much more 

treacherous, densely vegetated, and often impassible in prehistory between Inner Asia 

and northeast Thailand, making it difficult for the latter to be exposed to the former’s 

copper-base metallurgy. Higham also argues that the early date of the Bronze Age held 

by White predates the time when Chinese bronze metallurgy can be confidently dated 

(~3rd and the first half of the 2nd millennium B.C.) and that the Urals data White cited 

were not securely dated. Aside from the similarities between Southeast Asian bronze 

artifact/technology, that from the Chinese Central Plain, and that from the Lingnan 

region of southeast China, Ciarla (2007b) and Pigott and Ciarla (2007) observe some 

technological parallels and behavioral patterns characteristic of both Southeast Asian 

and Inner Asian Steppe communities. This prompted Ciarla (2007b: 323) to suggest 

there might have been a “Steppe techno-cultural package” that transmitted its metal 

working tradition into Shang Dynasty China and then gradually diffused to Mainland 

Southeast Asia. The Lingnan area in southern China, instead of being the gateway of 

Chinese Shang metallurgical tradition coming to Southeast Asia as proposed by 

Higham, acted as the final filter eliminating trace of Chinese influence on the Inner 

Asian bronze working tradition before it spread to Southeast Asia (Pigott and Ciarla, 

2007; White and Hamilton, 2009: 374). Along with the filtering mechanism, the 

characteristic parallels between Inner and Southeast Asia are the centers of White’s 

arguments of an Inner Asian bronze transmission route to Southeast Asia. Higham, in 



 

57 

contrast, focuses heavily on the commonalities between the Shang Chinese and 

Southeast Asian bronze working traditions. 

As the debate continues, more scholars seem to lean towards Higham’s later 

date of Thai Neolithic-Bronze Age transition. Surely, more refined dating techniques and 

better interpretation of the data sources should aid in revealing a more clear view on 

Southeast Asia prehistory, specifically, the timing when the Bronze Age in Thailand 

started. As the main objective of this dissertation is the physical effects of social status 

differentiation, it is necessary to group individual burials into earlier and later periods in 

order to compare and contrast the data within a site. Therefore, it is the chronological 

“sequence” of the burials within a site that is more important, rather than absolute 

chronology itself. In the case of Ban Mai Chaimongkol, Onsuwan Eyre follows White’s 

chronology and places the initial Bronze Age at ~2,000 B.C (e.g., Eyre, 2006). Her 

extensive research on its pottery and burial sequences (Onsuwan 2000, 2003; Eyre, 

2006, 2010) are adopted in this dissertation for this site and its cultural sequence. 

Furthermore, social status differentiation is suggested to have occurred during the later 

part of the Bronze Age and continued well within the Iron Age in Mainland Southeast 

Asia (e.g., Higham, 2002, 2004; cf. Higham, 2009, 2011). Thus, the timing of when the 

Bronze Age actually started does not affect the analysis and interpretation of the data 

studied here. 

Amid the uncertain date of the initial Bronze Age, the cultural landscape of this 

period is nonetheless versatile. In Thailand, there are two copper mines utilized in 

prehistory that are high yielding and high quality, Phu Lon in the north (e.g., Natapintu, 

1988) and the mines in the Khao Wong Prachan Valley in the central region (e.g., Pigott 
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et al., 1997). Northern Thai sites that yielded critical dates pertaining to the beginning of 

the Bronze Age it has been suggested were using copper mined from the Phu Lon. The 

three central Thai sites studied by the Thailand Archaeometallurgy Project (TAP) 

utilized copper ores originating from the Khao Wong Prachan Valley (see Pryce, 2009 

for a detailed review and study of archaeometallurgy in this region). Research projects 

such as TAP aimed to investigate the development of copper-base metallurgy in the 

core rich district of the Khao Wang Prachan Valley. Their research uncovered a cluster 

of three sites that are somewhat contemporaneous and have similar cultural context. 

Among them, Non Pa Wai in the Khao Wong Prachan Valley shows evidence for copper 

smelting over an area of 5 ha (Pigott et al, 1997). Peculiarly, despite strong evidence of 

on-site smelting activities, final products made of bronze alloy are rarely found. Mudar 

and Pigott (2003) propose that the roughly smelted copper was exported to 

communities that were not geographically close to the mine sources. The outward 

distribution of central Thai ingots not only may have contributed to the commonality of 

bronze objects within and across the regions, but also helped central Thai people obtain 

necessary food resources coping with the unsustainable agricultural system impacted 

by frequent draughts. 

As most of the prehistoric Thai sites, the Bronze Age communities are often 

located along water sources, be it river tributary or creek. In addition to being beneficial 

for agriculture and day to day activities, water transportation facilitated the sites’ 

involvement in far-reaching trading network. Copper ingots and other archaeologically 

visible objects have been found some distance away at sites that do not have proximity 

to known metal sources (Higham, 2004). The copper smelting and casting activities, 
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common to the Khao Wong Prachan Valley in central Thailand, were conducted on a 

massive scale that may have mostly occurred during the dry season as an alternative to 

wet season farming (White and Pigott, 1996; Pigott et al., 1997). Due to its proximity to 

copper mine sources, Khao Wong Prachan Valley sites yield archaeological evidence 

indicating a community industrial level output of metal working (White and Pigott, 1996; 

Pigott et al., 1997). However, the lack of a centralized smelting locale plus large scale 

metal workshop and dispersed distribution of smelting debris in the Metal Age central 

Thai sites prompts Pigott and colleagues (White and Pigott, 1996; Pigott et al., 1997) to 

suggest that the copper smelting activities were community based. Copper smelting and 

casting requires extensive metallurgical knowledge and craftsmanship and both would 

have been valuable capital to control for should a centralized organizational force exist. 

The unique production scheme in Metal Age Thailand inspires the proposition that a 

heterarchical social structure, rather than a hierarchical one, was in place on a 

community level (White, 1995a; O’Reilly, 2001, 2003). 

Heterarchy is an alternative structural construct of human interaction from 

hierarchy that best addresses the fluid relationships among polities and the 

sociopolitical dynamics within a community (Crumley, 1979, 1995). Taking spatial, 

temporal, and biological dimensions into account, a heterarchical structure among 

polities does not assume power as unidirectional or as an obligatory relationship 

existing in a fixed manner. Instead, “fluid hierarchy and horizontal or lateral 

differentiation” are key elements of heterarchy that have long been neglected when 

discussing the evolution of social relationships (White, 1995a: 104). Hierarchical 

structure needs not and cannot be the only alternative option from egalitarian structure 
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when explaining sociopolitical relationships (O’Reilly, 2003). In Bronze Age north and 

northeast Thailand, archaeological evidence does not yield any sign of access 

restriction to mining sources, hierarchical organization of labor, spatial arrangement of 

tasks, or overarching control power regarding metal working within a community. Each 

household was likely to participate in all steps of copper smelting process, including 

traveling to acquire raw ore (White, 1995a: 107). White (1995a) and O’Reilly (2001, 

2003) apply the heterarchy concept in prehistoric Mainland Southeast Asia, mainly to 

the Bronze Age, arguing that the sociopolitical milieu in this area is best characterized 

as fluid and flexible. 

In terms of social status of individuals, qualitative and quantitative variations of 

grave goods do exist at sites such as Ban Na Di, Non Nok Tha, Khok Phanom Di, Nong 

Nor (Higham, 2004) and Ban Lum Khao (mainly quantitative, O’Reilly, 2003). In each of 

these sites, a handful of burials stand out as being interred with exotic items or larger 

number of grave goods compared to other burials within its respective site. In Nong Nor, 

for example, among mostly plainly buried individuals, an unusually large and wealthy 

male burial in the vicinity of a richly interred female demonstrates some degree of 

intrasite social status differentiation (Higham, 2004). However, clustering of grave goods 

and osteologial analyses do not reveal any clear pattern associated with age and sex 

groups (e.g., Wilen, 1992, cited in O’Reilly, 2001). This contrasts with the expectation as 

seen in highly stratified societies where individual social status inferred from burial 

context is usually patterned by age cohort or sex. Also, types and quantity of grave 

goods often exhibit clustered patterns according to an individual’s social ranking (Saxe, 

1970; Binford, 1971; Tainter, 1978). For example, at Ban Lum Khao, 85% (N= 95) of 
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burials contain ten or fewer grave items and only 3% (N= 3) yield 20-30 artifacts. The 

types of grave goods here are common across the site, including pig bones, shell 

beads, bangles, adzes, abraders, spindle whorls, ceramic anvils, ochre, copper alloy, 

and bivalve shells. No statistical significance is found when assessing the distribution of 

each goods category against age and sex groups. There are also no apparent symbolic 

items. Despite having signs of bronze crafting, no bronze artifact was discovered in 

burial context. All ceramic types are distributed in no particular pattern across the site. 

This site also lacks monuments, religious structures, or spatial arrangements for 

wealthy individuals that were buried. The mortuary context, both grave goods and 

osteology, shows no visible evidence of any ascribed or achieved social status. Overall, 

Ban Lum Khao does not conform to what is expected to be a structured hierarchical 

society during the Bronze Age (O’Reilly, 2003). With this example and other sites 

combined, there appears to be little evidence suggesting marked social differentiation in 

Bronze Age Thailand.  

Starting in 2002, the excavation of Ban Non Wat, a large continuous occupation 

from the Neolithic to the late Iron Age on the Khorat Plateau (central Thailand), has 

yielded phases of “superburials” early in the sequence. Among a total of 640 human 

skeletal remains discovered, those buried between cultural phases of Bronze Age (BA) 

1 and 3 are exceptionally wealthy in terms of grave size and grave offerings, with BA 2 

and 3A (~1,000-800 B.C.) being the most ostentatious. These individuals were found 

within large graves that are well beyond the areas needed for the coffin/body. A wide 

variety and extraordinarily large amount of burial goods were associated with individuals 

in all age groups and both sexes, placed above the head, on the body/face, between 
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legs, or below the feet. The grave goods include shell jewelry made with exotic marine 

species, labor-intensive stone and shell beads, precious marble earrings, pottery 

vessels with a wide array of forms and intricate motifs, lavish meat portions from pigs 

and cow, and bronze implements. Some burials (infants included) were discovered with 

shell beads and large marine shell bangles numbered beyond aesthetic purpose in life 

(e.g., a middle-aged male was buried with 23,682 shell beads and another with 54 large 

Trochus and 18 Tridacna bangles). The number of ceramic vessels also rose 

dramatically from fewer than ten, on average among the Neolithic burials, to an average 

of 30 among BA 2 burials. Higham refers this ostentatious display of wealth as a 

“starburst” of aggrandizers, indicating the Ban Non Wat was a transegalitarian society 

during the early Bronze Age (Higham, 2009, 2011). It is particularly interesting to note 

that there is no abrupt abandonment or reoccupation of the site at the transition from the 

Neolithic to the Bronze Age. The only indication (or identification) of the Bronze Age is 

the appearance of bronze artifact/evidence of bronze casting associated with living 

floors and/or burials. The sudden full-blown display of wealth during the early phases of 

the Bronze Age lasted for about 200 years before the quantity and quality of grave 

offerings rapidly declined right after BA 3. Higham (2011), following Clark and Blake 

(1994) and Hayden (2001), argues that the distinctively wealthy burials in the early Ban 

Non Wat sequence indicate the site had a certain degree of surplus accumulation for 

the aggrandizers to convert into prestige goods, differential accessibility (possibly by 

familial lineage) to valuable goods and resources, and the people practiced funerary 

feasting as a means to maintain social status. Higham (2011) also speculates the 

mostly contemporary Ban Lum Kao site nearby, which yielded a poor assemblage of 
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burials, might have served the needs of the Ban Non Wat people. This implies that there 

was a hierarchical structure between/among sites during the early Bronze Age. 

However, burials between the later Bronze Age periods and the early Iron Age appear 

to be lacking signs of marked intra-site social status differentiation, where utilitarian 

objects are most common. The short-lived (or unsustainable) aggrandizer display of 

wealth is different from what is seen during the Iron Age, where social differentiation 

remained in place and lasted well into the formation of states.  

Among sites outside of the Khorat Plateau in central Thailand, a heterarchical 

relationship seems to be evident during the Bronze Age (White and Pigott, 1996; Eyre 

2006, 2010). In central Thailand, the TAP team excavated a group of three neighboring 

sites in the Khao Wong Prachan Valley: Non Pa Wai, Nil Kham Haeng, and Non Mak La 

(Pigott et al., 1997). The event of metallurgy in the Khao Wong Prachan Valley is now 

thought to be ~1,100 B.C. and later (Pigott, 2012 personal communication). At Non Pa 

Wai there is a shallow Neolithic deposit containing some human burials that dates from 

the early to mid-2nd millennium B.C. This Neolithic deposit is followed by a Bronze Age 

deposit spanning from the late-2nd into the 1st millennium B.C. (Rispoli, 2012 personal 

communication). The Bronze Age deposit contains five burials with metallurgy-related 

finds; at Non Pa Wai, a total of 25 burials are known from Neolithic to Bronze Age 

deposits, while none are associated with Iron Age. The site is capped by major Iron Age 

deposits of copper smelting debris that is about 2m in depth. This debris was mixed with 

habitation materials, e.g., domestic potsherds and faunal remains, scattered across an 

area of ~5 ha. Massive amounts of smelting debris characterize Non Pa Wai as a major 

Iron Age copper smelting site. Among the prevalent artifacts are tens of thousands of 
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intact and fragmentary ceramic molds in a variety of cup and conical shapes. Evidence 

suggests stages of copper working were performed at Non Pa Wai and the 

overwhelmingly large number of ingot casting molds indicate the site was specialized in 

their production for purposes of trade and exchange (White and Pigott, 1996; Pigott et 

al., 1997; Pryce et al., 2010). 

The nearby site of Nil Kham Haeng also yielded a remarkable amount and 

varieties of copper working debris. However this site is characterized by unique deposits 

derived from the intensive crushing of copper ore to a fine gravel, a technique not seen 

at Non Pa Wai. Unlike Non Pa Wai, Nil Kham Haeng preserves evidence for “sustained 

and concentrated habitation activities” (White and Pigott, 1996: 164) and mortuary 

features that clearly indicate the existence of long-term occupation. Recent 

archaeometallurgical studies of copper smelting techniques practiced at Non Pa Wai 

and Nil Kham Haeng suggest slight different copper extraction methods were utilized by 

metal workers at these two sites (Pryce and Pigott, 2008; Pryce, 2009). 

The third TAP site, Non Mak La, yielded much less evidence for sustained 

copper working in the area excavated by TAP. This excavated area was oriented more 

for habitation and mortuary purposes (Natapintu, 1988). Pigott and colleagues (1997) 

have suggested that Non Mak La may have served as a settlement for Non Pa Wai 

metal workers. But this idea has been discounted as of late (Pigott, 2012 personal 

communication). These somewhat contemporary but differing function sites are 

explained as being in a heterarchical relationship with one another, serving different 

purposes with no hierarchical structure governing the relative control of power for one 

site over another (White and Pigott, 1996). 
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White and colleagues (1995a, White and Pigott, 1996) have suggested there was 

a lack of regional governing force controlling the access to the metal ore sources and 

distribution of goods (metallurgical products or food resources) at sites in the Khao 

Wong Prachan Valley. The typical hierarchical polity structure in which one or few 

central settlements dictate the production and trade of the satellite communities did not 

exist in northeast and central Thailand until quite late in the Metal Age, i.e., the later 1st 

millennium B.C. Thus at Thai Metal Age sites, a heterarchical relationship better 

explains the settlement layout, choice of craft production, differential involvement in 

trade networks and in the items being exchange. 

In addition to the focus on metallurgy when addressing the relationships among 

the central Thai sites, the analysis of settlement pattern and ceramic traditions also 

suggest a hierarchical structure was in place during the Metal Age in the region (Eyre, 

2006). Eyre argues that the Metal Age villages varied in size and were occupied in 

diverse environmental zones. Categorizing ceramic typology into subregions and 

treating them as the products of inter-site networks, Eyre observes that these ceramic 

sub-traditions did not remarkably change throughout the Metal Age. Along with survey 

data on settlement patterns in the region, Eyre concludes that central Thailand (Central 

Plains and the undulated terrains) sustained a non-hierarchical settlement system with 

uninterrupted occupation. 

The subsistence of Metal Age Thailand largely follows the previous regime of 

hunting and gathering, supplemented with domesticated food sources. Based on the 

analysis of the carbonized seeds collected from the TAP sites, Weber et al. (2010) 

suggest that millet was an important cultigen in the Khao Wong Prachan Valley during 
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the 3rd and 2nd millennia B.C. Rice did not enter the archaeological sequence until the 

1st millennium B.C. If one accepts Higham’s argument (e.g., 1994; Higham et al., 2011), 

it was the contact with “intrusive rice farmers”, either via land routes for northeast 

Thailand or marine routes for coastal sites (e.g., Khok Phanom Di), that gradually 

brought about the copper-base metallurgy from China to Mainland Southeast Asia. 

Contact occurred during the later part of the Neolithic period, in northeast Thailand 

specifically. Broadly speaking, the documentation of rice by Weber and colleagues 

(2010) in the Khao Wong Prachan Valley in the 1st millennium B.C. fits well with 

Higham’s late incipient Bronze Age scenario (Higham and Higham, 2009). During the 

Bronze Age in central Thailand, it is reasonable to postulate that rice cultivation was 

being established, while millet continued to be consumed. Dry farming and/or rainfed 

fields were likely to be the principle methods of rice cultivation in concert with traditional 

millet agriculture (Weber et al., 2010; Castillo, 2011). The combination of millet and rice, 

accompanied by foods from local sources (fish, terrestrial mammals, and birds), is likely 

representative of the dietary spectrum of Bronze Age people living in northeast and 

central Thailand (e.g., Higham, 1984; Weber et al., 2010). The extremely diverse 

landscape and ecology in Mainland Southeast Asia has sustained a versatile and highly 

local subsistence regime for prehistoric Thai people (Bentley et al., 2007). In addition, 

considering the sharp contrast between the abundance of copper metallurgical debris 

and rarity of actual copper-base final products found at the Khao Wong Prachan Valley 

sites, Mudar and Pigott (2003) propose that the copper products (in both ingot and final 

product forms) were traded out in exchange for food resources. Mudar’s (1993) 

ecologically oriented study of prehistoric central Thailand suggests this area was not 
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suitable for sustainable wet rice agriculture, due to the unpredictability of monsoon rain 

and relatively poor soil quality. The copper-food trading system was likely a buffering 

strategy in order to cope with the unpredictability of local agricultural output (Mudar and 

Pigott, 2003). However, this is a hypothesis that remains to be demonstrated. 

Iron Age 

Contrasting to the Neolithic-Bronze Age transition, the timing between the Bronze 

and Iron Ages in Mainland Southeast Asia is generally agreed to be ~500 B.C. and 

lasted until ~A.D. 500 (e.g., Pigott et al., 1997; Higham, 2004). One theory suggests that 

iron working techniques in this area may have been introduced from southern China 

(Higham, 2002). As a transitional phase bridging prehistoric and (proto)historic periods 

in Southeast Asia, the Iron Age witnessed a suite of remarkably different characteristics 

from its predecessor. Geologically speaking, iron ores are more ubiquitous than copper 

(or tin) in Southeast Asia, and even the Khao Wong Prachan Valley had a major source 

of iron ore (Natapintu, 1988; Pigott et al., 1997). 

The quality of iron could be made higher if properly smelted and forged (Higham, 

2004). Although this would require a higher temperature to manipulate, iron working 

does not involve the extra step of mixing ores as bronze does. Iron ores can be smelted 

to produce iron metal that can be hand-forged into desirable shapes. By the Iron Age, 

while bronze was usually cast into ornamental objects, iron objects were produced for 

utilitarian purposes (Higham, 2004) and were encountered in habitation areas and 

frequently in burial context. In contrast to the narrow typological range of bronze 

objects, with iron there is an extensive array of functions which includes cutting, 

chopping, tilling, warfare, and animal husbandry (Higham, 2002). The relative ease with 

which iron could be produced meant that an abundance of utilitarian iron objects 
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dramatically enlarged the selection of implements in the prehistoric toolkits in the region. 

Therefore, the adoption of iron working is suggested to have contributed to the 

expansion of settlement/population and changing settlement patterns (Penny, 1984; 

Welch and McNeill, 1991, cited in Eyre, 2006). 

In central Thailand, the prosperous iron working activities brought about 

ecological impacts. Higher temperature requirements for forging iron led to a higher 

demand for firewood and consequently, intensified the process of deforestation (Mudar 

and Pigott, 2003). Modification of the landscape and changing patterns of land use are 

key characteristics of the Iron Age (Higham, 2002). Food resources that were 

dependent on forested environments diminished in numbers gradually as iron working 

became more common. Mudar and Pigott (2003) suggest that terrestrial protein sources 

for humans may have switched from largely forest-dwelling mammals to fresh water 

fish. In terms of population movement and settlement, Eyre (2006) also implies that the 

appearance and widespread use of iron products may have stimulated the expanded 

usage of lowland areas in central Thailand and the establishment of more concentrated 

settlements. Population size and density during the Iron Age also increased. A case 

study using stable isotope analysis on human teeth collected from an Iron Age site on 

Khorat Plateau (Noen U-Loke) shows the increased population size at this site was a 

result of intrinsic improvement of fertility rather than population movement (Cox et al., 

2011). 

It has been understood that the Bronze-Iron Age transition in northeast and 

central Thailand was accompanied by marked changes in settlement structure, namely 

the appearance of large moated sites (e.g., Higham, 2004). Many Iron Age sites are 
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encircled by a moat (or sometimes multiple moats), presumably for purposes of defense 

and water retention (Higham, 1996, 2002, 2004; McGrath and Boyd, 2001). Higham 

(1996, 2002) suggests that the Iron Age witnessed a significant transition in social 

structure from a more autonomous structure in the Bronze Age (with a certain degree of 

social/wealth inequality as seen at Ban Non Wat; Higham, 2009, 2011) to a more 

hierarchal structure whereby intensified wet rice agriculture was a principle driving force. 

He also observes that the Iron Age sites display signs of sophisticated rituals, larger and 

more structured site layouts, potentially intensified control of labor, social 

compartmentalization, and possibly inter-population defense (Higham et al., 1982). 

These are all hallmarks of centralized societies. 

On the other hand, Eyre (2006) citing a suite of newer dates on the earthwork 

moats and paleoenvironmental evidence argues that the appearance of iron technology 

and formalized earthworks did not occur at the same time, as evidence for the latter 

dates to the early 1st millennium A.D., ~500 years after the initial phase of the Iron Age. 

Other signs of social centralization such as warfare (inferred from projectiles; Higham, 

2002) and labor specialization (inferred from more sophisticated iron work and ceramic 

production; Higham, 1989, 2002) are also not concurrent with the first appearance of 

iron technology. As a result, Eyre (2006) refutes the view that the transition from the 

Bronze Age to the Iron Age is associated with the abovementioned hallmarks of 

centralized social change. She observes that in central and northern Thailand, smaller 

communities that lack moats but with a long occupation sequence from the Bronze Age 

to the Iron Age continued to produce iron objects in a community-based fashion that 

was non-hierarchal on the regional level. Thus, she suggests that significant social 
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changes did not occur until the late Iron Age, certainly not during the transition from the 

Bronze Age to the Iron Age in Thailand. 

These two contrasting perspectives on developmental timing of major social 

change in pre-state Thailand underscores the fact that Thailand is diverse both in its 

physical environment and cultural landscape. In prehistoric Thailand, where access to 

water, food resources and forest, and metal ore sources were critical factors for 

choosing settlement location, it is entirely possible that major social change did not 

occur in a rapid and homogeneous manner. Instead, pockets of areas may have been 

shielded from the prevailing activities happening elsewhere and therefore sites may 

exhibit a delayed manifestation of social change (Pryce, 2009). The debates on dates of 

the initial Bronze Age discussed above and major social changes during the Bronze-

Iron Age transition in this area place central Thailand as a key arena for understanding 

issues of social evolution in prehistory. This in turn warrants an in-depth investigation on 

the physical-dietary manifestation on human populations during and across these 

critical time periods. 

In terms of trade networking and its implication on social evolution during the Iron 

Age, artifacts excavated from Ban Don Ta Phet site are invaluable sources to the 

understanding of material culture during this period. With long-term efforts invested by 

Glover and his team, Ban Don Ta Phet (~ early 4th century B.C.) in western-central 

Thailand is the best documented site that displays Iron Age funerary features (Glover, 

1980, 1983; Higham, 2004). Although human skeletal remains did not preserve well due 

to acidic soils, iron objects such as spears, harpoons, axes, and billhooks were 

recovered as grave goods. The site is at a strategic locale commanding access to Three 
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Pagodas Pass that links the Chao Phraya plains to the Indian subcontinent (Higham, 

2004). One of the most special features of Ban Don Ta Phet is the vast amount of 

evidence portraying a heavily Indian influenced material culture. Glass products and 

carnelian and agate ornaments with Indian motifs and production techniques are 

common. Bronze ornaments with Indian motifs and bowls with high tin content are 

apparent products of cultural contact between the two areas. The material, technology, 

and motif of these objects all indicate exchange or cultural assimilation was in progress 

between Thailand and the Indian subcontinent as early as the beginning of the Iron Age. 

While the motif on the Ban Don Ta Phet bronze bowls is drastically different from the 

high tin drums found in Vietnam’s Dong Son, the high tin alloy technique found in Ban 

Don Ta Phet bronze artifacts can also be observed in as inland as Ban Na Di on Khorat 

Plateau. Furthermore, a nephrite ornament most commonly seen in Vietnam and the 

Philippines is also evident in Ban Don Ta Phet (Glover, 1990; Higham, 2004: 59), 

suggesting a south-southeastward trade/contact direction, in addition to the interaction 

westward with India. 

It is worth noting that traces of Indian influence do not necessarily link to the 

direct import of artifacts from India. Carnelian and agate beads are commonly 

recognized as prestigious items signaling higher social/economic status. Bellina (2003) 

demonstrates that these beads, made with semi-precious stones, can be categorized 

into two groups by time period and production provenience and represent products of 

different locales with different cultural implications. Beads in the earlier group (~ late 1st 

millennium B.C.) are generally made with sophisticated Indian techniques, but the styles 

are highly local. Bellina (2003) suggests this is most likely a result of Southeast Asian 
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elites ordering (i.e., importing) beads from India to legitimize their elite status by means 

of possessing and displaying codified foreign (and “modern” for the time) objects. The 

beads in the second/later group (~1st millennium A.D.), however, generally lack the 

superior quality compared to those recovered from the earlier period. These later beads 

are locally made and bead manufacturing workshops have been identified at select Iron 

Age sites. Bellina (2003) suggests that the elites during this later period may have still 

imported beads directly from India or invited Indian craftsmen to manufacture the beads 

locally. The higher quality beads are likely for the elites’ enjoyment. The locally 

manufactured beads of inferior quality serve the purpose of supplying their subordinates 

as a way to maintain the elites’ controlling power via exchange. Thenunissen and 

colleagues (2000) further challenge the diffusionist assumption that the beads were 

derived from India. They suggest, alternatively, that the carnelian and agate beads 

could have a multi-source origin and the Indian influence may not have been such a 

powerful mechanism that brought about state-level social development in Southeast 

Asia. 

Semiprecious stones (agate and carnelian), rock crystal, and nephrite became 

common from fourth century B.C. onward at Ban Don Ta Phet. These materials 

replaced the softer ones used to craft ornaments in earlier periods. Objects made of 

these newer materials are often unevenly distributed among human burials, suggesting 

they may have been considered more valuable by the Ban Don Ta Phet people and 

thus, an indicator of social status differentiation (Glover, 1990; Higham, 2002, 2004). At 

other Iron Age Thai sites (e.g., Noen U-Loke, Khao Sam Kaeo), agate and carnelian 

ornaments are richly present, demonstrating the widespread nature of these new 
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crafting materials (Bellina, 2003). Khao Sam Kaeo, in particular, is located in peninsular 

Thailand and is another example of late Iron Age trade between Thailand and India. 

This site yielded clear evidence of Indian influenced jewelry-making techniques and 

materials. It also yielded evidence of local production of prestigious goods, possibly 

using imported materials (Bellina and Silapanth, 2006, 2008). Whether the newly 

appeared ornaments were traded in from India or locally made is still being revised 

pending new excavation, it is clear that as early as in the fourth century B.C., plenty of 

contact and exchange occurred between people and sites associated with India’s 

Maurya-Sunga Period (350-50 B.C.) and Thailand’s Iron Age, transferring a variety of 

items and concepts across the region (Bellina and Glover, 2004; Indrawooth, 2004). 

In terms of subsistence and dietary staples, according to Weber and colleagues’ 

(2010) seed analysis, rice entered the central Thai sequence in the early 1st millennium 

B.C. Rice agriculture would have been in place for quite a few centuries at the 

commencement of the Iron Age. Despite the disagreement between Higham (2004) and 

Eyre (2006, 2010) on whether the Bronze-Iron Age transition coincided with wet rice 

agriculture, varied degrees of rice management (possibly dry rice) and consumption 

would have been well underway. Continuing the subsistence strategies from the Bronze 

Age, the Iron Age people in central Thailand, in addition to rice cultivation, were likely to 

have explored their local environment for supplementary food resources and animal 

protein. Since a trade network had been established since late Neolithic (Higham, 

2004), exchanging foods from other areas could also be a source of food procurement, 

although levels of participation among settlements could vary. 
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Protohistoric Period and State 

At the later part of the Iron Age, evidence for exchange/interaction between 

Thailand and other South and Southeast Asian areas becomes much more abundant 

suggesting extensive trade relations (Indrawooth, 2004). Glass and carnelian beads and 

bronze objects with high percentage of tin alloy in mortuary context are encountered in 

northeast and central Thailand. These objects almost uniformly display a high degree of 

Indian influence in material, technology, and/or style. High tin bronzes throughout 

western and central Thailand are thought to represent imports or influences from the 

Indian subcontinent (Higham, 2002).  An on-going excavation in Khao Sam Kaeo site in 

Thai-Malay peninsula has produced a suite of evidence documenting the continuous 

participation of late prehistoric Thai people in a trading network and the localization of 

Indian-influenced craft production (e.g., Bellina and Glover, 2004; Bellina and Silapanth, 

2008; Pryce et al., 2008). Higham (2002) emphasizes that it was the deeply-rooted 

tradition of exchange network (inter- and intra-regional) that contributed to the formation 

of chiefdom societies during the Iron Age and largely facilitated the establishment of 

state-level polities during the protohistoric period in Mainland Southeast Asia. 

For Thailand, with an exchange system in place for approximately one 

millennium, central Thailand has been confirmed as the homeland of the early 

“kingdom” of Dvaravati, starting ~A.D. 500-600 (Indrawooth, 2004). Whether the 

Dvaravati constitutes an integral “kingdom”, state, or complex chiefdom (fragmented or 

unified) is subject to debate (summarized in Stark, 2006; O’Reilly, 2007; Glover, 2010), 

but it is accepted that there was a ruling class with some degree of hierarchical 

differentiation among the ruled (Dhida, 1999; cited in O’Reilly, 2007). The term 

“Dvaravati” can also refer to the style of highly religious art and culture following the Iron 
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Age in modern day Thailand and Myanmar (Glover, 2010). However, the realms of 

political and cultural Dvaravati do not necessarily coincide. O’Reilly (2007: 65-66) 

suggests that Dvaravati is best considered as a “…broad term, encompassing all of 

these things-- a culture, comprised mostly of Mon speakers who produced 

predominantly religious art and lived in large towns concentrated in the Chao Phraya 

River Valley whose influence extended into other parts of Thailand”. The origins of 

Dvaravati are somewhat problematic as some propose it to have evolved from the 

already stratified societies in the Iron Age, while others believe external influence from 

Funan (Khmer) and India was the driving force (Higham, 2002; O’Reilly, 2007). It is, 

however, agreed upon that by seventh century A.D., a large number of the post-Iron 

Age sites displayed the moated structure, a distinct characteristic of the Dvaravati 

Culture (Indrawooth, 2004). 

The trade network established back in the Iron Age brought about the Buddhist 

belief and associated sociopolitical systems and artifacts from India. Indian influenced 

coinage, seals and sealing, and decorative motifs on ceramics featuring fauna and flora 

unique to the South Asian subcontinent started to appear in Thai Dvaravati sites. Agate, 

carnelian, and bronze personal ornaments continue to be common goods (Bellina and 

Glover, 2004; Indrawooth, 2004). Literary evidence (inscriptions and images) shows 

highly Indianized Buddhist sects widely distributed across Thailand and that Buddhism 

was the main religion of the Dvaravati elites, if not to all commoners. Religious items 

such as terracotta tablets with Buddha’s image and stone carvings found in small-scale 

sites in central Thailand (e.g., Promtin Tai) demonstrate how prevailing and pervasive 

Buddhist belief and Dvaravati Culture was during this time. Traditionally, the Dvaravati 
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was believed to be part of the confederacy controlled by the Mon people based in 

Thaotin (Lower Burma). However, recent reviews of archaeological, linguistic, and 

literary evidence led Indrawooth (2004) to suggest that the protohistoric Thai kingdom 

was derived from local chiefdoms established by Austroasiatic language groups during 

the Iron Age. Indrawooth (2004) believes that local elites acknowledged the supremacy 

of Indian Buddhist concepts in order to justify the legitimacy of their secular ruling in 

Dvaravati court. Administrative concepts and artifacts brought in by the invited Indian 

priests contributed to the admixture of Thai-Indian culture in the early historic period. 

Despite the debates centered on the political realm of Dvaravati polity (or 

polities), the Dvaravati Culture was extensively spread across protohistoric Thailand 

and Burma. In Thailand specifically, Dvaravati Culture was most prevailing but not 

restricted to the Central Plains. Dvaravati-influenced sites are found on the Khorat 

Plateau in the northeast, Lamphum Province in the northwest, Peninsular Thailand in 

the south, and parts of Malaysia bordering Thailand (Indrawooth, 2004). Sites that are 

more distant from the Indian subcontinent such as those on the Khorat Plateau and 

some in Central Thailand have degrees of Khmer and Hindi admixture, respectively 

(O’Rielly, 2007). This indicates that Buddhism/Buddhist influence was not the only 

cultural force, and this admixture highlights the cultural complexity of the Dvaravati 

period. Focusing on Central Thailand, the majority of Dvaravati settlements are 

distributed in the Central Plain, mostly along major river routes. In the western portion, 

Meklong-Ta Chin Valleys harbor large sites including Ku Bua, U-Thong, and Nakhon 

Pathom (possibly the capital of Dvaravati, Boisselier, 1971 cited in O’Reilly, 2007); 

Lopburi- Pa Sak Valleys (tributaries of Chao Phraya River) in central-eastern Plain, 
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Chansen and Sub Champa are most prominent; and in the Ban Pakong Valleys in the 

southeast at the corner of the Gulf of Thailand, Sri Mahosot and Muang Phra Rot are 

significant in their roles involved in Dvaravati transportation routes (Indrawooth, 2004, 

O’Reilly, 20007). All these sites are moated with varied religious structures constructed 

within the moats whose purposes could be irrigation and/or defense (Higham, 2002; 

O’Reilly, 2007). 

Reincarnation being its central belief, cremation gradually replaced primary 

interment in funerary practice as Buddhist concepts entered Thailand during the 

Dvaravati period. While some Dvaravati burial sites do exist (e.g., P’ong Tuk and Dong 

Mae Nang Muang, Clarke, 2011: 198), human burials become very rare and our 

understanding of past lifeways relies heavily on inscriptions and recovered material 

remains (Glover, 2010). Settlement patterns indicate that people continued to settle 

along water sources that were suitable for subsistence and trade routes, as their Metal 

Age predecessors did (Eyre, 2006). Location of the sites is also advantageous in terms 

of access to irrigation water for agricultural purposes in the Central Plain. It is further 

suggested that these Dvaravati sites may not have been as far inland during early 

protohistoric period as they currently are due to episodes of sea level rise (Higham, 

2002). Some sites that are nowadays landlocked may have had direct access to the sea 

at this time (Higham, 2002; Vanasin and Suupajanya, 1981 cited in O’Reilly, 2007). 

While this proposition has yet to be confirmed, proximity to the coast would have greatly 

impact people’s land use, subsistence, and involvement in trade. As with social 

structure, differentiation of ruling and ruled classes was distinct with marked 

stratification in wealth, as already apparent during the Iron Age. Division of labor, such 
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as specialized craftsmen, merchants, and farmers, was also likely (O’Reilly, 2007). 

Again, the unavailability of human remains prevents direct assessment of human diet 

and lifeways. Paleoenvironmental studies analyzing phytoliths excavated from 

occupation sites and in channel cores suggest there was a regional wet rice agriculture 

intensification and explanation as early as 3,000 B.P. (~1,000 B.C.) (Kealhofer, 1997; 

Kealhofer and Grave, 2008). Community-level water management and population 

growth are the accompanying features during this pre-Iron Age period (Kealhofer and 

Grave, 2008). Since then, with the development of moated site (assuming they function 

as part of an irrigation system) in the late Iron Age and continuous expansion of 

population (inferred by site size), it is reasonable to postulate that (wet) rice agriculture 

was the main subsistence during the Dvaravati period. People would have still practiced 

broad spectrum hunting and gathering to supplement dietary protein and maintain a 

diversity of foodstuffs.
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CHAPTER 3 
SITE OVERVIEW AND CHRONOLOGY 

Human skeletal remains from a total of six prehistoric archaeological sites are 

incorporated in this research. All of the sites are situated in central Thailand with five 

inland sites and one coastal (Figure 3-1). In addition to the sites’ varied occupation 

length, these sites are spatially and temporally diverse and cover a range of ecological 

zones. The inclusion of these sites and their associated human remains accounts for 

the environmental and temporal variability when exploring the relationship between 

human health/dietary change and sociocultural development during the Metal Age in 

Thailand. Figure 3-1 displays the location of each site. The ecological and material 

characteristics of each site are described below including information about the general 

excavation, excavation timeline, and note about the context of the human skeletal 

remains recovered that are the subject of this dissertation. 

Non Mak La  

Non Mak La (14˚57’50”N; 100˚40’30”E), as part of the Thailand 

Archaeometallurgy Project (TAP), was excavated during a single season in 1994. In 

order to place Non Mak La in proper context, I offer the following brief overview of the 

TAP excavations in the Khao Wong Prachan Valley where the site is located. The TAP 

excavated a cluster of three sites in the Khao Wong Prachan Valley that are ~1-2 km 

nearby one another, namely Non Pa Wai, Nil Kham Haeng, and Non Mak La (Pigott et 

al., 1997). The three sites are within the administrative area of Huai Pong Subdistrict, 

Khok Samrong District, Lopburi Province.  

Non Pa Wai (~5 ha) is best characterized as a major copper smelting site. It 

yielded massive amounts of copper smelting byproducts such as slag and crushed ores. 
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Fragments of ceramic crucibles, molds, and chimneys are also evident. Traces of firing 

“hotspots” and casting (bivalve) molds all point to the inference that Non Pa Wai was a 

major copper production site whose activities covered an entire suite of copper working 

including ore exploitation, smelting, and casting (Pigott et al., 1997; also see Pryce, 

2009 and Pryce et al., 2010 for detailed analyses on copper chemical composition and 

metal working technology). Little spatial segregation existed at Non Pa Wai between 

copper/metal working and domestic activities (Pigott et al., 1997). In terms of human 

remains, 22 human burials (current working assessment) were recovered from Non Pa 

Wai. Four burials have been dated to the Metal Age based on finds of either metal or 

casting molds associate with the burials (Rispoli, 2012 personal communication).  

Nil Kham Haeng ranges in time between ~500 B.C. and A.D. 300 and the 

ceramic typology indicates the most intense occupation may have occurred between 

300 B.C. and A.D. 300 (Rispoli, 2011 personal communication). This is the period also 

of intense copper ore crushing and smelting that resulted in the formation of the site 

which is >4 ha in size and ~6 m deep in places. Based on current working assessment, 

approximately 14 human burials were encountered within this period of industrial 

deposit. The presence of burials throughout the sequence, often associated with grave 

goods, contrasts with the burial pattern observed at Non Pa Wai. The excavators 

believe that Nil Kham Haeng was most probably occupied year around. The presence 

and amount of faunal remains, domestic ceramics, and copper production debris 

support the inference that the site was used for both intensive copper production and 

long-term habitation (Pigott et al., 1997: 127). 
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Non Mak La, as a site, is located on a hillside sloping towards a creek bank 

nearby and lies ~500 m southeast of Non Pa Wai. The boundary of the site itself is not 

clear as modern agricultural activities and irrigation construction extensively disturbed 

the original landscape. Surface scatter of archaeological remains suggests that the 

overall site area could amount to tens of hectares (the depth of the deposit is ~2 m, 

revealed by the profile of a then newly dug irrigation canal; Pigott et al., 1997). Non Mak 

La shares a basically similar chronological sequence with Non Pa Wai (Pigott and 

Natapintu, 1996-1997). However, ceramic production techniques and motif analyses 

suggest that the ceramic traditions between Non Pa Wai and Non Mak La have a 

somewhat weak connection (Rispoli, 1997). Establishing the chronology and cultural 

sequence of Non Mak La is currently a work in progress. Thus, at this conjucture, what 

we know is that Non Mak La was occupied over the time span from the 2nd into the 1st 

millennium B.C. (Voelker and Pigott, 2012 personal communication). 

At Non Mak La, among the major finds, were 56 primary human burials that span 

the time range of the site. In contrast, at Non Pa Wai, human burials were encountered 

only in the deposits of Neolithic and Bronze Age date. No burials were encountered in 

Iron Age deposits. Domestic pottery and faunal remains were also abundant. Ceramic 

assemblages and evidence of non-metallurgical craft production (stone bracelets and 

associated manufacturing debris) were recovered at Non Mak La as well (Pigott et al., 

1997: 132). 

At Non Mak La, the human skeletal remains themselves are poorly preserved 

with a brittle and sometimes fossilized texture. Sediment conglomerates often obstruct 
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features on the bones preventing detailed observation of morphological changes. The 

nature of preservation without question made interpretation difficult. 

As part of an on-going post-excavation effort by Drs. Judy C. Voelker and 

Vincent C. Pigott, the Non Mak La chronology continues to be investigated. At this time, 

the human burials have been tentatively categorized into three groups: “Neolithic?”, Pre-

Metal, and Metal Age (Voelker and Pigott, 2012 personal communication). This working 

categorization is based on the analysis of stratigraphy and grave good associations. It 

should be noted that these three groupings are in the process of being refined and will 

most certainly change as more detailed contextual information becomes available. 

Currently, there have been identified 20 “Neolithic?” burials, four Pre-Metal Age burials, 

and two burials associated with metal objects and thought to be Metal Age in date 

(Voelker and Pigott, 2012 personal communication). In this study, for analytical 

purposes, burials belonging to the Pre-Metal and Metal Age have been further grouped 

together to form a Later group (N= 6) while the “Neolithic?” burials form the Earlier 

group (N= 20). This further grouping was done to perform an intra-site comparison on 

health and dietary changes through time. Again, it must be emphasized that these 

groupings should not be considered final and the results are to be cautiously 

interpreted. 

Ban Mai Chaimongkol 

Ban Mai Chaimongkol (15° 07′ N; 100° 25′E) is in Soithong Subdistrict, Takli 

District, Nakhon Sawan Province. The site is east of the Chao Phraya River and is 

reasonably close (3-100 km) to other eastern Chao Phraya Metal Age sites such as 

Chansen, Phu Noi, Tha Kae, Kok Charoen, and Khao Wong Prachan Valley sites. Ban 

Mai Chaimongkol was first recognized as an archaeological site in 1984 during a survey 
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conducted by the Central Thai Archaeological Project and formally excavated in 

summer 1994 and 1995 field seasons (Onsuwan, 2000). All human skeletal remains 

incorporated in this study were unearthed during the 1995 field season (BMC’95). The 

site is on a low mound at the junction of the undulating terrain in the east-northeast and 

alluvial plain in the south-southwest. The modern floral landscape immediately adjacent 

to the site includes rice fields, corn, and coconut (Onsuwan, 2000). While the exact size 

of the site is unknown due to modern disturbance, it is minimally estimated to be ~150 x 

150 m based on the margin of rice fields (Natapintu, personal communication, cited in 

Onsuwan, 2000: 10).  

In 2002, Onsuwan (Eyre) conducted an intensive survey in the Kok Samrong-

Takhli Undulating Terrain (KSTUT). The KSTUT encompasses a variety of landscapes 

as the undulating terrain extends NW-SE from the Takhli District (Nakon Sawan 

Province) to the Kok Samrong District of Lopburi Province (Natapintu, 1997: 49-50). 

Onsuwan’s survey blanketed the low-lying alluvial plain, middle terrace, and uplands 

(Eyre, 2006). A two-stage survey (a reconnaissance survey covering ~1000 km2 and a 

systematic foot survey for ~60 km2) was conducted to explore the structure and 

dynamics of the pre-state Metal Age settlement system. Specifically their objectives 

were to identify subregional ceramic variation and potential temporal and geographic 

shifts in ceramic subregions, and to collect evidence for economic specialization among 

sites of varying sizes (Eyre, 2006). The preliminary chronology of Ban Mai Chaimongkol 

(Onsuwan, 2000) and Chansen (a protohistoric site; Bronson, 1976) provide a basic 

framework to further refine the Metal Age Thai chronology using ceramic typologies 

developed from data collected in the KSTUT survey. Their ceramic sequence has also 
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been used to argue for a regional heterarchical inter-community structure in central 

Thailand during the pre-State era (Eyre, 2006, 2010; White and Eyre, 2010).  

Six 3 x 3 m squares were opened in Ban Mai Chaimongkol in 1994 and 1995: 

S15W24, S17W24, S18W24, S16W23, S17W22, and S18W22. Among them, S17W22 

and S18W22 were excavated to sterile levels. S17W22 yielded human burials. 

However, these skeletal materials are not incorporated in this research since they are 

not curated with the main collection on the Cha-am Campus of Silpakorn University 

(Eyre, 2010 personal communication). Ban Mai Chaimongkol stratigraphy contains both 

habitation and cemetery substrates and grave cuts often extend well into adjacent 

below habitation debris and/or previous burials, making chronological reconstruction 

difficult (Onsuwan, 2000, 2003). The multi-component nature of the site seems to be a 

common feature among its contemporaneous neighbors in the region as about two-

thirds of the 25 KSTUT sites surveyed display this admixture of site use (Eyre, 2006). 

Ban Mai Chaimongkol also lacks a naturally well-defined soil profile and stratigraphic 

interpretation is further complicated by frequent disturbance from modern activities, 

which further complicates chronology-reconstruction. Nonetheless, a working 

chronology based on the grave cuts (superposition and disturbance patterns) and 

associated grave furnishing has been attempted based on data derived from excavation 

squares S17W22 and S18W22 (Onsuwan, 2000). 

Ban Mai Chaimongkol is divided into two major phases, Bronze and Iron, where 

Bronze Phase has three subphases (lower, middle, upper) and Iron Phase has two 

(lower, upper). The density of Bronze Phase burials and scarcity of non-burial materials 

during this time (>125 cm below datum) suggest that the site was intensively used as a 
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cemetery during this phase and continued into a mixture of cemetery and habitation 

area during the Iron Phase. Onsuwan (2000), based on seriated pottery typology, 

suggests that the area was used as a habitation zone during the lower subphase of Iron 

Phase followed by a period of mortuary use. There is no apparent hiatus between 

phases indicating that Ban Mai Chaimongkol (represented by S17W24 and S18W22) 

was continuously and intensively occupied. While no charcoal samples are available for 

radiocarbon dating, the site is proposed to have been occupied between ~2,000 B.C. to 

A.D.1, after correlating the absolute dates and ceramic seriation from 11 other sites in 

the region (Onsuwan, 2000).  

In terms of mortuary practice, burial orientation was varied where bodies were 

placed with heads pointing to East, Northeast, and South. There is no obvious pattern 

or grouping regarding head direction and time period. Heavy intercutting of burials 

(prehistoric disturbance) is commonly encountered and the majority of burials were 

associated with varying amounts of burial goods. However, no particularly “wealthy” 

individual was identified from either Bronze or Iron Phase contexts (Onsuwan, 2000). In 

general, burial goods include bead (shell, stone, ceramic), bracelet (stone, shell), stone 

axe, ceramic bivalve mold, iron fragment, bronze fragment, spindle whorl, glass 

fragment, earring (shell), bronze socketed axe, animal bone, and pottery (Onsuwan, 

2000). Interestingly, the bronze personal ornaments (e.g., rings and bracelets) 

frequently seen at other Metal Age sites in Thailand are not found at Ban Mai 

Chaimongkol (in S17W22, S18W22), nor is their evidence for metal working (Onsuwan, 

2000, 2003; Eyre, 2006, 2010). A few Upper Iron Phase individuals were found in 

shallow pits with mound burials. Also in this top layer of Ban Mai Chaimongkol 
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sequence, evidence of pots being broken before interment was observed in B5i/6i 

(Onsuwan, 2000). An overall impression, however, is that there was no apparent 

difference of grave good categories between Bronze and Iron Phases, except for the 

appearance of iron objects (associated with B6i) at the juncture of Upper Bronze and 

Lower Iron Phases marking the beginning of Iron Phase. Pottery assemblages also 

changed at this juncture as new pot forms appeared to supplement the pre-existing 

ceramic tradition. Although some older forms stopped, certain pot forms found in earlier 

phases were well represented into the Iron Phase. This further supports the proposition 

that Ban Mai Chaimongkol was a continuously occupied site.  

The Ban Mai Chaimongkol human skeletal remains are in satisfactory condition. 

While fragmentary in overall preservation, some cleaning and restoration efforts 

invested by previous researcher(s) greatly facilitated morphological observation in this 

study. Diagenetic factors were evident such that fossilization obviously took place when 

the bones were in the ground as they were unusually heavy, made “crispy” sounds 

when lightly tapped, and the cross sections displayed signs of deteriorated cortical 

integrity. The preservation of the Ban Mai Chaimongkol skeletal remains impacts greatly 

on stable isotope assessment.  

Situated in the upland terrain, as many other early Metal Age sites are, the 

location of Ban Mai Chaimongkol is not suitable for wet rice agriculture (Mudar, 1993; 

Eyre, 2006), even though this time period is when wet rice cultivation was thought to 

have been practiced throughout the region (Eyre, 2006). Paleoenvironmental data 

suggest that wet rice was not necessarily the focus of early plant cultivation, especially 

in upland areas. Instead, tree crops, tubers, and wild grains other than rice were more 
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likely earlier cultigens (Yen 1977; White, 1995b; Hather, 1996; Kealhofer, 1996, 2002; 

White et al., 2004b). Within the complex tropical landscape, the KSTUT survey data 

indeed revealed that people during the Metal Age likely utilized diverse environments 

and established and maintained sufficient subsistence strategies that sustained them for 

millennia, independent of wet rice cultivation (Eyre, 2006). In modern contexts, 

ethnographic evidence suggests millet, dry rice, and tubers were typically incorporated 

as part of an upland agricultural system (Mudar, 1995). It is likely these crops were 

incorporated in the human dietary spectrum during the Metal Age in upland central 

Thailand (Mudar, 1995) and Ban Mai Chaimongkol people were no exception. 

Promtin Tai 

Promtin Tai (14˚59’26”N, 100˚37’17”E) is located in Kok Samrong District, 

Lopburi Province, about 20 km northeast of Lopburi City. It is close to the copper ore 

site of Khao Wong Prachan Hill (~12 km) in the southeast where copper smelting began 

as early as the 2nd millennium B.C. and persisted well into the 1st millennium B.C. (Pigott 

et al., 1997). The Promtin Tai village is situated on an eroded limestone terrace, as part 

of the undulating terrain, at an elevation between 10-20 m above current sea level 

(Lertcharnrit, 2006). The excavated area is ~100 m from Wat (Temple) Promtin Tai that 

serves as the community center of the village. The archaeological site was first explored 

in the early 1980s and a test pit was excavated by the Thai Fine Arts Department in 

1991. Two human skeletal remains were discovered associated with burial goods 

including as beads, iron implements, pottery, and bronze ornaments (Srichi, 1991, cited 

in Lertcharnrit, 2006: 259). While no longer visible, the original site contour is believed 

to be a somewhat small semicircular moated town ~1 x 1 km in area (Vanasin and 

Supajanya, 1981, cited in Lertcharnrit, 2006: 258).  
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A pedestrian survey in January 2004 was followed by a series of excavation 

seasons that continue to date, led by Dr. Lertcharnrit of Silpakorn University. During 

several months in 2004, four test pits were opened (PTT- S1-S4), 3 x 3 m each and S2 

in particular received extensive excavation until sterile levels were reached. Two poorly 

preserved human burials were discovered, along with an array of bronze personal 

ornaments and pottery. These two burials, however, were left in situ and backfilled with 

all other pits when 2004 excavation season ended. Based on S2 excavation, 

Lertcharnrit (2006) offers a preliminary site chronology that includes four major time 

periods.  

Late Bronze Age 

A human skeletal individual was found in this basal layer in extended supine 

position. The burial was associated with bivalve shells, bronze bracelets, and pottery. 

One charcoal (OAEP 2169) provided an uncalibrated radiocarbon date of 2430 ± 260 

B.P. However, the existence of a Bronze Age occupation was very limitedly supported, 

aside from this single burial feature and radiocarbon date. 

Iron Age 

Human activity continued from the basal layer into the Iron Age phase where the 

majority of extended supine human burials were encountered. The burials were often 

accompanied with ceramics, iron tools, glass beads, bronze ornaments, and one 

individual was associated with a bronze bowl. In non-mortuary context, stone and clay 

bracelets, spindle whorls, polished stone adzes, beads (glass, carnelian, and agate) 

were common. Lertcharnrit (2006) notes that similar artifacts were found at other central 

Thailand Iron Age sites (e.g., Tha Kae, Chan Sen, Ban Dong Ta Phet). Three of five 

charcoal samples submitted for radiocarbon dating yielded calibrated dates suggesting 
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the Iron Age period spanned from 2860 ± 220 to 1810 ± 220 B.P. (Lertcharnrit, 2006). 

However, the earliest valid calibrated date (OAEP 2163: 2860 ± 220 B.P.) appears to be 

older than the OAEP 2169 that supposedly came from an earlier cultural layer. Aside 

from possible preservation and contamination issues, it is also likely that the burial and 

charcoal sample were intrusions from layers later in the sequence. 

Dvaravati Period (~6th - 8th century A.D.) 

Promtin Tai was most intensively occupied during the early historic period. This is 

evident from the wide spectrum of typical Dvaravati artifacts, including Dvaravati 

spouted pots (fragmented), carinated pots, stamped potsherds, clay coins, glass beads, 

and lead earrings (Lertcharnrit, 2006). 

Ayutthaya Period (~mid-14th to mid-18th century A.D.) 

Lertcharnrit (2006) observes a hiatus of occupation after the Dvaravati period, 

but later the site was resettled or reused. This re-occupation episode was marked by 

recovered Sukhothai stoneware, Chinese porcelain, and an Ayutthaya-style brick 

monument and boundary stones. However, the Ayutthaya materials are found in very 

shallow layers and within the plowzone. Subsequent disturbance after Ayutthaya period 

and modern agricultural activities obscure a definitive chronology during these late 

historic periods.  

As noted by Lertcharnrit (2006), the inclusion of Bronze Age in Promtin Tai is 

based solely on limited evidence and the issue needs to be explored further to confirm 

its legitimacy. Therefore, Promtin Tai in this dissertation is considered an Iron Age and 

Dvaravati period site.  

In February and March 2007, S3 was reopened and the wall between S2 and S3 

was exposed. The 6 x 6 m unit in the 2007 field season was designated as PTT-S2/S3 
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and yielded 32 burials (although 33 burial numbers were assigned, however, B22 was 

canceled after analysis). All recovered burials from Promtin Tai are incorporated in this 

research. An arrangement between the site director and local villagers in 2010 left 15 

burials and associated grave offerings in situ after their discovery and preliminary study. 

Unfortunately, a flood in October 2010 inundated the site and all materials within the 

excavation square. The square was backfilled in April 2011. 

Surface finds and artifacts recovered from upper Promtin Tai include clay coins, 

terracotta tablets with Buddha image, and pottery indicative of a Dvaravati occupation 

(~A.D. 600 onwards). In layers preceding the early historic period, there was no 

apparent sequential break of occupation. Iron Age pottery and metal artifacts were 

encountered throughout the prehistoric layers and suggest a relative datefor the lower 

sequence to the Iron Age (500 B.C. to A.D. 500), which matches the chronological 

sequence in S2. The evidence of a continual occupation from the late prehistoric to the 

early historic period makes Promtin Tai one of the rare sites that witnessed the 

prehistoric-historic transition in central Thailand (Lertcharnrit, 2006). 

“Sticky clay” was the main soil type in the entire Promtin Tai sequence with 

variation in color shades. The acidity and moisture content in the clay greatly 

jeopardized the post-depositional preservation of human skeletal remains and all 

biological materials, particularly the bones that were exposed to the air (personal 

observation). Regardless of the preservation conditions, traces of mortuary practice 

could still be documented. Bodies were all arranged in extended supine position, in 

most cases heads pointing to the east. The body was buried with no apparent grave cut 

suggesting soil covering on top was likely. Various grave goods were recovered in most 
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burials including pottery, spindle whorl, beads (agate, carnelian, shell), ivory bracelet 

and earrings, iron tools (knife, socketed adzes), bronze ornaments (ring, bracelet), 

bivalve shell, and stone mold. It is particularly interesting to note that while most of the 

ceramic vessels entered the burial context intact, some were “mutilated” (i.e., a portion 

of the original vessel anatomy was intentionally removed before being placed alongside 

the deceased) (Lertcharnrit, 2006). Iron knives found associated with burials, as another 

example, were often “killed” (purposefully curving up the tips rendering them unusable 

in real life). In Ban Pong Manao, Kao Sai On-Noen Din (see below), and Ban Don Ta 

Phet (Glover, 1983, 1990), potsherds derived from deliberately broken vessels were 

found scattered under or around the body as “a bed of potsherds” (Ciarla, 2007a) and 

iron tools were commonly “killed”. The practice of intentional damage to goods prior to 

interment, albeit varied in manifestation (Promtin Tai burials were not buried with 

scattered potsherds), seems to be a common mortuary behavior in Iron Age contexts in 

Central Thailand (Lertcharnrit, 2006). 

Faunal remains recovered from Promtin Tai include bovine, Sus, deer (Muntiacus 

sp. and a medium-sized deer), dog, large rat (Rattus sp.), turtle, chicken, and snake 

bones and some teeth. Large amounts of land snail, freshwater shellfish, and 

freshwater fish made up the majority of (semi-)aquatic species (personal observation). 

As for plant species, since flotation was not incorporated in the excavation method, 

potential plant specimens such as phytoliths, seeds, or rice grains were not collected. 

Lertcharnrit (2006) suggests that the Promtin Tai people may have hunted and gathered 

for foodstuffs from their surrounding local area.  
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Copious amount of slag, a byproduct of metal smelting, was found in non-burial 

and burial contexts, the latter with sediment directly covering the body. Stone molds and 

copper ingots (cf. Lertcharnrit, 2006: 262) were also recovered from the site. Just 

outside of the Promtin Tai village, iron oxide-infused reddish earth is found in nearby 

hillsides where rich iron ore was/is exploited. All evidence supports the inference that 

iron metal working was in place in prehistory, however, no sign of burnt earth or 

fragments of furnace or chimney have been found in excavated contexts, suggesting 

the actual metallurgical workshop(s) were likely elsewhere. Judging from the density of 

burials, the area of PTT-S2/S3 may have indeed been used mainly as a cemetery. In 

addition, Lertcharnrit (2006) speculates that the bronze ornaments and certain styles of 

pottery were imported, indicative of trading activity. The discovery of ivory ornaments 

and beads in varied chemical composition and typology, among others, also indicates 

exchange with other communities took place for the Promtin Tai people. 

While the Iron Age occupation in Promtin Tai appeared to be continuous, slight 

soil changes and ceramic typology variation warrant the division of burials into earlier 

and later Iron Age periods (Lertcharnrit, 2007 personal communication). This 

categorization facilitates an intra-site chronological comparison of human health and 

diet. Albeit its small-scale and poor preservation of biological remains, Promtin Tai helps 

capture the nature of the Iron Age sites distributed across the undulating terrain of 

central Thailand that are best characterized as small but diverse (Eyre, 2006). With 

large-scale sites existing in neighboring northeast and northern Thailand, the smaller 

sites in central Thailand do contain a wealth of information relevant for reconstructing 

past human lifeways. 
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Ban Pong Manao 

Ban Pong Manao is situated in the village with the same name in Huay Khun 

Ram Subdistrict, Phattana Nikhom District, Lopburi Province. It is 45 km northwest of 

Phatthana Nikhom Subdistrict center, 85 km northeast to modern downtown Lopburi 

City, and 120 km southeast of Ban Mai Chaimongkol. Geographically, Huay Khum Ram 

Subdistrict is at the eastern margin of Lobpuri Province and close to Saraburi Province 

in the east. About 10 km west of the Phetchabun Ridge that separates the Khorat 

Plateau and the Central Highlands, the village of Ban Pong Manao is situated on an 

east-west slope surrounded by streams and creeks ~180 m above current sea level. 

The major waterways are tributaries of the lower Pasak River drainage (~10 km west). 

Similar to many other Thai sites, Ban Pong Manao is located within the premises of a 

Wat that serves as the village’s community center (Natapintu, 2002, 2003, 2005). The 

site (14˚54' 58.50" N and 101˚14' 50.30" E) is estimated to be ~6 ha (Lerdpipatworakul, 

2009). Cash crop cultivation, namely sugar cane, corn, and sunflower, accounts for the 

majority of food production in the surrounding area.  

An archaeological team from the Faculty of Archaeology, Silpakorn University in 

conjunction with the Thai Fine Arts Department first worked at the site after villages 

reported heavy looting. Italian researchers (Drs. Roberto Ciarla and Fiorella Rispoli) 

affiliated with the Institute of Oriental Studies, Rome, sponsored by the Italian Ministry of 

Foreign Affairs later joined the excavation and participated in intensive fieldwork 

between 2000 and 2004. During this period, 10 units were excavated, distributed across 

Wat Pong Manao premises (Figure 3-2, modified from Natapintu, 2005). SQ 1 and 4, 

joined by a wall (later exposed in 2007, designated as SQ 1/4), are located behind the 

main preaching hall and an on-site museum is situated in the western portion of the 
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Wat. SQ 2 and 3 are situated at the eastern portion of the Wat. A large number of 

human skeletal remains, most associated with burial goods, were uncovered in these 

four units. Based on the pattern and density of human burials discovered, SQ 1-4 are 

designated cemetery areas of the site. SQ 5 (3 x 2 m) and SQ 6 (2 x 5 m) are likely 

domestic living floor with recovered potsherds, faunal remains, and stone artifacts. 

While principally a habitation area, SQ 6 yielded a large ceramic pot containing skeletal 

remains of a human infant. Along with another two infant jar burials in SQ 10, these are 

the only three of their kind discovered in Ban Pong Manao (Natapintu, n.d.). The jar 

burials and associated goods are on display in the on-site Pong Manao Archaeological 

Museum and could not be accessed, thus three individuals were not incorporated in this 

research. As SQ 5 and 6 are located towards to the eastern margin of Wat Pong Manao 

premises, Natapintu (n.d.) suggests the east side of the site could have been used as 

the living area where daily mundane activities took place.  

SQ 7 (5 x 5.5 m) contained mostly potsherds. A partial human burial (feet) was 

exposed near the square’s southern baulk suggesting that this area could be part of the 

cemetery zone (Natapintu, n.d.). However, SQ 7 is a somewhat isolated pit ~60 m 

northeast from the main cemetery area (SQ 1 and 4) and no other square was opened 

in its vicinity. It is possible that either the cemetery area was unexpectedly large and 

extended from SQ 1 and 4 near SQ 7, or the partial burial was buried in SQ 7 for 

unknown reasons. SQ 8 is at the southern margin of the site, close to a natural stream. 

It yielded mostly potsherds and habitation debris, although this area was not as heavily 

used as SQ 7. SQ 9 in the eastern portion of the site, has similarly limited habitation 

evidence as SQ 8. With ~1 m of archaeological debris including artifacts and fauna, SQ 
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10 is believed to be the main habitation area of the site. SQ 10 also has two jar burials 

with a young infant in each, and is situated ~200 m west of SQ 6 (Natapintu, 2005). 

In 2006, an archaeological field school led by Dr. Rasmi Shoocondej (Silpakorn 

University, Bangkok) excavated 7 squares/trenches (SQ 11-14, T 15-17) in the eastern 

portion of the site adjacent to SQ 2 and 3. Their objective was to determine the 

boundary of the eastern cemetery and explore the area between the known cemetery 

and habitation areas (Lerdpipatworakul, 2009; Figure 3-3, modified from 

Lerdpipatworakul, n.d.). SQ 11-14 expansions of SQ 2 and 3 yielded more human 

skeletal remains and associated burial goods. T 15-17 are 1 x 7 m each located ~25 m 

east of SQ 3. The team found more human skeletal remains in the western portion of 

T15, while T16 and T17 did not contain burial-related artifacts. It is preliminarily 

proposed that the transition between the cemetery zone and the habitation area was 

located east of T15 (Lerdpipatworakul, 2009).  

In 2007, Natapintu led another archaeological field season at Ban Pong Manao. 

In the western portion of the site where SQ 1 and 4 are located, a 1 x 7 m trench was 

opened expanding the western wall of SQ 1 and 4 (Figure 3-4, modified from 

Lerdpipatworakul, n.d.). The baulk separating SQ 1 and 4 was also exposed (SQ 1/4). 

More human skeletal remains were found within the newly opened areas enlarging the 

area of the western cemetery to 5 x 7 m. In the eastern part of the Wat immediately 

north of SQ 14, SQ 18 (2.5 x 3 m) was excavated and yielded more burials and grave 

goods (Lerdpipatworakul, 2009). A preliminary report detailing the location and 

associated features of the human burials recovered from the 2006 and 2007 

excavations was prepared by Lerdpipatworakul (n.d.).  
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Natapintu estimates that Ban Pong Manao contains two cultural periods, ~1,500-

1,000 B.C. (the early Bronze Age) and ~A.D. 300-400 (late Iron Age) based on analyses 

of recovered material culture. The Bronze Age occupation is likely represented by a 

small hunting and gathering community. During the Iron Age, the population became 

larger and subsistence strategies likely became more complex as exchange networks 

were more involved with neighboring groups (Natapintu, 2002, 2003). Natapintu 

considers this to be a complex society based on the well-organized cemetery area 

being separated from other activity areas at the site (Natapintu, 2002, 2003). Variations 

in grave goods (specifically iron objects and ceramics), however, indicate the majority of 

the human burials were deposited during late Iron Age occupation. The human burials 

were first discovered ~40 cm below modern surface levels, which suggests that the site 

location was possibly not (intensively) occupied until fairly recently, after abandonment 

of the site in late prehistory (Natapintu, 2005). 

The majority of the human burials at Ban Pong Manao were in extended supine 

position, except the three jar burials in SQ 6 and 10. Bodies were placed uniformly in 

east-west direction, suggesting a well-established tradition of mortuary practice 

(Natapintu, n.d.). Somewhat alkaline soil (pH 8-8.5) facilitated the preservation of the 

bones (Lerdpipatworakul, 2009). Grave offerings at Ban Pong Manao were more 

common than at other Iron Age sites included in this research (e.g., Promtin Tai). 

Pottery, in forms of sherd clusters and intact pots, was the most frequent grave good 

associated with almost every burial. One special feature was sherd clusters that were 

the results of intentional breaking of the pot and then arranging/scattering the fragments 

beneath or around the body, as a “bed of potsherds” (Ciarla, 2007a). This is a practice 
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referred to as the “killing” (mutilation) of burial goods also seen at other Metal Age 

central Thai sites (e.g., Kao Sai On-Noen Din, Ban Mai Chaimongkol, Ban Don Ta 

Phet). Bronze ornaments (bracelets, rings, earrings), beads (glass, shell, carnelian, 

stone), ornaments made of bones/marine turtle carapaces, tools (iron knives, spears, 

axes, a bimetallic spear point, stone tool), and fragments of glass were frequently 

encountered in burial context. Among the non-ornamental goods, iron knives were often 

“killed” (curved tips). A number of burials were found cutting into previously interred 

graves indicating repetitive and intense use of the area for burial, both in western and 

eastern areas of the cemetery. This reinforces the archaeologists’ view that Ban Pong 

Manao had segregated zones designated for cemetery and habitation. 

Based on a preliminary pottery study on 79 pots in burial context by Praemjai 

(2002, cited in Eyre 2006), Eyre (2006) points out that the ceramic assemblage from 

Ban Pong Manao is quite different from that of Ban Mai Chaimongkol, both in form and 

decoration. Thus, Ban Pong Manao pottery represents a ceramic area distant from the 

Khao Wong Prachan Valley and the KSTUT survey area. Indeed, there were pottery 

remains found at Ban Pong Manao that resembled the Phimai Black pottery tradition 

(Khorat Plateau in northeastern Thailand) in manufacture and decoration 

(Lerdpipatworakul, 2009). This ceramic typological similarity is consistent with Ban Pong 

Manao’s geographic vicinity of northeast Thailand and relative distance from the Khao 

Wong Prachan Valley. It also provides evidence indicating a certain degree of contact 

and/or exchange with people associated with the Ban Pong Manao site in prehistory. 

The discovery of tools and ornaments made of large marine sea shell and turtle 
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carapace, respectively, support the existence of a long range exchange system and/or 

contact with other non-local communities. 

Fragments of clay crucible and clay molds indicate the existence of on-site metal 

working. Trace element analysis indicates Ban Pong Manao people produced both 

copper-lead alloy and high tin bronze. Slag and common encounter of iron tools point to 

the fact that local iron smelting was in place (summarized in Lerdpipatworakul, 2009). 

These observations make Ban Pong Manao inhabitants not only consumers of the 

metal products but also active producers during the Metal Age in central Thailand.  

A large amount of faunal remains were recovered at Ban Pong Manao 

throughout the excavated areas, especially in areas of habitation. The faunal 

assemblage encompasses a variety of species, ranging from Cervus (possibly include 

Cervus eldii, the Thai brow-antlered deer), barking deer (Muntiacus), Sus, Bos, Lepus, 

Rattus, river otter, chicken, fresh water shells, land snails, turtle, and small fish 

(Lerdpipatworakul, 2009). The wide species diversity suggests the utilization of a 

diverse landscape and ecological zones. With respect to the site’s geographic location, 

it is postulated that the prehistoric Ban Pong Manao landscape was a grassland near 

deciduous tropical forest, with local water sources (Lerdpipatworakul, 2009). The habitat 

of recovered species is consistent with the proposed environmental scenario and 

underscores a broad spectrum subsistence that might complement other facets of a 

developed Iron Age subsistence. For example, faunal analysis on Sus dental remains 

revealed that the age at death ranged from 4 to 17 months, suggesting that some 

degree of pig domestication was in place in addition to the possibility of wild boar 

hunting (Borripon, 2011 personal communication).  
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In terms of rice cultivation, rice husk and rice-tempered pottery was recovered; 

however, the location of Ban Pong Manao on upland terrain was subject to extensive 

months of dry season which would have made wet rice cultivation unlikely (Natapintu, 

2002, 2003, cited in Eyre, 2006). At other highland sites, such as Sub Champa and 

Khok Charoen, evidence for wet rice cultivation was also absent both in prehistory and 

in the present day (Eyre, 2006). Instead, dry rice cultivation (and possibly exchange) 

could explain the existence of rice remains at Ban Pong Manao. While millet was not 

positively identified at Ban Pong Manao, possibly due to the lack of fine screening and 

floatation procedures during excavation, it is likely millet was utilized as a staple food. 

Millet prefers a drier grassland with limited water supply and thrives in a wide range of 

landscapes (Weber and Fuller, 2008), characteristics which match well with the 

environment around Ban Pong Manao. In Southeast Asia, foxtail millet (Setaria italica) 

is the most likely millet variety used in antiquity (Weber et al., 2010). However, the 

recovery of millet is rare, archaeologically. However, recently,Weber and colleagues 

analyzed carbonized seeds from Non Pa Wai, Nil Kham Haeng, and Non Mak La and 

suggest the presence of foxtail millet (Setaria italic) at Non Pa Wai at the end of the 3rd 

millennium B.C. (Weber et al., 2010). In addition, while not positively identified, the 

Panicoideae phytoliths recovered at Khok Phanom Di may derive from Setaria italica, 

supporting the idea that the use of millet can be traced to the late 3rd millennium B.C in 

central Thailand (Kealhofer and Piperno, 1994; Kealhofer and Grave, 2008; Weber et 

al., 2010). Overall, at Ban Pong Manao, a mixture of gathering, hunting, and small-scale 

farming was most likely the main subsistence strategy. 
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Kao Sai On-Noen Din 

Kao Sai On (“Soft Mountain”) is a limestone outcrop on Lopburi Plain that 

administratively belongs within the Muang District, Lopburi Province. The archaeological 

site was first identified in 1989 during the Thai-Italian Lopburi Regional Archaeology 

Project (LoRAP) when veins of metal-bearing ores in contact with layers of intrusive 

rock attracted the attention of researchers (Cremaschi et al., 1992 cited in Ciarla, 

2007a, 2008: 313). Kao Sai On area was subsequently surveyed revealing traces of 

prehistoric human occupation, particularly evidence for metalworking activities within a 

~2 km radius of the site. In 2006, Dr. Ciarla (Instituto Italiano per l’Africa e l’Oriente, or 

IsIAO) led excavation that included two stratigraphic trenches in two locales within Kao 

Sai On-- TT1 (Khok Din) and TT2 (Noen Din). These trenches exposed diagnostic 

artifacts confirming prehistoric human activity (Ciarla, 2007a). More intensive 

investigation followed at Khok Din and more trenches were opened/extended at Noen 

Din, a neighboring site, during the 2007 and 2008 field seasons.  

No human skeletal remains were reported at Khok Din (Ciarla, 2007a). However, 

at Noen Din, six “graves” were discovered (Ciarla, 2008). Noen Din (14˚47’17” N; 

100˚44’22”E) is situated on slightly sloping terrain ~1.5 km northeast of Khao Sai On. Its 

modern landscape consists of farmland, patches of deciduous tropical forest, bamboo 

stands, and palm and teak trees (Ciarla, 2007a). Sorghum and sunflowers are the main 

cash crops, commonly seen in Lopburi and Saraburi to the east. Villagers also collect 

taro tubers, edible wild plants, and honey to supplement their local diet. Between 2006 

and 2008, survey and excavation in eight trenches (“Operations”, Op.1-7, Op. 1 East 

Extension) produced a total of 151.25 m2 excavated area. Ciarla (2008) estimates that 

the archaeological area at Noen Din to be ~0.25 ha at maximum. The site exhibits 
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elevated bioturbation and shallow deposits (~70-110 cm on average) were encountered 

in each excavated trench. Noen Din’s depositional profile is best characterized as 

having a high frequency of artifacts and debris resulting from smelting sulfide and oxide 

copper-bearing ore. Fragments of ceramic crucibles, furnace chimney, clay molds, slag, 

and stone hammers/anvils are common. Among these, fragments of furnace chimney 

are most significant in that they are identical to those recovered from Nil Kham Haeng 

(~1 km southeast of Non Mak La) in the Khao Wong Prachan Valley (~20+ km to the 

northeast). This find allows for a relative date at Noen Din between the end of the 1st 

millennium B.C. and first part of the 1st millennium A.D. (ca. 200 B.C.- A.D. 300) (Ciarla, 

2007a, 2008). Ciarla (2008: 335) points out that Noen Din may have been formed over 

a few decades during the central Thai Iron Age in which the metallurgical artifacts 

belonged to the same tool assemblage and were used during the same period. Whether 

the site was occupied year-round or seasonally has yet to be determined, but 

nonetheless the site provides a window for life in the Iron Age, particularly with respect 

to how a small community exploited and utilized its local natural resources (Ciarla, 

2008). 

It is noteworthy that the metallurgy-related artifacts and debris found at Noen Din 

(in fact, Khok Din also contains a suite of evidence for extensive metalworking) 

represent all stages of the metallurgical production sequence (both mining and 

smelting). This is consistent with other Metal Age central Thai sites (e.g., Khao Wong 

Prachan Valley sites; White and Pigott, 1996; White, 1997; Pryce, 2009) whereby 

relatively small communities engaged in almost all stages of metallurgy, beginning with 

ore removal and crushing (with stone hammers and/or anvils), smelting (involving clay 
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crucible, ceramic furnace chimney), to casting (in bivalve clay molds). These activities 

not only require extensive knowledge about metal working but also demand intensive 

labor, skills, and logistics. As in many parts of the Old World, an organized regional 

polity network may have been in place to coordinate each stage of metallurgy and 

exchange and possibly involved a hierarchical structure (White and Pigott, 1996) 

controlling valuable resources and/or redistributing labor to achieve higher output. In 

central Thai sites, this does not seem to have been the case. A heterarchical structure 

has been proposed and discussed as an alternative to hierarchy, based on the lack of 

evidence conforming to the criteria required for a hierarchical network (White, 1995a; 

O’Reilly, 2001, 2003; Eyre, 2010). The Noen Din discoveries reinforce the concept that 

a centralized power controlling metal resources and labor may not have existed in 

central Thailand during the Iron Age. 

Similar to the practice commonly found at Ban Pong Manao, Noen Din skeletons 

were often found buried either above or surrounded by “a bed of potsherds”. Prior to the 

placement of the corpse, ceramic pots were intentionally broken and either scattered at 

the area (partially or entirely) where the corpse would be placed or arranged 

around/near the corpse’s head/upper torso. The potsherds can often be reconstructed 

(mended) into the pot’s original state after the skeletal remains are exhumed. However, 

burial practice at Noen Din is varied. In fact, body placement and direction, the 

existence and arrangement of the potsherds, and pitted graves led Ciarla (2007a) to 

propose two mortuary phases at Noen Din based on data from the 2007 field season, 

however, typological analysis on reconstructed pottery by Dr. Rispoli (associate 

researcher of the Kao Sai On archaeological project) later revealed that the pottery 
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interred intact was typologically and structurally identical to those used as grave goods 

at Noen Din. Thus, only one mortuary phase was actually apparent (Ciarla, 2008). 

Regardless of burial layout, a wide array of funerary goods was found associated with 

all burials at Noen Din. Beads (shell, stone, carnelian, glass bead imitating carnelian), 

ornaments (bronze bracelet and anklet, turtle shell disk), clay molds, terracotta furnace 

chimneys, and pottery were encountered as burial offerings (Ciarla, 2007a, 2008). In 

one particular case (Op. 5, Grave 6), a newborn infant was interred with lavish burial 

goods including a necklace (18 carnelian beads and one shell beads), five shell 

pendants, a stone? anklet, three ceramic vessels (not intentionally broken), nine 

ceramic bivalve casting molds, and a bivalve clam shell. The clustered molds were 

different in shape, size, and profile but all displayed clear signs of repair or were 

unusable (e.g., chipped edges). Two of the three ceramic vessels, upon detailed 

inspection, showed evidence of restoration in prehistory and were deprived of their 

original functions prior to entering the burial context (Ciarla, 2008). It is suggested that 

these unusable utilitarian items were offered as memorial symbols for this young infant 

rather than selected for their actual function as casting molds.  

As for the skeletal remains, they are in very poor preservation due to heavy 

bioturbation and soil characteristics. Bones were reported to be fragmentary and some 

were fossilized upon their excavation (Ciarla, 2007a, 2008). Direct study of the 

excavated bone assemblage, stored in the King Narai Museum in Lopburi Province, 

confirmed this observation. Some burials (or “graves” as they are referred to in Ciarla’s 

publications) were designated based on partial pieces of anatomically positioned bone 

and bone scatter associated with arranged artifacts (Ciarla, 2007a). Poor preservation 
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of the biological remains greatly hinders assessment of paleopathology and potential 

extraction of stable isotope signals. Other biological remains recovered include bones 

and antler of a male deer that exhibited evidence of butcher marks and a clam shell 

(Arca sp.), and the latter was found in a burial context (Ciarla, 2008).  

Khok Phanom Di 

Khok Phanom Di is a 5 ha low mound site situated in the lower Bang Pakong 

river valley in Chonburi Province. The mound varies in elevation between 7 to 12 m 

above the surrounding plain and presently is ~22 km northeast from the Gulf of Thailand 

(Higham et al., 1987). Test pits were opened in the late 1970s and early 1980s by local 

researchers and the site was intensively excavated by Drs. Charles Higham and 

Rachanie Bannanurag (Thosarat) for seven months in 1985 The 10 x 10 m unit 

revealed 11 natural layers and yielded a large amount of ecological and cultural remains 

providing information about the local paleoenvironment and human lifeways (e.g., 

Maloney, 1988; Maloney et al., 1989; Maloney and Brown, 1990; Higham et al., 1992; 

Tayles,1999). With a deep deposition of ~7 m, the site was initially speculated to have 

evidence of past human activities over a time span of millennia. However, 18 calibrated 

radiocarbon dates bracket the site between 2,000 and 1,500 B.C. (Higham and 

Bannanurag, 1990). A total of 154 human burials were recovered and categorized into 

seven mortuary phases (MP) (Tayles, 1999). The mortuary phases (MP1 being the 

earliest of the sequence) are used as a sequential framework when analyzing and 

interpreting the recovered remains (Higham and Bannanurag, 1990). The area, speed 

of deposition, and number of burials recovered suggest Khok Phanom Di was 

continuously occupied year-round by a fairly large community performing a suite of daily 

activities.  
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A series of cores sampled at the site demonstrates that Khok Phanom Di was 

established upon layers of clay deposited during periods of high sea level starting 

~6,000 B.C. Pollen indicates mangrove was dominant between 6,000 to 1,500 B.C. 

(Maloney et al., 1989), consistent with the presence of marine and estuarine fish 

species, marine and intertidal mollusks, mangrove crabs, and botanical remains. All 

evidence suggests that initial Khok Phanom Di occupation was near a major estuary 

with direct access to marine, mangrove, and riverine habitats (Thompson, 1996). Food 

items from marine and sandy coastal areas were most likely utilized. Material remains 

such as shell ornaments are common and fishing tools (net weights and fish hooks) in 

burial context confirm the exploitation of a wide range of ecological zones for 

subsistence and artifact manufacture (Higham and Thosarat, 1994). Moreover, 

osteological analysis of the human skeletal remains found evidence for sea-faring 

activities (e.g., canoeing) manifested as robust musculature on upper limbs and arthritis 

resulting from heavy use of the upper body, especially in males (Tayles, 1992, 1999). 

The broad spectrum of resources exploited for diet continued until the first half of 

MP3 (or MP3A) corresponding to ~1,900-1,750 B.C. (Higham and Thosarat, 2004). At 

the juncture of MP3 and MP4, an abrupt and possibly damaging episode of 

environmental change occurred. Plausible causes include a brief period of receding sea 

level and the changing course of the Bang Pakong River and its estuary to the west. 

The loss of easy access to the sea and mangrove areas was evident in decreased 

amounts and diversity of shell artifacts, lower diversity of recovered marine fish species, 

and absence of fishing tools associated with burials. In turn, a number of previously rare 

freshwater fish and shellfish species rose sharply during MP4 and MP5 accompanied by 
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the decreased reliance on marine shellfish species (Higham and Thosarat, 1994). The 

abundance number and variety of land-oriented tools such as adzes, burnishing stones, 

anvils, and shell knives become evident (Higham and Thosarat, 2004). Pottery analysis 

conducted by Brian Vincent (1998) further discovered a change of clay source and 

temper used in pottery manufacture between MP3 and MP4. Osteologically, male 

skeletons became less robust with lower prevalence of arthritis and shorter longevity for 

all individuals in general, and fewer infant deaths in MP4 compared to previous phases. 

Fewer infant deaths is perhaps due to a change of interaction with malarial agencies 

resulting from a switch in water regime (Higham and Thosarat, 1994, 2004; Tayles, 

1999). Changes in all dimensions of daily life and human biology observed between 

MP3 and MP4 portray a dramatic transformation of the environment leading to a series 

of readjustments and adaptation by this coastal prehistoric community. 

Starting from MP5 (~1,650 B.C.) until the end of the mortuary sequence (MP7), 

marine/mangrove shell species reappear in abundance indicating a return of salt water 

conditions around the site. Burial context also saw an influx of shell beads and other 

ornaments incorporated as grave offerings. A thick accumulation of shell middens 

surrounding some burials was encountered, possibly resulting from mortuary feasting 

judging from their vicinity to burials and the quantity of shell in specific middens (Higham 

and Thosarat, 1994). However, freshwater and terrestrial species remain common. 

Human dietary choices seem to have remained marine-oriented in the later part of 

occupation, but were supplemented by freshwater resources (Bentley et al., 2007). 

Human skeletal remains demonstrate that males continued to be relatively inactive 

compared to MP1-MP3 and suffered from fewer degenerative joint conditions. Dental 
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wear and periodontal disease also persisted but was not as severe as that observed in 

MP1-MP3 suggesting change of diet from abrasive shellfish-coarse food items to softer 

foods (Tayles, 1999).  

Another important find at Khok Phanom Di regarding food items was the 

presence of rice. With extensive and meticulous flotation procedures, remains of rice 

grains and chaff were recovered. In earlier levels, while not in great quantity, rice 

remains were identified as a domestic variety (Thompson, 1996). Rice chaff was also 

found in the temper of pottery in the earliest sequence. These potsherds, however, 

turned out to be exotic, imported from other sites (Vincent, 2006). It is therefore 

uncertain if the rice found in MP1 and MP2 was cultivated locally by the Khok Phanom 

Di people or imported from elsewhere. During MP3 and MP4, evidence for local rice 

cultivation appeared in burial context, including shell reaping knives and granite hoes as 

harvesting tools. In a rare case within MP3, a burial (of B56) was associated with 

partially digested food preserved in situ. In addition to freshwater fish scales and 

stingray teeth, small rice chaff fragments were among the items ingested. Also in MP3, 

excrement (B67) was also preserved which contained fragmentary rice chaff. Close 

examination revealed that the rice chaff was derived from a domestic variety based on 

morphology of the abscission scars (Higham and Thosarat, 1994; Thompson, 1996). 

The brief yet significant period of rice cultivation at Khok Phanom Di coincides well with 

the previously mentioned environmental change that occurred in late MP3 and MP4. 

The further distant from the sea, the condition is more conducive to growing rice (more 

freshwater). The presence of rice in later phases became rare starting from MP5, which 

again echoes environmental change. This time, the marine/saline conditions seem to 
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reoccupy to the site making it a hostile environment for domestic rice to continue 

growing in abundance.  

Animal domestication, unlike other inland sites in Thailand, was not present in 

Khok Phanom Di, except for the presence of dogs. Other recovered mammal species 

include deer, bovid, crab-eating macaques, and pigs. Reptiles and water-dependant 

species such as crocodile, otter, and sea birds were also recovered. However, 

individual count of each species throughout the sequence was ubiquitously low (pigs 

and macaques were slightly more prevalent than other species). Small deer and water 

buffalo first appeared during MP3 and MP4. This is interesting as the presence of these 

terrestrial animals suggests the supplementary status of land protein into the diet during 

this period (Thompson, 1996). Overall, based on faunal analyses, non-fish/shellfish 

animal protein minimally contributed to human diet (Higham and Thosarat, 1994, 2004; 

Higham, 2002). 

Aside from the profusion of paleoenvironmental data, the significance of Khok 

Phanom Di is underscored by the wealth of human burials and associated mortuary 

practice (e.g., Bannanrung, 1991; Tayles, 1992, 1999). Interment patterns varied but in 

general bodies were covered in red ochre with heads pointing to the east, wrapped in 

shrouds, and usually placed with various grave offerings. In the earliest MP1 (N= 6), 

burials were found in discrete graves scattered within the excavation area. Beginning in 

MP2 and into MP3, burials were arranged into clusters with a few superimposed graves 

cutting into the earlier ones. Researchers interpret this as familial burial clusters 

suggesting generations of related individuals (Higham and Thosarat, 1994). Among 

other grave goods, shell beads were the most common and abundant. The number of 
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shell beads fluctuated among mortuary phases. Statistical analysis shows that MP2 is 

the earliest episode when wealth in grave offerings peaked. The variation and number 

of shell beads, in particular, were much higher than in MP3 and MP4. MP3 and MP4 

represent an episode of diminishing burial wealth in stark contrast with that of MP2 and 

that observed later in MP5. The number of shell beads gradually declined at the end of 

MP2 and persisted well into MP3. MP4 yielded the lowest number of beads among all 

mortuary phases. As the sequence progressed, two of the four MP5 burials represent 

some the wealthiest individuals at Khok Phanom Di. One individual (B15), nicknamed 

“The Princess”, was a 35 year-old female found in a deep wide grave covered with clay 

cylinders (possibly raw material for pottery making) accompanied with elaborate grave 

furniture. She was wearing a shell-adorned vest, ornamented with 120,787 shell disc 

beads, a shell bracelet, a headdress, two large shell discs on each shoulder, and placed 

with 8 to 10 pottery vessels. Parallel and nearby, a 15-month-old infant (B16) was 

buried in another large grave adorned with thousands of shell disc beads, a shell 

bangle, and a miniature clay anvil, and a mount of clay cylinders. Also close to B15, an 

infant was found inside two large and elaborately decorated pottery vessels. This is the 

only jar burial discoveredat Khok Phanom Di (Higham and Bannanurag, 1990; Higham, 

1991; Higham and Thosarat, 1994; Tayles, 1999). MP6 shows a different mortuary 

pattern, where the placement of burials was located either under a raised structure or 

buried in a row. These two categories of burials were assigned as two clusters. As for 

the last mortuary phase, MP7 contains 4 burials at the eastern edge of the excavation 

square (Higham and Thosarat, 1994).  
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Analyses of grave goods (Bannanurag, 1991; Higham and Thosarat, 2004) 

detected no clear relationship between amount and type of grave goods and age (adult 

or subadult). The only consistent find occurred associated with newborn infants that 

they were almost always buried with no or few grave offerings, some covered by red 

ochre. However, once the individuals lived to at least a few months of age, they 

received similar burial treatments and grave offerings much like the adults. With respect 

to sex, differences of wealth were not significant in MP2-3. Yet in MP3-4, objects made 

of turtle carapace were reserved for males, while clay anvils (for pottery production) 

were found only with females, children, and infants. In MP5-6, adult females are clearly 

the most lavish and wealthiest graves identified at Khok Phanom Di (Tayles, 1999).  

Upon close examination of the human skeletal assemblage, Tayles (1992, 1999) 

was able to reconstruct a life history of each individual based on osteology and burial 

context. She observed that both males and females were frequently engaged in 

vigorous physical activities as shown in musculature development and degenerative 

joint disease. The location of these osteological changes between sexes and across 

mortuary phases suggests a division of labor over time. As mentioned earlier, males in 

earlier mortuary phases were generally robust and displayed signs of heavy repetitive 

use of both upper and lower limbs. In particular, right upper arms showed marked areas 

for the attachment of powerful muscles. Combined with environmental factors, frequent 

canoeing was probably the main cause. Khok Phanom Di men may have used 

watercraft during their hunting and sea-faring forays to contribute to the subsistence of 

their community. Males’ robusticity decreased during MP4 and overall, seem to have 

become more sedentary through the end of the mortuary sequence. On the other hand, 
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female skeletons exhibited consistent patterns of strong musculature and various 

degrees of degenerative joint conditions on the upper body, upper limbs, and hands. 

These osteological modifications correspond to repetitive gathering motions which may 

correlate to the processing of foodstuffs and manufacture of pottery.  

Abundant, high quality, and elaborately decorated pottery was manufactured on 

site, particularly by women. This is evident in the fact that pottery making tools including 

burnishing stones, clay anvils, and mounts of clay cylinders were more often found 

associated with female burials. Towards the middle occupation, the anvils were found 

only associated with female burials (Higham and Thosarat, 2004). Skeletal pathology on 

females shows a high degree of arm/hand activity suggesting robust musculature, 

thicker metacarpal cortex, and arthritis in the affected area (Tayles, 1999). Higham and 

colleagues have long proposed that Khok Phanom Di people participated in exchange 

and trade with both nearby groups and inland communities, based on the recovery of 

pottery with exotic decoration motifs and ready-made stone artifacts (e.g., adzes) 

manufactured with sediment sources from the distant northeast (Hall, 1993; Pisnupong, 

1993). Also, domestic dogs and rice cultivation were likely the result of exchange or 

contact (Higham and Thosarat, 2004). Perhaps as a response to the environmental 

change during MP3 and MP4, fine pottery was used as a means of exchange for 

marine/mangrove food resources, shell ornaments, and/or lithic artifacts that were less 

easily accessible. Therefore, the higher demand of pottery may have led to females 

being more highly valued by their community, having elevated social status reflected in 

the extraordinary wealth of female burials such as B15 (“The Princess”) (Higham and 

Thosarat, 1994). Furthermore, in MP5 and MP6, female burials not only outnumbered 
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male ones but also contained much more wealth in terms of grave offerings. Analysis of 

pottery motifs demonstrated that vessels associated with each burial cluster had a 

continual motif tradition over generations (i.e., superposition of burials), and there were 

slight differences in preference of motif placement on vessels among clusters (Hall, 

1993; Vincent, 2004). All lines of evidence led researchers to suggest that a matrilineal 

kinship structure may have been in place to ensure that a female-oriented pottery 

making tradition, and requisite knowledge and skills remained within the community. 

Females were certainly treated with great care and respect upon entering the burial 

context (Higham and Thosarat, 1994). 

A stable isotope study on mobility and migration was conducted by Bentley et al. 

(2007) using strontium (87Sr/86Sr), carbon (δ13C), and oxygen (δ18O) isotope data 

derived from human tooth enamel (representing childhood dietary signals). Results 

demonstrated that females from MP1 to MP3A had non-local strontium isotopic signals 

(i.e., grew up in different locales and were buried at Khok Phanom Di). By MP4, females 

exhibit largely local signals in their 87Sr/86Sr values. The “local” range of 87Sr/86Sr was 

defined by two standard deviations from the average 87Sr/86Sr value of children’s teeth, 

under the assumption that small children and infants buried at Khok Phanom Di were 

less likely to be immigrants from other locales. From MP5 onward, the majority of richly 

buried individuals showed local 87Sr/86Sr signatures in both males and females. 

Although the 87Sr/86Sr values at Khok Phanom Di represent strong marine-based 

signature and may indicate that people originated from other coastal areas, the 

distribution of δ13C and δ18O values helps to narrow down place of childhood based on 

their diet. During MP5-6, while δ13C values of all individuals sampled fall within the 



 

113 

range of a marine-oriented diet, the clustering is fairly tight. δ18O values similarly show 

compact clustering. In particular, B15 and B43 (two richly buried individuals in MP5) 

yielded identical local strontium and carbon isotope signals indicating they likely lived in 

the same locale during childhood and consumed a broadly similar diet. With multiple 

isotope systems, people in MP5 and MP6 very likely consumed a more similar local diet 

and water during childhood. In short, women represented in early mortuary phases at 

Khok Phanom Di were immigrants from elsewhere, possibly by marriage. An abrupt 

change happened during MP4 where women buried at Khok Phanom Di exhibited local 

isotopic signals indicating local residence was maintained well into adult life. Also during 

MP3 and MP4, ceramic artifacts show a vital transition using a new clay source and 

temper accompanied by subtle changes in form and decoration of produced local potter. 

This phenomenon may be associated with women as potters entering from elsewhere 

but sharing their basic ceramic traditions but bringing new production and decorative 

elements to the Khok Phanom Di community during MP3 and MP4 (Higham, 2002).  

Bentley and colleagues (2007) cautiously offered three hypotheses attempting to 

explain the fluctuation of local versus non-local strontium signals among the Khok 

Phanom Di females over time. One hypothesis suggests a transition from a patrilineal to 

a matrilineal kinship system from early to later occupation. Females growing up on site 

were considered valuable since they possessed the skills and knowledge to 

manufacture high quality pottery that would have been useful for purposes of trade. The 

second possibility is that women may have immigrated into Khok Phanom Di from 

inland areas during MP1-3 and from other coastal areas during and after MP4 for 

marriage, as the strontium isotopes show non-local versus “local” (coastal) signals 
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during these mortuary phases. Another, less likely scenario, is that the increasing 

evidence of rice cultivation limited mobility for Khok Phanom Di people, which may 

partially explain females’ “local” strontium signals. However, this last hypothesis does 

not account for the specific change in female 87Sr/86Sr from non-local to local signals 

during MP4 and onwards. Nonetheless, these results coincide with the changing 

patterns of residence and the environment known to have occurred during MP3 and 

MP4. Issues such as marital structure (matrilineal vs. matrilocal), transmission of rice 

cultivation, and material culture are further addressed using the bone chemistry data 

(see Bentley et al., 2007 for details). 
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Figure 3-1.  Locations of the sites included in this study
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Figure 3-2.  Site map of Ban Pong Manao showing ten excavation squares
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Figure 3-3.  Relative locatrion of the squares excavated during 2006 field season 

 

Figure 3-4.  Relative location of SQ1 and SQ4 during 2007 field season
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CHAPTER 4 
PALEOPATHOLOGY AND STABLE ISOTOPES 

Bioarchaeology 

Bioarchaeology is a term first introduced by Buikstra (1977) that is the study of 

human remains in archaeological context (Larsen and Walker, 2010). Following this 

definition, human skeletal remains are the most direct ’hard’ evidence of physical health, 

nutritional status, biological relationships with other populations, and some aspects of 

cultural practice in the past (e.g., Huss-Ashmore et al., 1982; Larsen, 1997). 

Morphological observation of skeletal abnormality, or paleopathology, has been an 

important research objective in bioarchaeology to assess the health dimension of past 

human well-beings. While somewhat genetically predisposed, the development and 

maintenance of skeletal macro- and micro-structure throughout life are sensitive to 

cultural behaviors and the environment. Therefore, skeletal remains are also proxies to 

infer socio-cultural behaviors and ecology that may affect individual growth trajectories, 

diet, human-landscape interaction and animal/plant management (e.g., Larsen, 1997, 

2002, Larsen and Walker, 2010). With the advances of biochemistry and molecular 

anthropology, the immense information extractable from skeletal remains greatly 

expands the inferential ability of bioarchaeology (e.g., Wright and Yoder, 2003; 

Katzenberg and Sauders, 2008; Knudson and Stojanowski, 2008; Buikstra, 2010; 

Schoeninger, 2010). 

Either explicitly or implicitly, bioarchaeological studies have been conducted in a 

highly contextualized manner in which archaeological and sometimes ethnographic 

evidence may be incorporated to interpret biological data (Larsen, 1997; Buikstra and 

Beck, 2006). A biocultural approach, developed prior to and around the formalization of 
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bioarchaeology as a field of study (e.g., Armelagos, 1969; Buikstra, 1977; Goodman et 

al., 1988) is often employed to expand the explanatory capability of the biological data. 

In this approach, observed skeletal variations may be attributed to the interaction 

between biology, culture and the environment (Larsen and Walker, 2010: 379).  

On the individual level, demographic parameters (sex and age of death) and 

general skeletal/dental health can be determined based on skeletal remains. Combined 

with biological data, the archaeological provenience and associated artifacts/ecofacts 

with the skeletal individual allow inferences on life history and individualized socio-

cultural characteristics such as status, affiliation, and identity. When an individuals’ 

health is aggregated by appropriate temporal and geographical division as a population, 

the collective health of a particular population and its archaeology can portray a 

scenario of past lifeways and address larger socio-cultural issues (Larsen, 1997). 

As a living organism, skeletal tissue is constantly undergoing resorption and 

remodeling processes to maintain homeostasis and integrity, sometimes in reaction to 

adverse stimuli from trauma or poor nutrition (Tayles, 1999). Aside from rare occasions 

where skeletal lesion with specific etiology or localized physiological insult is identifiable, 

the skeletal system is a bulk record of bone development, growth, and remodeling 

throughout an individual’s life. The non-specific and systemic nature of information 

derived from skeletal remains offers a long-term synthesis of interaction between 

human biology and the external elements. While visible acute or specific lesions in the 

skeleton may reveal details of past life, it is the collection of lifelong skeletal lesions 

observed in a population (community health) that is quantifiable and comparable. As 

this study pursues the trend(s) of population health and dietary behavior across time 
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and space, the often non-specific nature of paleopathological observation provides an 

informed perspective into the context as to how people lived their lives across a 

trajectory of increased social complexity. 

However, Wood and colleagues (1992) raise a concern that inferring population 

health based on skeletal remains (“death assemblages”) could result in a biased 

interpretation of past human conditions. This is termed the “osteological paradox”. 

Simply put, since many skeletal and dental pathologies are age-progressive, it could be 

wrong to conclude a population displaying few incidences of skeletal pathology is 

“healthy” without considering the demographic structure and other health parameters. 

Goodman and colleagues (Goodman, 1993; Goodman and Martin, 2002) have since 

offered a series of methodological solutions to mitigate the potential problems 

associated with the osteological paradox. Among them, Goodman (1993) stresses the 

importance of a multifactorial approach when conducting paleopathological assessment. 

While most of the common skeletally visible pathologies are non-specific, they do have 

a suite of biological etiologies that could have resulted in their manifestation in the 

skeleton. Reconstruction of a population’s health profile is considered more realistic 

after collectively assessing multiple disease/condition markers. Goodman (1993) also 

emphasizes the crucial role of archaeological context, subsistence and settlement, 

demographic structure, and ecology (Larsen, 1997). More recently, Buikstra and Beck 

(2006) further solidify the importance of a contextual approach in bioarchaeology to 

temper the valid concerns of the osteological paradox. 

This study adopts the interdisciplinary advances in bioarchaeology by 

incorporating paleopathology and bone chemistry (stable isotope ratio analysis) to 
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maximize the inferential capability of the human skeletal remains from central Thailand. 

Biological data are placed into a regional archaeological and ecological context to infer 

past lifeways of the Metal Age people in central Thailand. 

Paleopathology and Morphological Assessment of Skeletal Remains 

Bioarchaeology promotes a broadly defined approach to paleopathology, rather 

than the narrowly defined study of past disease, and encourages focus on both the 

manifestation of disease itself (infectious disease particularly) and the biocultural 

conditions contributing to individual health status. The latter group includes 

“arthropathies (diseases of joints), congenital anomalies, circulatory, endocrine, growth 

(dysplasias), hematological and metabolic disorders; oral pathologies; neoplastic 

conditions; and trauma” (Buikstra, 2010: 395). This wide range of pathologies and 

conditions to assess echoes the call for a multifactorial approach in paleopathology 

inquiry as advocated by Goodman (1993). While microscopes, CT scans, and molecular 

analyses have been used in recent years, gross morphological observation of human 

skeletons remains the most practical and direct means of paleopathological observation 

and assessment. In this study, due largely to contingencies of bone preservation and 

excavation, visual morphological assessment, sometimes aided by hand-held loop (10x) 

and secondary light source, was used when conducting paleopathological evaluation.  

The pathological conditions observable on the skeletons are often considered 

stress markers. Stress here is defined as “the physiological disruption of an organism 

resulting from environmental perturbation” (Huss-Ashmore et al., 1982: 396). In 

Goodman and colleagues’ biocultural model (Goodman et al., 1984, 1988, 1991; 

Goodman and Armelagos, 1989; Skinner and Goodman, 1992), stress is a product of 

three key factors: environmental constraints, cultural systems, and host resistance. The 
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environment and culture contribute to survival (e.g., natural resources, cultural practices 

for buffering stress) and are the potential sources for generating stress (e.g., restricted 

access to food resources, environmental or cultural induced stressors, and their 

combined effects). If the host (individual or population) is not able to resist the stressors, 

the environmental and cultural factors could in turn cause physiological disruption 

(stress) in the host. At this stage, the host has reduced fitness and depending on the 

magnitude of the stressor and the host’s resiliency, the consequence could range from 

acute illness to chronic physiological disruption that may eventually lead to death. This 

model underscores the importance of interpreting stress markers in broad cultural and 

environmental context, and is the underlying rationale for reconstructing past human 

behavior in bioarchaeology (Larsen, 1997). 

The cells in the human body are responsible for the development of dental and 

skeletal tissues and their functions are easily disrupted if insults occur while tissues are 

forming. At the skeletal level, the response to stressors is manifested as disruption to 

normal bone growth and remodeling processes and dental development, i.e., 

pathological or abnormal expression of skeletal and dental tissues (Larsen, 2002). The 

severity and pattern of stress markers on the skeleton are combined results of the 

interplay between the extent of environmental stressors and the host response to such 

stressors. The type, severity, frequency, and distribution of the stress markers all aid in 

drawing inferences on the functional and adaptive effects of illness at the level of the 

individual and the population (Goodman et al., 1988; Goodman and Armelagos, 1989). 

Skeletal stress markers are categorized into two types, specific and non-specific 

stress indicators. Specific stress markers are those whose etiologies can be positively 
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identified. Specific stress indicators commonly seen in archaeological skeletal 

assemblages include rickets (vitamin D/sunlight deficiency), scurvy (vitamin C 

deficiency), treponematosis (osteological manifestation of venereal and non-venereal 

syphilis, and yaws; caused by pathogens in the genus Treponema), tuberculosis, and 

leprosy (Larsen, 1997).  

The expression and increased incidence of stress markers in an individual 

usually suggests a systemic physiological insult is underway. Thus, the majority of 

paleopathologies are non-specific in nature. The most commonly assessed non-specific 

skeletal/dental stress indicators include linear enamel hypoplasias (decreased thickness 

of enamel), porotic hyperostosis/cribra orbitalia (indicator of anemia), Harris lines 

(radiographically-visible growth arrest lines on long bones), arrested growth and 

development (decreased long bone length, decreased stature, delayed growth, reduced 

size of the neural canal of vertebrae, delayed tooth formation and eruption schedule, 

small tooth size, etc.), fluctuating and directional dental asymmetry, Wilson bands on 

enamel histological structure (pathological striae of Retzius), dental 

pathologies/conditions (caries, calculus, periapical abscess, antemortem tooth loss), 

and periostitis and osteomyelitis (general reactions of bone infection) (summarized in 

Larsen, 1997, 2002). Since it is difficult to gauge specific stress load using skeletal 

remains, non-specific stress markers are often used, in conjunction with cultural and 

biological characteristics, to evaluate overall stress patterns among populations, and 

assist in inferring general health status within a broader cultural framework (e.g., 

Douglas, 1996; Ribot and Roberts, 1996; Keenlyside, 2003; Pinhasi et al., 2006; 

Fiscella et al., 2008).  
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While most stress markers listed above do not directly lead to mortality, there is a 

correlation between the appearance of stress markers on an individual and that 

individual’s shortened longevity (Goodman and Armelagos, 1989). This is especially 

apparent for individuals who suffer stress episodes during childhood. It seems that 

these individuals are predisposed to early death (i.e., the association of childhood 

morbidity and early mortality) after being exposed to physiological stressors at an early 

age. A weaker immune system and physiological constitution could be the results of 

these events that impair an individual’s ability to cope with future stress (Blakely, 1988; 

Duray, 1996; Larsen 1997; Stodder, 1997). Among the stress markers, the following 

conditions and pathologies were incorporated in this study. 

A Multifactorial Approach to Paleopathology 

As a response to Wood and colleagues’ (1992) discussion on the “osteological 

paradox”, Goodman (1993) stresses the importance of a multifactorial approach in 

assessing population health using demographic and paleopathological markers. This 

study incorporates the following growth and health indicators to evaluate human skeletal 

health of people from prehistoric central Thai sites. 

Stature 

In the past century, studies of adult stature have observed that average height 

from both parents is a good predictor of potential offspring height, which suggests that 

stature is highly regulated by the genetics (Lettre, 2009). Biological factors such as sex 

and ethnicity also heavily affect the attainment of stature. Genetics aside, environmental 

factors (e.g., nutrition) and cultural practices (e.g., heavy axial load during growth) play 

a significant role in determining adult stature (Haviland, 1967; Bogin, 1999). Since 

growth occurs largely during childhood and teenage years, adult stature is indicative of 
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health and nutritional status during these formative life stages (Steckel et al., 2002). 

Stature is not only related to the linear progression of growth, it also conforms to 

genetically regulated body proportions. Comparison of stature among populations is 

therefore most relevant when they are genetically similar (Goodman et al., 1984).  

Estimation of stature from skeletal remains is most often based on the correlation 

between body height and limb bone length. A series of regression formulae have been 

developed using long bone measurements from individuals with known stature and 

biological profiles (see Bass, 1995; White, 2012). According to White (2012), the classic 

regression formulae developed from the Korean War dead that included American and 

Asian individuals by Trotter (1970) are the most commonly used methods in North 

America, along with those presented in Trotter and Gleser (1958) and Genoves (1967). 

It has been noted that the tibial length was measured in an unconventional way when 

developing the regressions by Trotter and Gleser (1958). Jantz et al. (1994) provide a 

set of adjustments for the 1958 formulae. In addition, Sjovold (1990) proposed a non-

ethnic method that may be used to bypass the population specific issue (Pietrusewsky 

and Douglas, 2002a). Since stature varies widely among populations, stature estimation 

would be most accurate when regression standards derived from the same/similar 

population to be estimated are used. In Southeast Asia, Sangvichien and colleagues 

(1985, n.d.) derived a set of regression formulae from modern Thai-Chinese cadavers. 

While the standard errors are not reported in their work (the long bone formula with the 

smallest standard error is the most ideal one for stature estimation), these are the only 

available formulae derived from a population relevant to this study.  
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Dental Pathologies and Conditions 

A suite of dental pathologies and conditions commonly used to assess past 

health and diet is used in this study. These oral health indicators include linear enamel 

hypoplasia, dental caries, dental calculus, periapical cavity, and antemortem tooth loss. 

The etiology and implication to dental health of each pathology/condition is discussed in 

this section. 

Linear enamel hypoplasia (LEH) 

LEH is a linear lesion of decreased enamel thickness resulting from disruption of 

enamel formation (amelogenesis). Tooth enamel, comprised of 98% mineral, is one of 

the most “expensive” tissues in human body requiring a large amount of energy to form 

(Hillson, 1996). When an individual suffers from physiological insults, nutrients and 

energy are re-allocated to maintain homeostasis and ensure survival, temporarily 

discontinuing the formation of enamel. Once the insult is eliminated or ameliorated, 

enamel formation may resume (Goodman and Rose, 1990). The enamel matrix 

secretion is sensitive to even a short period of stress, such as diarrhea, fever, 

dehydration, and blood loss. When hypoplastic lines are observed on the same tooth on 

both sides of a jaw (its antimere), systemic stress is often the cause and the lines are 

considered markers of survival (Goodman and Rose, 1990).  

Scenarios explaining the relationship between the physiological marker and 

demographic consequence include 1) an individual is naturally frail with lower 

thresholds against stress (manifested as hypoplasic episodes) and the frailty may 

contribute to their early death rather than due to a harsh childhood; 2) hypoplastic 

defects are caused by differential exposure to external stressors (social, cultural, 

behavioral) among individuals during childhood and these individuals continue to be 
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affected by these stressors later in life; and 3) the physiological stress that causes the 

hypoplastic defects could compromise the individual’s thresholds against future 

physiological insults, leading to a shortened lifespan (Armelagos et al., 2009).  

For a population, prevalence of LEH suggests certain cultural and/or 

environmental factors may have induced stressful episodes for a portion of its 

population. In addition, tooth crown formation occurs shortly before birth and lasts to the 

early teenager years, following a well-established formation schedule with subtle 

variations among populations. Once a tooth is formed, unlike bone, tooth enamel does 

not go through a remodeling process (Hillson, 1996). As Armelagos and colleagues 

suggest, “(I)n a sense, enamel hypoplasia provides a kymographic record that is a 

“window into the past”” (2009: 266). Teeth are also the hardest tissue in the human 

body and preserve well even in humid and warm environments such as central 

Thailand. Thus, LEH has the advantage of recording childhood stress episodes and is 

useful for addressing specific population level questions if systematically studied. With 

all these advantages, LEH has been routinely used in bioarchaeological studies as an 

indicator of systemic stress for an individual and a proxy of population health (e.g., 

Skinner and Goodman, 1992; Wright, 1997; Pechenkina et al., 2002; King et al., 2005; 

Temple, 2007). With respect to Mainland Southeast Asia, LEH has been extensively 

studied in northeast and some central Thai archaeological populations and various sites 

in Vietnam (e.g., Douglas, 1996; Tayles, 1999; Domett, 2001; Halcrow and Tayles, 

2008; Domett and O’Reilly, 2009). These studies provide excellent comparative data for 

LEH data from prehistoric central Thai populations. 
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Dental caries 

Dental caries is a result of the demineralization process of dental hard tissues 

caused by acids produced by bacterial fermentation of cariogenic substances found 

frequently in carbohydrates (Larsen, 1997: 65). As the demineralization process 

progresses beyond enamel, dentine and cementum can be eroded resulting in gross 

destruction of tooth morphology, infection, and tooth loss (Hillson, 1996). Frequency of 

dental caries is widely used as a proxy for subsistence, diet, and general health status 

(e.g., Turner, 1979; Hutchinson and Norr, 2006; Temple and Larsen, 2007; Hillson, 

2008). Personal oral hygiene, diet, and enamel defects are all possible causes of caries. 

On a population level, a general association is observed between the development and 

intensification of agriculture and increased prevalence of dental caries, especially in the 

New World where in particular contexts, maize is the principal carbohydrate source 

(Turner, 1979; Cohen and Armelagos, 1984; Larsen, 1997; Cohen and Crane-Kramer; 

2007). In Southeast Asia, the trend of increasing caries frequency with the 

intensification of agriculture is often not observed. It is postulated that rice, the main 

staple of this area, is less cariogenic. While practicing rice agriculture and presumably 

consuming rice, people still consumed a broad spectrum of foodstuffs obtained from 

their local environments. Therefore, a more balanced diet and a lower portion of 

cariogenic foods in their diet may have contributed to this phenomenon (Tayles et al., 

2000; Pietrusewsky and Douglas, 2002a, b; Oxenham et al., 2006; Krigbaum, 2007; 

Ikehara-Quebral, 2010). 

Dental calculus 

Calculus is the accumulation of the mineralized bacterial plaque that deposits on 

the non-occlusal enamel surfaces of a tooth. The mineralization of bacterial plaque 
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occurs most commonly in a higher pH, or alkaline, oral environment (Greene et al., 

2005). Calculus can build up along, above, and below the gum line, in all dimensions of 

a tooth (Hillson, 1996). Individuals with a protein-rich diet that tends to increase the 

alkalinity, usually display less calculus formation, although other factors such as salivary 

flow rate, hydration, blood calcium-phosphate levels, mineral content of drinking water, 

and silicon content of food and water also contribute to the formation of dental calculus 

(Lieverse et al., 2007: 332). Food consistency is another contributing factor, as soft and 

sticky food tends to be captured more easily along the gum line, while coarse food is 

more effective in removing non-mineralized bacterial plaque and preventing food 

remains from accumulating in the mouth. Although not a pathology itself, when 

combined with other dental health indicators, calculus prevalence of a population is a 

gauge of dietary composition and dental hygiene (Lukacs, 1992). 

Periapical cavity 

Previously termed “abscessing” (e.g., Larsen, 1997), periapical cavity is caused 

by an alveolar nodule that contains a benign granuloma and/or periodontal cyst (Dias 

and Tayles, 1997), often found at the apex of tooth root(s). If the inflammation persists, 

the alveolus surrounding the lesion becomes eroded and a small and smooth-walled 

cavity would appear that is observable in dry bone. The term “alveolar defect of pulpal 

origin (ADP)” was coined by Oxenham and colleagues (2006) due to the difficulty to 

identify benign granuloma and active infection on dry bones. Regardless of the term 

used, periapical cavity is a periodontal condition caused by factors such as (but not 

limited to) dental caries, trauma, and exposed pulp cavity due to heavy attrition. If left 

untreated, the local infection could lead to antemortem tooth loss and/or systemic 
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infection. Prevalence of periapical cavity in a population is routinely used as an indicator 

of the distribution of severe attrition and long-term oral pathologies. 

Antemortem tooth loss (AMTL)  

Antemortem tooth loss is the loss of teeth prior to death. The cause of AMTL can 

be multifactorial and distinct etiological processes are often involved. Signs of AMTL 

include resorptive destruction of the alveolar bone (shallowing alveoli) surrounding the 

tooth socket (Lukacs, 1989: 271) and by remodeling (closure) of the socket after tooth 

loss. AMTL is the final and most severe stage of periodontal disease, dental attrition, 

dental caries, exposed pulp cavity, periapical cavity, and trauma (including intentional 

ablation) (Lieverse et al., 2007; Lukacs, 2007). It is worth noting that in prehistoric 

Southeast Asia intentional tooth ablation is not uncommon. This is a cultural practice 

observed to often involve various combinations of ablation of anterior teeth (e.g., 

Tayles, 1996, 1999; Domett and O’Reilly, 2009). Interestingly, the lateral incisor is the 

second most common tooth group to be congenitally missing, or agenesis, after the 

third molar (e.g., Niswander and Sujaku, 1963; Garib et al., 2010). This phenomenon 

has also been documented in a prehistoric Thai site of Noen U-Loke (Nelson et al., 

2001). The agenesis of lateral incisors, bilateral or not, coincides with the most 

commonly observed tooth ablation patterns recorded in Phum Snay (Domett and 

O’Reilly, 2009) and Khok Phanom Di (Tayles, 1996, 1999). Traces of alveolar 

remodeling and diastema(ta) at the location(s) of the agenetic teeth are informative in 

distinguishing agenesis from AMTL. Similar to other dental pathologies, AMTL is an 

age-progressive pathology since the longer the teeth are functional, the higher the 

chance for the risk of loss to accumulate. AMTL has been incorporated in all 

comprehensive bioarchaeological studies in large-scale Thailand prehistoric sites (e.g., 
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Douglas, 1996; Tayles et al., 1998; Tayles, 1999; Domett, 2001; Pietrusewsky and 

Douglas, 2002a). Again, AMTL data from central Thailand will be compared to the 

existing data and address health issues critical to the region.  

Skeletal Pathologies 

Due to various preservation status among the sites included in this study, select 

cranial and postcranial pathologies are used as key indicators of prehistoric health. 

They include porotic hyperostosis/cribria orbitalia, degenerative joint disease, and 

trauma. 

Porotic hyperostosis/cribra orbitalia (PH/CO) 

PH/CO is a cranial lesion caused by multiple types of anemia, most often 

attributed as iron-deficiency anemia (Stuart-Macadam, 1987, 1992; Wintrobe, 1993; but 

see Wapler et al., 2004 for inflammatory disease; Ortner et al., 1999 for scurvy; see 

Walker et al., 2009 for an alternative etiology of PH/CO). The gross lesion is manifested 

as a spongy or sieve-like area on various locations of the cranium such as the cranial 

vault and eye orbits. If an anemic episode is resolved, remodeling process begins to 

heal the bony lesion. Therefore, stages of the porotic lesion (active, mixed, and healed) 

are indicative of anemic processes experienced by an individual at the time of death 

(but see Stuart-Macadam, 1985). Prevalence of PH is positively associated with the 

intensification of agriculture and increasing dependence on cultivated products in the 

New World. An imbalanced diet, decreased dependence on iron-rich foodstuffs acquired 

from hunting and gathering, and low iron concentration in plant food resources are often 

cited as explanatory reasons for increased prevalence of PH/CO (Cohen and 

Armelagos, 1984; Pietrusewsky and Douglas, 2002b; Cohen and Crane-Kramer, 2007). 
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While congenital anemia such as thalassemia and sickle-cell anemia may 

produce porotic reactions in parts of the Old World where they are common, the 

condition for iron-deficiency anemia due to imbalanced diet is far more prevalent 

worldwide (Stuart-Macadam, 1992; Wintrobe, 1993). However, from a physiological 

perspective, iron-deficiency anemia may not be solely a result of insufficient diet. Iron 

metabolism in the human body is reported as an almost closed system. Approximately 

90% of the iron needed for the production of new red blood cell is recycled from old red 

blood cells which are destroyed by the metabolic system. It therefore follows, that very 

little iron is incorporated from the diet (Hoffbrand and Lewis, 1981; Stuart-Macadam, 

1998). Instead, loss of blood, by menstruation, trauma and chronic bleeding, is the 

primary factor for decreased iron concentration. Infection, most commonly from 

parasites, has long been linked to internal chronic blood loss. Research on the 

prevalence of PH in populations with a high parasitic load has revealed that the 

incidence of iron-deficiency anemia and parasitic infection are correlated (Hengen, 

1971; Walker, 1986; Merbs, 1992).  

In 2009, after re-evaluating the underlying physiological and structural causes of 

PH, Walker and colleagues argue that iron-deficiency anemia should no longer be used 

as the main etiology of PH. However, Oxenham and Cavill (2010) offer a counter-

argument that Walker and colleagues’ position is not supported by the literature 

pertaining to iron-deficiency anemia. Iron metabolism is a complex physiological 

process in the human body. A variety of factors and their interactions could affect iron 

status, including iron absorption, diet, blood loss, iron withholding, and genetics (Stuart-

Macadam, 1998). A singular etiology of iron-deficiency anemia may not be specifiable 
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based on analysis of skeletal remains. Thus PH/CO is regarded as a non-specific stress 

indicator. 

Studies conducted among maritime foragers (Walker, 1986; Walker et al., 2009) 

reveal that the porotic lesions (often CO) were as common in these populations as 

those less dependent upon marine subsistence (or more maize-dependent). This finding 

counters the expectation that since a diet with a marine component tends to be iron-rich 

and provides sufficient amino acids needed for normal metabolism, its population would 

have lower prevalence of iron-deficiency anemia manifesting into PH. However, a 

higher risk of food and water contamination from fish/shellfish-borne bacteria and 

parasites is equally associated with seaside dwelling that could also result in chronic 

blood loss, thus anemia.  

Degenerative joint disease (DJD) 

Degenerative joint changes, including osteoarthritis, are the accumulated results 

of multifactorial causes and processes affecting the health and integrity of the joints 

(Domett, 2001, summarizing Hutton, 1987 and Hough and Sokoloff, 1989). While it is 

impossible to isolate the main cause of DJD at a particular joint, it is likely that repetitive 

heavy loading of a joint could result in the wear-and-tear of the cartilage and varied 

degrees of chronic inflammation. Prevalence and patterns of OA are informative of 

occupational activities and may also indicate sex-specific labor differentiation. The 

clinical term “osteoarthritis” is used strictly for synovial joints. Nonetheless, in this 

research, the bony outgrowth along the rims of vertebral bodies (vertebral 

osteophytosis) is included in this category as part of the arthritic expression of 

cartilaginous loss. DJD has been systemically studied in Thai sites with better-

preserved human remains (Tayles, 1999; Domett, 2001; Pietrusewsky and Douglas, 
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2002a; Domett and Tayles, 2007) and aspects of social practice (e.g., craft 

specialization, division of labor) may be inferred based on the differential involvement of 

joints among members of a population. 

Trauma 

Trauma is indicative of extrinsic influences of the environment on the skeleton 

and is often related to physical activities and risks that are subsistence/occupational-

specific (Larsen, 1997; Lovell, 1997; Domett, 2001). It is important to document types of 

trauma (e.g., fracture, dislocation), distribution of skeletal elements involved, and 

degrees of healing (if any). All trauma-related data can provide insight to the lifeways of 

a population (Larsen, 1997). In previous Thai bioarchaeological studies, prevalence of 

trauma was recorded by skeletal element and compared among sites (e.g., Domett and 

Tayles, 2007; Douglas and Pietrusewsky, 2007). However, poor preservation of the 

central Thai skeletal assemblages limits the effectiveness of this comparative approach 

in this research. 

Paleopathology in Southeast Asian Prehistory  

In Mainland Southeast Asia, scientifically excavated human skeletal remains are 

abundant and a series of bioarchaeological studies involving paleopathology have been 

conducted. While often coupled with a variety of socio-cultural variables and social 

evolutionary stages, a pervading research theme is to address the relationship between 

human skeletal health and changes in subsistence practice, including the adoption of 

agriculture. These studies cover human skeletal remains from northeast Thailand 

(Tayles, 1992; Douglas, 1996, 2006; Domett, 2001; Pietrusewsky and Douglas, 2002a, 

b; Domett and Tayles, 2006a, b; Halcrow, 2006; Douglas and Pietrusewsky, 2007), 

highland central Thailand (Domett, 2001, 2004; Nelsen et al., 2001; Tayles and Buckley, 
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2004; Domett and Tayles, 2006b, 2007; Halcrow, 2006; Tayles et al., 2007), coastal 

central Thailand (Tayles, 1992, 1996a, b, 1999), northwest Cambodia (Domett and 

O’Reilly, 2009), southern Cambodia (Ikehara-Quebral, 2010; Pietruesewsky and 

Ikehara-Quebral, 2006), the Red-Ma-Ca Rivers of northern Vietnam (Oxenham et al., 

2005, 2006, 2008, 2011; Oxenham, 2006).  

Rice impressions and remains on ceramic assemblages lead to a general 

consensus that rice was not introduced to Mainland Southeast Asia from China until 

3,500 B.C., more possibly, after 2,500 B.C. or even much later, with variation by region 

(e.g., Higham, 1989; Glover and Higham, 1996; Thompson, 1996, 1997; Higham and 

Lu, 1998; Bellwood, 2001, 2005; Kealhofer, 2002; Weber et al., 2010: 82). Rice 

phytoliths have been dated at Ban Chiang (northeast Thailand) to be at ~2,500 B.C. 

(Kealhofer, 2002), although rice cultivation and large-scale storage systems did not 

become established at some sites until ~1,500 B.C. at the coastal central Thai site of 

Khok Phanom Di (Thompson, 1997).  

Rice agriculture (wet rice and dry-land rice) is the ubiquitous mode of food 

production in Mainland Southeast Asia with supplementary food resources derived from 

hunting and gathering. As briefly mentioned above, agricultural intensification in the 

New World where maize is the main staple is associated with deteriorating health, 

reflected by heightened prevalence of dental and skeletal pathologies (Cohen and 

Armelagos,1984; Larsen, 1997, 2002; Cohen and Crane-Kramer, 2007). To date, the 

paleopathological studies among prehistoric Mainland Southeast Asian human skeletal 

remains present a scenario where the association between deteriorated health and 

agriculture observed in the Western Hemisphere does not seem to have occurred in this 



 

136 

area. People in prehistoric Mainland Southeast Asia seem to be very healthy based on 

analyses of their skeletons and their health did not undergo any significant change (for 

better or for worse) while other socio-cultural practices such as rice agriculture and craft 

specialization were being advanced (White, 2011). A recent review and comparison of 

prevalence of each health marker among the Mainland Southeast Asian sites listed 

above can be found in Ikehara-Quebral (2010).  

Owing to the vast diversity of landscape and climate in Mainland Southeast Asia, 

millet agriculture and sometimes a mixture of millet and dry-land rice cultivation was 

also practiced in particular areas (Weber et al., 2010). Recently, Weber and colleagues 

(2010) suggest that rice did not appear in central Thai archaeological assemblages until 

the 1st millennium B.C. In fact, foxtail millet (Setaria italica) was the dominating plant 

utilized in central Thai contexts as early as 3rd millennium B.C., much earlier than the 

introduction of rice. Millets continued to be consumed by past humans even after rice 

cultivation was imported into the area. Several of the sites incorporated in this research 

are either in close proximity to the geographical area (Non Mak La and Ban Mai 

Chaimongkol) or in similar climatic zone (Ban Pong Manao) where the sites Weber and 

colleagues studied are located. While rice may have been the predominant cultigen in 

most parts of Mainland Southeast Asia, it is important to investigate if and how human 

skeletal health was affected by millet consumption and local landscape variations during 

periods of socio-cultural change, known to have taken effect prior to the Metal Age of 

central Thailand. 

Concepts of Stable Isotope Ratio Analysis 

Isotopes of a chemical element are atoms with the same number of electrons 

and protons but different number of neutrons in their nuclei (DeNiro, 1987). The sum of 
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the protons and neutrons determines the atomic weight, so isotopes of the same 

element differ in their mass. There are two forms of isotopes, stable and unstable, 

where the masses of the stable ones do not decay over time. Isotopes of the same 

element generally have similar chemical properties (Schwarcz and Schoeninger, 1991), 

and many elements occur naturally as two or more stable isotopes, although some 

isotopes are more abundant than others. The difference in atomic weight of each 

isotope determines the chemical reaction rate with other elements and/or isotopes. 

Lighter isotopes (fewer neutrons) are more mobile and react faster than the heavier 

ones. Environmental and physiological factors of organisms either select for or 

discriminate against heavier isotopes over lighter ones, resulting in variations of the 

isotopic ratios in natural settings. This is referred to as the fractionation process. The 

difference is usually subtle but measurable using methods of mass spectrometry. The 

fractionation process is often associated with photosynthesis, food metabolism, and 

temperature fluctuation (Schwarcz and Schoeninger, 1991; Ambrose, 1993; 

Katzenberg, 2000; Schwarcz, 2000; Krigbaum, 2003: 297). When a human 

individual/animal consumes plants or other animals, the isotopic composition from 

foodstuffs is incorporated into tissues developed around the time of consumption via 

digestive and metabolic processes. Skeletal and dental tissues both incorporate 

isotopes, however, bone represents a long-term average compared to tooth enamel 

which represents a ‘snapshot’ that is unchanged after the tooth enamel formation 

process is complete.  

Three light stable isotopes are used in this study: carbon, nitrogen, and oxygen. 

Stable isotope ratios are the abundance ratios between the heavier stable isotopes (13C, 
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15N, and 18O) and their lighter and naturally abundant counterparts (12C, 14N, and 16O, 

respectively). The stable isotope ratio from a particular sample is then compared with an 

isotopically known sample (“standard”). The standard for stable carbon and oxygen 

isotopes is Vienna Pee Dee Belemnite (PDB, Craig, 1957) or V-PDB, calibrated against 

a standard gas laboratory equivalent (e.g., NBS 19). Atmospheric N2 (AIR) is used as 

the standard for stable nitrogen isotope ratio (Criss, 1999). Since both bone collagen 

and bone apatite posses stable carbon isotopes, USGS 40 and NBS 19 (similar stable 

carbon isotope composition as V-PDB) are used as standards for each bone tissue 

fraction respectively. The stable isotope ratios are converted to delta notation (δ) in per 

thousand units, or permil (‰). Because human tissues and dietary resources have 

lower δ13C than that of the standards, the δ13C values from bone collagen, bone apatite, 

and tooth enamel apatite are typically negative (Ambrose, 1993). 

There are two models that are useful to outline to explain how carbon isotope 

signals are incorporated into bone tissues (bone collagen, specifically). The linear 

mixing model, sometimes referred to as the “scrambled egg” model, holds that the 

carbon ions contained in protein, carbohydrate, and lipid portions of the whole diet 

equally contribute to the δ13C values from bone collagen (e.g., van der Merwe, 1982; 

Schoeninger, 1989). This model is best used to detect dietary differences among 

herbivores who acquire proteins, carbohydrates, and lipids from the same food source 

(Tieszen, 1991). In omnivorous humans, the three dietary components are obtained 

from a wide range of food sources (Klepinger and Mintel, 1986), resulting in the δ13C 

values from bone collagen and bone apatite sometimes displaying contrasting signals 

(Ambrose and Norr, 1993). Moreover, in a diverse environment with the co-existence of 
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C3 and C4 plants on the landscape, this situation may further complicate the delineation 

of a C3 vs. C4 diet. Thus, the linear mixing model may not be suitable in the case of 

assessing diet from δ13Cbone coll of prehistoric central Thai people, as that mixture of C3 

and C4 plants seems to be present by the Metal Age.  

On the other hand, the routing model holds that the carbon atoms in different 

macronutrients (protein, carbohydrate, and lipid) are deposited into skeletal tissues 

differently. For collagen (a form of protein), the carbon atoms are incorporated 

preferentially from the protein portion of the diet. For carbonate, the carbon is derived 

from energy-generating macronutrients (carbohydrates, lipids, and excess proteins) that 

are contributing (via the form of CO2 in blood) to the composition of the mineral portion 

of booth/tooth enamel, hydroxyapatite (Krueger and Sullivan, 1984; Chisholm, 1989). 

Schwarcz (1991) coins the phenomenon of differential allocation of isotopically distinct 

components to different tissues as “isotopic routing” (Martínez del Rio et al., 2009: 99), 

thus the “routing model”. The differential carbon routing mechanisms are tested and 

supported by animal experiments on controlled diet. Ambrose and Norr (1993) and 

Tieszen and Fagre (1993) fed laboratory mice and rats with manipulated dietary 

components with varied C3 and C4 combination (i.e., different proportions of proteins, 

starch, cellulose, and lipids), and later analyze the δ13C from bone tissues. Results of 

these experiments confirm that the δ13C derived from bone collagen yields isotopic 

signatures of δ13Cdietary protein, while the δ13C from bone apatite yields isotopic signatures 

that reflect dietary carbohydrates, lipids, and protein (or “total diet”) (Ambrose et al., 

2003). Following this observation, the difference between δ13Cbone ap and δ13Cbone coll (or 

Δ13Cap-coll) is indicative of varied isotopic composition from dietary sources that provide 
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the carbon atoms to produce energy (carbohydrates, lipids, excess proteins) and 

protein. For animals that are strict herbivores and carnivores, the carbon atoms in 

macronutrients are synthesized from the same categories of food sources, vegetation 

and protein-rich meat, respectively. Therefore, depending on digestive physiology and 

types of food consumed, herbivores have wider Δ13Cap-coll (~7‰) and carnivores have 

narrower Δ13Cap-coll (~3‰). The Δ13Cap-coll of omnivores, expectedly, falls between the 

two extremes (Krueger and Sullivan, 1984; Lee-Thorp, 1989).  

Upon digestion, carbon atoms in food are metabolized and incorporated into 

various biological tissues. The process of enrichment during metabolism increases the 

δ13C in collagen by 5‰ compared to that of diet (Δ13Cdiet-collagen) in large-bodied 

herbivores and humans (Krueger and Sullivan, 1984; Lee-Thorp et al., 1989; Vogel, 

1978; Vogel and van der Merwe, 1977). However, this is only relevant in a dietary 

setting where protein and energy macronutrients come from the same isotope ratio 

group (C3 or C4). If protein and non-protein sources are in different isotope ratio groups, 

then the range of Δ13Cdiet-collagen fluctuates between -2.2‰ and 9.6 ‰ (Ambrose and 

Norr, 1993; Ambrose et al., 1997, 2003). As for the fractionation in bone apatite 

carbonate, it consistently yielded in animal feeding experiments Δ13Cdiet-apatite of ~9.4‰, 

regardless of the proportion of protein in diet and the δ13C difference between protein 

and non-protein foods (Ambrose and Norr, 1993). This again supports the proposition 

that bone apatite follows the linear mixing model when incorporating carbon atoms from 

food sources. Ambrose and Norr’s (1993) mice controlled feeding experiments also 

derive a Δ13Cap-coll of 4.4‰ for monoisotopic diets (C3 protein-C3 energy and C4 protein-

C4 energy). In a diet of C3 protein and C4 energy, the Δ13Cap-coll becomes much wider. 
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When a diet is comprised of C4 protein and C3 energy, the difference between δ13C from 

apatite and collagen can be as small as 0‰. 

More recently, Kellner and Schoeninger (2007) propose a “simple model” based 

on a compilation of datasets derived from modern control-fed animals (with various 

body sizes) and archaeological human skeletal remains. They suggest that while the 

traditional data plotting of bone collagen δ13C against bone apatite δ13C produces 

significant correlation, this alone does not have enough predictive power to paleodiet 

because a considerable amount of scattering still exists along the regression line 

(Kellner and Schoeninger, 2007, Figure 2a). Similarly, standalone values of δ13Cbone coll, 

δ13Cbone ap, and absolute Δ13Cap-coll are equally insufficient to be accurately indicative of 

diet, if explained based only on linear mixing and/or routing models. This is especially 

the case for situations with mixed dietary sources (e.g., C3-based protein and C4-based 

energy, marine-based protein and C3-based energy). Consequently, Kellner and 

Schoeninger (2007: 1122, Figure 2b) note that when δ13Cbone coll against δ13Cbone ap is 

controlled by dietary protein sources (C3, C4, marine), three distinct regression lines can 

be established that are useful to predict energy dietary sources regardless of animal 

body size and trophic level. 

As early as in 1981, DeNiro and Epstein demonstrated the relationship of stable 

nitrogen isotope ratios (δ15N) between diet and tissues. The current consensus is that 

there is a ~3.0 - 4.0‰ (3.3‰ being most widely cited) enrichment of δ15N per trophic 

level from producers to various levels of carnivores--an accumulation effect across the 

food chain (Minagawa and Wada, 1984; Schoeninger and DeNiro, 1984; Ambrose, 

1991, 1993; Ambrose et al., 2000). Based on King’s (2006: 96) literature search, 
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herbivores have δ15N range between 1.0‰ and 12.7‰ (clustering more between 3.2‰ 

and 8.4‰) while carnivores have δ15N range between 5.3‰ and 18.8‰ (clustering 

more between 7.3‰ and 12.9‰) (citing Schoeninger and DeNiro, 1984; Schoeninger, 

1985, 1989; Ambrose and DeNiro, 1986; Katzenberg, 1989; Bocherens and Drucker, 

2003). In addition to the effect of meat consumption, δ15N can also be used to 

differentiate consumption of terrestrial vs. aquatic (marine and freshwater) dietary 

sources. This is because the δ15N in marine systems is generally more enriched than on 

land due to the fact that nitrates are washed off from land to water, resulting in higher 

δ15N for aquatic plants and lower δ15N for terrestrial ones (DeNiro, 1987). Among the 

plants, marine plants have even higher δ15N (~+3‰) than freshwater plants. Therefore, 

δ15N in marine carnivores are more enriched than that in terrestrial fauna (Schoeninger 

and DeNiro, 1984).  

Among the central Thai sites studied in this research, geographically only Khok 

Phanom Di site has the potential to have utilized marine resources for diet. However, all 

of the sites are located near streams or creeks. The aquatic species from freshwater 

environment such as small fishes and snails may have been important food sources in 

prehistoric times. Despite the fact that δ15N values can vary greatly among freshwater 

animals, factors including habitat, diet, and maturity of the animal (Katzenberg and 

Weber, 1999: 655 in King, 2006: 97), the δ15N values from bone collagen should be 

interpreted with freshwater aquatic foodstuffs in mind. 

Stable oxygen isotopes are found in bone and enamel apatite carbonate. The 

ratio (δ18O) is dictated by the environmental variation where the stable oxygen isotope 

(18O, heavier in mass) in water molecules is not as rapidly evaporated as the lighter and 



 

143 

more abundant 16O isotope (Fry, 2007, Knudson et al., 2010). δ18O is highly reflective of 

local meteoric precipitation. When water is ingested or via food consumed, the constant 

mammalian body temperature facilities a predictable offset of δ18O in bone/enamel 

mineral from body water (Wright and Schwarcz, 1998: 3). Therefore, δ18O often serves 

as a marker of environment, water sources, mobility (migration), and seasonality useful 

in both paleoenvironmental and paleodietary studies (e.g., Bryant et al., 1996; 

Schoeninger et al., 2003).  

Application of Stable Isotope Ratio Analysis in Bioarchaeology 

Stable isotope ratio analysis is particularly useful in analyzing osteological 

remains because it provides an extra dimension of information beyond morphological 

data. Although data regarding lifeways reconstruction can be extracted from 

archaeological and bioarchaeological (faunal/floral) contexts, osteological remains are 

the most direct record of the interaction between an individual and its surroundings. In 

addition, signatures of diet preserved in human skeletal remains have tremendous 

potential of inferring migration patterns, status, life history, land use, labor 

differentiation, etc., all of which are critical aspects of both individual and population 

lifeways (see below). 

Since the development of stable isotope ratio analysis in the 1970s, bone 

chemistry and bioarchaeology have been closely intertwined. Refined techniques and 

theoretical models have enabled bioarchaeologists to use this approach in addressing 

important archaeological questions regarding past human behavior (Schwarcz and 

Schoeninger, 1991; Katzenberg and Harrison, 1997). In the last two decades, stable 

isotope analysis has been applied to more novel research problems and the traditional 

issues are tackled more sophisticatedly using a wider variety of evidence, along with 
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isotopic data (e.g., Knudson and Stojanowski, 2008). In general, the use of stable 

isotope ratio analysis has tremendously expanded the research scope of 

bioarchaeology, helped in the development of broader archaeological questions, and 

brought in a wide array of advances from other disciplines (e.g., geology, geography, 

chemistry, ecology). 

Paleodiet 

Based on its chemical attributes and relationship with the physical environment, 

each stable isotope system characterizes a certain dimension of human dietary 

behavior. The interaction of these stable isotopic systems derived from skeletal remains 

furthers the understanding of people’s resource management patterns and human-

landscape relationship. 

C3 and C4 plants 

Terrestrial plants are categorized into three groups (C3, C4, CAM) according to 

the photosynthesis pathways used to incorporate carbon from atmospheric CO2. C3 

plants are trees, herbs, shrubs and grasses mostly found in temperate areas. C3 plants 

have δ13C values ranging from -20‰ to -35‰, with an average of -26.5‰ (Krigbaum, 

2003). C4 plants are grasses and sedges typically found in more arid zones with δ13C 

ranges from -9‰ to -14‰, averaging -12.5‰ (Ambrose et al., 2003). CAM plants, such 

as cacti, are also found commonly in arid areas and their δ13C values fall between those 

of C3 and C4 plants. These plants are less likely to be incorporated into human diet, 

except for those populations occupied in areas where CAM plants are prevalent and 

exploited for food. It is the different photosynthetic pathways among plants that permit 

paleodietary assessment using stable carbon isotope ratios to be made. One of the 

most prominent issues in New World archaeology is the domestication and consumption 
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of maize (C4) in prehistoric populations. Inferred from archaeological evidence, it was 

held that people relied heavily on maize as early as the Woodland period. Stable carbon 

isotope ratios from human bone collagen samples suggest it was not until the 

Mississippian period that maize became the major staple in North American (e.g., 

Buikstra and Milner, 1991; Larsen et al., 1992). The distinction of C3 and C4 plant foods 

and the amount (%) of each category consumed, based on δ13C values, are now used 

widely in paleodietary reconstruction worldwide (e.g., Ambrose et al., 1997, 2003; 

Pechenkina et al., 2005; Knudson et al., 2007; Gil et al., 2011). 

Trophic level and protein consumption 

Higher trophic level in human adults are often explained as having consumed 

(i.e., allowed accessed to) animal protein. Animal protein derived from either wild or 

domestic sources is considered food of higher value since it requires significant amount 

of energy to procure in the wild and/or to raise, and more processing is involved after 

the animal is captured/killed (skin, butcher, cooking, storage). Thus, in most agriculture-

based societies, animal protein is considered high status food or food that may be used 

in occasional feasting (Curet and Pestle, 2010). People consuming more marine-based 

animal protein will exhibit higher δ15N values due to the cumulative trophic level effect in 

food chains within the ocean. Recent evidence suggests that the amount of calcium 

isotopes 44Ca and 40Ca varies according to trophic level (e.g., Clementz et al., 2003), 

and that δ44Ca may be a useful indicator of terrestrial meat vs. marine meat resource 

consumption (Knudson and Stojanowski, 2008).  

Marine-vs. terrestrial-based diet 

The main source of carbon for marine organisms is dissolved carbonate that has 

a δ13C value of 0‰, while the main carbon source for terrestrial organisms is 
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atmospheric CO2 with a δ13C value of -7‰. As food items were consumed, the 7‰ 

differential is reflected in mammal tissues and can be detected in δ13C values 

(Katzenberg, 2000: 314-315). While complexity and uncertainty may be raised if C4 

and/or CAM food items were consumed along the possibility of marine food 

consumption, the inclusion of nitrogen stable isotope signals and the development of a 

local faunal/floral isotopic baseline helps delineate a more realistic marine- versus 

terrestrial-based dietary pattern (in Katzenberg, 2000).  

Freshwater- vs. terrestrial-based diet 

For a period of time, it was assumed that freshwater fish had carbon isotope 

values similar to those of terrestrial C3-consuming organisms. Katzenberg (1989) is the 

first to discover that freshwater fish actually have a wide range of δ13C values due to the 

fact that carbon sources of freshwater fish (lakes, streams, for example) include 

atmospheric CO2, dissolved carbonate from rocks and soils, organic 

waste/decomposition matters from both terrestrial and water-dwelling organisms. 

Freshwater fish also exhibit a trophic effect as carnivorous fish have higher δ15N values. 

Katzenberg and Weber (1999) derive a range of δ13C values from -14.2‰ to -24.6‰, 

varying by the depth of the habitats among Lake Baikal fish, Siberia. More recently, 

sulfur isotopes (δ34S) in bone collagen are proving useful in elucidating the consumption 

of marine, freshwater, and terrestrial resources (Richards et al., 2001; Privat et al., 

2007).  

Water and Protein Stress 

Increased δ15N values have also been used to detect prolonged water stress 

both in the human body and in terrestrial organisms consumed as animal protein source 

(Ambrose and DeNiro, 1986). The rationale is that urea is depleted in 15N relative to 
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diet. When under conditions of water stress, more urea is excreted relative to the total 

volume of urine and thus more of the lighter isotope (14N) is lost. This results in a 

greater proportion of 15N being retained in the body for tissue synthesis in the future. 

Following this concept, elevated δ15N values could be found in protein stressed 

individuals (human and animals) since insufficient protein intake could result in the 

breakdown and re-utilization of existing tissues in the body that are already enriched in 

15N, due to preferential excretion of 14N (Katzenberg, 2000: 318). It is important to 

consider all possible factors, suggested by the landscape, faunal ecology, and 

archeological context, to correctly identify for the causal factors influencing higher δ15N 

values in bone collagen, as it could be a reflection of increased consumption of marine 

protein (or freshwater fish), higher trophic position, and protein and water stress. 

Infant Feeding and Weaning Practice 

One of the main goals of bioarchaeological research is to place the 

observed/analyzed characteristics derived from skeletal remains into a cultural 

framework. It is through this biocultural approach that bioarchaeological data contribute 

to the understanding of human lifeways in the past. Patterns of population growth have 

long been used as gauges for population adaptability to its landscape and cultural 

traditions. Duration of breastfeeding and weaning age, in particular, are directly linked to 

birth spacing, and population growth. Owing to their ability to identify trophic level, 

nitrogen stable isotopes are used as indicators of weaning process. By comparing δ15N 

values from infant bone collagen to the rest of the population (or females in fertile age, 

to be more conservative), it is possible to derive a fairly narrow age range of transition 

from breastmilk (mother’s tissue, one trophic level above) to non-breastmilk foodstuffs, 

i.e., weaning age (e.g., Fuller et al., 2003, 2006). More recent research has attempted 
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to use tooth enamel apatite (δ18O, δ13C) and dentine collagen (δ15N, δ13C) to further 

establish a more precise weaning pattern (e.g., Wright and Schwarcz, 1998; Fuller et 

al., 2003, 2006; Schurr and Powell, 2005). Human breastmilk is derived from body 

water that is 18O enriched (i.e., higher δ18O) than the δ18O in water ingested by the 

mothers. Via the food chain, suckling infants may have higher δ18O in bone and enamel 

apatite than weaned children as a result (Wright and Schwarcz, 1998).  

Status and Intra-population Variations 

Early applications of stable isotope ratio analysis mostly focus on dietary patterns 

with population as an interpretation unit. Since the early 1990s, intra-population 

differences, isotopic variations by age and sex specifically, started to draw attention of 

various researchers (in Katzenberg, 2000). Status differences included, isotopic 

variations within a population by demographic parameters could result from differential 

access to certain food categories, dietary taboos/restrictions/rituals, labor differentiation 

by sex and age, etc. More recently, studies such as Ambrose et al. (2003) have proved 

that isotopic data not only are able to provide unique insight into paleodiet, but also may 

help place human diet in broader cultural context.  

Population Movement and Residential Origins 

Stable oxygen isotope ratios are associated with water sources and climate 

parameters. δ18O values generally decrease with increasing latitude, increasing 

distance from the coast, and increasing altitude, all of which are due to the fact that 

more of the heavy isotope, 18O, falls in precipitation. Temperature and relative humidity 

are positively and negatively correlated, respectively, with the δ18O values (e.g., Luz 

and Kolodny, 1985; Katzenberg, 2000: 320). Thus, δ18O values in bone/enamel 
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carbonbate (and phosphate) are proxies of the water and climate-related environmental 

signatures during the time period in life while the tissues analyzed were being formed. 

Strontium isotopes (87Sr/86Sr) are another useful indicator of geological origin as 

these correspond closely with local rock and soil. With reference mapping available, it is 

possible to pinpoint a specific origin of an individual based on strontium abundance in a 

particular geological region. For many areas such mapping is yet available. However, by 

comparing intra-population 87Sr/86Sr values among subgroups (sex, age, individuals 

associated with special burial context, etc.) and local geological signals, it is still likely to 

identify “local” versus “non-local” individuals, and further address residency issues 

(Bentley, 2006). Ericson (1985; cited in Katzenberg, 2000) is the first to point out the 

potential of strontium isotopes for migration/residency studies. But the combined use of 

heavy- and light-isotope analyses, such as strontium, lead (another geologically-specific 

element), and oxygen isotopes, to investigate residential mobility (pre-/post-marital 

residency, colonization, ethnicity, population migration) is a relatively recent 

development (Knudson and Stojanowski, 2008). This approach has great potential and 

its application can be found in a variety of prehistoric populations across the world (e.g., 

Price et al., 1994, 2006; Ezzo et al., 1997; White et al., 2004; Bentley et al., 2005, 2007; 

Montgomery et al., 2005; Wright, 2005; Knudson and Buikstra, 2007). 

Life History 

In bioarchaeology, a population trend is usually inferred from individual data 

points. With the development of microsampling and laser ablation techniques using 

tooth enamel, stable isotopes (87Sr/86Sr, δ18O, δ13C) also have great potential to 

elucidate residential mobility and seasonal movement at the individual level. Life history 

can be traced with fine-grained resolution on individuals with special interests (e.g., 
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people with a peculiar pathology/trauma, buried in a certain context/pattern, elites) using 

these new techniques (e.g., Bell et al., 2001; Sponheimer et al., 2006). A series of data 

points from an individual can also be used to trace individual residency mobility, status 

fluctuation over an individual’s lifetime, and may lead to positive identification in special 

contexts. Aside from strontium and stable oxygen isotopes that are geologically 

sensitive, stable carbon isotopes derived from tissues of the same individual formed at 

different life stages also contribute to the understanding of individual life history. Tooth 

enamel apatite and bone apatite can both yield δ13C signals. The δ13C value extracted 

from bone apatite represents the carbon ions incorporated from diet during the last 

decade of life due to the constant remodeling nature of bone tissues. Tooth enamel, on 

the other hand, does not remodel throughout life. Therefore, the δ13C signal contained 

in tooth enamel represent the dietary carbon intake during the time period a particular 

tooth (crown) is formed. In an adult individual, while the majority of the bones preserve 

stable carbon isotope signals synthesized later in life, his/her tooth enamel retains the 

stable carbon isotope composition from early childhood and early adolescence. The 

difference (or similarity) of δ13C apatite values between bone (later in life) and enamel 

(childhood/early adolescent) indicates the dietary difference between stages of life. 

Individual life history data complement the traditional bulk sample analysis of bone 

collagen and apatite, and provide solid ground for more precise inferences and research 

questions regarding a sample population. 

Stable Isotope Analysis Application in Mainland Southeast Asian Prehistory 

In Mainland Southeast Asia, the application of stable isotope ratio analysis on 

past human behavior has a shorter history, but the results and implications have been 

profound. In a preliminary report, Bower et al. (2006) utilize human skeletal remains 
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from Nui Nap (Metal Age, ca. 1,700 B.P.) and Con Co Ngua (Neolithic, ca. 5,000 B.P.) 

sites to isotopically evaluate the role of plant exploitation during the Neolithic period in 

Vietnam. Stable carbon isotope ratios were analyzed from dental apatite for the Con Co 

Ngua individuals, where δ13C and δ15N from bone collagen samples were measured for 

the Nui Nap site. In addition, trace elements barium and strontium isotopes ratios 

(Ba/Sr) at both sites were determined in an attempt to estimate the importance of 

marine vs. agricultural food sources. Results show an agreement with the incipient plant 

exploitation at Con Co Ngua based on archaeological records. Dietary C3 plants that 

might have included rice played a smaller role than at Nui Nap. Also, marine food 

resources appear to have been more significant at the Neolithic site than at the Metal 

Age site.  

In Thailand, King (2006) and King and Norr (2006) employ stable carbon and 

nitrogen isotopes, derived from human bone collagen and bone apatite from pre-state 

Metal Age populations in northeast Thailand, to reconstruct paleodiet. The samples are 

from four sites (Ban Chiang, Ban Na Di, Ban Lum Khao, and Noen U-Loke) ranging in 

age from 2,000 B.C. to A.D. 500. This study was the first to systematically recover bone 

collagen from sites in subtropical Mainland Southeast Asia. The results show a gradual 

shift in diet through time, especially among females, suggesting a transition of foods 

gathered in denser forests to those grown in open fields and/or partial consumption of 

C4 crops, such as millet. There is also evidence for a dietary shift from terrestrial protein 

to aquatic protein, possibly a result of increased forest clearance due to intensified 

agriculture. From 2,000 B.C. to A.D. 500, human diet increasingly relied on 
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domesticated plants and animals, while maintaining a broad spectrum diet of gathered 

local foodstuffs.  

Exchange of goods (including foods, metal products) in Mainland Southeast Asia, 

especially in Thailand during the late Neolithic to Metal Age period has been 

increasingly documented in archaeological records. It is apparent that people as the 

media of exchange were likely involved in movement of residency. Bentley and 

colleagues (2005, 2007) utilize strontium and oxygen isotopes extracted from human 

tooth enamel of individuals from Ban Chiang and Khok Phanom Di (northeast and 

southeast Thailand, respectively) to assess group movements and marriage patterns. In 

Ban Chiang, the results exhibit a high degree of intra-site variation for males that 

fluctuated between different mortuary phases. An abrupt reduction of female 87Sr/86Sr 

values is observed during the second millennium B.C. (Bentley et al., 2005). Strontium 

ratios from males tend to fall beyond local strontium ranges, while the tightly aggregated 

female signals show a local origin. The authors argue that matrilocal trends were 

associated with the spreading of agriculture, where male hunter-gathers came to reside 

in female agricultural communities. Similarly, a sudden reduction of female 87Sr/86Sr 

variance is found ~1,600-1,700 B.C., while a wider variance of male 87Sr/86Sr values 

persist throughout the Khok Phanom Di sequence (Bentley et al., 2007). The data 

demonstrate trends of male immigration to the occupation from other areas. 

Accompanied by a clear increase in the prestige of female burials, the authors suggest 

that a shift in the pattern of exogamy with a concomitant change in gender relations was 

possible. The possible male immigration patterns in Ban Chiang and Khok Phanom Di 

are very similar, despite the geographical distance between the two sites. Supported by 
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the ceramic tradition in Khok Phanom Di, Bentley and colleagues (2007) further argue 

that it may have been part of a region-wide social transition during this time period. 

A similar approach of strontium isotopes was employed to investigate the source 

of population growth during the transition from Bronze Age to Iron Age in Upper Mun 

River Valley, northeast Thailand (Cox et al., 2011). Teeth of 34 individuals from Noen U-

Loke site (300 B.C.- A.D. 500) were sampled for 87Sr/86Sr, δ18O, and δ13C analyses. The 

data demonstrate the sampled individuals have tightly distributed isotopic signals in all 

three elements, indicating short ranges of mobility and small dietary variation. Very few 

individuals (N= 3) have isotopic values outside of the “local” range and could be 

immigrants from other areas. The authors conclude that the increasing population size 

during the Iron Age was intrinsic in nature (increased fertility), rather than extrinsic with 

respect to a movement of people.  

The biogeochemistry approach used on prehistoric Mainland Southeast Asian 

populations, although few in numbers, has provided valuable insights to aid in the 

further understanding of many critical issues of the region’s prehistory. Issues such as 

the exploitation of food resources, land use, migration and exchange patterns, intra- and 

inter-site dietary variation, are now better understood. Along with other lines of 

bioarchaeological evidence (paleopathology, health status), human behavior in this 

region can be interpreted in a wider scope of biocultural context.  

Independent Archaeological and Bioarchaeological Evidence for Isotopic Data  

Despite being able to address a wide spectrum of research questions, isotopic 

data cannot stand alone in effectively providing meaningful information to the questions 

posted. Isotopic analysis to infer human behavior is one approach. The basic rationale 

of using stable isotope data as a proxy to diet is based on the fact that chemical 
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signatures embedded in rocks, soils, water, and air are incorporated into human tissues 

directly through ingestion of varied forms of these environmental elements, and/or 

through the consumption of organisms that lived in a particular environment. Without 

sufficient knowledge of the background ecology, isotopic data do not have a baseline 

framework with which they may be interpreted against. Therefore, it is standard 

procedure to analyze faunal remains (floral remains are also useful although rarely 

preserved) from the same (or similar) archaeological contexts being studied to retrieve 

isotopic baseline signatures from identified taxa, when attempting to perform 

paleodietary reconstruction and address other interests. In fact, isotopic data used to 

address the above listed research interests are all derived from dietary signals, only 

these interests go beyond purely characterizing dietary patterns. Depending on the 

context, faunal remains may include species of free-ranging local animals, animals that 

live on scraps of human food waste, domestic animals with certain ranges of diet, and 

sometimes migratory taxa. It is also important to identify and understand the general 

dietary behavior of each species involved. Additionally, modern faunal and floral parts 

that may have existed during the archaeological period are sometimes included to 

increase the potential of understanding local and regional food webs (e.g., King, 2006). 

The isotopic data derived from the faunal and floral analysis serve as a local isotopic 

baseline to facilitate the interpretation of human isotopic data. (e.g., Drucker and 

Bocherens, 2004; Pechenkina et al., 2005).  

It cannot be stressed enough that isotopic data should be placed in an 

appropriate archaeological context. Burial characteristics including body/face 

orientation, interred posture, location of the burials in relation to the cemetery, amount 
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and type of grave goods and placement, preservation state, and spatial relationship with 

other burials/features, are all valuable clues to the biological and cultural profile of an 

individual. These variables can assist in the inference of individual sex, age, status, 

possible occupation, and biological origin. Ambrose and colleagues (2003) use a 

previously studied group with variable status inferred from the archaeological record at 

Cahokia to examine the isotopic variation among lower and higher status individuals. 

The results largely match the archaeologically-inferred status and reveal a positive 

correlation between status and access to higher protein foodstuffs. Their archaeological 

and isotopic data are in agreement supporting a status difference both in burial context 

and dietary habits. It is entirely possible that isotopic data can elucidate certain 

archaeologically-invisible characteristics, or even contradict the archaeological 

inference. Nonetheless, archaeological data not only serve as complementary data for 

isotopic analysis, but can also be formulated as hypotheses being tested using bone 

chemistry methods. 

Moreover, bioarchaeological data such as prevalence of paleopathology (disease 

markers, age-related wear and tear, growth arrest indicators, trauma, congenital 

deformity) and dental wear (gross and micro) are critical in providing parameters for the 

individual samples analyzed isotopically. The approach of combining bioarchaeological 

data with isotopic data has been increasingly prevalent in prehistoric population studies 

(e.g., Larsen, 2002; Hutchinson and Norr, 2006; Pechenkina et al., 2007; Knudson and 

Stojanowski, 2008). For example, Wright (1994, Wright and White, 1996) assesses the 

validity of ecological models of the Classic Maya collapse, in which elevated disease 

and deteriorating diet are commonly assumed, by evaluating both skeletal pathology 
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and stable isotopic signals. The results show that neither dataset consistently supports 

this long-held model, and therefore, other political and environmental factors may have 

played a bigger role in the collapse in Classic Maya. Krigbaum (2007) presents acquired 

dental pathology data in conjuncture with stable carbon isotope ratios to explore the 

dietary shift during Neolithic occupation in island Southeast Asia. The research 

demonstrates that the dental data complement the isotopic results, both of which 

suggest a gradual dietary shift towards increasing consumption of plant foods grown in 

more open habitats, while maintaining a broad-spectrum foraging pattern.
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CHAPTER 5 
METHODOLOGY 

Paleopathology Observation Protocol 

To accommodate the varied excavation methods and preservation status of each 

site, the assessment of human skeletal health was conducted in slightly different 

manners. Specific paleopathological observation and sampling process are detailed in 

the following sections where the condition of each site and its skeletal assemblage and 

burial context are described. However, the standards and methods of demographic and 

paleopathological analyses are held consistent as outlined in this section. 

Demography 

Age at death and sex of each skeletal individual was assessed using the 

standards and guidelines in Buikstra and Ubelaker (1994). Age determination criteria 

utilized included dental eruption/formation sequence, epiphyseal fusion, pubic 

symphyseal morphology, cranial suture closure, and tooth wear. When possible, an 

individual was categorized into one of the following age categories: subadult (0-20 years 

old), young adult (20-35 years old), middle adult (35-50 years old), and old adult (50 

years and older). When preservation hindered confident assignment of age category, an 

individual was determined to be an adult or subadult based on available skeletal 

features. In cases of particularly bad preservation, age estimation was not attempted 

and an individual was categorized as ‘unknown’ with respect to age. Finer age 

categories have been used in other Southeast Asian bioarchaeological studies (e.g., 

Tayles, 1999; Douglas, 2006; Domett and Tayles, 2006; Oxenham et al., 2006; Ikehara-

Quebral, 2010), however, the mostly poor preservation of the studied skeletal remains 
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in this dissertation preclude more specific age categories, at the same time maintaining 

statistical relevancy for data analysis.  

Following conventional practice, only adult individuals (>20 years) were assessed 

for sex determination. While there were several late adolescent individuals whose sex 

was determinable, these results were not used in data analysis unless otherwise noted 

for consistency purposes. The criteria for sex determination included non-metric pelvic 

and cranial morphology as outlined in Buikstra and Ubelaker (1994).  

Stature 

Stature estimation was conducted on adult individuals only to ensure growth had 

ceased and an individual had reached his/her maximum height. As stated in Chapter 4, 

stature is a relatively stable genetic trait that may be influenced by the interplay of 

biological and cultural factors. Stature estimation standards are highly population 

specific, as stature not only reflects linear growth of an individual but also body 

proportion. Among various sets of population stature estimation standards, the 

regression formulae derived from Thai-Chinese cadavers by Sangvichien and 

colleagues (1985, n.d.) were chosen for stature estimation in this study (Table 5-1). This 

decision assumes that 1) body proportion of prehistoric and modern Thai people remain 

somewhat comparable; and 2) the secular changes in stature among modern Thai 

people due to dietary and cultural reasons is negligible. Furthermore, their regression 

formulae have been widely used in other Southeast Asian bioarchaeological studies 

which enable the data generated in this study comparable with the published literature. 

Intact long bones were measured following the definitions and illustrations in Buikstra 

and Ubelaker (1994). 
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Dental Pathologies and Conditions 

As described earlier, a number of human skeletal materials at some of the central 

Thai sites incorporated in this study remained in situ in the excavation pits. This practice 

often prevents a thorough observation of the posterior dentition and the lingual aspects 

of the teeth. The following section details the observation procedures, restrictions, and 

attempts to mitigate these restrictions for each dental pathology and condition. 

Linear enamel hypoplasia (LEH) 

Linear enamel hypoplasia, represented as linear depression on dental enamel, 

was observed on all dimensions of observable tooth crowns. When necessary, 

palpation and/or a dental pick were used to verify the results of visual inspection. For 

dentitions that remained in situ or partially obstructed, cautious and minimal cleaning 

procedures were employed to expose the enamel surfaces for observation. A dental 

inspection mirror and a flashlight were sometimes used to assess the lingual aspect of 

teeth if unobservable via direct visual inspection. Cleaning procedures and additional 

observation were applied to all dental pathologies scored, listed below. LEH was scored 

as present or absent for each tooth. When calculating LEH prevalence, the tooth count 

method was the main reporting method adopted. Number of individuals present with 

LEH defects was reported, while overall prevalence of LEH by individual count was not 

reported since the number of teeth preserved for each individual varies widely across 

the samples observed. A similar analytical approach was used for all dental and skeletal 

pathologies/conditions described below. 

Dental caries 

Each tooth available for observation was scored as absent or present for a 

carious lesion. Location and general morphology of each lesion was also described. 
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Prevalence of caries was reported and compared by tooth count. Since severe caries 

can result in tooth loss, Lukacs (1995) proposed a caries rate correction factor using the 

number of teeth lost antemortem (antemortem tooth loss, AMTL) to account for severely 

carious teeth that may have fallen out prior to death. Considering the rarity and the lack 

of severity of observed carious lesions in the studied samples (see Chapter 6), the 

caries rate correction factor was not applied in this study to avoid artificially inflating 

caries prevalence. However, special cases were noted where it was likely that a 

periapical cavity or antemortem tooth loss loci was the result of severe dental caries.  

Dental calculus 

All observable teeth were assessed as absent or present for dental calculates. 

Special caution was used when exposing the obstructed teeth to ensure no calculus 

deposits were accidentally removed. Buikstra and Ubelaker (1994, citing Brothwell, 

1981) categorize dental calculus into three subcategories based on the amount of build- 

up. A general observation on the studied dental remains is that the overall prevalence of 

calculus was low- only a small number of teeth were present with calculus build up 

beyond Brothwell’s (1981) least amount category (“small amount”). Therefore, this study 

reports the prevalence of dental calculus by tooth count and does not include 

subcategories of severity. 

Periapical cavity 

Bony loss and remodeling of the alveolar processes was scored and the tooth 

position associated with the periapical cavity was recorded. Since periapical cavity is a 

result of pulp chamber infection (Hillson, 2008), depending on the stage of infection and 

severity, the bony loss can occur when a tooth was still in its socket or may have been 

lost antemortem. Thus, the alveolar position (remodeled or not) was used as the 
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denominator to calculate periapical cavity prevalence. Each alveolus was scored as 

present or absent with respect to evidence of bony loss or remodeling around the 

locations of the tooth roots.  

Antemortem tooth loss (AMTL) 

Tooth loss before death is the ultimate result of dental caries, periodontal 

diseases, trauma, attrition, or any combination of these factors. Antemortem tooth loss 

(AMTL) was scored as present when clear signs of socket remodeling were observed at 

particular loci of the alveolus. Possible ambiguities between AMTL and dental agenesis, 

particularly for third molars and some anterior teeth, were mitigated by detailed 

inspection of tooth antimeres (corresponding teeth in the same jaw), dental attrition of 

the occlusal surfaces of the antimeres, dental realignment, and the alveolar process 

proper. The number of the alveolar positions scored was used as the denominator for 

AMTL prevalence. 

Skeletal Pathologies 

All available human skeletal remains were examined for skeletal pathologies. 

Unlike the dentition, skeletal remains from the central Thai sites were often in a highly 

fragmented state. Observation attempts were made to enhence data accuracy and 

consistency, while the highest priority was given to maintaining collection integrity.  

Porotic hyperostosis/cribra orbitalia (PH/CO) 

While combining porotic hyperostosis and cribra orbitalia as one collective 

indicator for anemia, both location (bone type) and stage of healing (active, remodeling, 

remodeled) were examined on available cranial bones and eye orbits. The lesion 

patterns, “hair-on-end” or “onion skin” as termed in Buikstra and Ubelaker (1994), were 
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distinguished. When cranial bones were obstructed, careful cleaning attempts were 

employed to expose and view the requisite surfaces of the skull. 

Degenerative joint diseases (DJD) 

All accessible joint areas were examined for evidence of degenerative joint 

diseases. As osteoarthritic reaction manifests into multiple forms, detailed description of 

each osteoarthritic condition was performed. Following the data recording instructions in 

Buikstra and Ubelaker (1994), the description of each affected joint included bone(s) 

involved, bony growth (osteophytes and/or bony spurs on non-vertebral joints), porosity, 

and extent of joint deformation. 

Trauma 

All available human skeletal remains were assessed for signs of traumatic 

injuries, following guidelines in Buikstra and Ubelaker (1994). Possible types, skeletal 

elements involved, extent of deformity, and remodeling stages were noted. Due to the 

rarity of trauma across the studied skeletal samples and unequal preservation among 

skeletal elements, individual description of trauma is reported instead of overall 

prevalence. 

Collection Condition, Paleopathology Observation, and Sampling 

Depending on the location, curation, and condition of each human skeletal 

assemblage reviewed in this study, paleopathology observation and sampling strategies 

varied slightly. Paleopathology studies previously completed by various researchers are 

noted for a subsample of Ban Mai Chaimongkol (Puenpathom, 1996; Pureepatpong, 

1996) and Ban Pong Manao (Lerdpipatworakul, 2003, 2009) and the entire sample for 

Non Mak La (Agelarakis, 2010, 2012a, 2012b) and Khok Phanom Di (Tayles, 1992, 
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1999). Each study focused on different but overlapping sets of health markers, using 

various references.  

In terms of a sampling strategy for stable isotope analysis, one bone and one 

tooth from each individual was the goal to maximize the amount of information while 

preserving burial integrity. All human bone and tooth samples selected had no evidence 

of pathology or diagnostic features. Faunal bones sampled were also free of pathology 

but were diagnostic or identifiable to the smallest taxonomic level possible. 

Non Mak La 

The Non Mak La human skeletal remains are currently curated at Adelphi 

University (Garden City, New York) under the care of Dr. Anagnostis Agelarakis. The 

preservation of the Non Mak La skeletal assemblage is poor. Similar to the preservation 

at Promtin Tai, the Non Mak La bone was recalcified in its burial environment. Many 

skeletal features were inaccessible due to the conglomeration of multiple bones and/or 

masses of soil/dried clay. Bones were mostly brittle and fragmentary with no mending of 

long bones possible. Therefore, no stature estimation could be calculated for this 

sample. Many bones and teeth are stained light green, likely a result of contact with 

associated bronze objects in particular burial contexts (Agelarakis, 2010 personal 

communication). 

Demography and paleopathology of the Non Mak La human assemblage was 

studied and updated by Agelarakis (2010, 2012a, 2012b) and these studies are used in 

this dissertation when addressing the bioarchaeology of Non Mak La. Thirty human 

primary burials were sampled for isotopic analysis (10 males, 8 females, 12 subadults) 

(Table 5-2). No faunal samples were collected for Non Mak La as the animal bones are 

stored elsewhere and were not accessible at the time of this study. 
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Ban Mai Chaimongkol 

A portion of the Ban Mai Chaimongkol human skeletal remains are currently 

stored in the Faculty of Archaeology, Silpakorn University (Bangkok Campus, Thailand), 

however, the majority of recovered remains are stored on the Cha-Am Campus of 

Silpakorn University (Phetchaburi). Only those human remains curated on the Cha-Am 

Campus were included in this study (SQ S17W22, Eyre, 2010 personal 

communication). 

The Ban Mai Chaimongkol skeletons have been meticulously cleaned by the 

excavation team and previous researchers, and have been reconstructed where 

possible. The human skeletons exhibit well preserved morphology with very few cases 

of conglomeration, which greatly facilitates paleopathological observation. Bone quality 

is poor with most bones showing signs of cortical degradation (porous, light-weight, and 

brittle). A total of 26 individuals were sampled for isotopic study (10 males, 11 females, 

5 subadults) (Table 5-2). A small number of animal bones and teeth were also sampled 

(Table 5-3). 

Promtin Tai 

In the village of Ban Promtin Tai, the human burials excavated during the 2007-

2008 field season remained in situ until the site director (Dr. Thanik Lertcharnrit) 

decided to have 11 human burials exhumed with the assistance of Drs. Nancy Tayles 

and Sian Halcrow in late 2008 as a means to better preserve the skeletons. 

Subsequently, a field school team from North Carolina State University and Eckerd 

College lifted one burial (B#12) in summer 2009. By 2010, there were 17 burials in situ. 

The exhumed human skeletal materials are stored in an on-site space intended for a 

museum location in the future. Unfortunately, intense rainfall during August and 
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September 2010 in central Thailand severely flooded the village and submerged all in 

situ burials.  

The author participated and supervised the exposure and excavation of most 

human burials during February and March 2007, the demography study and 

paleopathological analysis were initially conducted in situ as the burials were being 

discovered and uncovered. Multiple research visits were made to reexamine the burials 

in detail after they were exhumed and cleaned. Thus, the paleopathology data 

presented in this research are a collection of in situ study of the burials remained in the 

pit and more detailed observation of those individuals who were exhumed. 

In terms of the samples for isotopic analysis, one bone fragment and one loose 

tooth were selected from each burial when possible. Due to the clay-dominant soil 

profile and annual monsoon, the preservation of bones and other organic matters in 

Promtin Tai was very poor. Some bones were completely fossilized where cortical 

portions were replaced by minerals from surrounding water and soil. While dental 

enamel resists degradation, some tooth crowns from Promtin Tai appeared chalky and 

soft in texture, indicating diagenetic alteration. Thus, in some cases, to maximize the 

chance of extracting valid isotopic signals, two bone fragments or teeth were sampled 

when the burials observed were in very degraded condition. A total of 18 individuals 

were sampled (8 males, 4 females, 1 unknown sex adult, 5 subadults) (Table 5-2). A 

small number of faunal bones and teeth were also sampled (Table 5-3). 

Ban Pong Manao  

Human skeletal individuals (>60) from Ban Pong Manao were exhumed from 

various pits throughout the field seasons since 2000 and are stored on site in a storage 

shed. With the help of villagers, all human skeletal materials were temporarily moved to 
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the on-site museum to facilitate their study and have access to electricity. All excavated 

skeletons were carefully examined and scored for pathologies and other notable 

features. As a major museum attraction, three large pits with in situ human burials and 

burial goods are maintained and moderate traffic by visitors on weekends was 

observed. To preserve and enhance the appearance of the skeletons, over the years 

various concentration of Paraloid™ preservative solution had been applied to the 

exposed surfaces of the skeletons either by archaeologists or villagers. This in turn 

created major difficulties to thoroughly study the in situ burials. Therefore, maximum 

effort was made to observe the available skeletal and dental features, with the caveat 

that some pathologies may have been omitted due to their inaccessibility. Among the 

three pits, one contained looted burials and its provenience was severely disturbed both 

by the looters and the villagers’ attempt to restore the anatomical position of the burials. 

Burials in this pit, thus, are not included in this study. 

Skeletal and dental samples were selected mostly from exhumed burials with 

clear provenience. The Ban Pong Manao skeletons were uniquely better preserved 

compared to other central Thailand sites in this study. The bones frequently appear 

solid with little discoloration. The cortical integrity of most long bones is also 

macroscopically intact. The sandy soil and the site’s higher elevation prevented water 

accumulation thus promoting good bone preservation. Prolonged dry seasons helped to 

lower the humidity as well.  

The sampling strategy of one bone-one tooth for each individual was attempted 

where possible. Skeletal and dental samples from nine in situ burials are also selected 

in the two pits excavated with controlled methods. Paraloid™ preservatives were 
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applied to many skeletal elements that could affect the validity of stable isotope 

analysis. As a result, only bone fragments not exposed to the preservative were 

selected. These fragments were usually from the posterior parts of long bones since 

most burials were extended in supine position. Dental sample selection targeted the 

posterior dentition as they were usually shielded by mandibular rami and natural rotation 

of the skull during decomposition often obstructs the exposure of posterior teeth to the 

preservatives. Combined, 30 individuals were sampled from Ban Pong Manao site (19 

males, 7 females, 1 unknown sex adult, 3 subadults) (Table 5-2).  

A large number of recovered faunal remains were also sampled and all were 

associated with good provenience (Table 5-3). The goal was to sample as many 

species as possible to establish the ecological/dietary baseline for human isotopic 

signals. The Ban Pong Manao faunal remains make up the main ecological baseline 

assemblage in this study, owing to their superb preservation. Fish bones and small 

faunal remains, however, were rarely encountered in the assemblage. This may be a 

result of taphonomy and excavation bias instead of the complete (and unlikely) lack of 

consumption of fish and small animals. 

Kao Sai On-Noen Din 

The KSO-ND human skeletal remains from the 2007-2008 field seasons are in 

the storeroom of the King Narai Museum (part of the King Narai’s Palace, Lopburi, 

Thailand). Upon inspection and unpacking the boxes, the skeletons were wrapped in 

still damp bandage clothes soaked with the Paraloid™ solution. Associated soil matrix 

was usually still adhering to the bones, especially the crania and rib cages, since the 

latter were extremely fragmentary and fragile. Minor cleaning of the orbital roofs and 

teeth was attempted to expose areas for paleopathology observation. However, no 
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major cleaning and reconstruction was attempted due to time constraints and 

discussion with the site director (Dr. Roberto Ciarla). In addition to being fragile and 

saturated with preservatives, the bones appear severely degraded with visible cortical 

bone loss and discoloration. Skeletal and dental elements were selected from three 

individuals (2 males, 1 subadult, Table 5-2) for isotopic analysis, although the 

interpretation of isotopic results requires extra caution regarding the potential bias 

created by the preservatives. No faunal samples were collected as the studies of the 

zooarchaeological remains have yet to be completed. 

Khok Phanom Di 

Khok Phanom Di as a key site for early human occupation in southern central 

Thailand, its skeletal remains have been extensively studied and question-oriented 

research has been conducted revealing the unique lifeways of the Khok Phanom Di 

people (Tayles, 1999; Bentley et al., 2007). Inferences of Khok Phanom Di 

bioarchaeology are drawn based on these previous publications. Per Dr. Christopher 

King’s generosity and permission from Dr. Nancy Tayles (Khok Phanom Di physical 

anthropologist), bone fragments from 60 human adult individuals, selected by Dr. King, 

were transferred to the Bone Chemistry Lab, University of Florida to complement this 

dissertation research. Among the individuals, bones from 32 males and 28 females 

were used in this study (Table 5-2). No human teeth or faunal remains were available at 

the time of this study. Cortical integrity of each bone sample varies widely, from good to 

very poor. Detailed description of burial preservation is documented in Tayles (1999). 

Sample Processing for Stable Isotope Ratio Analysis 

Since stable isotope analysis is a destructive approach, documenting the 

samples is essential so as to minimize the impact on collection integrity and retain 
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morphological data. All samples for isotopic analysis were photographed with a metric 

scale and cataloged. Two to six high resolution photographs were taken for each 

sample. While one key criterion during field sampling was to eliminate bones/teeth with 

diagnostic features and pathologies, all collected samples (bones and teeth) were re-

examined before physical pretreatment, using an optical microscope with an external 

light source to confirm the lack of pathology and/or anomaly. Species of each faunal 

sample were re-analyzed and re-identified to taxon, when possible, using comparative 

collections housed in the Department of Anthropology and the Florida Museum of 

Natural History (University of Florida). All morphological observation and physical 

pretreatment was performed in the Bone Chemistry Laboratory, Department of 

Anthropology, University of Florida. 

Bone Sample Preparation Protocol 

To eliminate the impurities attached on or entrapped in the bone sample 

fragments, the following protocol was adhered: 

 observe the bone samples using a magnifying lamp to check for ash, textile 
patterning, cut marks, anomalies, and other special features 

 Depending on the skeletal element and cortical quality of the bone sample, 
approximately 5-10g of bone is segmented for collagen extraction and apatite 
purification. 

 A surgical scalpel with a No. 20 blade is used to remove the outer-most surface 
of the bone until the attached containments (e.g., humus, soil, debris, ink of 
permanent marker, preservatives, glue) are no longer visible. Long bone shafts 
and rib sections are split open with either the scalpel or a hammer (cushioned by 
layers of KimWipes) to expose trabecular bone and containments trapped within. 
Trabecular bone has a faster (shorter) turnover rate and would create 
complications when mixed with cortical bone, whose turnover rate is slower 
(longer). Cortical bone thus represents long-term diet. Hence, the trabecular 
bonewas eliminated from the sample. The scalpel is cleaned between samples 
with KimWipes dampened with distilled water.  
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 The bone fragments are placed in a labeled glass beaker filled with distilled water 
and sonicated for 10-15 minutes. When the samples are particularly dirty, more 
sonication cycles are required. Water is changed when it becomes cloudy. If any 
contaminants are still visibly attached to the bone, a soft bristle tooth brush is 
used to scrub off the debris. The bones are then air-dried on a plastic tray 
padded with layers of KimWipes for at least 24 hours. A layer of KimWipes is 
placed on the drying bones to act as a dust cover. 

 Each dried bone sample is ground with a clean ceramic mortar and pestle set. 
The ground bone fragments are passed through a stacked sieve (mesh size- 
0.50mm and 0.25mm). Bone fractions between 0.25-0.50mm are collected for 
collagen extraction; those <0.25mm are used for apatite purification. The bone 
fractions are transferred from the sieve to labeled plastic scintillation vials via a 
weighing paper (separate paper for each sample). The collagen and apatite 
fractions are stored in separate vials. The sieve is cleaned with a soft brush and 
wiped with KimWipes between samples. 

Collagen Extraction Protocol 

Initially developed to extract bone collagen for radiocarbon dating, Longin (1971) 

has been the basic method on which essentially all the variant collagen extraction 

protocols are developed. Longin’s (1971) protocol involves a demineralization process 

dissolving bone minerals (carbonates in particular) from ground bones in an 8% HCl 

solution followed by gelatinizing the collagen solution in a weak HCl solution (pH= 3) at 

90˚C. The gelatinized and reduced collagen solution is then freezedried (lyophilized) 

before being combusted and analyzed by mass spectrometry. DeNiro and Epstein 

(1981) proposed a soak in NaOH before gelatinization to remove humic acids. Brown et 

al. (1988) later called for the filtration process to remove acid-insoluble impurities 

suspended in the solution. In recent years, a combination of the three aforementioned 

protocols involving three major pretreatment processes (HCl soak, NaOH soak, and 

filtration) is usually adopted (e.g., Ambrose, 1990; Ambrose et al., 1997, 2003; Cannon 

et al., 1999). A series of methodological adjustments on the duration and molarity of HCl 

soak, duration and molarity of NaOH soak, and the effects of filtration on δ13C and δ15N 
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values (e.g., Jørkov et al., 2008) has been applied in the fields of paleodietary study and 

radiocarbon dating analysis. 

Due to the generally poor preservation of bone and sometimes very small 

amount of bone sampled from central Thai sites, a protocol capable of producing valid 

results and accommodates the limitations of samples is required. Although there is 

another tradition of collagen extraction protocol using bone chunks instead of ground 

bone powder (e.g., Richards and Hedges, 1999), it is suggested that the Longin-based 

bone powder method is more suitable for poorly preserved archaeological samples 

(Tuross et al., 1988; Schoeninger et al., 1989; Pfeiffer and Varney, 2000). In this study, 

besides conforming to the essence of Longin (1971) and DeNiro and Epstein (1981), an 

adaptation of Jorkov and colleagues’ (2008) “Collagen Extraction Method C” is 

established. In Jorkov et al. (2008), the ultra-filtration process is not performed in 

“Collagen Extraction Method C”. The authors demonstrate that percent collagen yield is 

remarkably higher in non-filtered “Method C” when compared to ultra-filtered “Method 

B”. The mean difference of δ13C and δ15N values between “Method B” and “Method C” 

are not significant (-0.17‰, p= 0.016; 0.019‰, p= 0.930; respectively). Although the 

cause(s) of producing lower %N and %C using “Method C” is unclear, the atomic C/N 

ratios for all their samples (N= 8) fall within the range of 2.9-3.6, which is conventionally 

considered valid collagen quality (DeNiro, 1985; Ambrose, 1990). With the advantage of 

maximizing percent collagen yield, the filtration process is eliminated in this central Thai 

study. Instead, a 20 minute centrifuge cycle at 2,200 rpm was implemented to remove 

the acid-/water-insoluble impurities. Since filtration is no longer required, 15 ml plastic 

centrifuge test tubes replace the conventional use of filtration mesh-lined glass funnels 
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for demineralization (HCl soak) and humic acid removal (NaOH soak). The centrifuge 

cycle should retain the impurities at the bottom of each tube while only the gelatinized 

solution is transferred to the glass vials for final collagen reduction by evaporation, and 

thus eliminate the potential bias created by the impurities. To further ensure the 

accuracy of decanting and transferring procedures, clean pipet tips are used to remove 

only the liquid from the centrifuged tubes. 

As described in detail in the following section, the molarity of HCl and NaOH is 

diluted with distilled water from the usual 0.2-1M to 0.1M and 0.125M to 0.0625M, 

respectively. In addition, since the time for a complete demineralization is sometimes 

fairly short (~4 to 6 hours) for very poorly preserved samples, the duration of NaOH 

soak for each sample is individually adjusted (usually ~6 to 8 hours) according to the 

speed of demineralization. These adjustments are necessary in order to prevent the 

hydrogen bonds in collagen molecules from becoming water soluble caused by 

prolonged soak in a strong HCl solution (Longin, 1971) and protect the collagen yield 

from being reduced due to extended immersion in a higher molarity NaOH solution.  

Collagen Extraction Procedures 

Bone collagen extraction process was conducted following the procedures 

detailed below: 

 label a 15ml centrifuge test tube with sample laboratory number and provenience 

 weigh and record the labeled tube without lid 

 tare the lidless tube weight on the scale 

 varied by preservation and available amount of each sample, place 
approximately 0.40-0.70g of 0.25-0.50mm bone fractions into a tube; record 
sample weight 
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 add ~12ml 0.1M HCl in tube, vortex to make sure all bone fractions are well 
mixed with the acid 

 place tube on a foam holder and loosen the lid slightly to release the CO2 and 
other gases produced by the demineralization reaction and record time 

 monitor closely every 4 to 6 hours 

 The demineralization process is considered complete when collagen flakes are 
floating or falling slowly in the tube when agitated. Again, depending on quality of 
the samples, the demineralization process can range from 4 to 16 hours.  

 centrifuge the tubes for 20 minutes at 2,200 rpm 

 The undissolved bone fraction and collagen flakes should be packed tightly at the 
bottom of the tubes. Use a pipet to decant the dirty acid. Refill the tube with 
distilled water to rinse off the acid, vortex, centrifuge for another 20 minutes, and 
decant. Repeat the rinsing process until the solution becomes neutralized (pH= 
7), which usually takes four to five rinsing cycles. 

 When the collagen samples are neutralized, add ~12ml 0.0625M NaOH to the 
tube. Vortex gently. Let reaction continue for four to eight hours, depending on 
the demineralization speed of each sample. Faster complete demineralization 
(shorter time in 0.1M HCl), shorter duration of 0.0625M NaOH soak. Record time. 

 rinse the solution to neutral with distilled water (use pH strips to check neutrality)  

 record the weight of a clean labeled 20 ml glass scintillation vial without the lid 

 add ~10 ml of 10-3M HCl (pH= 3) to each neutralized sample 

 transfer the entire content in the tube to its respective glass vial (make sure no 
collagen flakes are stuck on tube walls) 

 clean the tube with distilled water 

 place the vials without lids in a 95˚C oven for 4~5 hours 

 add ~30-40µl of 1M HCl to each vial to completely dissolve the collagen (return 
vials to the oven for another 4~5 hours) 

 add a few squirts of 10-3M HCl to replace the evaporated solution if necessary  

 transfer the content in vial back to its respective tube used in earlier steps 

 clean the vials with distilled water 

 centrifuge the tubes for 20 minutes at 2,200 rpm 
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 transfer only the solution in tube back to its respective vial (all the undissolved 
impurity should remain at the bottom of the tubes) 

 place the vials without lids in a 65˚C oven to condense 

 The goal is to condense the solution to ~2 ml. Avoid sample from completely 
drying out. Check frequently. When it is close to ~2 ml level, remove vials from 
oven, let cool, and put lids back on. Place into the freezer.  

 After completely frozen, loosen the lids slightly and place the vials in the freeze 
dryer for about two days until the content in vials appears as dried bubbles.  

 remove vials from the freeze dryer and weigh the vials (with collagen) without lids 
to calculate % collagen yield 

 load the collagen in tin capsules for mass spectrometry 

Bone Apatite Purification Protocol 

The protocol was modified to best suit the poorly preserved bone and teeth from 

central Thailand, based on Lee-Thorp (1989). The bone apatite purification process was 

performed following these procedures: 

 label a 15ml centrifuge test tube with sample laboratory number and provenience 

 weigh and record the labeled tube without lid 

 tare the lidless tube weight on the scale 

 place approximately 0.40-0.50g of <0.25mm bone fractions into a tube; record 
sample weight 

 add ~12 ml 50% Clorox solution (sodium hypochlorite) to each tube to remove 
the organic substance attached to the bone fractions 

 vortex thoroughly then let reaction continue for 16 hours (vortex occasionally) 

 centrifuge 15-20 minutes (2,200 rpm) and decant the Clorox with a clean pipet 

 add ~12ml distilled water, vortex, centrifuge for 15-20 minutes and decant 

 repeat the rinsing cycle for four to five times until neutralized (pH= 7) 

 add ~12ml 0.1M acetic acid in each tube and vortex thoroughly 

 let reaction continue for eight to ten hours 
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 repeat Step 6 to rinse the sample off the acetic acid to neutral and place the 
tubes with lid in a freezer 

 after completely frozen, loosen the lids slightly and place the tubes in the freeze 
dryer for about one day 

 remove the tubes from freeze dryer, weigh the tube (with apatite) without lid to 
calculate % apatite yield 

 load 0.50-0.60mg apatite per sample for mass spectrometry 

Dental Enamel Preparation Protocol 

Tooth enamel apatite purification process was conducted following the 

procedures listed below: 

 A Brassler dental drill with a carbide tip under an optical microscope was used to 
remove a portion of enamel from the crown. A microfiber optical light source was 
also mounted by the microscope.  

 After examined under the microscope for pathologies and anomalies, the tooth 
crown was observed for existed cracks and structurally weak points. These 
landmarks usually broke easily upon contact with the power dental drill and thus 
the drilling area(s) was carefully planned according to the positions of these 
structurally unsound portions.  

 A lower drill speed (~10,000 rpm) was used to polish the enamel surface 
removing attached soil, debris, calculus (if any), and discoloration. A higher drill 
speed (~20,000 rpm) was used on an enamel section was removed from the 
tooth crown for apatite purification. This enamel section was usually a quarter of 
a human permanent molar in size. Depending on the enamel thickness of each 
tooth and species (e.g., carnivores have much thinner enamel), the enamel 
sectioned for apatite purification varied in size. The goal was to have the cleaned 
weight of enamel ~0.4-0.7 g, while minimizing the destruction to the tooth crown. 

 Since it was structurally different from enamel and highly prone to diagenesis, 
dentine was entirely eliminated from all enamel samples. A lower drill speed was 
used to remove all traces of dentine under a microscope. A properly cleaned 
enamel section should have a semi-translucent appearance when held against 
the light source. 

 A clean agate mortar and pestle set was used to grind each enamel section into 
fine powder. The powder was stored in a labeled microcentrifuge tube before 
purification. 
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Dental Enamel Apatite Purification 

With similar molecular structure (hydroxyapatite), dental enamel apatite 

purification process largely followed the protocol for bone apatite purification. Since the 

amount of the enamel samples are smaller than those from bones, the 15 ml centrifuge 

tubes were replaced by 2 ml microcentrifuge tubes. The amount of enamel powder 

ranged from 0.20 to 0.50 g. The centrifuge time was reduced from 15-20 minutes to 8 

minutes (15,000 rpm). Since dental enamel was generally less prone to diagenesis, the 

duration of acetic acid soak was set to 16 hours. The same amount of enamel apatite 

(0.50-0.60 mg) as bone apatite was loaded for mass spectrometry. 

Mass Spectrometry 

The mass spectrometers in which the purified bone collagen and bone apatite 

samples were processed are housed in the Department of Geological Sciences at the 

University of Florida. After bone collagen, bone apatite, and tooth enamel apatite 

samples were freeze-dried, these samples were transported to the Department of 

Geological Sciences and stored in a desiccator prior to being processed by the mass 

spectrometers.  

C/N ratio 

A small amount (~0.1 mg) of freeze dried collagen was loaded in a tin capsule 

and combusted and analyzed for % carbon and % nitrogen using the Carlo Erba NA 

1500 CNS elemental analyzer. The C/N ratio was calculated as (%C/%N) x 1.6667. 

Samples with an appropriate C/N ratio (2.9-3.6, DeNiro, 1985) were loaded for stable 

isotope analysis. 
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Collagen 

About 0.5 mg of collagen flakes was introduced to the mass spectrometer, 

combusted, and stable isotope data were produced. The mass spectrometer used is a 

Finnigan-MAT 252 isotope ratio mass spectrometer. 

Apatite  

For bone and enamel apatite, about 0.8-1.0 mg of the purified apatite from each 

sample was introduced to a common acid bath and dissolved in 100% phosphoric acid. 

The CO2 gas produced in this reaction was measured using a VG PRISM Series II with 

a Multiprep preparation device, an Isocarb common acid bath preparation device, a 10-

port tube cracker preparation device, and a triple trap preparation device linked to the 

Carlo Erba NA 1500 CNS elemental analyzer. 

Diagenesis 

To ensure the effectiveness of stable isotope values derived from skeletal 

remains as a proxy of paleodiet, it is essential to evaluate the quality of bone and tooth 

samples for their structural integrity, and more importantly, the preservation of their in 

vivo chemical signatures. After entering the burial context (intentional or natural 

deposition), bones are subject to a wide variety of diagenetic factors, such as 

dissolution, erosion, exchange of ions, precipitation, breakdown and leaching of 

collagen, microbiological attack, and recrystallization. All of these factors may either 

react alone with bone or collectively with one another producing negative impacts on 

bone preservation. Results of these reactions may eventually lead to changes in 

chemical composition and structure of the bones (Hedges, 2002). If not detected and 

erroneously incorporated in paleodiet reconstruction, the diagenetic signals would 
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obfuscate the biogenic signals and result in misinterpretation of the actual dietary 

scenario. 

While the complexity of diagenesis continues to confound researchers, attempts 

have been made to understand the alteration processes occurring before excavation 

and the impact of environmental conditions on bone integrity. For example, Nielsen-

Marsh and Hedges (2000) present the correlated effects among different diagenetic 

parameters such as bone histology, bone porosity, protein content, bone apatite 

crystallinity, carbonate content, and modification of the chemical bone composition. 

Collagen 

To eliminate diagenetically altered collagen values and thus indirectly detect poor 

bone preservation, three mechanisms are commonly used for evaluating collagen 

validity: collagen yield by weight (% collagen yield), %C and %N, and C/N ratio 

(Schoeninger et al., 1989; Ambrose, 1993; Collins et al., 2002). Samples having low % 

collagen yields may indicate the effects of severe degradation and protein loss thereby 

limiting the amount of intact collagen remains to provide biogenic isotope values. If this 

holds true, a low collagen yield may well be contaminated with other substances and 

exhibit diagenetically altered isotope signals (Ambrose, 1990, 1993). However, it is 

noteworthy that the standard for valid collagen yield weight used by researchers varies 

widely from 5-6% to 10%, while others consider as low as 1% to be satisfactory (Tuross 

et al., 1988; Schoeninger et al., 1989; Ambrose, 1990; Pechenkina et al., 2005; Hu et 

al., 2006, 2008; Cox et al., 2011).  

Percent carbon and percent nitrogen concentration by weight in the extracted 

collagen is another indicator of collagen quality. Ambrose (1990) demonstrates that 

modern mammal bones have %C values ranging from 15% to 47%, and %N values 
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from 5% to 17%. For archaeological bones, he suggests that collagen samples with %C 

and %N below 13% and 5%, respectively, should be considered as diagenetically 

altered, contaminated, and/or poorly preserved. 

Lastly, the atomic weight of carbon and nitrogen is routinely reported. It is 

suggested that as collagen undergoes diagenesis, the amount of carbon and/or nitrogen 

is either lost due to leaching or altered by the replacement of carbon-rich contaminants, 

such as humic acids or lipids in the surrounding soil (Ambrose, 1990). DeNiro (1985) 

provides a C/N ratio value range based on modern bone collagen from 2.9 to 3.6. A 

collagen sample with a C/N ratio outside of this range suggests the carbon and/or 

nitrogen ions do not maintain their natural ratio and thus is diagenetically altered and 

does not represent a biogenic isotope value. The atomic C/N ratio is calculated by 

dividing weight %C by weight %N, and then multiplied by a value of 1.16667 to adjust 

for elemental atomic weight.  

In this study, the %C and %N and atomic C/N ratio are the key criteria for 

validating collagen quality. Percent collagen yield by weight from central Thai human 

bones is generally low, despite weakened concentration of reagents and shortened 

reaction time. Acknowledging the risk, the acceptable percentage of collagen yield is set 

to 1%. Along with other higher yielding collagen samples, the lower yielding ones are 

loaded in the mass spectrometer for %C and %N (and thus providing for atomic C/N 

ratio calculation) to eliminate the “bad” collagen samples from being loaded for isotopic 

signal readings. Almost uniformly, the low collagen yield bone samples do not produce 

“normal” %C and/or %N. In cases when %C and %N are normal, the atomic C/N ratios 

usually still outside the 2.9-3.6 acceptable range. Therefore, the possibility of including 
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low collagen yield samples that may contain isotopic values that are diagenetically 

altered is deemed low. 

Apatite 

While essentially mineral in nature, bone structural carbonate (bone apatite or 

bioapatite) is highly susceptible to contamination and post-depositional alternations of 

isotopic composition. This could happen even when the collagen portion of the same 

bone is well preserved (Wang and Cerling, 1994; Wright and Schwarcz, 1996; 

Pechenkina et al., 2005: 1178). However, since bone apatite reflects the carbon 

isotopes metabolized from total diet while bone collagen preserves the carbon from 

protein portion of the diet, the δ13C values of apatite and collagen from the same bone 

sample should maintain a positive correlation (Lee-Thorp et al., 1989). Thus, examining 

the correlation between apatite and collagen carbon isotope values can further avoid 

the inclusion of diagenetic signals (e.g., Pechenkina et al., 2005). Percent apatite yield 

after pretreatment is often reported (e.g., Hu et al., 2006, 2008). However, the yield 

varies widely across treatment time and strength of acetic acid, and not necessarily in 

accordance with original bone quality (Garvie-Lok et al., 2004). The percent yield of 

apatite is not used here as a control mechanism. 

In addition, Kellner and Schoeninger (2007), among others, advocate the notion 

that researchers need to have general expectations of the plausible isotope value range 

that the samples are to yield. To achieve this, an isotope baseline established by 

modern food items accessible in local environment is useful. This approach calls for 

close evaluation and cautious interpretation of “outlier” isotope values that may have 

been produced by diagenetically altered collagen samples that marginally pass the filter 

of the three collagen quality indicators. Ecological baseline is indeed reconstructed in 
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the current study using archaeological faunal remains from sites where human skeletal 

remains are sampled.  

In terms of tooth enamel, its high mineral content and strong crystaline structure 

facilitate better preservation of biogenic isotope signals (Hillson, 2005). As a result, 

isotopic ratios from all enamel samples processed are incorporated. When bone 

collagen and/or apatite samples from an individual do not yield valid isotope values, it is 

still possible to include his/her dietary patterns into a population-level analysis using the 

δ13C value derived from his/her tooth enamel apatite. In other words, incorporating tooth 

enamel apatite data is an efficient way to assess paleodiet of diagenesis-prone sites, 

such as those in the humid (sub)tropic of central Thailand. 

In this dissertation study, apatite samples from the same bones (individuals) that 

do not produce valid collagen stable isotope values are excluded from loading for 

carbon and oxygen isotopic analysis. Following the rational that “bad” collagen means 

the bone has undergone diagenesis and apatite sample from the same bone is very 

likely to be affected as well. Moreover, high molarity and prolonged treatment of acetic 

acid increase the risk of recrystallizing the dissolved diagenetic carbonates and turning 

them into brushite (Lee-Thorp, 1989; Lee-Thorp and van der Merwe, 1991; Garvie-Lok 

et al., 2004). Thus, a reduced duration of treatment and weakened concentration of 

acetic acid are implemented to avoid further degrading the compromised bone apatite 

samples. 

Isotopic Signals and Diet 

To reconstruct the dietary sources for prehistoric central Thai people, the isotopic 

categories of plant foods and animal diet need to be inferred from faunal and human 

skeletal/dental remains. For collagen, the δ13C isotopic spacing between bone collagen 



 

182 

and diet is generally agreed to be ~ 5.5‰, based on controlled feeding experiments 

conducted on rats and mice (Ambrose and Norr, 1993; Tieszen and Fagre, 1993). As 

for bone apatite, there are several versions of Δ13Capatite-diet ranging from 9.5‰ 

(Ambrose and Norr, 1993), 12‰ (Harrison and Katzenberg, 2003) to 13‰ (Prowse et 

al., 2004). The rational is that since δ13Cbone coll minus 5.5‰ equals δ13Cdiet, then it is 

possible to deduce the best possible spacing between δ13Cbone ap and δ13Cdiet with 

known δ13Cdiet (Harrison and Katzenberg, 2003). After plotting the human bone data 

based on the three values (9.5‰, 12‰, 13‰), the smallest discrepancies (should 

theoretically be equal) occurred between δ13Cbone coll minus 5.5‰ and δ13Cbone ap minus 

9.5‰ for most of the sites. Therefore, Δ13Capatite-diet= 9.5‰ is used to infer the δ13Cdiet 

from δ13Capatite (from both bone and enamel). 

Statistical Analysis 

A series of descriptive and inferential statistical analyses were conducted to 

determine the existence and extent of health and dietary trends at both intra- and inter-

site levels. Prior to any inferential statistical analysis, all metric (or nominal) data were 

subject to exploratory data analysis (EDA) to characterize their distribution. When one 

of the sample groups in each data set showed deviation from a normal distribution, 

statistical tests in nonparametric category were used. Replacing the one-way analysis of 

variance (one-way ANOVA) for parametric analysis, Kruskal-Wallis tests were 

performed to evaluate the variance of each sample group since most of the datasets did 

not form a normal distribution. Instead of Student’s t-test to evaluate the means for two 

samples of normal distribution, Mann-Whitney U tests were used to test if the mean of 

one sample group is significantly higher than the other nonparametric category. Kruskal-

Wallis tests were also used when comparing the means of more than two sample 
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groups of non-normal distribution. Levels of significance were set to 0.05. SPSS 

Statistics v.17 was used to perform all statistical analyses.
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Table 5-1.  Regression formulae used for stature estimation for Thai-Chinese population (see text) 

Males Females 

Upper Limb Bones (Sangvichien et al., n.d.) 

S= 3.0197*humerus max* + 70.0340 S= 2.7501*humerus max + 74.0862 

S= 3.3658*radius max + 81.4874 S= 2.6743*radius max + 92.5011  

S= 3.4970*ulna max + 72.8812 S= 2.7025*ulna max + 87.1950 

S= 1.6192*(humerus max + radius max) + 70.4181 S= 1.6192*(humerus max + radius max) + 70.4181 

  Lower Limb Bones (Sangvichien et al., 1985) 

S= 1.7289*femur max + 88.1320 ± 5.3885 S= 2.5815*femur max + 49.2412 ± 3.0007 

S= 2.7638*tibia max + 62.6946 ± 4.5232 S= 2.9716*tibia max + 51.6015 ± 3.4687 

S= 1.4210*(femur max + tibia max) + 49.6080 ± 4.2087 S= 1.4074*(femur max + tibia max) + 48.4454 ± 3.1019 

*max= maximum length (cm) 
 
Table 5-2.  Sex distribution of individuals sampled for stable isotope analysis 

 
Male Female Subadult ?Sex adult Total 

Site Bone Enamel Bone Enamel Bone Enamel Bone Enamel Bone Enamel 

Non Mak La 10 8 8 8 9 11 0 0 27 27 

Ban Mai Chaimongkol 8 8 9 9 5 5 0 0 22 22 

Promtin Tai 8 5 4 4 4 4 1 1 17 14 

Ban Pong Manao 17 8 7 5 2 3 1 0 27 16 

Kao Sai On-Noen Din 2 0 0 0 0 1 0 0 2 1 

Khok Phanom Di 32 0 28 0 0 0 0 0 60 0 
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Table 5-3.  Species distribution of faunal skeletal and dental samples selected for stable isotope analysis by site 

Faunal Species Bovidae 
Sus 
scrofa Cervinaea 

Canis 
sp. 

Gallus    
gallus 

Lotra  
sp. 

Rattus  
sp. Hystricidae 

 
Bb E B E B E B E Bone Bone Bone Enamel 

Non Mak La 0 0 0 0 0 0 0 0 0 0 0 0 

Ban Mai Chaimongkol 2 1 1 0 0 0 0 0 0 0 0 0 

Promtin Tai 1 0 1 1 0 0 0 0 0 0 0 0 

Ban Pong Manao 5 8 9 8 16 7 7 3 5 1 1 1 

Kao Sai On-Noen Din 0 0 0 0 0 0 0 0 0 0 0 0 

Khok Phanom Di 0 0 0 0 0 0 0 0 0 0 0 0 
aCervinae: Old World deer, including Muntiacus muntjak and large-bodied deer; bB: bone; E: enamel
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CHAPTER 6 
RESULTS OF PALEOPATHOLOGY 

This chapter presents the results of the osteological and paleopathological 

assessment on human skeletal remains from the five central Thai sites studied. While 

Ban Mai Chaimongkol and Ban Pong Manao skeletal assemblages were previously 

studied by Thai scholars from Silpakorn University (Puenpathom, 1996; Pureepatpong, 

1996; Lerdpipatworakul, 2003, 2009), only a subset of each assemblage was 

incorporated in their respective study. During July 2009 and January 2010, all available 

human skeletal remains from Ban Mai Chaimongkol and Ban Pong Manao were 

inventoried and included as part of this dissertation study. Therefore, this chapter 

presents demographic and paleopathological data from the complete burial 

assemblages from Promtin Tai, Ban Mai Chaimongkol, and Ban Pong Manao human 

skeletal assemblages. Non Mak La skeletal remains were studied by Agelarakis (2010, 

2012a, 2012b) and those from Khok Phanom Di human were studied by Tayles (1992, 

1999). The burial sequence for Non Mak La is currently being revised (Voelker and 

Pigott, 2012 personal communication) allowing for paleopathological data from this site 

to be re-examined. Data from Khok Phanom Di, however, are presented with other 

Mainland Southeast Asian bioarchaeological studies in a later part of this chapter. 

The temporal position of Non Mak La, Ban Mai Chaimongkol, and Promtin Tai 

allows further subdivision of burials into two groups for each site. At Promtai Tai, for 

example, the burials are grouped into Early or Late Iron Age groups, following the 

criteria described in Chapter 3. Ban Pong Manao, a late Iron Age site, lacked contextual 

evidence supporting any meaningful temporal sub-grouping and Kao Sai On-Noen Din 

yielded very few individuals with poor preservation, therefore, no sub-grouping is 
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assigned. At Non Mak La, the burials are grouped into Earlier and Later periods 

following the working burial chronology discussed in Chapter 3. For those individuals yet 

to be categorized into a time period, their associated data are presented in the “Site 

Total” portion of the tables and not used in intra-site comparisons.  

Ban Mai Chaimongkol burials are grouped into Bronze Age and Iron Age periods 

based on the burial sequence reported in Onsuwan (2000). Twelve individuals from Ban 

Mai Chaimongkol had poor preservation of burial provenience and chronological 

grouping could not be established with confidence. Thus, similar to Non Mak La, 

unassigned Ban Mai Chaimongkol individuals are presented in the “Site Total” portion of 

the tables, but their associated data are not included in intra-site comparison. Since 

these individuals are generally more fragmentary than others, there were no intact long 

bones associated for use in stature estimation. Thus, the exclusion of these individuals 

from stature statistics does not influence the validity of the reported results. 

Demography 

Tables 6-1 to 6-5 present demographic structure for Non Mak La, Ban Mai 

Chaimongkol, Promtin Tai, Ban Pong Manao, and Kao Sai On-Noen Din, respectively. 

For Non Mak La, it is worth noting that Agelarakis (2010, 2012b) estimated sex for 

subadults displaying clear skeletal indicators of biological sex. Both sexes are 

somewhat evenly distributed in the Earlier and Later periods (Table 6-1), with slightly 

more males than females. When periods are combined and the unknown period 

individuals are included into the total population, males are slightly better represented 

than females (male= 20.3% vs. female= 16.2%). In terms of age distribution, subadults 

comprise a majority of the Non Mak La population (42.9% in Earlier period, 14.3% in 

Later period, 44.6% total). Following subadults, young adults are the second most 
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populous group with 23% of the total being individuals whose age at death is estimated 

to have been between 20 and 35 years old.  

For Ban Mai Chaimongkol, the numbers of male and female individuals in both 

time periods are balanced (Table 6-2). When time periods are combined and 

unassigned individuals are added to the total, their proportion remains equal. Subadults 

make up 21% of the total population (20% during the Bronze Age and 30% during the 

Iron Age). As for adults whose age can be estimated to a finer range, the majority of 

individuals fall within in the young adult age group. A large portion of Ban Mai 

Chaimongkol burials could not be confidently identified for sex or age cohort due to poor 

preservation.  

At Promtin Tai, both Early and Late (Table 6-3) Iron Age contexts have slightly 

more males than females, with the Early period (N= 26) larger in sample size than the 

Late period (N= 9). There are three subadults represented in both time periods, 

although subadults from the Early period (12%) are a smaller proportion of the total 

population than those from the Late period (33%). When the burials from Promtin Tai 

are combined, the number of males is higher than females (26% vs. 17%, X
2
= 0.600, 

p= 0.43, Table 6-3) and subadults constitute only 17% of the total population. Young 

and middle age adults are the major age groups for Promtin Tai adults. Again, a high 

proportion of burials cannot be unambiguously assessed for sex and/or biological age. 

At Ban Pong Manao, multiple excavation seasons during a ten year period 

spread across a large site created complications in provenience when assessing total 

number of individuals. The agreement between the excavation team and village level 

management allowing a large number of burials to remain in situ for purposes of tourism 
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added to the difficulty in accurate demographic assessment. Human skeletal remains 

were often packaged in containers with unclear provenience information and/or burial 

designation. Therefore, the individuals included in this demography section and their 

skeletal/dental remains used in this paleopathological analysis comprise only those with 

clear burial provenience. It should be kept in mind that the overall prehistoric Ban Pong 

Manao population size was larger than reported here. There are more males (N= 21, 

43%) than females (N= 14, 29%), although the proportion difference is not statistically 

significant (X
2
= 1.400, p= 0.24, Table 6-4). Subadults (N= 3) make up only 6% of the 

total population. There are skeletal remains from two or more subadults, in jar burials, in 

Ban Pong Manao, but were not included in this study (see Chapter 3). Most of the Ban 

Pong Manao adults were young adult (male: 29%; female: 10%). Half of the Ban Pong 

Manao burials were assigned to age cohorts and ~75% were confidently assigned to 

sex. These proportions are particularly higher than Ban Mai Chaimongkol and Promtin 

Tai. Finally, only three individuals from Kao Sai On-Noen Din were incorporated into this 

study (Table 6-5). Among them, there is one subadult (<3 years old), one young adult 

male, and one adult male. 

Stature 

Stature is an indicator of nutritional sufficiency and physiological stress during 

growth. Malnourished and/or stressed individuals tend not to reach their maximum 

(genetic) height potential. Unfortunately, there were no intact long bones preserved for 

Non Mak La and Kao Sai On-Noen Din required for stature estimation. Estimated 

stature for Ban Mai Chaimongkol, Promtin Tai, and Ban Pong Manao is presented in 

Table 6-6. Males from Promtin Tai and Ban Pong Manao on average are tallest, while 
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Ban Mai Chaimongkol males are slightly shorter. When viewed by intra-site changes 

over time, there is no apparent trend in stature variation as Ban Mai Chaimongkol males 

show decrease in height while Promtin Tai males show an increase in height. With 

respect to females, Promtin Tai and Ban Pong Manao have the tallest females 

compared to Ban Mai Chaimongkol. Similar to males, female height changes over time 

with females getting shorter at Ban Mai Chaimongkol and females show an increase in 

height at Promtin Tai. Caution should be used with these results, as small sample size 

in all the inland central Thai sites may bias these observations.  

In terms of sexual dimorphism of average height at each site, Promtin Tai males 

are significantly taller than their female counterparts (t-test, p= 0.04). For the Ban Mai 

Chaimongkol and Ban Pong Manao samples, however, individuals do not show 

significant height difference between the sexes (p= 0.22 and 0.12, respectively). 

Dental Conditions and Pathologies 

Prevalence of dental conditions and pathologies at each site is presented in 

Tables 6-7 to 6-24. All dental pathology prevalences are reported by tooth count, while 

individual counts are described in the text. Prevalence of each pathology/condition is 

reported for permanent teeth only. Unless otherwise stated, the statistical analysis 

performed to test the significance of prevalence differences between two sample groups 

is Fisher’s exact test, since most of the comparison pairs have counts less than 5. 

Deciduous Dentition 

A total of 310 deciduous teeth (Non Mak La Earlier period= 124, Non Mak La 

Later period= 10, Non Mak La unknown period= 59, Ban Mai Chaimogkol Bronze Age= 

28, Ban Mai Chaimongkol Iron Age= 17, Ban Mai Chaimongkol unknown period= 20, 

Promtin Tai Early Iron Age= 10, Promtin Tai Late Iron Age= 25, Ban Pong Manao= 17) 
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and 176 deciduous alveolus positions (Ban Mai Chaimogkol Bronze Age= 40, Ban Mai 

Chaimongkol Iron Age= 20, Ban Mai Chaimongkol unknown period= 20, Promtin Tai 

Early Iron Age= 20, Promtin Tai Late Iron Age= 39, Ban Pong Manao= 37) are 

observed. The alveolus count for Non Mak La was not explicitly reported in Agelarakis 

(2010, 2012b). Among these deciduous teeth, only three were affected with dental 

caries. One belonged to a 5.5-6.5 year old child from the Iron Age Ban Mai 

Chaimongkol (see below) and two caries belonged to a 1-1.5 year old child from the 

Early period at Non Mak La. No other dental pathology was observed in any other 

deciduous teeth among all sites. 

Permanent Dentition 

Since dental pathologies were rarely observed on the deciduous dentition, 

prevalence of dental pathologies on the permanent teeth was used throughout this 

study when characterizing childhood physiological stress and dental health. In addition, 

only the prevalence of dentel pathologies on the permanent teeth was considered when 

comparing the central Thai data with those from other Mainland Southeast Asian 

prehistoric populations.  

Linear enamel hypoplasia (LEH) 

During the Earlier period at Non Mak La, one middle adult male (one tooth) was 

affected with LEH, 1.3% of the 75 male teeth observed for this period (Table 6-7). No 

LEH were observed in female or subadult teeth. The prevalence difference between 

males and females during the Earlier period is not significant (1.3% vs. 0%, p= 1.00). 

During the Later period, one subadult male (one tooth) and one young adult male (three 

teeth) were affected with LEH, making LEH prevalence for Later period males 5.8% 

(Table 6-7). The increase from the previous period is not significant (p= 0.19). For Later 
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period females, one young adult female (two teeth) were observed with LEH. Again, the 

heightened prevalence of LEH during the Later period (4.0%) compared to the Earlier 

period (0%) for females is not significant (p= 0.17). The difference between males and 

females is also not significant (5.8% vs. 4%, p= 1.00). No permanent teeth from 

subadults in the Later period showed LEH. When teeth from both periods and from 

unknown period individuals are combined, females (8.7%), interestingly, have a higher 

LEH prevalence than males (3%) (Table 6-7). The difference is statistically significant 

(chi-square test, p= 0.02). No subadult permanent tooth was affected. Overall, LEH 

prevalence for Non Mak La is 4.3% (20/461).  

Only one out of 372 total teeth observed from Ban Mai Chaimongkol shows an 

episode of hypoplastic defect (0.3%) (Table 6-8). It is associated with an Iron Age 

middle adult female. No statistical significance was detected either between sexes 

during the Iron Age or between time periods for females (p= 1.00 and p= 1.00, 

respectively). 

At Promtin Tai, hypoplastic defects were observed on Early Iron Age teeth from 

one young adult male (four teeth), one middle adult male (two teeth), one young adult 

female (one tooth), one subadult (five teeth), and one adult (two teeth) (Table 6-9). 

Fisher’s exact test shows no statistical significance when prevalence of LEH between 

the Early and the Late Iron Age males are compared (p= 0.18). LEH prevalence of Early 

Iron Age male teeth (8.8%) is higher than that of the Early Iron Age females (1.9%), but 

this difference is also not significant (p= 0.13). Five of the Early Iron Age subadult 

permanent teeth were affected with LEH (21.7%, 5/23), while none of the 15 subadult 

permanent teeth from the Late Iron Age were LEH-positive (0%, 0/15). The prevalence 
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difference among subadults between periods is statistically significant (p= 0.02). When 

the prevalence is calculated regardless of time period, Promtin Tai male teeth seem to 

be affected with LEH more frequently than female teeth, but again this trend is not 

supported statistically (p= 0.13) (Table 6-9). Total prevalence of LEH (age, sex, time 

period combined) for the Promtin Tai sample is 3.1% (7/226). 

At Ban Pong Manao, only one young adult male and one adult female were 

affected with LEH (one tooth each) (Table 6-10). The difference of prevalence between 

teeth from males (0.5%) and females (0.8%) is not statistically significant (Fisher’s exact 

test, p= 0.69). Overall LEH prevalence for Ban Pong Manao teeth is 0.6%. At Kao Sai 

On-Noen Din, two of three individuals do not have teeth associated with the skeletal 

remains, and no LEH were observed on the dentition of the young adult male (tooth 

count= 25; alveolar count= 25).  

Dental caries 

While the location of each dental caries was recorded, overall assessment 

revealed that all carious defects were located on either the buccal or the occlusal 

surface. As reported below, teeth from these central Thai sites were rarely affected with 

dental caries. Therefore, caries location is combined for the prevalence calculation to 

avoid further fragmenting the dataset. 

At Non Mak La, dental caries was seen on seven out of the 75 teeth observed for 

Early period males (9.7%), belonging to one middle adult male and one old adult male 

(Table 6-11). One Early period middle adult female (one tooth) was affected with caries 

(1.4%). The difference of caries prevalence between Early period males and females is 

not significant (p= 0.06). During the Later period, one 15-17 year old and one 16-20 

year old subadult male (one tooth each) were observed with caries lesions, making 
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Later period male caries prevalence 2.9% (Table 6-11). None of the Later period female 

teeth had caries. The caries prevalence between Later period males and females is not 

significant (p= 0.51). For individuals whose sex cannot be determined in both periods, 

no tooth was affected with caries. When prevalence of caries is compared for males 

from Earlier and Later period Non Mak La, the former has higher but not significant 

prevalence over the latter (p= 0.17). Female caries prevalence between periods also is 

not significantly different (p= 1.00). When all the teeth (including individuals with known 

or unknown period designation) from Non Mak La are combined into one group, males 

have a 5.2% caries prevalence, while females have a 0.7% rate (Table 6-11). The 

difference of prevalence between males and females is significantly different (p= 0.02). 

In addition, those individuals with undetermined sex have three caries-positive teeth. 

Overall, caries prevalence at Non Mak La is 3.5%. 

Prevalence of dental caries among male teeth (3.2%) during Bronze Age Ban 

Mai Chaimongkol is slightly lower than female teeth from the same period (3.7%) (Table 

6-12). Sample bias (discrepancy in the number of observable teeth) between males and 

females heavily influences this result. The carious lesions are distributed among one 

young adult male and one adult female. No statistical significance was observed on the 

prevalence difference between Bronze Age males and females (p= 1.00). None of the 

Bronze Age subadult permanent teeth was affected with dental caries. When it comes 

to the Iron Age at Ban Mai Chaimongkol, two young adult females were recorded to 

have carious lesions on their molars (Table 6-12). Both of these individuals died during 

childhood with caries on their posterior teeth (tooth count prevalence= 6.6%). One of 

them also had a carious lesion on its deciduous lower right second molar. No statistical 



 

195 

significance was found in caries prevalence between the Iron Age males and females 

(p= 0.16). When compared by time period, male teeth show a higher caries rate during 

the Bronze Age, while female teeth show a higher caries rate during the Iron Age. Iron 

Age subadult teeth display more carious lesions than their Bronze Age counterparts. 

These observed differences in caries incidence among time periods, sexes, and age 

groups, however, are not statistically significant. When all individual teeth are observed 

for all time periods (including those with unknown time period), Ban Mai Chaimongkol 

males have a lower caries rate (2.0%) than females (6.4%), but the difference is not 

significant (p= 0.08) (Table 6-12). Prevalence of caries on permanent teeth from 

subadults falls between that observed overall for males and females. Site-wise caries 

prevalence at Ban Mai Chaimongkol is 3.2%.  

At Promtin Tai, none of the teeth had a carious lesion, regardless of time period, 

sex, and age group (Table 6-13). At Ban Pong Manao, two young adult males were 

affected with caries (three teeth) and two young adult females (four teeth) were caries 

positive (Table 6-14). Caries prevalence for males and females is 1.5% and 3.1%, 

respectively. The difference is not significant (p= 0.44). Prevalence for Ban Pong Manao 

as a whole is 2.1% (7/335). Kao Sai On-Noen Din teeth were caries-free. 

Dental calculus 

For Ban Mai Chaimongkol, Promtin Tai, and Ban Pong Manao, locations of 

dental calculus were noted during paleopathological assessment. The most often 

encountered calculus location was on the buccal surface along the gum line (slightly 

below the cement-enamel junction). In individuals with more than one tooth affected, the 

plaque was consistently deposited on the buccal surface regardless of tooth type. 

Locations of calculus for Non Mak La teeth were not reported in Agelarakis (2010).  
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At Non Mak La, females have a significantly higher prevalence (20%) of calculus 

than males (1.3%) during the Earlier period (chi-square test, p= 0.00) (Table 6-15). 

However, when the number of affected individuals is considered, there is only one 

individual in each sex group (one middle adult male and one middle adult female) that 

has dental calculus. With respect to the Later period, one subadult male (two teeth) and 

one young adult female (20 teeth) were observed with calculus (Table 6-15). The 

prevalence for Later period males is 2.9% and for females is 40% where the latter is 

significantly higher (chi-square test, p= 0.00). When prevalences of calculus by tooth 

are compared by time period, males do not show significant increase from Earlier to 

Later (p= 0.61) while females do increase significantly (chi-square test, p= 0.00). Aside 

from the two subadult males mentioned previously, no other subadult permanent tooth 

had calculus. When all the teeth from Non Mak La are segregated by sex, prevalence of 

calculus for males is 1.3%, significantly lower than the 22.8% for females (chi-square 

test, p= 0.00) (Table 6-15). Overall, prevalence of calculus for Non Mak La is 8.0% 

(37/461).  

Teeth from Ban Mai Chaimongkol were essentially free of dental calculus (Table 

6-16). There was no tooth affected with this condition during the Bronze Age and only 

one tooth from an Iron Age middle adult female with calculus on her lower left canine 

(accompanied by LEH), making the calculus prevalence for Iron Age females 1.9% 

(1/52). Overall calculus prevalence for females is 1.1% (1/94). As expected, the 

prevalence difference between all combinations of grouping is not significant.  

At Promtin Tai, calculus seems to be more frequent on Early Iron Age male teeth 

than on female teeth (7.4% vs. 1.9%, p= 0.23) (Table 6-17). However, these teeth 
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belonged to one young adult male and one young adult female that does not necessary 

imply a sexually different calculus deposition trend. During the Late Iron Age, male teeth 

have a significantly higher prevalence of calculus than females (75% vs. 20%, chi-

square test, p= 0.00) (Table 6-17). Again, all calculus-positive teeth from the Late Iron 

Age come from one middle adult male and one young adult female (i.e., individual 

count: male=1, female=1). Although the high calculus rates within these individuals lead 

to statistically significant prevalence differences 1) among males by period (chi-square 

test, p= 0.00), 2) among females by period (p= 0.02), and 3) between sexes in 

combined period (chi-square test, p= 0.00), these results should be interpreted with 

caution. Total calculus prevalence of Promtin Tai teeth is 14.5% (Table 6-17). 

In Ban Pong Manao, five males and two females, all young adults have calculus 

on their teeth (both anterior and posterior teeth) (Table 6-18). Males have a prevalence 

of 11.9% and females have a prevalence of 16.3% (chi-square test, p= 0.32). No 

permanent teeth from subadults were affected. Total calculus prevalence for Ban Pong 

Manao teeth is 13.1% (43/335). Kao Sai On-Noen Din teeth were free of calculus. 

Periapical cavity 

As its name suggests, periapical cavity is a dental pathology occurring at or 

around the alveolar processes near the apex of tooth root(s). Therefore, the unit of 

periapical cavity prevalence is the number of alveoli (or tooth sockets). Since alveolus 

count for Non Mak La is unknown (Agelarakis, 2010, 2012b), periapical cavity 

prevalence for this site was not calculated. However, there is one old adult male at Non 

Mak La that has a “periodontal window” at the location of mandibular left third premolar 

(tooth present) (Agelarakis, 2010), and this designation refers to the “loss of labio-
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buccal alveolar bone and does not necessarily mean a periapical abscess” (Agelarakis, 

2012 personal communication).  

At Ban Mai Chaimongkol, no alveolus from the Bronze Age individuals shows 

evidence of periapical cavity (Table 6-19). As for the Iron Age, periapical cavity is 

observed on one tooth (mandibular second molar) from a young adult female, making 

its prevalence for the Iron Age female alveoli 1.5% (1/65). Prevalence differences 

between the sexes during the Iron Age and between time periods among females is not 

significant (p= 1.00 and p= 1.00, respectively). Prevalence of periapical cavity of female 

alveoli from both time periods and from individuals with unclear period association is 1% 

(Table 6-19). Prevalence of the entire site is 0.2% (1/416). Again, there is no significant 

difference between overall male and female prevalence (0% vs. 1.0%, p= 0.30). 

One individual of each sex (middle adult male and young adult female, both on 

second premolar alveoli) from the Early Iron Age Promtin Tai shows sign of periapical 

cavity (Table 6-20). The male’s periapical lesion is accompanied by antemortem tooth 

loss, implying that the loss of his teeth was a result of root/pulp caries. These two cases 

produce a prevalence of periapical cavity for Iron Age male alveoli of 1.3% and 1.9% for 

females (p= 1.00). During the Late Iron Age, two alveoli from one middle adult male 

were affected with periapical cavity (6.3% for total Late Iron Age male) (Table 6-20). No 

alveolus in Late Iron Age females had this pathology. Although there is an increase of 

periapical prevalence from the Early to the Late Iron Age for males (from 1.3% to 6.3%, 

p= 0.24), there is a decrease of prevalence with females (1.9% to 0%, p= 1.00). 

Therefore, no clear and definitive trend of prevalence change through time is observed. 

When time periods are combined, prevalence of periapical cavity for males is 2.7% and 
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1.2% for females (p= 0.63) (Table 6-20). Overall prevalence of periapical cavity at 

Promtin Tai is 1.6% (4/246).  

At Ban Pong Manao, periapical cavity occurs on the alveoli from two young adult 

males, one middle adult male, and one young adult female (Table 6-21). Prevalence of 

this defect for males is 2.1% and for females is 2.0% (p= 1.00), essentially identical. No 

permanent alveoli from subadults were affected. Overall site prevalence is 2.0% 

(8/396). Kao Sai On-Noen Din had no periapical cavity on any of the preserved alveoli. 

Antemortem tooth loss (AMTL) 

Antemortem tooth loss (or tooth loss prior to death, AMTL) is presented as 

remodeled tooth socket and resorbed alveolus, depending on the duration between 

tooth loss and death. Since the affected teeth were no longer present in the mouth upon 

interment, the unit of prevalence calculation for AMTL is the number of alveoli observed. 

With no alveolus count reported for Non Mak La, no prevalence of AMTL is provided 

here. In Agelarakis (2010), AMTL is absent from all dental remains examined.  

At Ban Mai Chaimongkol, a total of five alveolar positions from males during the 

Bronze Age show signs of AMTL (one young adult male and one middle adult male), 

making the prevalence 3.4% for this group (Table 6-22). One alveolus from one Bronze 

Age young adult female shows signs of AMTL (2.9%). The difference between male and 

female prevalence for the Bronze Age is not significant (p= 1.00). No alveolar position 

from subadults showed evidence of AMTL. During the Iron Age, four alveoli, all from 

one young adult male, showed evidence of AMTL (12.9%) (Table 6-22). Nine alveoli 

from one young adult female and three from one middle adult female showed evidence 

for AMTL (18.5%). The difference between males and females is not significant (p= 

1.00). Again, no subadult alveolus was affected with AMTL. When compared by time 



 

200 

period, both males and females show significantly higher prevalences of AMTL during 

the Iron Age than the Bronze Age (p= 0.05 and p= 0.03, respectively). When time 

periods are combined, females do show a significantly higher prevalence of AMTL 

(12.6%) than males (3.8%) (p= 0.00) (Table 6-22). Overall, AMTL prevalence for Ban 

Mai Chaimongkol is 5.3% by alveolus count (22/416).  

Among all the alveolus positions at Promtin Tai, only two were affected by AMTL 

both in an Early Iron Age middle adult male (2.6%) (Table 6-23). No other incidence of 

AMTL was recorded regardless of time, sex, or age group. Prevalence difference 

between sexes in either period was significant. Early Iron Age AMTL prevalence among 

males was slightly higher than Late Iron Age, however, the difference is not significant 

(p= 0.51). Overall prevalence of AMTL at Promtin Tai is 0.8% (2/246).  

At Ban Pong Manao, six alveolus positions among three young adult males and 

two positions from one middle adult male were affected by AMTL (male prevalence= 

3.4%) (Table 6-24). Two young adult females show a total of five AMTL affected alveoli 

(3.4%). No statistically significant difference was found between male and female AMTL 

prevalence (p= 1.00). No subadult alveolus was affected. Overall prevalence of AMTL at 

Ban Pong Manao is 3.3% (13/396).  

Skeletal Pathologies 

Prevalence of skeletal pathologies is detailed in the following section using a 

different reporting system. Instead of an overall prevalence for a population or 

demographic group, prevalence of skeletal pathologies is generally reported as an 

incident count, unless otherwise noted. The rationale is provided for each skeletal 

health indicator below. 
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Porotic Hyperostosis/Cribra Orbitalia (PH/CO) 

Porotic hyperostosis/cribra orbitalia is a condition appearing on the cranial vault 

and the orbital area, indicative of anemia. Due to the overall fragmentary state of most 

human skeletal remains incorporated in this study, preservation of the cranial vault and 

orbital areas varied greatly by individual. It was very rare for an individual to have large, 

intact cranial bones and orbital areas preserved, not to mention being coated with 

preservative that often obstructed visual inspection. In addition, some burials at Promtin 

Tai and Ban Pong Manao remained in situ at the time of data collection, which often 

obstructed the occipital and parietal portions of the crania. To avoid further distorting the 

prevalence of PH/CO, it is not reported by total individual count. Instead, number of 

observable orbital areas was used as the denominator of prevalence. As for cranial 

vault area, since the incidence was very rare, each case is described in the text below. 

There is no indication of PH/CO in Agelarakis (2012a, 2012b) among Non Mak La 

individuals. It is unclear if cranial remains were examined for PH/CO or if none of the 

Non Mak La individuals was affected with PH/CO. 

At Ban Mai Chaimongkol, three individuals were affected with CO in the orbital 

areas. They include a Bronze Age young adult male (bilateral active CO), a Bronze Age 

subadult (active CO in right orbit and no CO on left orbit), and an Iron Age young adult 

female (bilateral active CO). The prevalence of CO is 25% (3/12) and 17% (2/12) by 

orbit count (right and left, respectively). There was no PH observed on a total of 13 

relatively intact cranial vaults.  

At Promtin Tai, none of the seven right and eight left orbital areas was affected 

with CO. Among the 12 individuals whose cranial vaults were relatively intact, none of 

them showed any sign of porotic lesions or increased cranial thickness. At Ban Pong 
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Manao, three out of the 14 preserved right orbital areas affected with CO (21%) and one 

out of the 13 left orbital areas showed signs of CO (7.7%). These lesions were 

distributed among three individuals, a middle age female, an adult female, and a 

subadult (17-19 years old). The CO lesions on the two females were healed scars of 

CO while the subadult had asymmetrical lesions where its right orbit had healed but the 

left one was in the process of healing upon death. The cranial vault of one adult 

individual of unknown sex had PH lesion bilaterally on its parietals, but no evidence of 

cranial bone thickening. This was the only case out of 19 observed individuals whose 

cranial vaults were relatively intact (5.3%). At Kao Sai On-Noen Din, no orbital area and 

only a few pieces of fragmentary cranial bones were preserved for the three individuals. 

Among identified cranial bones, no CO or PH was observed.  

Degenerative Joint Disease 

Degenerative joint disease (DJD) is recorded when a joint surface displays signs 

of joint deformation (lipping, bony outgrowth, eburnation, collapse, etc.) due to wear and 

tear throughout life. When a joint has evidence of deformation, bone(s) in the same joint 

and surrounding bones are also inspected to exclude the deformations induced by 

trauma, inflammation, or other non-degenerative causes. All non-DJD joint deformations 

are presented below in “Trauma and Anomalies”. Due to the rarity of DJD and the 

overall preservation of the skeletal remains studied here, DJD was not further divided by 

severity of each DJD, although it was recorded.  

Based on Agelarakis’s assessment (2012a, b), 19 individuals from Non Mak La 

showed evidence of joint disease, often in the forms of lipping and osteophytes. There 

are eight individuals (one young adult female, two middle adult females, four middle 

adult males, and one old adult male) from the Earlier period, two individuals (one young 
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adult male and one young adult female) from the Later period, and ten from unknown 

time period (one young adult female, three young adult males, two middle adult 

females, two unknown sex young adults, one unknown sex middle adult). The most 

frequently affected joints were from the vertebral column. In addition from 

“osteoarthritis”, Agelarakis (2012a, b) describes some of these cases as 

“spondyloarthropathy”. Spondyloarthropathy refers to asymmetrical joint diseases 

predominantly involving the spine and sacroiliac joint, often associated with genetic 

factors (Ortner, 2003). It is also worth noting that osteoarthritis and signs of other joint 

diseases were used as criteria for age estimation in Agelarakis’s demographic 

assessment (2012a). The higher frequency of middle adult individuals being affected 

with joint diseases was expected as a result. 

Table 6-25 tabulates the location and demographic distribution of DJD incidents 

for Ban Mai Chaimongkol and Ban Pong Manao. Since no individual was associated 

with all of its skeletal elements preserved among the sites incorporated in this study, 

and since most bones were fragmentary, the prevalence of DJD by either bone, joint, or 

overall individual count was likely to introduce statistical bias. Therefore, Table 6-25 

reports numbers of individuals observed whose skeletal remains had cases of recorded 

DJD.  

At Ban Mai Chaimongkol, only middle adult individuals were affected with DJD. It 

should be clarified that evidence of DJD was not employed in age estimation in this 

study. Among affected individuals, an equal number of males and females were DJD-

positive. There does not seem to be a pattern when the location of DJD is considered. 

The severity of DJD was mostly slight that involved osteophyte outgrowth at the affected 
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joint surfaces. Only one Bronze Age male showed collapsed C3 to C6, T10, and L1 to 

L5 vertebral discs. These appeared to be a compression fracture due to long-term wear 

and tear. There were also osteophytes along the rim of these pathological discs. all the 

females affected with DJD were from the unknown time period, thus temporal 

comparison with Ban Mai Chaimongkol could not be assessed. 

At Promtin Tai, there was no evidence of DJD on any vertebral column or 

appendicular skeleton observed. This is likely to be a result of preservation factors and 

the practice of leaving burials in situ. The extended supine position of the burials 

prevented the observation of the vertebrae and the posterior aspects of bones when not 

exhumed from the excavation pits. 

At Ban Pong Manao, there were more males affected with DJD than females. 

However, this observation needs to be interpreted with caution since males were better 

represented in the population than females at this site. For those individuals whose age 

at death was estimated with confidence, only young adults displayed signs of DJD. In 

terms of joints affected, lower thoracic and lumbar regions were most frequent, although 

none of these vertebrae involved were severely deformed or collapsed. In addition, two 

of the total 11 individuals affected with DJD in Ban Pong Manao had degenerative 

changes at the first metatarsophalangeal joints. At Kao Sai On-Noen Din, no signs of 

DJD were observed.  

Trauma and Anomalies 

Incidences of skeletal trauma and anomaly are fairly rare in the sites studied. 

This is likely due to differential preservation of skeletal elements. Each case of trauma 

and anomaly is described below.  
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At Non Mak La, three individuals were observed with possible signs of trauma on 

the cranial bones (one middle adult male and two middle adult females), although in 

each case, taphonomic factors cannot be ruled out (Agelarakis, 2012a, b). There is one 

additional case recorded as having skeletal remains showing “eburnation possibly 

induced by trauma” (Agelarakis, 2012b) on the left distal humerus and proximal ulna 

(Agelarakis, 2012a). 

At Ban Mai Chaimongkol, one young female adult from the Bronze Age had a 

bony outgrowth on the posterior third of her left femur (popliteal surface), roughly 19.49 

mm by 45.12 mm at its maximum projection. The bone formation was well-organized 

dense bone with spicule-like structure that does not appear to be a reaction to fracture. 

Differential diagnosis points to a possible case of chondromyxoid fibroma, a benign 

tumor that occurs on the metaphysis of long bones (Ortner, 2003). A Bronze Age young 

adult male from Ban Mai Chaimongkol had a healed fracture on his right clavicle bone. 

No Iron Age individual from this site displayed any trauma or abnormal skeletal 

condition. Consistent with the rarity of DJD, Promtin Tai had only one individual (the 

Early Iron Age young female) exhibiting trauma of a healed fracture on the left clavicle. 

At Ban Pong Manao, there were five cases of trauma or skeletal anomalies, all of 

which were observed on the appendicular skeletons. One adult male had a malaligned, 

healed fracture along the distal third of the left ulna. A middle adult male had a flattened 

proximal left fibular shaft just below its head. The deformity did not continue to any 

portion of the shaft distal to the locale and the associated tibia did not show any 

abnormal skeletal feature. The locale does not seem to be fracture or trauma induced. 

Another young adult male displays periostitic reaction on the posterior-lateral portion of 
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the left tibia. Also on a left tibia, an unknown sex adult had new bone deposition at the 

distal portion of the interosseous surface, likely to be associated with the development 

and/or movement of the muscles attached. Lastly, an unknown sex adult had a 

deformed right distal ulna and right fifth metacarpal bone. These deformities were likely 

the resultfrom a fracture injury leaving both bones appearing “flattened”. The associated 

right radius showed arthritic lipping at the distal portion, indicating the trauma was 

sustained over a period of time prior to death and the injured area was functional 

(perhaps limited). Individuals from Kao Sai On-Noen Din showed no sign of trauma or 

skeletal anomaly. 

Stature and Dental Health of Central Thailand in a Regional Context 

Estimated stature and prevalence of each pathology offer insight into the general 

well-being of the prehistoric central Thai people. When placed into a larger regional 

context, the data can further contribute to a portrayal of the lifeways of these people 

considering temporal and geographical factors. In this section, stature and 

paleopathological data from this current study (Non Mak La, Ban Mai Chaimongkol, 

Promtin Tai, Ban Pong Manao, Kao Sai On-Noen Din) are compared with studies of 

human skeletal remains from various parts of Mainland Southeast Asia. Table 6-26 is a 

list of the human skeletal assemblages used in comparison and their 

archaeological/ecological/cultural background, seriated by time period. The majority of 

these assemblages occur in modern-day Thailand, with two from Cambodia and three 

from Vietnam. Due to a portion of the burials being in situ in some inland central Thai 

sites, a full assessment of skeletal pathologies and the bias due to inferior preservation 

status is recognized, such that prevalences of cranial and postcranial pathologies 
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(porotic hyperostosis/cribra orbitalia, degenerative joint disease, trauma and anomalies) 

are not included in this comparison. 

Stature 

Owing to similar academic traditions among the scholars who studied the 

comparison osteological assemblages, the same set of stature estimation formulae 

(Sangvichien et al., 1985, n.d.) have been consistently used to reconstruct stature for 

past populations from Mainland Southeast Asia. This facilitates a sound methodological 

ground for a regional stature comparison. 

Figure 6-1 is a visual demonstration of stature fluctuation of males and females 

from each comparative site. Those sites that do not appear on this figure either do not 

have intact long bones preserved for stature estimation or no stature information was 

reported in the reference literature. Accompanied by the data presented in Table 6-27, 

male stature fluctuates ~165.1 cm (overall average stature) displaying no apparent 

temporal or geographical trend. Among all sites, Noen U-Loke in northeast Thailand 

shows the tallest males on average (169.3 cm), where the absolute tallest male is from 

Nong Nor in central costal Thailand (181.6 cm). Males from Man Bac in northern 

Vietnam are shortest on average (161.4 cm), closely followed by Ban Mai Chaimongkol 

in central Thailand (161.5 cm). The absolute shortest male is from Ban Pong Manao 

(152.0 cm), also in inland central Thailand. When only the central Thai sites are 

considered, average male height from these sites (except Nong Nor) tend to be among 

the shortest compared to other non-central Thai sites.  

Phum Snay in northwest Cambodia has the tallest females on average (161.1 

cm) followed by the second tallest female population from Promtin Tai in central 

Thailand (156.8 cm). Phum Snay produced the absolute tallest female (173.7 cm) 
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among all individuals assessed. Conversely, average female height is the shortest at 

Non Nok Tha (northeast Thailand) during its Early period (152.0 cm). For those sites 

whose female height range is available, Khok Phanom Di in coastal central Thailand 

has the shortest female of 141.1 cm. Overall, stature at that site fluctuates around 154.8 

cm and there seems to be a subtle increase of stature over time. However, if the 

exceptionally tall female population of Phum Snay is excluded from comparison, the 

difference in average height between the shortest (Early Non Nok Tha, also the earliest) 

and the tallest (Promtin Tai) is 4.8 cm, very close to the height difference (4.3 cm) 

between the tallest (Phum Snay, 161.1 cm) and second tallest population (Promtin Tai, 

156.8 cm). This phenomenon illustrates the variation of female stature among these 

comparison sites across during this transitional period. Thus, the meaning of the 

general increase of female height over time may not be so apparent. Unlike male 

height, females from central Thai sites are not usually among the shortest compared to 

females from other geographical regions of Mainland Southeast Asia.  

In short, there does not seem to be a temporal or geographic trend for stature for 

either males or females among these Mainland Southeast Asian populations. In 

addition, sites that produced the tallest males do not necessarily have the tallest 

females, indicating again the variation of intra-site sexual dimorphism of height.  

The difference of stature between males and females (sexual dimorphism, in %) 

for each site is shown in Table 6-28. Pietrusewsky and Douglas (2002a) suggest that 

the proportion of stature difference between sexes against average male stature is a 

rough estimate of sexual dimorphism in a population. For example, the difference 

between average stature of males and females at Ban Pong Manao is 6.5 cm (see 
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Table 6-27). This number is divided by the site’s average male stature, 163.0 cm. Since 

degree of sexual dimorphism is recorded as a percent, the quotient is multiplied by 100, 

resulting in a stature sexual dimorphism at Ban Pong Manao of 4.0%.  

Table 6-28 shows a particularly interesting pattern, namely that inland central 

Thai sites have the lowest degrees of sexual dimorphism in stature, ranging between 

4.0% and 5.4%, among all other Mainland Southeast Asian sites (total range= 3.9% - 

8.7%). 

Dental Pathologies and Conditions 

Table 6-29 compiles the dental pathologies and conditions from all comparison 

sites. The affected and observed teeth were permanent teeth only, often including all 

tooth types and all individuals from each site. These permanent teeth were derived from 

both adults and subadults. However, data for certain pathologies at a few sites were 

available for adult individuals only. The exceptions were noted in Table 6-29. 

Prevalence was calculated by tooth count, unless otherwise noted.  

Linear enamel hypoplasia (LEH) 

Figure 6-2 plots the LEH data presented in Table 6-29 for visual comparison of 

LEH prevalence through time among sites. As noted, the particularly high prevalence of 

LEH from the three Vietnamese assemblages are derived from LEH observed on either 

anterior teeth or canines only and calculated by individual count in Oxenham (2006) and 

Oxenham et al. (2011). It is well known that the anterior teeth, especially canines, are 

most frequently affected tooth types for LEH (Goodman and Rose, 1990). The special 

focus on the LEH prevalence among anterior teeth is the main reason these three sites 

seem to have highly elevated LEH prevalences. When the Vietnamese sites are 

excluded from the comparison, prevalence of LEH in all remaining sites are at or below 
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20%. Khok Phanom Di in coastal central Thailand (20.7%) and Ban Na Di in northeast 

Thailand (17.3%) have the highest LEH prevalence while Ban Mai Chaimongkol (0.3%) 

and Ban Pong Manao (0.6%), both in inland central Thailand, have the lowest LEH 

prevalence (Kao Sai On-Noen Din has a small sample size in both tooth and individual 

counts).  

Temporally, there is no apparent pattern of LEH prevalence from the Neolithic to 

the Late Iron Age in Mainland Southeast Asia. For Non Nok Tha, LEH prevalence of the 

Earlier period is significantly higher than the Later period. As for Ban Chiang, the intra-

site difference of LEH prevalence though time is not significant (Douglas, 1996). When 

only central Thai sites are considered, all inland sites are among the lowest LEH-

prevalent sites. In fact, five out of the seven sites with the lowest LEH prevalences are 

from inland central Thailand.  

Dental caries 

Table 6-29 and Figure 6-3 present the caries prevalence at all comparative sites. 

Aside from observed caries prevalence, several previous studies also provide corrected 

caries prevalence, following Lukacs’s (1995) recommendation to account for the cases 

where severe caries ultimately may cause antemortem tooth loss. However, as the 

prevalence of caries for all inland central Thai samples were uncorrected (observed), 

the uncorrected caries prevalence from all comparative sites is utilized here to eliminate 

methodological bias. It should also be noted that caries prevalence at Noen U-Loke is 

reported based on adult teeth only, as reported in Tayles et al. (2007). 

Similar to LEH, Khok Phanom Di had the highest caries prevalence (10.8%) 

among all the assemblages compared, followed by Phum Snay (9.0%) in northwest 

Cambodia and Man Bac (8.6%) in northern Vietnam. There is no temporal trend in 
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terms of caries prevalence from the earliest assemblages (Da But/Neolithic period of 

Con Co Hgua in northern Vietnam and the Neolithic-Early Bronze Age assemblage of 

Non Nok Tha in northeast Thailand) to the Late Iron Age Ban Pong Manao assemblage 

in central Thailand). Aside from a few caries-prevalent sites (e.g., Khok Phanom Di, 

Phum Snay, Man Bac, Early Ban Chiang, Nong Nor), caries prevalence in all other sites 

are consistently low (around or below 5%). The caries prevalence between Early and 

Late periods at Non Nok Tha is significantly different, with the teeth from the Later 

period having much higher caries prevalence than the Early period teeth (Douglas, 

1996). With the prevalence of other dental pathologies also increasing through time 

(see below), Douglas (1996: 583) views this trend as evidence of shifting dietary 

composition from coarse/fibrous to starchy/sweet foodstuffs. Again, inland central Thai 

sites exhibit among the lowest caries prevalence. Promtin Tai, especially, does not yield 

any carious tooth among all observable dentitions.  

Dental calculus 

Dental calculus is the most ubiquitous dental condition in all the inland central 

Thai sites studied in this research and across the comparison human skeletal 

assemblages. The extent of calculus deposit, however, varied widely among sites. 

Since some sites from inland central Thailand (e.g., Ban Mai Chaimongkol and Kao Sai 

On-Noen Din, Table 6-29, Figure 6-4) have very low calculus prevalence, the severity of 

calculus (slight, moderate, marked), while recorded, is grouped together and treated as 

calculus present. This approach is different from the studies on Ban Chiang and Non 

Nok Tha remains where Douglas (1996) groups advanced (moderate and marked) 

calculus as a category and uses it to conduct inferential statistical analyses against 

numbers of teeth with no or slight calculus deposit. In addition, only adult teeth are used 
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when reporting calculus prevalences for Ban Chiang (Douglas, 1996), Non Nok Tha 

(Douglas, 1996), and Noen U-Loke (Tayles et al., 2007). However, Douglas (1996) 

notes that only on rare occasions were permanent teeth from subadult individuals 

affected with calculus at Ban Chiang and Non Nok Tha.  

Prevalence of dental calculus ertr the highest (~30%) in three assemblages: 

Early Ban Chiang (32.8%), Late Non Nok Tha (32.4%), and Early Non Nok Tha 

(29.4%), all of which are situated in northeast Thailand occupying the early spectrum of 

chronology (the Neolithic to the Bronze Age). There seems to be a decline of calculus 

prevalence (~10%) during the Bronze and Iron Ages compared to the Neolithic period. 

Among the later assemblages, prevalence of calculus of Late Ban Chiang (20.3%) is 

significantly lower than its Early period counterpart (32.8%) (Douglas, 1996). With 

respect to central Thai sites, they are the least calculus prevalent assemblages (ranging 

from 0% in Kao Sai On-Noen Din to 14.5% at Promtin Tai).  

Periapical cavity 

Periapical cavity is termed somewhat differently among various comparative 

groups. For the Vietnamese assemblages, Oxenham (2006) refers to this pathogenic 

erosion of the alveolar process as “alveolar defect of pulpal origin” when assessing Con 

Co Hgua and Red-Ma-Ca River Valley human dentitions. For the Man Bac assemblage, 

Oxenham and colleagues (2011) call it “alveolar defect”. For Noen U-Loke site from 

northeast Thailand, Tayles and colleagues (2007) term it “alveolar lytic lesion”. In 

addition, prevalence of periapical cavity was restricted to only adult individuals at Thai 

sites of Khok Phanom Di (Tayles, 1999), Nong Nor (Domett, 2001), Ban Lum Khao 

(Domett, 2001), Ban Na Di (Domett, 2001), and Noen U-Loke (Tayles et al., 2007).  
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When all 18 human skeletal assemblages (alveolus count at Non Mak La is not 

available) are compared, prevalence of periapical cavity is ubiquitously low, ranging 

from 0% in Kao Sai On-Noen Din (or 0.2% in Ban Mai Chaimongkol if discounting Kao 

Sai On-Noen Din’s small sample size) to the highest of 6.6% in Ban Chiang Late period 

(Table 6-29, Figure 6-5). In fact, other than Late Ban Chiang, Noen U-Loke, Khok 

Phanom Di, and Early Ban Chiang, prevalence of periapical cavity in all other 14 

assemblages are 2.7% or lower. The highest four assemblages, however, do not 

aggregate in a particular time period, suggesting the lack of a temporal trend in 

periapical cavity prevalence over time in prehistoric Mainland Southeast Asia. Very 

similar to the observations on other dental pathologies, dentitions from inland central 

Thai people display the rarest occurrences of periapical cavity. For coastal central Thai 

sites, the Khok Phanom Di dentition has one of the highest periapical cavity 

prevalences (6.0%) while Nong Nor, its neighbor and slightly later in time, is among the 

least frequently affected assemblages at 0.8%.  

Antemortem tooth loss (AMTL) 

Prevalence of AMTL is reported in all but one (Non Mak La) skeletal assemblage. 

While in most of the assemblages AMTL prevalence was calculated by using all 

permanent alveolus positions from both subadults and adults, the following 

assemblages report only adult AMTL prevalences, Khok Phanom Di (Tayles, 1999), 

Nong Nor (Domett, 2001), Ban Lum Khao (Domett, 2001), Ban Na Di (Domett, 2001), 

and Noen U-Loke (Tayles et al., 2007). 

Shown in Table 6-29 and Figure 6-5, Late Non Nok Tha dentitions have the 

highest prevalence of AMTL (10.4%) followed by Khok Phanom Di (8.9%). AMTL in 

Early and Late Ban Chiang assemblages is also frequent (6.6% and 6.9%, 
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respectively). Aside from these four assemblages, there seems to be a status quo of 

AMTL prevalences at ~5% or lower, regardless of location and inferred site ecology. 

Through time, a slight decrease (except for the higher rate at Late Ban Chiang) of AMTL 

prevalence is observed. Among the inland central Thai sites, Ban Mai Chaimongkol 

(5.3%) is the only assemblage that produces a comparable AMTL prevalence with other 

non-central Thai sites. All other inland central Thai sites have AMTL rates ranging from 

0% (Kao Sai On-Noen Din) to Ban Pong Manao (3.3%). For coastal central Thai sites, 

Khok Phanom Di has one of the highest AMTL prevalence among all, while Nong Nor 

has a much lower AMTL prevalence at 4.4%. All of the Vietnamese and Cambodian 

sites (temporally and geographically diverse) have an AMTL prevalence of 5% or lower.  

Regional Comparison of Dental Health 

As this study aims to conduct in-depth investigation of the human lifeways of six 

central Thai sites (Non Mak La, Ban Mai Chaimongkol, Promtin Tai, Ban Pong Manao, 

Kso Sai On-Noen Din, Khok Phanom Di) and place them in a regional perspective, it is 

imperative to also understand the variations existing among these six sites. To achieve 

this and to facilitate the interpretation of isotopic data, prevalence of dental conditions 

and pathologies of these six sites (when available) were compared among themselves 

by means of Fisher’s exact tests (FET, significant level set to 0.05). 

Tables 6-30 to 6-34 present the comparative results by site. In Table 6-30, the 

proportion of teeth affected with LEH is available for all six sites. The proportion for 

LEH-positive teeth is significantly different in the following inland site pairs: Non Mak La 

vs. Ban Mai Chaimongkol, Promtin Tai vs. Ban Mai Chaimongkol, Non Mak La vs. Ban 

Pong Manao, Promtin Tai vs. Ban Pong Manao. When the prevalence of LEH at each 

site is considered, the absolute differences of LEH prevalence between those affected 
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more frequently (Promtin Tai and Non Mak La) and those rarely affected (Ban Mai 

Chaimongkol, Ban Pong Manao, and Kao Sai On-Noen Din) are obvious and confirmed 

by the statistical analyses. Khok Phanom Di, as an outgroup both temporally and 

geographically/ecologically, does have significantly higher proportion of teeth affected 

with LEH than any other inland central Thai sites. In fact, sites with the lowest (Kao Sain 

On-Noen Din and Ban Mai Chaimongkol) and highest (Khok Phanom Di) prevalence of 

LEH are from central Thailand. The small sample size of Kao Sai On-Noen Din 

assemblage likely contributes to the overall non-significant FET results and this trend 

persists throughout most FET’s when other pathologies are considered. 

Table 6-31 shows the results of FET analyses on dental caries prevalence from 

the central Thai sites. For inland sites, the complete lack of caries at Promtin Tai (with 

good sample size) contributes to the significantly different results with respect to the 

proportion of carious teeth when compared to Non Mak La, Ban Mai Chaimongkol, and 

Ban Pong Manao. These latter three sites do not show significantly different prevalence 

of caries. When Khok Phanom Di is compared, its particularly high caries prevalence 

(10.8%) is significantly different from all of the inland central Thai sites (except Kao Sai 

On-Noen Din for reasons stated previously).  

As for dental calculus, Ban Mai Chaimongkol has an exceptionally low proportion 

of teeth affected (0.3%). This low proportion is significantly different from that of Non 

Mak La, Promtin Tai, and Ban Pong Manao (Table 6-32). On the other end of the 

spectrum in terms of calculus prevalence, Promtin Tai has the highest at 15.4%. This 

makes Promtin Tai having significantly different proportion of caries teeth from all other 
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inland central Thai sites. Dental calculus prevalence from Khok Phanom Di, however, is 

not available.  

In Table 6-33, the proportion of the alveoli affected with periapical cavity is 

significantly different between the sites having the highest prevalence (Ban Pong 

Manao, 5.1%) and the site with the lowest prevalence (Ban Mai Chaimongkol, 0.2%) 

among the inland central Thai sites. While the Non Mak La dental study does not report 

alveolus count in Agelarakis (2010, 2012b), the proportionally small sample size from 

Kao Sai On-Noen Din again diminishes its comparability to other sites, despite its lack 

of periapical cavity. Khok Phanom Di in coastal Thailand has a slightly elevated 

prevalence of periapical cavity (6.0%) compared to the highest site in the inland central 

Thai group (Ban Pong Manao, 5.1%), although the prevalence with the former is from 

adult individuals only (Tayles, 1999). With this in mind, periapical cavity at Khok 

Phanom Di is significantly higher than Ban Mai Chaimongkol and Promtin Tai.  

Lastly, in Table 6-34, the difference of AMTL prevalence between the two 

extremes of the prevalence spectrum of inland central Thailand (Ban Mai Chaimongkol, 

5.3% and Promtin Tai, 0.8%) are indeed significant. When Khok Phanom Di is added for 

comparison, its higher AMTL prevalence of 8.9% (adults only) is significantly different 

from all the inland sites (except Kao Sai On-Noen Din for sample size reasons) that 

have much lower proportion of alveoli affected with AMTL. 

To summarize, there is a great amount of variation in the aspect of dental 

condition/pathology prevalence among inland central Thai sites. There is no one site 

that consistently has the highest prevalence of all or even the majority of dental 

conditions/pathologies. Among them, Promtin Tai is the only inland site that has the 
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highest prevalence of two out of the five dental conditions/pathologies (LEH and dental 

calculus). On the other hand, Promtin Tai is a site that completely lacks dental caries. 

All of the other inland sites that have sufficient dental sample sizes (Non Mak La, Ban 

Mai Chaimongkol, and Ban Pong Manao) register the highest prevalence of one dental 

condition/pathology or the other. When lower prevalence for dental condition/pathology 

is considered, Ban Mai Chaimongkol seems to record the lowest prevalence of dental 

health indicators more frequently (in LEH, calculus, and periapical cavity) than any other 

inland site, followed by Promtin Tai in two categories (caries and AMTL). Most 

interestingly, Khok Phanom Di as an outgroup in this study is clearly asynchronous with 

respect to dental conditions/pathologies observed. In addition to its consistently higher 

prevalence of dental conditions and pathologies compared to that of the inland central 

Thai sites, the pathological prevalence of Khok Phanom Di are often significantly higher 

than all other Mainland Southeast Asian sites in general.
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Table 6-1.  Demographic structure of Non Mak La 

 
Male % Female % Sex?a % Total % 

Early Period 
        SAb 1 4.8 0 0.0 9 42.9 10 47.6 

YA 0 0.0 2 9.5 0 0.0 2 9.5 

MA 4 19.0 3 14.3 0 0.0 7 33.3 

OA 1 4.8 0 0.0 0 0.0 1 4.8 

Adult 0 0.0 0 0.0 1 4.8 1 4.8 

Age? 0 0.0 0 0.0 0 0.0 0 0.0 

Total 6 28.6 5 23.8 10 47.6 21 100.0 

         Later Period 
        SA 2 28.6 1 14.3 1 14.3 4 57.1 

YA 1 14.3 1 14.3 1 14.3 3 42.9 

MA 0 0.0 0 0.0 0 0.0 0 0.0 

OA 0 0.0 0 0.0 0 0.0 0 0.0 

Adult 0 0.0 0 0.0 0 0.0 0 0.0 

Age? 0 0.0 0 0.0 0 0.0 0 0.0 

Total 3 42.9 2 28.6 2 28.6 7 100.0 

         Site Total 
        SA 4 5.4 1 1.4 33 44.6 38 51.4 

YA 5 6.8 6 8.1 6 8.1 17 23.0 

MA 4 5.4 5 6.8 4 5.4 13 17.6 

OA 1 1.4 0 0.0 1 1.4 2 2.7 

Adult 1 1.4 0 0.0 2 2.7 3 4.1 

Age? 0 0.0 0 0.0 1 1.4 1 1.4 

Total 15 20.3 12 16.2 47 63.5 74 100.0 
aSex?: unknown sex individuals; bSA: subadult (0-20 years old); YA: young adult (20-35 
years old); MA: middle adult (35-50 years old); OA: old adult (50 years and older); Adult: 
adult with unknown specific age range; Age?: unknown age
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Table 6-2.  Demographic structure of Ban Mai Chaimongkol 

 
Male % Female % Sex? % Total % 

Bronze Age 
        SA 1 6.7 0 0.0 2 13.3 3 20.0 

YA 2 13.3 3 20.0 0 0.0 5 33.3 

MA 1 6.7 0 0.0 0 0.0 1 6.7 

OA 1 6.7 0 0.0 0 0.0 1 6.7 

Adult 0 0.0 1 6.7 3 20.0 4 26.7 

Age? 0 0.0 0 0.0 1 6.7 1 6.7 

Total 5 33.3 4 26.7 6 40.0 15 100.0 

         Iron Age 
        SA 0 0.0 1 10.0 2 20.0 3 30.0 

YA 1 10.0 0 0.0 0 0.0 1 10.0 

MA 0 0.0 2 20.0 0 0.0 2 20.0 

OA 0 0.0 0 0.0 0 0.0 0 0.0 

Adult 3 30.0 0 0.0 1 10.0 4 40.0 

Age? 0 0.0 0 0.0 0 0.0 0 0.0 

Total 4 40.0 3 30.0 3 30.0 10 100.0 

         Site Total 
        SA 1 2.6 1 2.6 6 15.8 8 21.1 

YA 3 7.9 4 10.5 0 0.0 7 18.4 

MA 3 7.9 5 13.2 0 0.0 8 21.1 

OA 1 2.6 0 0.0 0 0.0 1 2.6 

Adult 4 10.5 2 5.3 5 13.2 11 28.9 

Age? 0 0.0 0 0.0 3 7.9 3 7.9 

Total 12 31.6 12 31.6 14 36.8 38 100.0 
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Table 6-3.  Demographic structure of Promtin Tai 

 
Male % Female % Sex? % Total % 

Early Iron Age 
        SA 0 0.0 0 0.0 3 11.5 3 11.5 

YA 2 7.7 4 15.4 0 0.0 6 23.1 

MA 2 7.7 0 0.0 0 0.0 2 7.7 

OA 0 0.0 0 0.0 0 0.0 0 0.0 

Adult 1 3.8 0 0.0 11 42.3 12 46.2 

Age? 0 0.0 0 0.0 3 11.5 3 11.5 

Total 5 19.2 4 15.4 17 65.4 26 100.0 

         Late Iron Age 
        SA 0 0.0 0 0.0 3 33.3 3 33.3 

YA 0 0.0 1 11.1 0 0.0 1 11.1 

MA 2 22.2 0 0.0 0 0.0 2 22.2 

OA 0 0.0 0 0.0 0 0.0 0 0.0 

Adult 2 22.2 1 11.1 0 0.0 3 33.3 

Age? 0 0.0 0 0.0 0 0.0 0 0.0 

Total 4 44.4 2 22.2 3 33.3 9 100.0 

         Site Total 
        SA 0 0.0 0 0.0 6 17.1 6 17.1 

YA 2 5.7 5 14.3 0 0.0 7 20.0 

MA 4 11.4 0 0.0 0 0.0 4 11.4 

OA 0 0.0 0 0.0 0 0.0 0 0.0 

Adult 3 8.6 1 2.9 11 31.4 15 42.9 

Age? 0 0.0 0 0.0 3 8.6 3 8.6 

Total 9 25.7 6 17.1 20 57.1 35 100.0 
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Table 6-4.  Demographic structure of Ban Pong Manao 

 
Male % Female % Sex? % Total % 

SA 0 0.0 1 2.0 2 4.1 3 6.1 

YA 14 28.6 5 10.2 0 0.0 19 38.8 

MA 1 2.0 1 2.0 0 0.0 2 4.1 

OA 0 0.0 0 0.0 0 0.0 0 0.0 

Adult 0 0.0 0 0.0 0 0.0 0 0.0 

Age? 6 12.2 7 14.3 12 24.5 25 51.0 

Total 21 42.9 14 28.6 14 28.6 49 100.0 

 
Table 6-5.  Demography of Kao Sai On-Noen Din individuals incorporated in this study 

 
Male % Female % Sex? % Total % 

SA 0 0.0 0 0.0 1 33.3 1 33.3 

YA 1 33.3 0 0.0 0 0.0 1 33.3 

MA 0 0.0 0 0.0 0 0.0 0 0.0 

OA 0 0.0 0 0.0 0 0.0 0 0.0 

Adult 1 33.3 0 0.0 0 0.0 1 33.3 

Age? 0 0.0 0 0.0 0 0.0 0 0.0 

Total 2 66.7 0 0.0 1 33.3 3 100.0 
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Table 6-6.  Estimated adult stature by site (all stature measurements are in cm) 

 
Male           Female           

Site Phase Na Mean Min. Max. s.d. Phase N Mean Min Max s.d. 

BMCb Bronze 2 165.5 164.9 166.1 0.6 Bronze 1 155.1 155.1 155.1 --- 

  Iron 1 153.5 153.5 153.5 --- Iron 1 151.3 151.3 151.3 --- 

  Combined 3 161.5 153.5 166.1 5.7 Combined 2 153.2 151.3 155.1 1.9 

PTT Earlier 2 162.9 162.3 163.5 0.6 Earlier 3 155.1 152.4 158.4 2.5 

  Later 1 165.6 165.6 165.6 --- Later 1 161.6 161.6 161.6 --- 

  Combined 3 163.9 162.3 165.6 1.4 Combined 4 156.8 152.4 161.6 3.5 

PMN Combined 11 163.0 152.0 173.7 6.9 Combined 4 156.5 150.8 162.6 6.1 

KPDc Combined 30 162.3 153.8 171.9 5.2 Combined 36 154.3 141.1 163.2 4.5 

Note: Statures listed in the “Combined” rows are used in site comparison. 
aN: number of individuals; Min.: minimum; Max.: maximum; s.d.: standard deviation; bBMC: Ban Mai Chaimongkol; PTT: 
Promtin Tai; PMN: Ban Pong Manao; KPD: Khok Phanom Di; cKPD: calculated from data reported in Tayles (1999)
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Table 6-7.  Prevalence of linear enamel hypopolasia (by tooth count) of Non Mak La 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

Earlier Period 
         SA 0 0 --- 0 0 --- 0 57 0.0 

YA 0 0 --- 0 33 0.0 0 0 --- 

MA 1 55 1.8 0 37 0.0 0 0 --- 

OA 0 20 0.0 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 1 75 1.3 0 70 0.0 0 57 0.0 
 

Later Period 
         SA 1 49 2.0 0 30 0.0 0 6 0.0 

YA 3 20 15.0 2 20 10.0 0 0 --- 

MA 0 0 --- 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 4 69 5.8 2 50 4.0 0 6 0.0 

          Site Total 
         SA 1 49 2.0 0 30 0.0 0 71 0.0 

YA 5 109 4.6 2 60 3.3 0 3 0.0 

MA 1 55 1.8 11 59 18.6 0 5 0.0 

OA 0 20 0.0 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 7 233 3.0 149 149 8.7 0 79 0.0 
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Table 6-8.  Prevalence of linear enamel hypopolasia (by tooth count) of Ban Mai Chaimongkol 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

Bronze Age 
         SA --- --- --- --- --- --- 0 11 0.0 

YA 0 105 0.0 0 26 0.0 0 0 --- 

MA 0 20 0.0 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 1 0.0 0 15 0.0 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 0 125 0.0 0 27 0.0 0 26 0.0 
 

Iron Age 
         SA --- --- --- --- --- --- 0 33 0.0 

YA 0 24 0.0 0 49 0.0 0 0 --- 

MA 0 0 --- 1 3 33.3 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 0 24 0.0 1 52 1.9 0 33 0.0 
 

Site Total 
         SA --- --- --- --- --- --- 0 59 0.0 

YA 0 129 0.0 0 78 0.0 0 0 --- 

MA 0 75 0.0 1 15 6.7 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 1 0.0 0 15 0.0 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 0 204 0.0 1 94 1.06 0 74 0.0 
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Table 6-9.  Prevalence of linear enamel hypopolasia (by tooth count) of Promtin Tai 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

Early Iron Age 
         SA --- --- --- --- --- --- 5 23 21.7 

YA 4 32 12.5 1 53 1.9 0 0 --- 

MA 2 36 5.6 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 2 9 22.2 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 6 68 8.8 1 53 1.9 7 32 21.9 
 

Late Iron Age 
         SA --- --- --- --- --- --- 0 15 0.0 

YA 0 0 --- 0 30 0.0 0 0 --- 

MA 0 28 0.0 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 0 28 0.0 0 30 0.0 0 15 0.0 

 Site Total 
         SA --- --- --- --- --- --- 5 38 13.2 

YA 4 32 12.5 1 83 1.2 0 0 --- 

MA 2 64 3.1 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 2 9 22.2 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 6 96 6.3 1 83 1.2 7 47 14.9 
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Table 6-10.  Prevalence of linear enamel hypopolasia (by tooth count) of Ban Pong Manao 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

SA --- --- --- 0 20 0.0 0 11 0.0 

YA 1 161 0.6 0 92 0.0 0 0 0.0 

MA 0 6 0.0 0 0 0.0 0 0 0.0 

OA 0 0 0.0 0 0 0.0 0 0 0.0 

Adult 0 27 0.0 1 17 5.9 0 1 0.0 

Age? 0 0 0.0 0 0 0.0 0 0 0.0 

Total 1 194 0.5 1 129 0.8 0 12 0.0 
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Table 6-11.  Prevalence of dental caries (by tooth count) of Non Mak La 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

Earlier Period 
         SA 0 0 --- 0 0 --- 0 57 0.0 

YA 0 0 --- 0 33 0.0 0 0 --- 

MA 3 55 5.5 1 37 2.7 0 0 --- 

OA 4 20 20.0 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 7 75 9.3 1 70 1.4 0 57 0.0 
 

Later Period 
         SA 2 49 4.1 0 30 0.0 0 6 0.0 

YA 0 20 0.0 0 20 0.0 0 0 --- 

MA 0 0 --- 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 2 69 2.9 0 50 0.0 0 6 0.0 

          Site Total 
         SA 2 49 4.1 0 30 0.0 0 71 0.0 

YA 3 109 2.8 0 60 0.0 2 3 66.7 

MA 3 55 5.5 1 59 1.7 1 5 20.0 

OA 4 20 20.0 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 12 233 5.2 1 149 0.7 3 79 3.8 



 

228 

Table 6-12.  Prevalence of dental caries (by tooth count) of Ban Mai Chaimongkol 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

Bronze Age 
         SA --- --- --- --- --- --- 0 11 0.0 

YA 4 105 3.8 0 26 0.0 0 0 --- 

MA 0 20 0.0 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 1 1 100.0 0 15 0.0 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 4 125 3.2 1 27 3.7 0 26 0.0 
 

Iron Age 
         SA --- --- --- --- --- --- 2 33 6.1 

YA 0 24 0.0 5 49 10.2 0 0 --- 

MA 0 0 --- 0 3 0.0 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 0 24 0.0 5 49 10.2 2 33 6.1 

          Site Total 
         SA --- --- --- --- --- --- 2 59 3.4 

YA 4 129 3.1 5 78 6.4 0 0 --- 

MA 0 75 0.0 0 15 0.0 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 15 0.0 

Age? 0 0 --- 1 1 100.0 0 0 --- 

Total 4 204 2.0 6 94 6.4 2 74 2.7 
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Table 6-13.  Prevalence of dental caries (by tooth count) of Promtin Tai 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

Early Iron Age 
         SA --- --- --- --- --- --- 0 23 0.0 

YA 0 32 0.0 0 53 0.0 0 0 --- 

MA 0 36 0.0 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 9 0.0 

Age? 0 0 --- 0 0 --- 0 1 0.0 

Total 0 68 0.0 0 53 0.0 0 33 0.0 
 

Late Iron Age 
         SA --- --- --- --- --- --- 0 15 0.0 

YA 0 0 --- 0 30 0.0 0 0 --- 

MA 0 28 0.0 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 0 28 0.0 0 30 0.0 0 15 0.0 

    Site Total 
         SA --- --- --- --- --- --- 0 38 0.0 

YA 0 32 0.0 0 83 0.0 0 0 --- 

MA 0 64 0.0 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 9 0.0 

Age? 0 0 --- 0 0 --- 0 1 0.0 

Total 0 96 0.0 0 83 0.0 0 48 0.0 
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Table 6-14.  Prevalence of dental caries (by tooth count) of Ban Pong Manao 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

SA --- --- --- 0 20 0.0 0 11 0.0 

YA 3 161 1.9 4 92 4.3 0 0 --- 

MA 0 6 0.0 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 27 0.0 0 17 0.0 0 1 0.0 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 3 194 1.5 4 129 3.1 0 12 0.0 
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Table 6-15.  Prevalence of dental calculus (by tooth count) of Non Mak La 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

Earlier Period 
         SA 0 0 --- 0 0 --- 0 57 0.0 

YA 0 0 --- 0 33 0.0 0 0 --- 

MA 1 55 1.8 14 37 37.8 0 0 --- 

OA 0 20 0.0 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 1 75 1.3 14 70 20.0 0 57 0.0 
 

Later Period 
         SA 2 49 4.1 0 30 0.0 0 6 0.0 

YA 0 20 0.0 20 20 100.0 0 0 --- 

MA 0 0 --- 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 2 69 2.9 20 50 40.0 0 6 0.0 
 

Site Total 
         SA 2 49 4.1 0 30 0.0 0 71 0.0 

YA 0 109 0.0 20 60 33.3 0 3 0.0 

MA 1 55 1.8 14 59 23.7 0 5 0.0 

OA 0 20 0.0 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 3 233 1.3 34 149 22.8 0 79 0.0 
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Table 6-16.  Prevalence of dental calculus (by tooth count) of Ban Mai Chaimongkol 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

Bronze Age 
         SA --- --- --- --- --- --- 0 11 0.0 

YA 0 105 0.0 0 26 0.0 0 0 --- 

MA 0 20 0.0 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 1 0.0 0 15 0.0 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 0 105 0.0 0 27 0.0 0 26 0.0 
 

Iron Age 
         SA --- --- --- --- --- --- 0 33 0.0 

YA 0 24 0.0 0 49 0.0 0 0 --- 

MA 0 0 --- 1 3 33.3 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 0 24 0.0 1 52 1.9 0 33 0.0 

          Site Total 
         SA --- --- --- --- --- --- 0 59 0.0 

YA 0 129 0.0 0 78 0.0 0 0 --- 

MA 0 75 0.0 1 15 6.7 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 15 0.0 

Age? 0 0 --- 0 1 0.0 0 0 --- 

Total 0 204 0.0 1 94 1.1 0 74 0.0 
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Table 6-17.  Prevalence of dental calculus (by tooth count) of Promtin Tai 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

Early Iron Age 
         SA --- --- --- --- --- --- 0 23 0.0 

YA 5 32 15.6 1 53 1.9 0 0 --- 

MA 0 36 0.0 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 9 0.0 

Age? 0 0 --- 0 0 --- 0 1 0.0 

Total 5 68 7.4 1 53 1.9 0 33 0.0 
 

Late Iron Age 
         SA --- --- --- --- --- --- 0 15 0.0 

YA 0 0 0.0 6 30 20.0 0 0 --- 

MA 21 28 75.0 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 21 28 75.0 6 30 20.0 0 15 0.0 

 
         

Site Total 
         SA --- --- --- --- --- --- 0 38 0.0 

YA 5 32 15.6 7 83 8.4 0 0 --- 

MA 21 64 32.8 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 9 0.0 

Age? 0 0 --- 0 0 --- 0 1 0.0 

Total 26 96 27.1 7 83 8.4 0 48 0.0 
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Table 6-18.  Prevalence of dental calculus (by tooth count) of Ban Pong Manao 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

SA --- --- --- 0 20 0.0 0 11 0.0 

YA 23 161 14.3 21 92 22.8 0 0 --- 

MA 0 6 0.0 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 27 0.0 0 17 0.0 0 1 0.0 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 23 194 11.9 21 129 16.3 0 12 0.0 
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Table 6-19.  Prevalence of periapical cavity (by alveolus count) of Ban Mai Chaimongkol 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

Bronze Age 
         SA --- --- --- --- --- --- 0 11 0.0 

YA 0 119 0.0 0 32 0.0 0 0 --- 

MA 0 26 0.0 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 2 0.0 0 15 0.0 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 0 145 0.0 0 34 0.0 0 26 0.0 
 

Iron Age 
         SA --- --- --- --- --- --- 0 33 0.0 

YA 0 31 0.0 1 61 1.6 0 0 --- 

MA 0 0 --- 0 4 0.0 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 0 31 0.0 1 65 1.5 0 33 0.0 

 Site Total 
         SA --- --- --- --- --- --- 0 60 0.0 

YA 0 150 0.0 1 97 1.0 0 0 --- 

MA 0 88 0.0 0 4 0.0 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 2 0.0 0 15 0.0 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 0 238 0.0 1 103 1.0 0 75 0.0 
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Table 6-20.  Prevalence of periapical cavity (by alveolus count) of Promtin Tai 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

Early Iron Age 
         SA --- --- --- --- --- --- 0 23 0.0 

YA 0 32 0.0 1 54 1.9 0 0 --- 

MA 1 46 2.2 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 11 0.0 

Age? 0 0 --- 0 0 --- 0 1 0.0 

Total 1 78 1.3 1 54 1.9 0 35 0.0 
 

Late Iron Age 
         SA --- --- --- --- --- --- 0 15 0.0 

YA 0 0 --- 0 32 0.0 0 0 --- 

MA 2 32 6.3 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 2 32 6.3 0 32 0.0 0 15 0.0 

          Site Total 
         SA --- --- --- --- --- --- 0 38 0.0 

YA 0 32 0.0 1 86 1.2 0 0 --- 

MA 3 78 3.8 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 11 0.0 

Age? 0 0 --- 0 0 --- 0 1 0.0 

Total 3 110 2.7 1 86 1.2 0 50 0.0 

 



 

237 

Table 6-21.  Prevalence of periapical cavity (by alveolus count) of Ban Pong Manao 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

SA --- --- --- 0 23 0.0 0 11 0.0 

YA 3 192 1.6 3 105 2.9 0 0 --- 

MA 2 15 13.3 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 28 0.0 0 21 0.0 0 1 0.0 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 5 235 2.1 3 149 2.0 0 12 0.0 
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Table 6-22.  Prevalence of antemortem tooth loss (by alveolus count) of Ban Mai Chaimongkol 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

Bronze Age 
         SA --- --- --- --- --- --- 0 11 0.0 

YA 1 119 0.8 1 32 3.1 0 0 --- 

MA 4 26 15.4 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 2 0.0 0 15 0.0 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 5 145 3.4 1 34 2.9 0 26 0.0 
 

Iron Age 
         SA --- --- --- --- --- --- 0 33 0.0 

YA 4 31 12.9 9 61 14.8 0 0 --- 

MA 0 0 --- 3 4 75.0 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 4 31 12.9 12 65 18.5 0 33 0.0 

 Site Total 
         SA --- --- --- --- --- --- 0 60 0.0 

YA 5 150 3.3 10 97 10.3 0 0 --- 

MA 4 88 4.5 3 4 75.0 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 2 0.0 0 15 0.0 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 9 238 3.8 13 103 12.6 0 75 0.0 
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Table 6-23.  Prevalence of antemortem tooth loss (by alveolus count) of Promtin Tai 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

Early Iron Age 
         SA --- --- --- --- --- --- 0 23 0.0 

YA 0 32 0.0 0 54 0.0 0 0 --- 

MA 2 46 4.3 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 11 0.0 

Age? 0 0 --- 0 0 --- 0 1 0.0 

Total 2 78 2.6 0 54 0.0 0 35 0.0 
 

Late Iron Age 
         SA --- --- --- --- --- --- 0 15 0.0 

YA 0 0 --- 0 32 0.0 0 0 --- 

MA 0 32 0.0 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 0 --- 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 0 32 0.0 0 32 0.0 0 15 0.0 

 Site Total 
         SA --- --- --- --- --- --- 0 38 0.0 

YA 0 32 0.0 0 86 0.0 0 0 --- 

MA 2 78 2.6 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 0 --- 0 0 --- 0 11 0.0 

Age? 0 0 --- 0 0 --- 0 1 0.0 

Total 2 110 1.8 0 86 0.0 0 50 0.0 

 



 

240 

Table 6-24.  Prevalence of antemortem tooth loss (by alveolus count) of Ban Pong Manao 

 
Male Female Sex Unknown 

 

Affected Observed % Affected Observed % Affected Observed % 

SA --- --- --- 0 23 0.0 0 11 0.0 

YA 6 192 3.1 5 105 4.8 0 0 --- 

MA 2 15 13.3 0 0 --- 0 0 --- 

OA 0 0 --- 0 0 --- 0 0 --- 

Adult 0 28 0.0 0 21 0.0 0 1 0.0 

Age? 0 0 --- 0 0 --- 0 0 --- 

Total 8 235 3.4 5 149 3.4 0 12 0.0 
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Table 6-25.  Incident count of the degenerative joint disease among inland central Thai sites 

 
BMC, Middle Adultc PMN, Young Adult PMN, Adult 

 
Male Female Male Female Male ?Sex 

Joint Bronze ?Period ?Period 
    TMJa 

  
1 

    cervical 1 
      thoracic 

  
1 2 1 

  lumbar 
  

1 3 1 3 
 sacrum 

       shoulder 
 

1 
     elbow 

   
1 

   wrist 
       hand phalanges 
       hip 
    

1 
  knee 1 

      ankle 
       foot (1st phalanx) 
     

1 1 

foot (1st MTb) 
     

1 
 aTMJ: temporo-mandibular joint; bMT: metatarsal; cBMC: Ban Mai Chaimongkol; PMN: Ban Pong Manao
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Table 6-26.  Site information of bioarchaeological studies in Mainland Southeast Asia 

Site (Location) 
Period (Date 
Range, B.P.) Subsistence Environment Nb  Bioarchaeological References 

Ban Pong Manao         
(C Thailanda) 

Late Iron Age         
(2000-1500) agriculture inland/highland 49 current study 

Kao Sai On-Noen Din   
(C Thailand) Iron Age mixed 

inland/undulating 
terrain 3 current study 

Vat Komnou                 
(S Cambodia) 

"Early Historic"        
(2200-1800) mixed inland 111 Ikehara-Quebral (2010) 

Ban Chiang- Late       
(NE Thailand) 

Iron Age    
(2300-1800) agriculture highland/riverine 46 

Douglas (1996), Pietrusewsky and 
Douglas (2002a, b) 

Phum Snay               
(NW Cambodia) 

Iron Age         
(~2350-1800) mixed inland 21 Domett and O'Reilly (2009) 

Promtin Tai                  
(C Thailand) 

Iron Age    
(2500-1500) agriculture 

inland/undulating 
terrain 35 current study 

Noen U-Loke              
(NE Thailand) 

Iron Age    
(2500-1500) agriculture highland/riverine 120 

Domett (2001), Domett and Tayles 
(2006), Nelsen (1999), Tayles et 
al. (2007) 

Red-Ma-Ca River 
Valley (N Vietnam) 

Bronze-Iron Age      
(2500-1700) mixed riverine/estuary 78 Oxenham (2006) 

Ban Na Di                   
(NE Thailand) 

Late Bronze-
Early Iron Age  
(2600-2400) agriculture highland/riverine 78 Domett (2001) 

Ban Mai Chaimonkol            
(C Thailand) Bronze-Iron Age mixed 

inland/undulating 
terrain 38 current study 

Ban Lum Khao           
(NE Thailand) 

Bronze Age      
(3000-2500) mixed highland/riverine 110 

Domett (2001, 2004), Domett and 
Tayles (2006) 

aC Thailand: central Thailand; S Cambodia: southern Cambodia; NE Thailand: northeast Thailand; NW Cambodia: 
northwest Cambodia; N Vietnam: northern Vietnam; bN: number of individuals
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Table 6-26.  Continued 

Site (Location) 
Period (Date 
Range, B.P.) Subsistence Environment N  Bioarchaeological References 

Non Mak La                  
(C Thailand) 

Late Neolithic- 
Early Metal Age 

foraging/ 
agriculture? 

inland/undulating 
terrain 74 

Agelarakis (1997, 2010, 2012a, 
2012b) 

Nong Nor                     
(C Thailand) 

Late Neolithic-
Bronze Age      
(3100-2700) 

agriculture/ 
foraging coastal/riverine 155 Domett (2011), Tayles et al. (1998) 

Non Nok Tha- Late    
(NE Thailand) 

Bronze Age      
(3500-2000) mixed highland/riverine 39 Douglas (1996, 2006) 

Man Bac (N Vietnam) 
Neolithic    
(3800-3500) 

 
coastal 78 Oxenham et al. (2011) 

Khok Phanom Di           
(C Thailand) 

Neolithic    
(4000-3500) 

foraging/ 
agriculture? coastal/riverine 154 Tayles (1999) 

Ban Chiang- Early      
(NE Thailand) 

Neolithic-Bronze 
Age (4100-2300) 

foraging/ 
mixed highland/riverine 93 

Douglas (1996), Pietrusewsky and 
Douglas (2002a, b) 

Non Nok Tha- Early                   
(NE Thailand) 

Neolithic- Early 
Bronze Age      
(5000-3500) mixed highland/riverine 37 Douglas (1996, 2006) 

Con Co Hgua                
(N Vietnam) 

Neolithic    
(6000-5500) foraging estuary/riverine 96 

Oxenham (2006), Oxenham et al. 
(2002, N= 81; 2006, N= 71) 
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Table 6-27.  Estimated average stature (in cm) by sex in Mainland Southeast Asia 

 
Male Female References 

Site Na Mean s.d. Min. Max. N Mean s.d. Min. Max. 
 Ban Pong Manao 11 163.0 6.9 152.0 173.7 4 156.5 6.1 150.8 162.6 current study 

Vat Komnou 11 165.3 4.3 157.9 172.7 8 154.8 3.0 151.1 159.9 Ikehara-Quebral, 2010 

Ban Chiang- Late  17 165.4 3.7 --- --- 16 153.7 3.4 --- --- Douglas, 1996 

Phum Snay 4 167.7 7.9 160.6 176.9 6 161.1 8.0 153.7 173.7 
Domett and O'Reilly, 
2009 

Promtin Tai 3 163.9 1.4 162.3 165.6 4 156.8 3.5 152.4 161.6 current study 

Noen U-Loke 9 169.3 3.1 165.3 173.7 4 154.6 4.7 151.5 161.1 Domett, 2001 

Ban Na Di 17 168.0 4.9 159.5 176.0 13 155.9 4.0 150.0 164.4 Domett, 2001 

Ban Mai Chaimonkol 3 161.5 5.7 153.5 166.1 2 153.2 1.9 151.3 155.1 current study 

Ban Lum Khao 18 164.7 6.2 152.4 174.9 25 154.7 3.8 147.9 162.2 Domett, 2001 

Nong Nor 19 167.2 6.5 158.8 181.6 14 156.1 3.6 150.7 162.1 Domett, 2001 

Non Nok Tha- Late 17 166.0 4.2 --- --- 15 155.0 3.7 --- --- Douglas, 1996 

Man Bac 11 161.4 5.7 155.6 171.5 8 154.0 3.7 146.6 157.7 Oxenham et al., 2011 

Khok Phanom Di 30 162.3 5.2 153.8 171.9 36 154.3 4.5 141.1 163.2 Tayles, 1999 

Ban Chiang- Early 12 166.0 3.6 --- --- 9 154.7 2.0 --- --- Douglas, 1996 

Non Nok Tha- Early 15 164.7 2.4 --- --- 16 152.0 3.9 --- --- Douglas, 1996 
aN: number of individuals; s.d.: standard deviation; Min.: minimum; Max.: maximum
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Table 6-28.  Sexual dimorphism of the estimated average stature in Mainland Southeast Asia 

Site Sexual Dimorphism (%) 

Ban Pong Manao 3.99 

Vat Komnou 6.35 

Ban Chiang- Late  7.07 

Phum Snay 3.94 

Promtin Tai 4.33 

Noen U-Loke 8.68 

Ban Na Di 7.20 

Ban Mai Chaimonkol 5.14 

Ban Lum Khao 6.07 

Nong Nor 6.64 

Non Nok Tha- Late 6.63 

Man Bac 4.58 

Khok Phanom Di 4.93 

Ban Chiang- Early 6.81 

Non Nok Tha- Early 7.71 
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Table 6-29.  Prevalence of dental pathology in Mainland Southeast Asia 

 LEH Dental Caries Dental Calculus Periapical Cavity AMTL 

site Aa Ob % A Ob % A Ob % A Oc % A Oc % 
4PMNd 2 335 0.6 7 335 2.1 44 335 13.1 8 396 2.0 13 396 3.3 
4KSO-NDd 0 25 0.0 0 25 0.0 0 25 0.0 0 25 0.0 0 25 0.0 
5VKe 39 445 8.8 25 497 5.0 100 481 20.8 10 523 1.9 23 647 3.6 
6BC (L)f 35 508 6.9 12 232 5.2 75 369 *20.3 36 548 6.6 48 698 6.9 
7PSg 7 168 4.2 17 188 9.0 --- --- --- 3 181 1.7 2 267 0.7 
4PTTd 14 226 6.2 0 227 0.0 33 227 14.5 4 246 1.6 2 246 0.8 
8NULh 72 676 10.7 46 956 4.8 --- --- --- 34 571 6.0 69 1334 5.2 
9RMCi 37 55 67.0 26 1152 2.6 168 1152 14.6 39 1518 2.6 46 1518 3.0 
10BNDj 92 531 17.3 24 573 4.2 --- --- --- 15 707 2.1 38 707 5.4 
4BMCd 1 372 0.3 12 372 3.2 1 372 0.3 1 416 0.2 22 416 5.3 
10BLKj 89 737 12.1 41 977 4.2 --- --- --- 15 1154 1.3 59 1154 5.1 
11NMLk 20 461 4.3 16 461 3.5 37 461 8.0 --- --- --- --- --- --- 
10NNj 110 906 12.1 67 1079 6.2 --- --- --- 11 1323 0.8 58 1323 4.4 
12NNT (L)l 20 520 *3.8 22 536 *4.1 138 426 32.4 16 599 2.7 80 766 *10.4 
13MBm 181 279 64.9 64 744 8.6 --- --- --- 13 935 1.8 19 935 2.0 
14KPDn 225 1086 20.7 139 1282 10.8 --- --- --- 122 2047 1.8 183 2047 8.9 
6BC (E)f 40 535 7.5 65 857 7.6 137 416 *32.8 31 565 1.8 44 667 6.6 
12NNT (E)l 42 622 *6.8 11 666 *1.7 146 497 29.4 11 767 1.8 45 900 *5.0 
15CCHo 38 53 71.7 14 951 1.5 211 951 22.2 22 1430 1.8 69 1430 4.8 

aA: affected; bO: observed teeth; cO: observed alveoli; dcurrent study; eIkehara-Quebral, 2010; f*: statistically significant 
intra-site prevalence difference by time; moderate (advanced) calculus on adults only; number of observed teeth 
calculated from Douglas (1996); gDomett and O'Reilly, 2009; hadults only for caries, periapical cavity (termed "alveolar 
lytic lesion"), and AMTL prevalence (Tayles et al., 2007); iLEH: prevalence calculated by individual count, canines only; 
periapical cavity termed "alveolar defect of pulpal origin" (Oxenham, 2006); jadults only for periapical cavity and AMTL 
prevalence (Domett, 2001); kAgelarakis, 2010, 2012b; l*: statistically significant intra-site prevalence difference by time; 
caries: uncorrected prevalence (Douglas, 1996); mLEH: anterior teeth only (Oxenham et al., 2011); periapical cavity 
termed "alveolar defect", nadults only for periapical cavity and AMTL prevalence (Tayles, 1999); oLEH: prevalence 
calculated by individual count, canines only; periapical cavity termed "alveolar defect of pulpal origin" (Oxenham, 2006)
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Table 6-30.  P-values of the Fisher’s exact tests of linear enamel hypoplasia prevalence among central Thai sites 

Site 
(prevalence) 

BMC 
(0.3%) 

PTT 
(6.2%) 

PMN 
(0.6%) 

KSO-ND 
(0.0%) 

KPD 
(20.7%) 

NML (4.3%) 0.00 0.35 0.00 0.62 0.00 

BMC (0.3%) --- 0.00 0.25 1.00 0.00 

PTT (6.2%) --- --- 0.00 0.37 0.00 

PMN (0.6%) --- --- --- 1.00 0.00 

KSO-ND (0.0%) --- --- --- --- 0.00 

Note: Statistical significance was set to 0.05. 
 
Table 6-31.  P-values of the Fisher’s exact tests of dental caries prevalence among central Thai sites 

Site  
(prevalence) 

BMC 
(3.2%) 

PTT 
(0.0%) 

PMN 
(2.1%) 

KSO-ND 
(0.0%) 

KPD 
(10.8%) 

NML (3.5%) 0.85 0.00 0.21 1.00 0.00 

BMC (3.2%) --- 0.00 0.36 1.00 0.00 

PTT (0.0%) --- --- 0.04 1.00 0.00 

PMN (2.1%) --- --- --- 1.00 0.00 

KSO-ND (0.0%) --- --- --- --- 0.10 

 
Table 6-32.  P-values of the Fisher’s exact tests of dental calculus prevalence among central Thai sites 

Site  
(prevalence) 

BMC 
(0.3%) 

PTT 
(15.4%) 

PMN 
(10.1%) 

KSO-ND 
(0.0%) 

NML (8.0%) 0.00 0.01 0.32 0.24 

BMC (0.3%) --- 0.00 0.00 1.00 

PTT (15.4%) --- --- 0.07 0.03 

PMN (10.1%) --- --- --- 0.15 
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Table 6-33.  P-values of the Fisher’s exact tests of periapical cavity prevalence among central Thai sites 

Site  
(prevalence) 

PTT 
(1.6%) 

PMN 
(5.1%) 

KSO-ND 
(0.0%) 

KPD 
(6.0%) 

BMC (0.2%) 0.07 0.00 1.00 0.00 

PTT (1.6%) --- 0.30 1.00 0.00 

PMN (5.1%) --- --- 0.34 0.56 

KSO-ND (0.0%) --- --- --- 0.40 

 
Table 6-34.  P-values of the Fisher’s exact tests of antemortem tooth loss prevalence among central Thai sites 

Site  
(prevalence) 

PTT 
(0.8%) 

PMN 
(3.3%) 

KSO-ND 
(0.0%) 

KPD 
(8.9%) 

BMC (5.3%) 0.00 0.17 0.63 0.01 

PTT (0.8%) --- 0.06 1.00 0.00 

PMN (3.3%) --- --- 1.00 0.00 

KSO-ND (0.0%) --- --- --- 0.16 
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Figure 6-1.  Plot of average estimated stature from each available comparison site in Mainland Southeast Asia 

Note: PMN- Ban Pong Manao, VK- Vat Komnou, BC (L)- Ban Chiang (Late), PS- Phum Snay, PTT- Promtin Tai, NUL- 
Noen U-Loke, BND- Ban Na Di, BMC- Ban Mai Chaimongkol, BLK- Ban Lum Khao, NN- Nong Nor, NNT (L)- Non Nok 
Tha (Late), MB- Mac Bac, KPD- Khok Phanom Di, BC (E)- Ban Chiang (Early), NNT (E)- Non Nok Tha (Early), CT- central 
Thailand, SC- southern Cambodia, NET- northeast Thailand, NWC- northwest Cambodia, NV- northern Vietnam
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Figure 6-2.  Prevalence of linear enamel hypoplasia in Mainland Southeast Asia
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Figure 6-3.  Dental caries prevalence in Mainland Southeast Asia
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Figure 6-4.  Prevalence of dental calculus in Mainland Southeast Asia
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Figure 6-5.  Prevalence of periapical cavity and antemortem tooth loss in Mainland Southeast Asia
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CHAPTER 7 
RESULTS AND DISCUSSIONS OF ISOTOPIC SIGNALS OF FOOD RESOURCES  

Stable isotopic methods are a unique means to reconstruct past human diet that 

complements paleopathological assessment of the study population(s). To understand 

dietary behavior of the Metal Age central Thai people, it is critical to first establish a 

baseline isotopic structure of the ecology from which human food resources are derived. 

Being largely omnivorous, humans are positioned towards the top of the food chain. 

Isotopic signals from faunal skeletal and dental remains associated with burial or 

domestic contexts provide excellent background data for human paleodietary 

reconstruction. Archaeological faunal isotopic data are presented below and 

comparisons by site are reviewed by region. The following chapter (Chapter 8) presents 

the results of human stable isotopic analyses. 

Calibration Standards and Precision of Stable Isotope Ratio Analysis 

Carbon (δ13C) and oxygen (δ18O) stable isotope ratios from bone collagen and 

bone apatite samples are calculated against the V-PDB (Vienna-Pee Dee Belemnite), 

following the recommendation of the International Atomic Energy Agency. Nitrogen 

(δ15N) stable isotope ratios from bone collagen are measured against the AIR 

(atmospheric N2) standard. The laboratory standard used for collagen samples at the 

University of Florida is USGS 40 (δ13C precision= 0.09; δ15N precision= 0.09), while 

NBS-19 is used as the standard for apatite samples (δ13C precision= 0.02; δ18O 

precision= 0.06). Standard precision is one standard deviation from the mean isotopic 

value for all standards loaded for mass spectrometry during multiple runs (USGS 

loaded= 29; NBS-19 loaded= 71).  
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Relevant isotopic data from publications are incorporated for comparison. Some 

studies report δ18O calibrated against V-SMOW (Vienna-Standard Mean Ocean Water). 

Conversion is performed when necessary using formulae provided by Coplen et al. 

(1983):  

δ18OVSMOW= 1.03091 x δ18OVPDB + 30.91; 

δ18OVPDB= 0.97002 x δ18OVSMOW – 29.98. 

Archaeological Faunal Isotopic Signature 

When selecting these samples, efforts were made to deliberately select faunal 

bone fragments from the same taxon that were found far apart from one another in a 

site to best avoid accidentally sampling bones from the same individuals. As described 

in Chapter 5, all faunal samples were re-examined to ensure an accurate taxonomical 

identification. 

Bone Samples 

A total of 52 archaeological faunal skeletal samples from three sites (Bai Mai 

Chaimongkol, Promtin Tai, and Ban Pong Manao) were processed for collagen and 

apatite analyses. Among them, 42 produced good C/N ratios (Appendix A) suggesting 

good collagen and that both δ13Cbone coll and δ13Cbone ap had satisfactory correlation 

indicating intact crystalline in carbonates (Figure 7-1, R2= 0.501, p= 0.00). Since bone 

apatite is more prone to post-depositional diagenesis whereby biogenic carbonates 

become dissolved and/or re-crystallized with the diagenetic substrate, the integrity of 

bone collagen from the same bone sample can be used as a proxy for carbonate 

integrity. Only apatites from those bone samples that yielded valid collagen were loaded 

for isotopic analysis. It is acknowledged that under some circumstances, the carbonate 

may not maintain its original crystalinity and its composition may be altered even with 
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good bone collagen (Wang and Cerling, 1994; Wright and Schwarcz, 1996). To mitigate 

this potential shortcoming, a scatterplot of δ13Cbone coll vs. δ13Cbone ap and correlation 

coefficient are provided (Figure 7-1). Since the δ13Cbone ap value reflects total dietary 

composition and the δ13Cbone coll reflects the protein portion of the diet (Ambrose and 

Norr, 1993), a correlation is to be expected between apatite and collagen δ13C values 

(Lee-Thorp et al., 1989), assuming the consumers are not protein-deprived (stressed).  

Among all the faunal bones processed for collagen extraction, only bones from 

Ban Pong Manao produced valid collagen for analysis. Table 7-1 summarizes 

parameters of the δ13C, δ15N, and δ18O values by species. Figures 7-2 to 7-4 

respectively display the mean isotopic values for each taxon analyzed by site, δ13Cbone 

coll vs. δ15Nbone coll, δ
13Cbone coll vs. δ13Cbone ap, and δ13Cbone ap vs. δ18Obone ap. Stable 

oxygen isotope ratios (δ18O) in animals are sensitive to slight isotopic changes of its 

water source and a species’ biology such as water intake behavior, body size, and 

digestive physiology (Katzenberg, 1992) are important considerations when inferring  

human water sources and human δ18O data. Since δ18Oen ap data are much more 

resistant to diagenesis than δ18Obone ap data, the δ18Obone ap data will be discussed in 

conjunction with the δ18Oen ap values to help establish an isotopic baseline for water. 

Human bone collagen and bone apatite data are here included, by site, as reference 

points to be discussed in the following chapter. 

At Ban Pong Manao, pig bones were the most abundant species recovered in the 

excavated faunal assemblage. Their average δ13Cbone coll (-13.68‰) and δ13Cbone ap (-

6.62‰) values fall within an intermediate range suggesting a mixed C3-C4 for both 

protein and total diet, with slightly heavier reliance on C4 foods (Figure 7-3). Pigs (Sus 
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scrofa) have a long history of domestication dating back to the establishment of rice 

agriculture in East Asia and prior to 4,000 B.P. in Thailand (Higham, 2002; summarized 

in Larson et al., 2009). Based on the abundance of pig remains from Ban Pong Manao, 

their relatively young age of death (Borripon, 2006), and the later date of the site in 

general (~A.D. 300-500), pigs were very likely to have been domesticated or at least 

were sympatric with the Ban Pong Manao community. It is thus not surprising that Ban 

Pong Manao pigs have almost identical average δ13C values from bone collagen 

(-13.23‰) and apatite (-6.94‰) as the Ban Pong Manao humans (Figure 7-3). The 

average δ15N value of the pigs (7.2‰) falls ~one trophic level (~3.3‰, Schoeninger and 

DeNiro, 1984) below that of the Ban Pong Manao humans (9.37‰) (Figure 7-2), which 

supports the expectation that humans were and still are consumers of pigs.  

Next in abundance to pig were deer remains recovered from Ban Pong Manao. 

The deer were identified into two groups based principally on size-- barking deer 

(Muntiacus muntjak) and larger-bodied deer (Cervus or Old World deer). Barking deer 

are browsers and small-bodied (~15-20 kg) and are ubiquitous in modern day Southeast 

Asia. Their skeletal remains have been reported at sites such as Ban Chiang, Ban Lum 

Khao, and Ban Na Di in north and northeast Thailand (King, 2006). They are adapted to 

a wide spectrum of habitat ranging from deep forest, forest edge, to grassland, and feed 

on fruits, flowers, buds, and tender grass/leaves (Oka, 1998; Kitchener et al., 1990). At 

Ban Pong Manao, barking deer have δ13C values that reflect a C3-oriented protein diet 

(average δ13Cbone coll= -19.24‰; average δ13Cbone ap= -8.77‰), with some C4 plant 

carbohydrates (Figures 7-1 and 7-3). As most forest plants and grasses in temperate 

zones are C3 plants, the browsing behavior and isotopic signals of the barking deer 
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match fairly well with what would be expected in this highland site. C4 plants such as 

millet or Job’s tears (Coix lacryma-jobi) may have been available carbohydrate (White, 

2011). In addition, the δ13C distance between barking deer and Ban Pong Manao 

humans suggests the former utilized different food sources from the latter. The humans 

may have embarked on hunting activities and brought back the barking deer for 

consumption. The larger-bodied deer, on the other hand, have δ13Cbone coll values that 

indicate a dietary preference towards mixed C3-C4 plant protein (average δ13Cbone coll= 

-13.59‰). If discounting the one larger-bodied deer whose δ13Cbone coll (-5.98‰) falls 

towards the C4 protein range, the δ13Cbone coll values of the remaining two deer (average 

δ13Cbone coll= -17.39‰) are close to the barking deer. This in turn suggests these larger-

bodied deer included more C4 grasses in their diet, and perhaps grazed and browsed in 

more open habitats where such grasses are more plentiful and potentially managed by 

humans. Mean δ13Cbone ap value (- 4.61‰) of these larger-bodied deer confirms a mixed 

C3-C4 dietary regime with a greater preference for C4 plants compared to the barking 

deer. Both barking deer and larger-bodied deer have the lowest average δ15N values 

(average δ15N = 5.56‰ and 3.54‰, respectively) among all fauna sampled, as is 

expected among herbivores with lower body mass (compared to horses and cattle).  

Bos species constitute the third most dominant group found at Ban Pong Manao. 

While difficult to differentiate cattle from water buffalo based on limited bone fragments, 

the bovines were both likely domesticated or managed by humans. Ban Pong Manao 

bovines acquired dietary protein and carbohydrates from a greater proportion of C4 

grasses as suggested by their average δ13Cbone coll (-11.49‰) and δ13Cbone ap (-6.37‰) 

values, respectively. Bovines are largely grazers of open plains where C4 grasses are 
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abundant. Bovine δ15N values average (6.93‰) falls within typical grazing herbivore 

range and sits one trophic level below Ban Pong Manao humans.  

As for the carnivores and small sympatric (with humans) animals, all yielded 

stable isotopic signals that were expected based on their known ecology and diet. The 

dogs (Canis lupus) have the highest δ15N values (average δ15Nbone coll= 8.93‰) among 

all fauna analyzed, similar to the human results (i.e., no trophic level difference) (Figure 

7-2). While it may lead to speculation that the dogs were non-food companions or 

hunting aids, cut and burn marks were observed on some of the dog bones. Thus, dog 

was likely considered a food source in prehistoric Ban Pong Manao. Dogs show 15N 

enrichment because they are omnivores, like humans, dog average δ13Cbone coll (-12‰) 

and δ13Cbone ap (-6.04‰) values are similar to that of the Ban Pong Manao humans 

where a mixed C3-C4 protein and energy sources was utilized (Figure 7-3). Other 

carnivores (Canis sp., larger-bodied canid) consumed slightly more C4-oriented proteins 

(average δ13Cbone coll= -10.23‰), possibly small rodents that fed on millets. Carnivore 

average δ13Cbone ap (-5.3‰) values show 13C enrichment reflecting, in part, a C4 

carbohydrate signal. The lone black rat (Rattus sp.) sampled exhibits the most 13C 

enriched δ13C values (δ13Cbone coll= -7.16‰, δ13Cbone ap= -4.82‰) among all species 

sampled. Human-managed millet fields or other grains such as Job’s tear may have 

been exploited by the rodents. Chicken bones (Gallus gallus) produced average 

δ13Cbone coll (-12.39‰) and δ13Cbone ap (-5.91‰) values close to the Ban Pong Manao 

human results, suggesting a close feeding relationship with people (like dogs). The 

average δ15Nbone coll value (8.13‰) also matches well with the chickens’ omnivorous 

nature. 
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Enamel Samples 

A total of 29 animal teeth were sampled for enamel apatite stable isotope 

composition (Table 7-2, Figure 7-5, Appendix B). Since dental enamel is densely 

mineralized making it less prone to diagenesis, all enamel apatite values (δ13C and 

δ18O) were used in statistical analyses. Due to excavation techniques, preservation 

(wear and taphonomic process), and curation problems (animal remains were often 

curated elsewhere from human skeletal remains), almost all faunal teeth sampled were 

from Ban Pong Manao. One pig molar from Promtin Tai and one bovine molar from Ban 

Mai Chaimongkol are also included in this sample. It should be noted that these faunal 

teeth samples were not derived from the same individuals in the previous section whose 

bones were analyzed.  

Figure 7-5 demonstrates the range of isotopic values from tooth enamel 

observed in the sampled fauna. It is clear that the Promtin Tai pig molar (δ13C= 

-12.37‰; δ18O= -6.91‰) and Ban Mai Chaimongkol bovine molar (δ13C= 0.72‰; δ18O= 

-1.38‰) that each lay at the extreme of their species’ range, but relatively close to their 

Ban Pong Manao conspecifics. To remove confounding factors such as site location 

and ensure comparability, these two data points are not included when calculating 

species means for δ13C and δ18O, placing Ban Pong Manao as the principle site for 

inland ecological baseline reconstruction. In addition, Bentley et al. (2007) report δ18O 

and δ13C from seven pig molars from Khok Phanom Di. The data are used as Khok 

Phanom Di ecological baseline. Since Khok Phanom Di is a coastal site and is treated 

as an outgroup for comparison in this study, the faunal data will be presented and 

addressed separately.  
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Figure 7-6 presents the mean δ13C and δ18O values of each species from Ban 

Pong Manao, with human enamel data grouped by site as reference. Average δ13C 

values of Ban Pong Manao pigs (-6.84‰) suggests their total diet was mixed C3-C4 with 

a slightly greater reliance on C4 foodstuffs. This is in accordance with the Ban Pong 

Manao pig bone data presented above. Similar to their δ13Cbone coll distribution, the 

barking deer (N= 3) have tightly clustered δ13C and δ18O values from enamel apatite 

(δ13C average= -13.04‰; δ18O average= -1.92‰). These three teeth were excavated 

from distant locations and depths at Ban Pong Manao and each had distinct wear 

pattern. Therefore, it is unlikely the teeth sampled belonged to the same individual. The 

barking deer δ13Cen ap values suggest their diet was derived from predominantly C3 

plants, similar to the isotopic results of their bone. The mean δ13Cen ap value of the 

larger-bodied deer (-7.83‰) represents a mixed C3-C4 diet with a greater emphasis on 

the C4 end of the spectrum. However, when δ13C values from each enamel sample are 

considered (Figure 7-5), the four deer individuals fall into two ends of the C3-C4 

spectrum. Deer are traditionally grouped into grazers and browsers that forage in forest 

floor/open grassland and canopied forest/short bush habitat, respectively. The open 

grasslands host more C4 plants while the leaves and buds from the forests are 

commonly 13C depleted due to the canopy effect (see Krigbaum, 2003; van der Merwe 

and Medina, 1991). Although it is possible that the browser deer indeed consumed C3-

based plants for protein and carbohydrates, the 13C depleted plant foods consumed 

could contribute to a C3-like δ13C signal for the deer. Regardless of their specific feeding 

grounds, the broad spectrum habitat of the Cervinae sp. suggest that the Ban Pong 



 

262 

Manao people also exploited a broad spectrum of foods across a wide range of 

landscapes. 

The bovine enamel suggests a heavy reliance on C4 grasses (δ13Cen ap= -2.42‰). 

Although the C4 signals are not as strong in the bones as they are in the enamel, the 

enamel apatite data corrorborate the interpretation based on the bovine bones for a C4-

dominant diet. The fact that the bones and enamel did not come from the same 

individual may account for the discrepancy. The dogs and carnivores in general have 

widely scattered δ13Cen ap signals (average δ13Cen ap= -9.71‰ and -1.94‰, respectively). 

The two dogs are 6‰ apart and the lone Canis sp. is towards the C4 end of the total diet 

spectrum. The δ13Cen ap values reflect the versatile (roaming) and adaptive nature of the 

carnivores.  

 Figure 7-7 shows species average δ18O from bone apatite against that of 

enamel apatite samples. The oxygen isotopic values from bone apatite reflect the δ18O 

composition of meteoric water an animal drinks directly and acquires through consumed 

food (Longinelli, 1984; Iacumin et al., 1996). Relative humidity in drier areas can also 

enrich the δ18O value of the water (i.e., higher δ18O values) due to evaporation of the 

lighter, more depleted 16O isotope. The lower relative humidity may be reflected in the 

process of evapo-transportation onto the leaves and other plant parts consumed by 

terrestrial herbivores, enriching the latter’s the bone/enamel carbonate δ18O (Luz et al., 

1990; Kohn, 1996; Levin et al., 2006; Drucker et al., 2009).  

In Figure 7-6, despite the fact that the teeth and bones were not from the same 

faunal individuals, the species average δ18O values cluster tightly in accordance totheir 

digestive physiology and expected water consumption behavior. The herbivores (deer 
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and bovines) sampled here exhibit enriched δ18O values from both bone apatite and 

enamel apatite, compared to the omnivores and carnivores. Since these samples are 

from Ban Pong Manao, a drier interior site whose modern day dry season lasts for six 

months per year, the herbivores δ18O values reflect the aridity characteristic of the site. 

In addition, studies on modern herbivores and carnivores/omnivores from the same 

ecological areas suggest that herbivore enamel apatites are generally more enriched in 

18O due to water drinking behavior, resulting in higher δ18O than carnivores and mix-

feeding animals (Sponheimer and Lee-Thorp, 1999). This pattern is clearly displayed by 

the higher average δ18O values for all herbivore faunal categories (Cervinae sp., Munti, 

Bos sp.) as shown in Figure 7-6. While diet and water sources (i.e., locales) contributeto 

the δ18O variation (Bocherens et al., 1996), in the case of Ban Pong Manao fauna, the 

physiological and behavioral factors best explain the discrepancies of average δ18O 

values between diverse (herbivore vs. non-herbivore) taxa. Average δ18O of the 

carnivores (dogs and Canis sp.) are intermediate between the herbivores and the 

omnivorous humans as they are not as heavy consumers of δ18O-enriched plant foods 

as the herbivores. The pigs (Sus scrofa) have somewhat similar average δ18O values to 

the (Ban Pong Manao) humans. This echoes the interpretation that pigs were sympatric 

to humans and were likely kept close to human living areas where water sources were 

shared.  

Ecological Baseline  

The ecological baseline constructed from Ban Pong Manao faunal remains 

portrays the isotopic ranges of possible food resources of prehistoric central Thai 

people. It is unfortunate that bones from other sites sampled did not yield informative 

data. In summary, most animal species produced dietary ranges as expected in 
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accordance to their known diet and preferred habitat. Barking deer, large-bodied deer, 

and the bovines have typical herbivore δ15N values that are lowest among all species 

sampled. As for the carnivores and omnivores, higher δ15N values from bones are 

expected and indeed observed, reflecting their higher trophic levels. Most of the species 

δ13C values match their preferred food source as well as their varied habitats. This is 

especially the case for the bovines and the chickens, while the dogs and pigs have a 

more narrow range. Aside from small sample size for some species, the lack of tight 

clusters could indicate that the animals were free-roaming (i.e., lacked a specified 

feeding regime from humans) and more opportunistic feeders exploiting a wide 

spectrum of food resources. As fauna vary isotopically, their dietary variation is 

transferred to humans by the foods humans eat within the food chain. The effects of this 

diversity are expected to be evident in the stable isotope signals derived from the 

human skeletal remains.
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Table 7-1.  Summary stable isotopic values (‰) of Ban Pong Manao faunal bone collagen samples 

Species Na mean δ13C s.d.b range mean δ15N s.d. range 

Bos sp. 4 -11.49 6.13 -19.58 ~ -4.81 6.93 1.74 5.04 ~ 8.81 

Canis lupus 4 -12.00 4.56 -18.23 ~ -7.28 8.93 1.56 8.03 ~ 11.26 

Canis sp. 3 -10.23 2.77 -13.22 ~ -7.76 8.15 0.24 7.91 ~ 8.38 

Cervinae sp. 3 -13.59 6.69 -17.44 ~ -5.98 3.65 0.64 3.16 ~ 4.38 

Gallus gallus 5 -12.39 4.97 -18.00 ~ -4.96 8.13 0.95 6.90 ~ 9.14 

Muntiacus muntjak 12 -19.24 3.83 -22.56 ~ -9.20 5.56 1.67 4.17 ~ 10.27 

Rottus sp. 1 -7.16 n/a n/a 8.13 n/a n/a 

Sus scrofa 10 -13.68 4.62 -21.54 ~ -7.71 7.2 2.08 4.58 ~ 12.00 
aN: number of samples; bs.d.: standard deviation 
 
Table 7-2.  Summary stable isotopic values (‰) of Ban Pong Manao faunal bone apatite samples 

Bone apatite (‰) N mean δ13C s.d.b range mean δ18O s.d. range 

Bos sp. 4 -6.37 2.76 -8.80 ~ -3.85 -4.45 0.66 -5.20 ~ -3.59 

Canis lupus 4 -6.04 2.90 -10.29 ~ -3.74 -5.89 0.84 -6.63 ~ -4.77 

Canis sp. 3 -5.30 0.80 -5.85 ~ -4.38 -6.26 0.61 -6.62 ~ -5.55 

Cervinae sp. 3 -8.30 2.49 -10.74 ~ -5.77 -4.61 0.37 -4.93 ~ -4.21 

Gallus gallus 5 -5.91 1.45 -7.44 ~ -3.67 -5.50 0.74 -6.31 ~ -4.30 

Muntiacus muntjak 12 -8.77 2.26 -12.41 ~ -4.41 -5.14 1.15 -7.68 ~ -3.13 

Rottus sp. 1 -4.82 n/a n/a -5.61 n/a n/a 

Sus scrofa 10 -6.62 1.92 -9.54 ~ -4.41 -5.82 1.09 -7.06 ~ -4.03 
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Table 7-3.  Summary stable isotopic values (‰) of Ban Pong Manao faunal tooth enamel apatite samples 

Species N mean δ13C (‰) s.d. range (‰) mean δ18O (‰) s.d. range (‰) 

Bos sp. 8 -2.42 1.52 -4.64 ~ 0.46 -1.95 1.49 -3.43 ~ -0.06 

Canis sp. 1 -1.94 n/a n/a -7.00 n/a n/a 

Canis lupus 2 -9.71 4.29 -12.74 ~ -6.68 -4.73 2.07 -6.20 ~ -3.27 

Cervinae sp. 4 -7.83 4.72 -13.09 ~ -3.19 -2.18 1.63 -4.08 ~ -0.64 

Muntiacus muntjak 3 -13.04 0.28 -13.20 ~ -12.72 -1.92 0.09 -1.97 ~ -1.82 

Sus scrofa 8 -6.84 2.60 -10.10 ~ -2.58 -6.37 1.12 -7.75 ~ -4.13 

Porcupine 1 -14.54 n/a n/a -7.90 n/a n/a 

PTT Sus scrofa 1 -12.37 n/a n/a 6.91 n/a n/a 

BMC Bos sp. 1 0.72 n/a n/a -1.38 n/a n/a 



 

267 

 
 
Figure 7-1.  δ13Cbone collagen  and δ13Cbone apatite values of Ban Pong Manao faunal bone samples by species.  

Note: solid line shows correlation between δ13Cbone collagen  and δ13Cbone apatite values.
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Figure 7-2.  Mean δ13C and δ15N values of Ban Pong Manao faunal bone collagen by species, compared with mean 

human δ13C and δ15N values of bone collagen from each site analyzed 
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Figure 7-3.  Mean δ13Cbone collagen  and δ13Cbone apatite values of Ban Pong Manao faunal species, compared with mean 

human δ13Cbone collagen  and δ13Cbone apatite values from each site analyzed 
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Figure 7-4.  Mean δ13C and δ18O values of Ban Pong Manao faunal bone apatite by species, compared with mean human 
δ13C and δ18O values of bone apatite from each site analyzed 
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Figure 7-5.  δ13Cenamel apatite and δ18Oenamel apatite values of Ban Pong Manao faunal tooth enamel samples by species 

Note: one Sus scrofa sample from Promtin Tai and one Bos sp. sample from Ban Mai Chaimongkol are labeled. 
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Figure 7-6.  Mean δ13Cenamel apatite and δ18Oenamel apatite values of Ban Pong Manao faunal species, compared with mean 
human δ13Cenamel apatite and δ18Oenamel apatite values from each site analyzed
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Figure 7-7.  Mean δ18Obone apatite  and δ18Oenamel apatite values of Ban Pong Manao faunal species, compared with mean 
human δ18Obone apatite and δ15Nenamel apatite values from each site analyzed
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CHAPTER 8 
RESULTS OF STABLE ISOTOPIC ANALYSES ON HUMAN SAMPLES 

A total of 163 human bones from six archaeological sites in central Thailand were 

processed for bone collagen and apatite stable isotope analyses (Appendix C). Among 

them, 63 (39%) yielded valid collagen (i.e., C/N ratio= 2.9-3.6). Each sample represents 

one individual except for the Ban Pong Manao2007-Square 18-Burial 1 individual which 

was sampled twice (C-10-2031 & 2032). The C-10-2032 collagen sample is excluded 

from statistical analysis to facilitate interpretation. Thus, isotopic signals from 62 

individuals that produced good bone collagen are included in this chapter. 

Figure 8-1 plots δ13Cbone coll against δ13Cbone ap to establish a correlation to assess 

apatite integrity. The correlation coefficient (R2) is 0.464 which is statistically significant 

(p= 0.00), thus the carbonate structure is indeed biogenic in those bones that produced 

valid collagen. While the correlation coefficient is not particularly high, it is not 

unexpected upon reviewing the data. Experimental feeding studies by Ambrose and 

Norr (1993) and Tieszen and Fagre (1993) discovered that when the δ13C values of 

protein and non-protein dietary sources are different consumer δ13Cbone coll and δ13Cbone 

ap values were poorly correlated as a result (Harrison and Katzenberg, 2003). 

Conversely, a high correlation between δ13Cbone coll and δ13Cbone ap is expected when 

protein and non-protein foods are derived from the same or isotopically similar carbon 

source (i.e., a monoisotopic diet). In the discussion that follows, it will be demonstrated 

that this spacing (Δ13Cap-coll) helps to clarify Metal Age central Thai people did not have 

a monoisotopic diet, which in turn explains the lower (but significant) correlation 

observed in δ13Ccollagen and δ13Capatite values from the human bone samples analyzed. 
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Site Overview 

As described in previous chapters, the six archaeological sites from central 

Thailand are distributed across a large geographic area and temporally across 

millennia. While some sites are located closer to one another (Promtin Tai, Non Mak La, 

Kai Sai On/Noen Din), some are quite ecologically distinct from other sites (e.g., coastal 

vs. inland). The highly diversified landscape in the region influenced availability of local 

foodstuffs which in turn influenced human diet. Increased socio-cultural complexity over 

time also fostered more effective and/or alternative ways humans interacted with the 

landscape. To evaluate how site locale may have played a role in human dietary 

choices, it is therefore important to review the results of stable isotope ratio analysis at 

the site level.  

Bone Samples 

Figures 8-2 and 8-3 plot the isotopic values of all valid human collagen and 

apatite samples, δ13Cbone coll vs. δ15Nbone coll and δ13Cbone ap vs. δ18Obone ap, respectively. 

Tables 8-1 to 8-3 present a summary of these isotopic parameters by site. 

Unfortunately, none of the bone samples collected from Promtin Tai yielded valid 

collagen. As a result, no apatite data are reported for this site. In Figure 8-2 (Table 8-1), 

it is clear that δ13Cbone coll values cluster by site. Ban Pong Manao occupies the positive 

end of the δ13C spectrum (average= -13.23‰), followed by Khok Phanom Di (-15.23‰) 

and Non Mak La (-15.54‰). Ban Mai Chaimongkol show the most negative δ13Cbone coll 

values (average= -16.25‰). A Kruskal-Wallis test reveals that the mean δ13C values at 

these sites are significantly different (p= 0.00). A Mann-Whitney U test was performed to 

see which paired sites have significantly different δ13C averages. The results suggest 

mean δ13C values from Ban Pong Manao are distinctly different from that of all other 
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sites (vs. Non Mak La, p= 0.01; vs. Ban Mai Chaimongkol, p= 0.02; vs. Khok Phanom 

Di, p= 0.00). In terms of δ15N values, Ban Mai Chaimongkol individuals have the highest 

average δ15N values (11.86‰), followed by Khok Phanom Di (10.97‰), Non Mak La 

(9.92‰), and Ban Pong Manao (9.37‰). The difference among site averages is 

statistically significant (Kruskal-Wallis test, p= 0.00). Mann-Whitney U tests on paired 

sites show the mean δ15N values between each site is statistically significant (Non Mak 

La vs. Ban Pong Manao, p= 0.04; Non Mak La vs. Ban Mai Chaimongkol, p= 0.01; Non 

Mak La vs. Khok Phanom Di, p= 0.00; Ban Mai Chaimongkol vs. Ban Pong Manao, p= 

0.01; Ban Mai Chaimongkol vs. Khok Phanom Di, p= 0.02; Ban Pong Manao vs. Khok 

Phanom Di, p= 0.00).  

Figure 8-3 plots δ13Cbone ap values which also show distinct clustering by site. Ban 

Pong Manao individuals have least negative δ13Cbone ap values (average= -6.94‰), 

followed by Ban Mai Chaimongkol (-9.49‰), Non Mak La (-9.74‰), and Khok Phanom 

Di (-10.88‰) (see Table 8-2 for summary statistics). A Kruskal Wallis test yields a 

statistically significant difference (p= 0.00) between the site means. Results of the 

Mann-Whitney U tests on paired sites indicate average δ13Cbone ap values are statistically 

significant between all site pairs (Non Mak La vs. Ban Pong Manao, p= 0.00; Non Mak 

La vs. Khok Phanom Di, p= 0.01; Ban Mai Chaimongkol vs. Ban Pong Manao, p= 0.01; 

Ban Mai Chaimongkol vs. Khok Phanom Di, p= 0.01; Ban Pong Manao vs. Khok 

Phanom Di, p= 0.00) except Non Mak La and Ban Mai Chaimongkol (p= 0.84).  

In contrast with carbon and nitrogen stable isotope ratios, δ18O values do not 

show clustering at the site level. In fact, δ18O values of all bones sampled show slight 

variation ranging from -5.88‰ to -7.62‰, regardless of site location. Site average δ18O 
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values are also similar with Ban Pong Manao having the highest average δ18O 

(-6.68‰), followed by Ban Mai Chaimongkol (-6.75‰), Khok Phanom Di (-6.81‰), and 

Non Mak La (-6.93‰). A Kruskal-Wallis test yielded no significant difference among the 

means of δ18O by site (p= 0.43). Paired Mann-Whitney tests also did not produce 

significant differences between any site pairs. 

Since δ13Cbone ap values reflect total diet and δ13Ccoll values reflect the protein 

portion of diet (Ambrose and Norr, 1993), the difference between δ13Cbone ap and 

δ13Cbone coll values (Δ13Cap-coll) may be used as a proxy to the isotopic composition of 

carbohydrates and lipids. Figure 8-4 plots Δ13Cap-coll against δ13Cbone coll (see summary in 

Table 8-3). A line of Δ13Cap-coll= 4.4‰ (δ13C value of a monoisotopic diet partitioning C3 

vs. C4 energy and protein sources) is placed on this plot as a reference (Ambrose et al., 

1997; see Chapter 9). Figure 8-4 shows that only a few data points fall closely near the 

monoisotopic diet line. The majority of Khok Phanom Di Δ13Cap-coll show less Δ13Cap-coll 

spacing than 4.4‰ (average= 4.35‰) while all but one data point are >4.4‰. Non Mak 

La individuals display the second lowest Δ13Cap-coll (5.80‰), followed by Ban Pong 

Manao (6.29‰) and Ban Mai Chaimongkol (6.76‰). The site averages are significantly 

different (Kruskal-Wallis test, p= 0.00). Mann-Whitney U tests among site pairs 

produced the following results: Non Mak La vs. Khok Phanom Di, p= 0.01; Ban Mai 

Chaimongkol vs. Khok Phanom Di, p= 0.03; Ban Pong Manao vs. Khok Phanom Di, p= 

0.00. Other paired Mann-Whitney U tests among Ban Mai Chaimongkol, Non Mak La, 

and Ban Pong Manao alone did not yield statistical signficance (Ban Mai Chaimongkol 

vs. Non Mak La, p= 0.10; Non Mak La vs. Ban Pong Manao, p= 0.59; Ban Mai 

Chaimongkol vs. Ban Pong Manao, p= 0.46). With results from the two tests combined, 
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all suggest that average Δ13Cap-coll at Khok Phanom Di contributed to the statisitical 

significance in the non-parametric multiple independent sample test. The greater the 

Δ13Cap-coll in either direction, the less likely the diet was monoisotopic in nature. Figure 

8-4 lends support to the low R2 (i.e., protein vs. non-protein carbon sources) to explain 

data validity (see Figure 8-1). 

To further delineate the δ13C composition of protein and energy food sources, 

Kellner and Schoeninger (2007) offer a set of regression models. Figure 8-5 plots the 

same data points as in Figure 8-1 (δ13Cbone coll vs. δ13Cbone ap) with regression lines 

provided in Kellner and Schoeninger (2007: 1122, Figure 2) as (1) C3 protein line: y= 

1.74x + 21.4, (2) C4 protein line: y= 1.71x + 10.6, and (3) marine protein line: y= 2.18x + 

18.6. The data distribution shown in Figure 8-5 demonstrates that all but one Ban Pong 

Manao individual lies between the C3 and C4 protein lines, regardless of site location. 

δ13Cbone ap values from Ban Pong Manao show a marked departure from other sites 

whose energy sources seems to have included more C4 carbohydrates. δ13Cbone coll 

values of Ban Pong Manao individuals also show slight clustering towards the C4 end of 

the spectrum. Non Mak La and Ban Mai Chaimongkol data, on the other hand, fall 

towards the C3 protein line and towards the C3 energy spectrum. Khok Phanom Di 

δ13Cbone coll data interestingly show a somewhat bimodal distribution towards either 

protein line with more individuals grouped towards the C4 protein line. The δ13Cbone ap 

data from Khok Phanom Di, however, invariably cluster towards the C3 energy end and 

exhibit a fairly narrow spectrum.  

Enamel Samples 

Eighty-six human teeth from the five inland central Thai sites were processed for 

stable isotope ratio analysis. Among them, eight were from the same individual and 



 

279 

each duplicate sample these was excluded from statistical analyses and graphs to  

ease interpretation of the total individual sample (N= 78). Appendix D tabulates the 

isotopic data from each tooth and Table 8-4 presents the summary statistics. Figure 8-6 

is a scatter plot of δ13Cenl ap values vs. δ18Oen ap values. δ13Cen ap values at Non Mak La 

show the least negative values (average= -7.93‰), followed by Ban Pong Manao 

(-8.41‰), Ban Mai Chaimongkol (-9.41‰), and Promtin Tai (-12.08‰). The lone tooth 

sampled from Kao Sai On-Noen Din produced a δ13Cen ap (-5.86‰) that is one of the 

highest δ13Cen ap values produced among all samples analysed. When evaluating the 

difference between site means for δ13Cen ap values, Kao Sai On-Noen Din value is not 

incorporated (applies for corresponding δ18Oen ap value as well). A Kruskal-Wallis test 

reveals that the site means are significantly different (df= 3; p= 0.00). Paired Mann-

Whitney U Tests show that average δ13Cen ap values at Promtin Tai is most different 

from other sites (vs. Non Mak La, p= 0.00; vs. Ban Pong Manao, p= 0.00; vs. Ban Mai 

Chaimongkol, p= 0.00) and the distance between Non Mak La and Ban Mai 

Chaimongkol averages is also statistically significant (p= 0.00). However, the 

differences of average δ13Cen ap value between Non Mak La and Ban Pong Manao 

(p=0.59) and Ban Mai Chaimongkol and Ban Pong Manao (p= 0.09) are not statistically 

significant.  

In terms of δ18Oen ap values, the range is fairly small (-3.11‰ to -6.99‰) among 

all human samples analyzed, similar to that of δ18Obone ap described above. Promtin Tai 

shows a distinct clustering towards the higher end of δ18O values (average= -4.69‰). 

Except for two higher values from Ban Pong Manao, data from the other four sites are 

scattered between -4.4‰ to -7‰. The one tooth from Kai Sai On-Noen Din yielded a 
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δ18O value of -6.38‰, well in the range of sample values. The average δ18Oen ap values 

by site from highest to lowest is Ban Pong Manao (-5.90‰), Ban Mai Chaimongkol 

(-5.98‰), and Non Mak La (-6.00‰), all lower than the average for Promtin Tai 

(-4.69‰). A Kruskal-Wallis test demonstrates this difference is statistically significant 

(p= 0.00). A Paired Mann-Whitney U test confirms the visual distribution of δ18O values 

that Promtin Tai is skewing these results to significance, when means are compared 

between multiple samples (vs. Non Mak La, p= 0.00; vs. Ban Mai Chaimongkol, p= 

0.00; vs. Ban Pong Manao, p= 0.00). Not surprisingly, the difference of average δ18O 

values between Non Mak La, Ban Mai Chaimongkol, and Ban Pong Manao is not 

significant (Non Mak La vs. Ban Mai Chaimongkol, p= 0.85; Non Mak La vs. Ban Pong 

Manao, p= 0.45; Ban Mai Chaimongkol vs. Ban Pong Manao, p= 0.63).  

Intra-Site Analysis of Stable Isotope Results 

The main purpose of this study is to assess Metal Age central Thai changes in 

human diet and health, if any, over time with respect to proposed increases in 

sociocomplexity in the region. To gain insight into perceivedbiological changes as a 

result of sociocultural developments, stable isotope ratio analysis of data derived from 

human skeletal and dental samples from each site are analyzed by parameters 

including biological sex, time period, and landscape shift when possible. In addition, life 

history reconstruction is attempted on proper individuals. Isotopic composition derived 

from bone samples is reflective of the dietary patterns during the last decade of life (in 

adults particularly), while the isotopic signals from tooth enamel, depending on specific 

dental formation schedule, provide insight to an individual’s early childhood and 

sometimes in utero. In this study, additional effort was invested during sampling to 

collect one bone and one tooth from each individual whenever possible. Since 
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carbonates from bone and enamel are analyzed for the same stable isotopes (δ13C and 

δ18O), the isotopic difference between bone and enamel apatite is one approach to 

delineate dietary and/or water source changes between early childhood and later in life. 

The life history data will be discussed more in contingent with paleopathology data in 

Chapter 9.  

Non Mak La 

The stable isotopic signals of human bone and tooth enamel samples from Non 

Mak La are reported in the following sections. While small in valid sample size, life 

history data inferred from the difference between δ13Cbone ap vs. δ13Cen ap and δ18Obone ap 

vs. δ18Oen ap are also displayed. 

Bone samples 

Among the 27 human bone samples from Non Mak La processed for stable 

isotope analyses, eight produced good bone collagen yields. Thus, eight sets (from the 

same individuals) of bone collagen and bone apatite isotope data are included. Figures 

8-7 and 8-8 display δ13C vs. δ15N from bone collagen and δ13C vs. δ18O from bone 

apatite, respectively. Sex of the individuals is marked (male= 3, female= 2, subadult= 3). 

The distribution of the data shows that the range of each isotopic parameter is fairly 

narrow, ranging from 0.92‰ for δ18Obone ap to 4.25‰ for δ13Ccoll. Summary statistics are 

tabulated in Tables 8-5 to 8-7. The mean value of each isotope ratio does not portray 

any marked difference among biological categories and small sample size hinders 

statistical analysis. Figure 8-9 plots Δ13Cap-coll against δ13Cbone coll, while Figure 8-10 

displays the relationship between δ13Cbone coll and δ13Cbone ap. The dietary protein lines 

(C3, C4, marine) from Kellner and Schoeninger (2007) are added to Figure 8-7(c) as 

reference. Figure 8-9 shows that Non Mak La the Δ13Cap-coll, regardless of sex, is 
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somewhat positive but close to the monoisotopic line (Δ13Cap-coll= 4.4‰). Figure 8-10, on 

the other hand, demonstrates that Non Mak La δ13Cbone coll values are intermediate 

between the C3 and C4 protein lines, with a tendency towards the C3 protein spectrum.  

When these eight individuals are grouped by time period, there is no significant 

isotopic difference (via Mann-Whitney U test) between Earlier (N= 3; one female, two 

subadults) and Later (N= 5; three males, one female, one subadult) periods for either 

bone collagen or bone apatite signals (mean δ13Cbone coll: -15.51‰ vs. -15.55‰, p= 0.46; 

δ15Nbone coll: 9.74‰ vs. 10.03‰, p= 0.66; δ13Cbone ap: -9.54‰ vs. -9.85‰, p= 0.88; 

δ18Obone ap: -6.74‰ vs. -7.04‰, p= 0.37). Figures 8-11 and 8-12 show all isotopic 

signals are clustered tightly with one another, often within 2‰ or 3‰, except for δ13Cbone 

coll values. The small difference in stable isotope ratios over time suggests that these 

data reflect site-specific dietary regimes. 

Enamel samples 

To compensate for the poor preservation of bones, 25 human tooth enamel 

samples were analyzed from Non Mak La (summary statistics in Table 8-8). Figure 8-13 

plots δ13C vs. δ18O values from enamel apatite samples (male= 8, female= 6, subadult= 

11). Unlike bone apatite, enamel carbonate yielded a wider range of both δ13C and δ18O 

values. In particular, data from male individuals show a wider range than data from 

females (δ13C: minimum= -11.09‰, maximum= -5.53‰, range= 5.56‰; δ18O: 

minimum= -6.93‰, maximum= -4.67‰, range= 2.26‰). In contrast, the δ13C values 

from females show a minimum of -8.41‰, a maximum of -6.32‰, and a range of 

2.09‰. As for female δ18O data, the minimum is -6.78‰, maximum is -5.79‰, with a 

small range of 0.99‰. In terms of average between sexes, male mean δ13C and δ18O 

values are -8.65‰ and -6.16‰, respectively, while females have a mean of δ13C and 
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δ18O at -7.38‰ and -6.18‰, respectively. The difference of δ13Cen ap between males 

and females, however, is not statistically significant (Mann-Whitney U test, p= 0.20).  

These 25 individuals are then grouped into Earlier and Later periods. Among 

them, provenience of two individuals prevents confident grouping. Thus, 23 individuals 

with dental enamel apatite signals are analyzed for intra-site dietary change through 

time at Non Mak La (Earlier: N= 18; Later: N= 5). Figure 8-14 plots the distribution of 

δ13Cen ap and δ18Oen ap signals. The majority of the Earlier period individuals seem to 

cluster towards the less negative end of δ13Cen ap values while the Later period 

individualss tend to congregate at the more negative end. In terms of δ18O, Earlier 

period individuals show greater deviation in δ18O value (~2.5‰) compared to the the 

Later period individuals (~1.0‰). Mean δ13Cen ap value during the Earlier period is 

-7.58‰ and during Later period is -9.50‰. Mean δ18Oen ap value during the Earlier 

period is -5.93‰ and during the Later period is -6.39‰. Interestingly, Mann-Whitney U 

tests reveal that the difference of enamel apatite signals between time period is 

significant for δ13C (p= 0.21) but not significant for δ18O (p= 0.62). 

Life history 

Among all the Non Mak La individuals (N= 30) incorporated in the stable isotope 

analyses, seven yielded valid apatite isotope signals from both bone and tooth enamel. 

Figures 8-15, 8-16, and 8-17 show δ13Cbone ap vs. δ13Cen ap, δ
18Obone ap vs. δ18Oen ap, and 

Δ13Cen ap-bone ap vs. Δ18Oen ap-bone ap, respectively. Table 8-9 presents summary statistics. 

On Figure 8-15, no clear pattern of dietary shift in δ13C values is observed among 

individuals. As for the stable oxygen isotopes (Figure 8-16), all individuals show a slight 

δ18O shift from more positive to less positive between enamel and bone δ18O values. 

Figure 8-17 displays the negative δ18O change from earlier to later in life. It also shows 
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that Non Mak La females show a positive shift of δ13C from younger to older age in life, 

although males have somewhat spread distribution of δ13Cen ap and δ13Cbone ap spacing. 

For the two subadults, one has a positive and the other has a negative shift of δ13C 

between earlier and later in life.  

Ban Mai Chaimongkol 

The stable isotopic signals of human bone and tooth enamel samples from Ban 

Mai Chaimongkol are reported in the following sections. Particularly inferior cortical 

bone integrity commonly among the samples selected from this site, however, resulted 

in limited life history data. 

Bone samples 

During the sample collecting process, it was observed that the majority of the 

Ban Mai Chaimongkol skeletal remains were highly degraded and some were indeed 

fossilized. It is not surprising that among the 23 human bones sampled, only three 

yielded satisfactory collagen. Consequently, three sets of bone collagen and bone 

apatite isotope signals are presented here. The three individuals are one male, one 

female, and one subadult, and all are associated with Iron Age contexts (Figures 8-18 

and 8-19, Table 8-10). With these limited data points, it is interesting to see all samples 

cluster tightly for stable isotope ratio (δ13Cbone coll range= 1.34‰; δ15Nbone coll range= 

0.58‰; δ13Cbone ap range= 0.59‰; δ18Obone ap range= 1.12‰). Since no Bronze Age 

samples produced valid collagen signals, comparison of intra-site isotopic change by 

time period is not possible for this site. 

Enamel samples 

A total of 28 human teeth were processed for stable carbon and oxygen isotope 

analyses. Among them, five were from duplicate individuals and excluded from analysis. 
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The 23 valid enamel apatite data points are plotted in Figure 8-20 and summarized in 

Table 8-11 (male= 8, female=10, subadult= 5). Males display a wider range in each 

isotopic ratio than females (male δ13C range= 6.90‰; male δ18O range= 2.31‰; female 

δ13C range= 2.62‰; female δ18O range= 1.34‰). While the mean δ18O between males 

and females is essentially identical, the average δ13C of males is ~1.5‰ more positive 

than that of the females. Mann-Whitney U test, however, does not indicate statistical 

significance (p= 0.13) for this observation. The subadults with unknown sex produced 

similarly distributed δ13C and δ18O values as their adult site members with ranges of 

5.86‰ and 1.78‰, respectively. The Ban Mai Chaimongkol enamel apatite data are 

then categorized by time period, where possible (Figure 8-21). The Bronze Age 

individuals (N= 8) show a slightly narrower range of δ13C values compared to the Iron 

Age ones (N= 11). As for δ18O, however, individuals from the Iron Age demonstrate a 

slightly smaller range. Statistical analysis is performed by grouping the individuals into 

the Bronze and Iron Ages to increase the sample size. Mann-Whitney U tests show that 

the differences of average δ13C and δ18O values between time periods is not statistically 

significant (p= 0.93 and 0.46, respectively).  

Life history 

Among the teeth sampled above, one tooth corresponded with each of the three 

individuals whose bone yielded valid apatite isotope signals, enabling an isotopic 

portrait of life history. Figure 8-22 and Table 8-12 show that there was no or minimal 

positive shift (~1‰) of δ18O from childhood to later in life, while the shifting directions of 

δ13C varied among individuals. 
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Promtin Tai 

Due to poor preservation of organics, no human bones sampled from Promtin Tai 

(N= 19) for collagen and apatite analyses produced valid isotopic signals. However, 15 

human teeth were sampled for δ13C and δ18O apatite analyses. Among them, two were 

from duplicated individuals and therefore excluded from analysis. Upon reviewing the 

data (N= 13) plotted in Figure 8-23, all but one point clusters tightly along both δ13C and 

δ18O axes. Burial 2, based on its provenience, is likely to be a temporal outlier and is not 

included in significance analyses (δ13C= -8.64‰, δ18O= -6.09‰). After Burial 2 is 

removed, the male δ13C and δ18O ranges are 1.33‰ (min.= -12.96‰, max.= -11.64‰) 

and 0.96‰ (min.= -5.44‰, max.= -4.48‰), respectively. Females have a δ13C range of 

1.5‰ (min.= -13.47‰, max.= -11.97‰) and a δ18O range of 1.39‰ (min.= -5.12‰, 

max.= -3.74‰) (Table 8-13). There is no statistical significance of either isotope ratio 

between males and females (Mann-Whitney U tests, p= 0.23 for δ13C, p= 0.63 for δ18O). 

When evaluated by time period (Figure 8-24), the δ18O values  of individuals from the 

Earlier Iron Age seem to be collectively more positive than their Later Iron Age 

counterparts. A Mann-Whitney test produced a p-value of 0.06, close to statistical 

significance. As for the δ13C values, there is no clear distributional or statistical 

significance (Mann-Whitney test, p= 0.48) of the δ13C difference between time periods. 

Since the data are only available for the enamel apatite fraction for Promtin Tai 

individuals, life history parameters using stable isotope ratios cannot be addressed. 

Ban Pong Manao 

The stable isotopic signals of human bone and tooth enamel samples from Ban 

Pong Manao are reported in the following sections. Among the central Thai human 

samples analyzed for stable isotopic signals, Ban Pong Manao skeletal remains 
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provided the most valid bone chemistry data, possibly due to its drier environment and 

soil characteristics. Therefore, the dietary fluctuation, if any, during people’s lifetime can 

be best observed at this site. 

Bone samples 

Among the 30 human bone fragments processed for isotopic analyses from Ban 

Pong Manao, 25 produced valid collagen. This is the highest yield percentage (83%) 

among all six sites studied. Figures 8-25 and 8-26 present δ13C vs. δ15N values of bone 

collagen by sex and δ13C vs. δ18O values of bone apatite by sex, respectively. Tables 

8-14 to 8-16 summarize the statistical parameters. On the δ13Cbone coll axis in Figure 

8-25, most males (N= 16) cluster towards the less negative end of the spectrum (mean= 

-12.70‰) while all but one female (N= 6) group slightly in the negative direction (mean= 

-14.17‰). In terms of variation, males show more varied results (range= 8.17‰) than 

females (range= 3.66‰). A Mann-Whitney U test indicates a close to significant 

discrepancy of average δ13C values between males and females (p= 0.07). With respect 

to δ15N values, most individuals (7 out of 25) cluster in the range of ~9.5-10‰. Within 

this group, males make up the majority. A group of three individuals (two males and one 

subadult) occupy the more positive end of the δ15N range (~1-1.5‰ more positive than 

the previous group) while four individuals (three females and one male) have the lowest 

δ15N values (~1-1.5‰ below the majority). Albeit sample size differences exist between 

the sexes, half of the females sampled produced the lowest δ15N values. On the other 

hand, when strictly categorized by sex, a Mann-Whitney U test indicates that the 

difference between average δ15N values of males and females is indeed significant (p= 

0.01). In addition, the two subadults have higher δ15N values than other adults. In Figure 

8-26, there is no major patterning between sexes for either δ13C or δ18O values. Male 



 

288 

δ13Cbone ap values, however, show a wider range (5.82‰) compared to that of females 

(3.85‰). The difference average δ13C values between males (-6.55‰) and females 

(-7.21‰) is not statistically significant (Mann-Whitney U test, p= 0.38). A similar 

distribution occurs with δ18Obone ap values, where the mean difference between males 

(-6.69‰) and females (-6.78‰) is not significant (Mann-Whitney U test, p= 0.42). The 

two subadults, in particular, have the lowest δ13Cbone ap values and more positive 

δ18Obone ap values, compared to other Ban Pong Manao adults.  

When dietary carbon sources are considered, Figure 8-27 plots the Δ13Cap-coll 

against δ13Cbone coll values to show the carbon source discrepancy between protein and 

non-protein foods. The majority of males have a Δ13Cap-coll close to the monoisotopic line 

(δ13Cbone coll= 4.4‰), with an average Δ13Cap-coll of 6.15‰ and a range of 6.37‰. 

Females tend to yield larger Δ13Cap-coll (mean= 6.95‰; range= 2.27‰). The difference of 

Δ13Cap-coll between males and females is not significant (Mann-Whitney U test, p= 0.16). 

This may be attributable to the effect of one male individual 2001-SQ1-B#10 who has a 

particularly high Δ13Cap-coll. Figure 8-28 plots the δ13Cbone coll vs. δ13Cbone ap data with 

Kellner and Schoeninger’s (2007) protein reference lines. Male δ13Cbone coll values 

cluster towards the marine and C4 protein line while female δ13Cbone coll values are 

slightly less enriched towards the C3 protein line. 

Since the majority of the human skeletal remains excavated date to the late few 

centuries of Iron Age occupation (~A.D. 300-500), the relatively short occupation and 

high degree of burial intercutting at Ban Pong Manao prevent further dividing burials into 

finer time periods. Therefore, the isotopic data are only analyzed by sex.  
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Enamel samples 

Dental enamel from 16 human teeth (male= 8, female= 5, subadult= 3) was 

sampled δ13C or δ18O from enamel carbonate (Table 8-17). Figure 8-29 demonstrates 

that except for two male outliers, there is no distribution pattern between males (mean= 

-7.75‰, range= 5.84‰, outliers excluded) and females (mean= -7.01‰, range= 5.01‰) 

on the axis of δ13Cen ap. A Mann-Whitney U test confirms this visual observation (p= 

0.47). The two outliers were recovered from nearby locations in the same excavation 

unit and did have good tooth enamel integrity before sampling. Their distinctly different 

δ13C and δ18O values warrant discussion below (Chapter 9). Similar distribution of 

δ18Oen ap values is observed at Ban Pong Manao where all but the two outliers cluster 

tightly within a range of ~2‰. Males and females do not appear to have a distinctly 

different average or range (Mann-Whitney U test, p= 0.20). The three subadults do 

show more positive δ18O values than all other individuals (outliers excluded).  

Life history 

Figure 8-30 plots the isotopic spacing between enamel apatite and bone apatite 

for δ13C or δ18O. It appears that again (Table 8-18), other than the distinct outlier (2007, 

SQ1/4, Feature 4), male and female isotopic values are quite similar. No difference in 

patterning is found between males and females. A Mann-Whitney U test supports this 

observation (p= 0.75 for δ13C, p= 0.08 for δ18O). 

Kao Sai On-Noen Din 

Similar to Promtin Tai, none of the four bone samples, from three individuals of 

Kao Sai On-Noen Din, produced valid collagen. Therefore, their corresponding bone 

apatite was not loaded for stable isotope analysis. One tooth (a maxillary left third 

molar) from an adult male was processed and examined for stable carbon and oxygen 
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isotope values. The results are -5.86‰ for δ13C and -6.38‰ for δ18O. When compared 

among the human enamel apatite results by site presented above, this individual falls 

within the observed range of Non Mak La individuals. 

Khok Phanom Di 

The stable isotopic signals of human bone and tooth enamel samples from Khok 

Phanom Di are reported in the following sections. Six major mortuary phases (MP) were 

designated by previous studies, based on mortuary pattern and ecological change 

(Higham and Thosarat, 2002). Since Khok Phanom Di serves as a chronological and 

geographic comparative group to the inland central Thai sites, data reporting of this site 

is designed to highlight not only its overall different stable isotopic signals from all other 

inland central Thai sites but also the potential fluctuation of dietary signals within Khok 

Phanom Di as the environment changed. 

Bone samples 

A total of 60 human bone fragments were processed for stable isotope analyses 

and 26 produced collagen with satisfactory C/N ratios indicating good bone integrity 

(Table 8-19). Figures 8-31 and 8-32 plot δ13Cbone coll vs. δ15Nbone coll and δ13Cbone ap vs. 

δ18Obone ap, respectively. In Figure 8-31, it is interesting to observe a somewhat bimodal 

distribution of δ13Cbone coll values, where one group varies around -18‰ and the other 

fluctuates around -14‰ to -15‰. In addition, male δ13Cbone coll values tend to be more 

positive group (N= 14; mean= -14.75‰) while female δ13Cbone coll values follows a 

bimodal distribution (N= 12; mean= -15.80‰). The difference of averages between 

males and females is statistically significant (Mann-Whitney U test, p= 0.04). In terms of 

δ15N values, all but two male individuals cluster slightly more positive than do the 

females. This is reflected in the mean δ15N values of males (11.08‰) and females 
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(10.85‰) sampled from the site. However, the δ15N means between sexes are not 

statistically different (Mann-Whitney U test, p= 0.29). Overall, the Khok Phanom Di have 

fairly similar δ15N values (total average= 10.97‰). Unlike δ13Cbone coll values, the δ13Cbone 

ap values do not display any distinct pattern collectively (Figure 8-32, Table 8-20) but the 

overall range is indeed fairly narrow (2.4‰). Males seem to cluster slightly towards the 

more positive end of the spectrum (mean= -10.80‰, range= 1.73‰) while females have 

a more scattered distribution (mean= -10.97‰, range= 2.36‰). The difference of 

means between sexes is not statistically significant (Mann-Whitney U test, p= 0.50). The 

δ18Obone ap values show tight clustering with a range of ~2‰. Males and females have 

similar means (-6.71‰ and -6.93‰, respectively) and an identical range (~1.75‰). The 

difference of δ18O averages between sexes is not significant (p= -0.24), as is expected. 

Figure 8-33 plots the Δ13Cap-coll against δ13Cbone ap values (Table 8-21). It is clear that 

males have smaller Δ13Cap-coll than females. The average Δ13Cap-coll for males is 3.95‰ 

and for females is 4.83‰. Although the difference in averages is not significant (Mann-

Whitney U test, p= 0.10), the threshold of 4.4‰ indicates different carbon sources 

among protein and non-protein foods. This is clarified when δ13C values from bone 

collagen and bone apatite are plotted against each other with Kellner and Schoeninger’s 

(2007) protein reference lines (Figure 8-34). The majority of the Khok Phanom Di 

individuals produced data closer to the marine and/or C4 line. Only six of the data points 

cluster closer to the C3 protein line. Interestingly, males overwhelmingly cluster towards 

marine protein, while females are closer to either end of the δ13Cbone coll spectrum. It is 

not straightforward, based on Figure 8-34, whether the more positive clustering of male 
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δ13Cbone coll values is in fact towards the marine or C4 line, or even both. This is 

discussed in detail below. 

The stratigraphic context for Khok Phanom Di is well established and recovered 

individuals have been divided into several mortuary phases based on burial context and 

artifact association (Higham and Thosarat, 1994, 2004). These phases corresponded to 

sea-level fluctuations in the past that mirrored ecosystem changes between estuarine-

coastal mangrove and freshwater pond/lake systems. Figure 8-35 shows δ13C and δ15N 

values from bone collagen plotted by mortuary phase. Filled symbols on this figure 

represent phases associated with an estuarine-coastal system and empty symbols 

represent phases associated with more freshwater habitats. The previously observed 

bimodal distribution with δ13C values is apparent as individuals buried during estuarine-

coastal environmental periods exhibit less negative δ13C values than those individuals 

buried during more freshwater-type periods of occupation at the site. No particular 

pattern is observed among mortuary phases/ecosystems with respect to δ15N values. 

Figure 8-36 plots δ13C and δ18O from bone apatite by mortuary phase/ecosystem. The 

data scatter across narrow ranges on both δ13C and δ18O axes with no clear clustering. 

To examine how human stable isotope ratios (i.e., dietary and water sources) varied vis 

a vis inferred environmental change, individuals from various mortuary phases were 

then grouped into two ecosystems: estuary/coastal system includes mortuary phases 1, 

2, 3A, 5, and 6 while freshwater pond/lake systems include mortuary phase 3B and 4. A 

Mann-Whitney U test was performed to evaluate if the difference for each stable isotope 

ratio between ecosystems was significant. Despite the observation of bimodal 

distribution of δ13Cbone coll values by ecosystem, the results show no statistical 
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significance of difference between group averages: δ13Cbone coll (p= 0.77), δ15Nbone coll (p= 

0.52), δ13Cbone ap (p= 0.85), or δ18Obone ap (p= 0.25). Figures 8-37 and 8-38 display the 

dietary carbon categories (with reference lines) that would influence individuals from 

Khok Phanom Di. Those buried during estuarine/coastal periods collectively exhibits 

smaller Δ13Cap-coll (Figure 8-37) while those buried during freshwater periods show no 

apparent clustering on either side of the reference line (4.4‰). On Kellner and 

Schoeninger’s (2007) graph layout Figure 8-38, all but one individual associated with an 

estuarine/coastal period falls towards the marine and/or C4 protein line and the 

freshwater habitat episode exhibits a more varied C3/C4/marine protein distribution, 

although the difference again is not statistically significant (Mann-Whitney U test, p= 

0.77). 

Enamel samples 

Dental enamel samples from Khok Phanom Di have been previously sampled 

and analyzed for stable isotope ratios by Bentley and colleagues (2007) to explore 

issues of marital residential patterns and mobility. A total of 72 teeth were processed for 

δ13C, δ 18O, and 87Sr/86Sr isotope ratios. Among them, 66 yielded valid δ13C and δ18O 

data that are used here in graphs and statistical analyses, in conjunction with the bone 

collagen data. The standard used to calculate the stable oxygen isotope ratios in 

Bentley et al (2007) was SMOW (Standard Mean Ocean Water), which is different from 

the V-PDB (Vienna- Pee Dee Belemnite) used in this current study. The δ18Osmow values 

were converted following the formulae listed in Chapter 5. A complete list of enamel 

data are presented in Bentley et al. (2007: 306-307) and Table 8-22 summarizes the 

stable isotope parameters based on the converted data from Bentley et al. (2007). 

Figure 8-39 plots δ13C and δ18O values by sex. On a population level, Khok Phanom Di 



 

294 

individuals (except for a few outliers) possessed small variation of both δ13C and δ18O 

values, with a range of 3.4‰ (B #96 excluded) and 2.7‰, respectively. The tight 

clustering is also apparent when the data are categorized by sex. Males have an 

average of -12.37‰ for δ13C (range= 2.3‰) and females have a δ13C average of -

12.43‰ (range= 2.9‰). As for δ18O, the clustering is even tighter with the male range of 

1.94‰ (average= -5.21‰) and female range of 2.23‰ (average= -5.27‰). No 

statistically significant difference is found in either δ13C (p= 0.90) or δ18O (p= 0.83) 

among sexes. When the data reported in Bentley et al. (2007) are categorized by 

mortuary phase/ecosystem (Figure 8-40), the δ13C and δ18O values do not cluster in 

any distinct patterns. The average δ13C for estuarine/coastal individuals (N= 45) is 

-12.23‰ (range= 3.2‰, B#96 excluded) and -12.40‰ for individuals during freshwater 

periods (N= 21, range= 2.8‰). The average δ18O for people buried during 

estuarine/coastal periods is -5.22‰ (range= 2.72‰) and for freshwater period 

individuals the average is -5.04‰ (range= 1.75‰). As expected, no significant 

difference between group means of each isotopic ratio is found (Mann-Whitney U test, 

p= 0.85 for δ13C and p= 0.25 for δ18O).  

Life history 

There are 22 individuals whose bones (current study) and teeth (Bentley et al., 

2007) produced valid δ13C values and are used in life history analysis (Table 8-23). 

Figures 8-41 and 8-42 (based on data summarized in Table 8-24) plot the spacing of 

isotopic values derived from carbonate between tooth enamel and bone. When the data 

are evaluated as a whole, it is noteworthy that almost all individuals exhibit lower δ13C 

and higher δ18O values during childhood than later in life. The same trends are 

observable among male (N= 12) and female (N= 10) individuals (Figure 8-41). No 
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statistical significance is observed between group means (Mann-Whitney U test, p= 

0.36 for δ13C and p= 0.90 for δ18O). With ecosystem included as a separate variable 

(Figure 8-42), people buried during the estuarine/coastal environment (N= 9) seem to 

exhibit less varied δ13C values between earlier and later stages in life (range= 1.72‰, 

mean= -1.71‰) while those buried during freshwater periods (N= 13) exhibit a wider 

δ13C difference between earlier and later stages of life (range= 3.76‰, mean= -1.76‰).  

The difference between group means, nonetheless, is not significant (Mann-Whitney U 

test, p= 0.87). The data distance of δ18O between early and later life, however, does not 

appear to be affected by environmental factors (mean= 1.40‰ and 1.92‰ for 

estuarine/coastal and freshwater, respectively; Mann-Whitney U test, p= 0.15). 
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Table 8-1.  Summary stable isotopic values (‰) of human bone collagen samples from all sites analyzed 

Site N mean δ13C s.d. Range mean δ15N s.d. range 

Non Mak La 8 -15.53 1.35 -18.28 ~ -14.03 9.92 0.49 9.10 ~ 10.67 

Ban Mai Chaimongkol 3 -16.25 0.67 -16.99 ~ -15.55 11.86 0.33 11.66 ~ 12.24 

Ban Pong Manao 25 -13.23 2.09 -18.33 ~ -10.16 9.37 1.07 7.03 ~ 11.44 

Khok Phanom Di 26 -15.23 1.55 -18.38 ~ -13.01 10.97 0.64 9.65 ~ 12.06 

Total 62 -14.51 2.02 -18.38 ~ -10.16 10.23 1.15 7.03 ~ 12.24 

 
Table 8-2.  Summary stable isotopic values (‰) of human bone apatite samples from all sites analyzed 

Site N mean δ13C  s.d. Range mean δ18O s.d. range 

Non Mak La 8 -9.74 0.97 -11.11 ~ -8.67 -6.93 0.34 -7.57 ~ -6.65 

Ban Mai Chaimongkol 3 -9.49 0.30 -9.75 ~ -9.16 -6.75 0.57 -7.37 ~ -6.25 

Ban Pong Manao 25 -6.94 1.75 -9.43 ~ -3.61 -6.68 0.33 -7.27 ~ -6.05 

Khok Phanom Di 26 -10.88 0.67 -12.08 ~ -9.72 -6.81 0.56 -7.72 ~ -5.64 

Total 62 -9.07 2.19 -12.08 ~ -3.61 -6.77 0.45 -7.62 ~ -5.64 

 
Table 8-3.  Summary δ13Cbone apatite and δ13Cbone collagen spacing (‰) of human bone samples from all sites analyzed 

(Δ13Cap-coll) 

Site N mean s.d. Range 

Non Mak La 8 5.80 0.80 4.96 ~ 7.17 

Ban Mai Chaimongkol 3 6.76 0.83 5.80 ~ 7.32 

Ban Pong Manao 25 6.29 1.55 4.39 ~ 10.76 

Khok Phanom Di 26 4.35 1.49 2.51 ~ 7.44 

Total 62 5.44 1.69 2.51 ~ 10.76 
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Table 8-4.  Summary stable isotopic values (‰) of human tooth enamel apatite samples from all sites analyzed 

Site N mean δ13C s.d. range mean δ18O s.d. range 

Non Mak La 25 -7.93 1.59 -11.09 ~ -5.53 -6.00 0.57 -6.93 ~ -4.67 

Ban Mai Chaimongkol 23 -9.41 1.95 -12.58 ~ -4.65 -5.98 0.61 -6.72 ~ -4.41 

Promtin Tai 13 -12.27 1.24 -13.47 ~ -8.64 -4.69 0.79 -6.09 ~ -3.38 

Ban Pong Manao 16 -8.41 2.46 -12.91 ~ -4.58 -5.90 1.12 -6.99 ~ -3.11 

Kao Sai On-Noen Din 1 -5.86 n/a n/a -6.38 n/a n/a 

Total 78 -9.16 2.39 -13.47 ~ -4.58 -5.76 0.89 -6.99 ~ -3.11 

 
Table 8-5.  Summary stable isotopic values (‰) of Non Mak La bone collagen samples 

Sex Period N mean δ13C s.d. range mean δ15N s.d. range 

Male Earlier 0 n/a n/a n/a n/a n/a n/a 

 
Later 3 -15.38 0.71 -16.06 ~ -14.64 9.84 0.43 9.55 ~ 10.33 

 
Combined 3 -15.38 0.71 -16.06 ~ -14.64 9.84 0.43 9.55 ~ 10.33 

Female Earlier 1 -14.22 n/a n/a 10.1 n/a n/a 

 
Later 1 -15.74 n/a n/a 10.67 n/a n/a 

 
Combined 2 -14.98 1.07 -15.74 ~ -14.22 10.39 0.40 10.10 ~ 10.67 

Subadult Earlier 2 -16.16 3.01 -18.28 ~ -14.03 9.56 0.65 9.10 ~ 10.02 

 
Later 1 -15.88 n/a n/a 9.97 n/a n/a 

 
Combined 3 -16.06 2.13 -18.28 ~ -14.03 9.70 0.52 9.10 ~ 10.02 

Total   8 -15.53 1.35 -18.28 ~ -14.03 9.92 0.49 9.10 ~ 10.67 
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Table 8-6.  Summary stable isotopic values (‰) of Non Mak La bone apatite samples 

Sex Period N mean δ13C s.d. range mean δ18O s.d. range 

Male Earlier 0 n/a n/a n/a n/a n/a n/a 

 
Later 3 -9.37 0.66 -9.97 ~ -8.67 -6.81 0.26 -7.11 ~ -6.55 

 
Combined 3 -9.37 0.66 -9.97 ~ -8.67 -6.81 0.26 -7.11 ~ -6.65 

Female Earlier 1 -8.78 n/a n/a -6.78 n/a n/a 

 
Later 1 -10.78 n/a n/a -7.57 n/a n/a 

 
Combined 2 -9.78 1.41 -10.78 ~ -8.78 -7.18 0.56 -7.57 ~ -6.78 

Subadult Earlier 2 -9.93 1.68 -11.11 ~ -8.74 -6.72 0.1 -6.79 ~ -6.65 

 
Later 1 -10.37 n/a n/a -7.21 n/a n/a 

 
Combined 3 -10.07 1.21 -11.11 ~ -8.74 -6.88 0.29 -7.21 ~ -6.65 

Total   8 -9.74 0.97 -11.11 ~ -8.67 -6.93 0.34 -7.57 ~ -6.65 

 
Table 8-7.  Summary δ13Cbone apatite and δ13Cbone collagen spacing (‰) of Non Mak La bone samples (Δ13Cap-coll) 

Sex Period N mean s.d. range 

Male Earlier 0 n/a n/a n/a 

 
Later 3 6.01 0.8 5.17 ~ 6.76 

 
Combined 3 6.01 0.80 5.17 ~ 6.76 

Female Earlier 1 5.44 n/a n/a 

 
Later 1 4.96 n/a n/a 

 
Combined 2 5.20 0.34 4.96 ~ 5.44 

Subadult Earlier 2 6.23 1.33 5.29 ~ 7.17 

 
Later 1 5.51 n/a n/a 

 
Combined 3 5.90 1.03 5.29 ~ 7.17 

Total   8 5.80 0.80 4.96 ~ 7.17 
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Table 8-8.  Summary stable isotopic values (‰) of Non Mak La tooth enamel apatite samples 

Sex Period N mean δ13C s.d. range mean δ18O s.d. range 

Male Earlier 5 -7.81 2.18 -11.09 ~ -5.53 -5.97 0.87 -6.93 ~ -4.67 

 
Later 3 -10.05 1.11 -10.81 ~ -8.78 -6.48 0.15 -6.58 ~ -6.31 

 
Combined 8 -8.65 2.10 -11.09 ~ -5.53 -6.16 0.72 -6.93 ~ -4.67 

Female Earlier 5 -7.19 0.79 -8.41 ~ -6.32 -6.06 0.24 -6.28 ~ -5.79 

 
Later 1 -8.31 n/a n/a -6.78 n/a n/a 

 
Combined 6 -7.38 0.84 -8.41 ~ -6.32 -6.18 0.36 -6.78 ~ -5.79 

Subadult Earlier 8 -7.69 1.56 -10.29 ~ -5.86 -5.82 0.61 -6.33 ~ -4.67 

 
Later 1 -9.01 n/a n/a -5.72 n/a n/a 

 
Combineda 11 -7.70 1.40 -10.29 ~ -5.86 -5.78 0.52 -6.33 ~ -4.67 

Total   25 -7.93 1.59 -11.09 ~ -5.53 -6.00 0.57 -6.93 ~ -4.67 
aCombined: two subadults cannot be categorized into time periods 
 
Table 8-9.  Summary stable isotopic life history (‰) of Non Mak La samples  

  
Δ13Cenamel-bone apatite Δ18Oenamel-bone apatite 

Sex Period N mean s.d. range mean s.d. range 

Male Earlier 1 -0.07 n/a n/a 0.17 n/a n/a 

 
Later 3 -0.68 1.96 -1.90 ~ 0.69 0.33 0.41 0.10 ~ 0.08 

 
Combined 4 -0.53 1.11 -1.90 ~ 0.69 0.29 0.34 0.08 ~ 0.80 

Female Earlier 1 2.09 n/a n/a 0.59 n/a n/a 

 
Later 1 2.47 n/a n/a 0.79 n/a n/a 

 
Combined 2 2.28 0.27 2.09 ~ 2.47 0.69 0.14 0.59 ~ 0.79 

Subadult Earlier 2 -0.68 1.23 -1.55 ~ 0.19 0.35 0.3 0.14 ~ 0.56 

 
Later 1 1.36 n/a n/a 1.49 n/a n/a 

 
Combined 3 0 1.46 -1.55 ~ 1.36 0.73 0.69 0.14 ~ 1.49 

Total   9 0.27 1.54 -1.90 ~ 2.47 0.52 0.47 0.08 ~ 1.49 
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Table 8-10.  Summary stable isotopic values (‰) of Ban Mai Chaimongkol samples 

   
bone collagen (‰) bone apatite (‰) Δ13Cap-coll (‰) 

Sex Period N δ13C δ15N δ13C δ18O 
 Male Iron Age 1 -16.89 11.66 -9.57 -7.37 7.32 

Female Iron Age 1 -16.31 12.24 -9.16 -6.25 7.15 

Subadult Iron Age 1 -15.55 11.69 -9.75 -6.62 5.80 

Total Iron Age 3 -16.25 11.86 -9.49 -6.75 6.76 

 
Table 8-11.  Summary stable isotopic values (‰) of Ban Mai Chaimongkol tooth enamel apatite samples 

Sex Period Na mean δ13C  s.d. range mean δ18O  s.d. range 

Male Bronze 4 -8.46 2.77 -11.22 ~ -4.65 -5.85 1.00 -6.72 ~ -4.41 

 
Iron 3 -7.34 2.24   -8.87 ~ -4.77 -6.35 0.25 -6.61 ~ -6.10 

 
Combinedb 8 -8.43 2.57 -11.55 ~ -4.65 -6.01 0.73 -6.72 ~ -4.41 

Female Bronze 2 -10.01 1.85 -11.32 ~ -8.70 -6.37 0.17 -6.49 ~ -6.25 

 
Iron 6 -10.00 0.85 -11.30 ~ -8.76 -6.25 0.24 -6.48 ~ -5.93 

 
Combinedc 10 -9.97 0.94 -11.32 ~ -8.70 -6.07 0.47 -6.49 ~ -5.15 

Subadult Bronze 2 -10.42 0.69 -10.90 ~ -9.93 -6.48 0.30 -6.70 ~ -6.27 

 
Iron 2 -10.75 2.58 -12.58 ~ -8.93 -5.20 0.41 -5.79 ~ -4.91 

 
Combinedd 5 -9.86 2.11 -12.58 ~ -6.95 -5.76 0.71 -6.70 ~ -4.91 

Total   23 -9.41 1.95 -12.58 ~ -4.65 -5.98 0.61 -6.72 ~ -4.41 
aN: number of individuals; bone male cannot be categorized into time period; ctwo females cannot be categorized into time 
periods; done subadult cannot be categorized into time period 
 
Table 8-12.  Summary stable isotopic life history (‰) of Ban Mai Chaimongkol samples 

Sex Period N Δ13Cenamel-bone (‰) Δ18Oenamel-bone (‰) 

Male Bronze 0 n/a n/a 

 
Iron 1 0.7 1.01 

Female Bronze 0 n/a n/a 

 
Iron 1 -2.14 -0.16 

Subadult Bronze 0 n/a n/a 

 
Iron 1 0.82 1.13 

Total   3 -0.21 0.66 
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Table 8-13.  Summary stable isotopic values (‰) of Promtin Tai tooth enamel apatite samples 

Sex Period N mean δ13C s.d. range mean δ18O s.d. range 

Male Early Iron 3 -12.40 0.68 -12.96 ~ -11.64 -4.87 0.51 -5.44 ~ -4.48 

 
Late Iron 0 n/a n/a n/a n/a n/a n/a 

Female Early Iron 3 -13.35 0.19 -13.45 ~ -13.14 -4.21 0.52 -4.76 ~ -3.74 

 
Late Iron 1 -11.97 n/a n/a -5.12 n/a n/a 

 
Combined 4 -13.01 0.71 -13.47 ~ -11.97 -4.44 0.62 -5.12 ~ -3.74 

Sex UID adult Early Iron 1 -12.00 n/a n/a -5.05 n/a n/a 

 
Late Iron 0 n/a n/a n/a n/a n/a n/a 

Subadult Early Iron 2 -12.26 0.10 -12.33 ~ -12.19 -3.52 0.20 -3.66 ~ -3.38 

 
Late Iron 2 -12.61 0.41 -12.89 ~ -12.32 -5.23 0.32 -5.45 ~ -5.00 

 
Combined 4 -12.43 0.31 -12.89 ~ -12.19 -4.37 1.01 -5.45 ~ -3.38 

Total   12 -12.58 0.60 -13.47 ~ -11.64 -4.57 0.70 -5.45 ~ -3.38 

Note: B#2 is excluded in this summary. 
 
Table 8-14.  Summary stable isotopic values (‰) of Ban Pong Manao bone collagen samples 

Sex N mean δ13C s.d. range mean δ15N s.d. range 

Male 16 -12.70 2.21 -18.33 ~ -10.16 9.61 0.81 7.81 ~ 11.44 

Female 6 -14.17 1.32 -15.46 ~ -11.80 8.32 1.11 7.03 ~ 9.45 

Sex UID adult 1 -11.81 n/a n/a 9.47 n/a n/a 

Subadult 2 -15.47 0.73 -15.98 ~ -14.95 10.59 1.00 9.88 ~ 11.29 

Total 25 -13.23 2.09 -18.33 ~ -10.16 9.37 1.07 7.03 ~ 11.44 
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Table 8-15.  Summary stable isotopic values (‰) of Ban Pong Manao bone apatite samples 

Sex N mean δ13C s.d. range mean δ18O s.d. range 

Male 16 -6.55 1.87 -9.43 ~ -3.61 -6.69 0.35 -7.27 ~ -6.05 

Female 6 -7.21 1.27 -9.10 ~ -5.25 -6.78 0.30 -7.01 ~ -6.24 

Sex UID adult 1 -7.31 n/a n/a -6.53 n/a n/a 

Subadult 2 -9.09 0.38 -9.36 ~ -8.82 -6.39 0.11 -6.46 ~ -6.31 

Total 25 -6.94 1.75 -9.43 ~ -3.60 -6.68 0.33 -7.27 ~ -6.05 

 
Table 8-16.  Summary of δ13Cbone apatite and δ13Cbone collagen spacing (‰) of Ban Pong Manao bone samples (Δ13Cap-coll) 

Sex N mean s.d. range 

Male 16 6.15 1.78 4.39 ~ 10.76 

Female 6 6.95 0.78 6.01 ~ 8.28 

Sex UID adult 1 4.50 n/a n/a 

Subadult 2 6.38 1.11 5.59 ~ 7.16 

Total 25 6.29 1.55 4.39 ~ 10.76 

 
Table 8-17.  Summary stable isotopic values (‰) of Ban Pong Manao tooth enamel apatite samples 

Sex N mean δ13C s.d. range mean δ18O  s.d. range 

Male 6 -7.75 2.01 -10.47 ~ -4.63 -6.54 0.18 -6.66 ~ -6.23 

Female 5 -7.01 1.79 -9.59 ~ -4.58 -6.32 0.41 -6.99 ~ -5.98 

Subadult 3 -9.11 1.61 -10.46 ~ -7.33 -5.71 0.21 -5.83 ~ -5.46 

Total 14 -7.78 1.89 -10.47 ~ -4.58 -6.29 0.43 -6.99 ~ -5.46 

 
Table 8-18.  Summary stable isotopic life history (‰) of Ban Pong Manao bone samples 

 
Δ13Cenamel-bone apatite(‰) Δ18Oenamel-bone apatite (‰) 

Sex N mean s.d. range mean s.d. range 

Male 6 -1.32 3.64 -8.46 ~ 1.71 0.73 1.72 -0.52 ~ 4.16 

Female 5 0.06 1.54 -2.41 ~ 1.78 0.57 0.57 -0.39 ~ 1.01 

Subadult 2 -0.91 0.27 -1.10 ~ -0.72 0.74 0.16 0.63 ~ 0.85 

Total 13 -0.73 2.60 -8.46 ~ 1.78 0.67 1.16 -0.52 ~ 4.16 

Note: two outliers excluded
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Table 8-19.  Summary stable isotopic values (‰) of Khok Phanom Di bone collagen samples 

Sex 1MP N mean δ13C s.d. range mean δ15N s.d. range 

Male 1 1 -14.02 n/a n/a 12.06 n/a n/a 

 
2 1 -14.30 n/a n/a 11.03 n/a n/a 

 
3A 3 -14.90 0.35 -15.30 ~ -14.65 11.28 0.26 11.10 ~ 11.58 

 
4 8 -14.88 1.65 -17.61 ~ -13.01 11.04 0.64 9.66 ~ 11.80 

 
6 1 -14.40 n/a n/a 9.98 n/a n/a 

 
Combined 14 -14.75 1.25 -17.61 ~ -13.01 11.08 0.64 9.66 ~ 12.06 

Female 3A 1 -17.96 n/a n/a 11.76 n/a n/a 

 
3B 2 -18.00 0.02 -18.01 ~ -17.98 10.94 0.57 10.54 ~ 11.34 

 
4 7 -15.17 1.44 -18.38 ~ -14.32 10.76 0.70 9.65 ~ 11.52 

 
5 1 -15.09 n/a n/a 10.37 n/a n/a 

 
6 1 -14.30 n/a n/a 10.84 n/a n/a 

 
Combined 12 -15.80 1.71 -18.38 ~ -14.30 10.85 0.63 9.65 ~ 11.76 

Total 1 1 -14.02 n/a n/a 12.06 n/a n/a 

 
2 1 -14.30 n/a n/a 11.03 n/a n/a 

 
3A 4 -15.67 1.56 -17.96 ~ -14.65 11.40 0.32 11.10 ~ 11.76 

 
3B 2 -18.00 0.02 -18.01 ~ -17.98 10.94 0.57 10.54 ~ 11.34 

 
4 15 -15.01 1.51 -18.38 ~ -13.01 10.91 0.66 9.65 ~ 11.80 

 
5 1 -15.09 n/a n/a 10.37 n/a n/a 

 
6 2 -14.35 0.71 -14.40 ~ -14.30 10.41 0.61 9.98 ~ 10.84 

 
Combined 26 -15.23 1.55 -18.38 ~ -13.01 10.97 0.64 9.65 ~ 12.06 
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Table 8-20.  Summary stable isotopic values (‰) of Khok Phanom Di bone apatite samples 

Sex MP N mean δ13C  s.d. range mean δ18O  s.d. range 

Male 1 1 -11.51 n/a n/a -5.64 n/a n/a 

 
2 1 -10.59 n/a n/a -6.05 n/a n/a 

 
3A 3 -11.12 0.30 -11.47 ~ -10.94 -6.46 0.11 -6.54 ~ -6.34 

 
4 8 -10.61 0.62 -11.28 ~ -9.78 -6.99 0.36 -7.40 ~ -6.33 

 
6 1 -10.85 n/a n/a -6.94 n/a n/a 

 
Combined 14 -10.80 0.56 -11.51 ~ -9.78 -6.71 0.51 -7.40 ~ -5.64 

Female 3A 1 -11.43 n/a n/a -6.94 n/a n/a 

 
3B 2 -11.77 0.33 -12.00 ~ -11.54 -7.45 0.24 -7.62 ~ -7.28 

 
4 7 -10.97 0.71 -12.08 ~ -10.09 -6.66 0.66 -7.61 ~ -5.88 

 
5 1 -9.72 n/a n/a -7.51 n/a n/a 

 
6 1 -10.11 n/a n/a -7.12 n/a n/a 

 
Combined 12 -10.97 0.79 -12.08 ~ -9.72 -6.93 0.61 -7.62 ~ -5.88 

Total 1 1 -11.51 n/a n/a -5.64 n/a n/a 

 
2 1 -10.59 n/a n/a -6.05 n/a n/a 

 
3A 4 -11.20 0.29 -11.47 ~ -10.94 -6.58 0.26 -6.94 ~ -6.34 

 
3B 2 -11.77 0.33 -12.00 ~ -11.54 -7.45 0.24 -7.62 ~ -7.28 

 
4 15 -10.78 0.67 -12.08 ~ -9.78 -6.84 0.53 -7.61 ~ -5.88 

 
5 1 -9.72 n/a n/a -7.51 n/a n/a 

 
6 2 -10.48 0.52 -10.85 ~ 10.11 -7.03 0.13 -7.12 ~ -6.94 

 
Combined 26 -10.88 0.67 -12.08 ~ -9.72 -6.81 0.56 -7.62 ~ -5.64 
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Table 8-21.  Summary δ13Cbone apatite and δ13Cbone collagen spacing (‰) of Khok Phanom Di bone samples (Δ13Cap-coll) 

Sex MP N mean s.d. range 

Male 1 1 2.51 n/a n/a 

 2 1 3.71 n/a n/a 

 3A 3 3.78 0.59 3.18 ~ 4.36 

 4 8 4.27 1.85 2.59 ~ 7.44 

 6 1 3.54 n/a n/a 

 Combined 14 3.95 1.46 2.51 ~ 7.44 

Female 3A 1 6.53 n/a n/a 

 3B 2 6.23 0.31 6.01 ~ 6.45 

 4 7 4.20 1.43 2.78 ~ 7.14 

 5 1 5.37 n/a n/a 

 6 1 4.19 n/a n/a 

 Combined 12 4.83 1.44 2.78 ~ 7.14 

Total 1 1 2.51 n/a n/a 

 2 1 3.71 n/a n/a 

 3A 4 4.47 1.46 3.18 ~ 6.53 

 3B 2 6.23 0.31 6.01 ~ 6.45 

 4 15 4.24 1.61 2.59 ~ 7.44 

 5 1 5.37 n/a n/a 

 6 2 3.87 0.45 3.55 ~ 4.19 

 Combined 26 4.35 1.49 2.51 ~ 7.44 
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Table 8-22.  Summary stable isotopic values (‰) of Khok Phanom Di tooth enamel apatite samples (see text) 

Sex MP N mean δ13C (‰) s.d. Range (‰) mean δ18O (‰) s.d. Range (‰) 

Male 1 2 -12.95 0.10 -13.00 ~ -12.90 -5.39 0.80 -5.93 ~ -4.86 

 
2 4 -12.35 0.51 -13.00 ~ -11.90 -4.98 0.70 -5.83 ~ -4.28 

 
3A 7 -12.70 0.37 -13.20 ~ -12.20 -5.59 0.62 -6.22 ~ -4.37 

 
4 7 -12.11 0.81 -13.30 ~ -11.00 -4.89 0.35 -5.54 ~ -4.47 

 
5 1 -12.10 n/a n/a -5.54 n/a n/a 

 
6 2 -11.65 0.78 -12.20 ~ -11.10 -5.05 0.27 -5.25 ~ -4.86 

 
Combined 23 -12.37 0.64 -13.30 ~ -11.00 -5.21 0.58 -6.22 ~ -4.28 

Female 1 1 -10.90 n/a n/a -5.44 n/a n/a 

 
2 7 -12.10 0.50 -12.70 ~ -11.20 -4.98 0.50 -5.44 ~ -4.28 

 
3A 6 -12.57 0.70 -13.30 ~ -11.60 -5.64 0.40 -6.41 ~ -5.15 

 
3B 3 -12.95 1.40 -13.80 ~ -11.35 -5.86 0.10 -5.93 ~ -5.73 

 
4 7 -12.89 0.80 -13.80 ~ -11.90 -5.05 0.43 -5.54 ~ -4.47 

 
5 1 -12.10 n/a n/a -4.37 n/a n/a 

 
6 4 -12.05 0.40 -12.50 ~ -11.60 -5.37 0.77 -6.51 ~ -4.86 

 
Combined 29 -12.43 0.80 -13.80 ~ -10.90 -5.27 0.60 -6.51 ~ -4.28 

Subadult 1 1 -14.10 n/a n/a -5.64 n/a n/a 

 
2 5 -11.50 3.10 -13.60 ~ -6.10 -4.98 0.50 -5.83 ~ -4.47 

 
3A 1 -12.80 n/a n/a -4.18 n/a n/a 

 
4 4 -11.65 0.30 -12.00 ~ 11.20 -4.69 0.50 -5.34 ~ -4.18 

 
5 1 -10.70 n/a n/a -3.79 n/a n/a 

 
6 2 -12.25 0.60 -12.70 ~ -11.80 -5.34 0.10 -5.44 ~ -5.25 

 
Combined 14 -11.87 1.90 -14.10 ~ -6.10 -4.85 0.60 -5.83 ~ -3.79 

Total 1 4 -12.73 1.33 -14.10 ~ -10.90 -5.47 0.45 -5.93 ~ -4.86 

 
2 16 -11.98 1.67 -13.60 ~ -6.10 -4.98 0.51 -5.83 ~ -4.28 

 
3A 14 -12.65 0.50 -13.30 ~ -11.60 -5.51 0.63 -6.22 ~ -4.18 

 
3B 3 -12.95 1.39 -13.80 ~ -11.35 -5.86 0.11 -5.93 ~ -5.73 

 
4 18 -12.31 0.86 -13.80 ~ -11.00 -4.91 0.41 -5.54 ~ -4.18 
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Table 8-22. Continued 

Sex MP N mean δ13C s.d. range mean δ18O s.d. range 

 
5 3 -11.63 0.81 -12.10 ~ -10.70 -4.57 0.89 -5.54 ~ -3.79 

 
6 8 -12.00 0.51 -12.70 ~ -11.10 -5.28 0.54 -6.51 ~ -4.86 

 
Combined 66 -12.29 1.09 -14.10 ~ -6.10 -5.16 0.59 -6.51 ~ -3.79 

 
Table 8-23.  Summary stable isotopic values (‰) of Khok Phanom Di tooth enamel apatite samples (see text) from 

individuals sampled for bone apatite and enamel apatite 

Sex MP N mean δ13C s.d. range mean δ18O  s.d. range 

Male 1 1 -13.00 n/a n/a -4.86 n/a n/a 

 
2 1 -12.50 n/a n/a -4.57 n/a n/a 

 
3A 3 -12.87 0.42 -13.20 ~ -12.40 -5.41 0.95 -6.22 ~ -4.37 

 
4 6 -12.13 0.89 -13.30 ~ -11.00 -4.91 0.38 -5.54 ~ -4.47 

 
6 1 -12.20 n/a n/a -4.86 n/a n/a 

 
Combined 12 -12.43 0.72 -13.30 ~ -11.00 -5.00 0.55 -6.22 ~ -4.37 

Female 3A 1 -12.10 n/a n/a -5.54 n/a n/a 

 
3B 2 -12.58 1.73 -13.80 ~ -11.35 -5.93 0 -5.93 ~ -5.93 

 
4 5 -13.14 0.83 -13.80 ~ -11.90 -5.03 0.47 -5.54 ~ -4.47 

 
5 1 -12.10 n/a n/a -4.37   n/a n/a 

 
6 1 -12.50 n/a n/a -6.51 n/a n/a 

 
Combined 10 -12.76 0.91 -13.80 ~ -11.35 -5.35 0.7 -6.51 ~ -4.37 

Total 1 1 -13.00 n/a n/a -4.86 n/a n/a 

 
2 1 -12.50 n/a n/a -4.57 n/a n/a 

 
3A 4 -12.68 0.51 -13.20 ~ -12.10 -5.44 0.78 -6.22 ~ -4.37 

 
3B 2 -12.58 1.73 -13.80 ~ -11.35 -5.93 0 -5.93 ~ -5.93 

 
4 11 -12.59 0.97 -13.80 ~ -11.00 -4.96 0.4 -5.54 ~ -4.47 

 
5 1 -12.10 n/a n/a -4.37 n/a n/a 

 
6 2 -12.35 0.21 -12.50 ~ -12.20 -5.69 1.17 -6.51 ~ -4.86 

 
Combined 22 -12.58 0.81 -13.80 ~ -11.00 -5.16 0.63 -6.51 ~ -4.37 
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Table 8-24.  Summary stable isotopic life history (‰) of Khok Phanom Di samples 

  
          Δ13Cenamel-bone apatite (‰) Δ18Oenamel-bone apatite (‰) 

Sex MP N mean s.d. range mean s.d. range 

Male 1 1 -1.49 n/a n/a 0.78 n/a n/a 

 
2 1 -1.91 n/a n/a 1.48 n/a n/a 

 
3A 3 -1.74 0.71 -2.25 ~ -0.93 1.05 0.85 0.28 ~ 1.97 

 
4 6 -1.51 1.43 -3.52 ~ 0.23 2.22 0.55 1.29 ~ 2.93 

 
6 1 -1.35 n/a n/a 2.08 n/a n/a 

 
Combined 12 -1.59 1.03 -3.52 ~ 0.23 1.73 0.79 0.28 ~ 2.93 

Female 3A 1 -0.67 n/a n/a 1.40 n/a n/a 

 
3B 2 -0.81 1.40 -1.80 ~ 0.19 1.52 0.24 1.35 ~ 1.69 

 
4 5 -2.45 1.01 -3.41 ~ -0.81 1.73 1.01 0.44 ~ 2.94 

 
5 1 -2.38 n/a n/a 3.14 n/a n/a 

 
6 1 -2.39 n/a n/a 0.61 n/a n/a 

 
Combined 10 -1.93 1.15 -3.41 ~ 0.19 1.69 0.92 0.44 ~ 3.14 

Total 1 1 -1.49 n/a n/a 0.78 n/a n/a 

 
2 1 -1.91 n/a n/a 1.48 n/a n/a 

 
3A 4 -1.48 0.79 -2.25 ~ -0.67 1.14 0.72 0.28 ~ 1.97 

 
3B 2 -0.81 1.40 -1.80 ~ 0.19 1.52 0.24 1.35 ~ 1.69 

 
4 11 -1.94 1.29 -3.52 ~ 0.23 2.00 0.79 0.44 ~ 2.94 

 
5 1 -2.38 n/a n/a 3.14 n/a n/a 

 
6 2 -1.87 0.73 -2.39 ~ -1.35 1.34 1.04 0.61 ~ 2.08 

 
Combined 22 -1.74 1.07 -3.52 ~ 0.23 1.71 0.83 0.28 ~ 3.14 
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Figure 8-1.  δ13Cbone collagen  and δ13Cbone apatite values of human bone samples by site. 

Note: Solid line shows correlation between δ13Cbone collagen and δ13Cbone apatite signals.
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Figure 8-2.  δ13C and δ15N values of human bone collagen by site 
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Figure 8-3.  δ13C and δ18O values of human bone apatite by site
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Figure 8-4.  Δ13Cbone apatite-bone collagen and δ13Cbone collagen values of human bone samples by site 

Note: Solid line (4.4‰) represents a monoisotopic diet partitioning isotopic category (C3 vs. C4) of energy and protein 
sources.
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Figure 8-5.  δ13Cbone collagen and δ13Cbone apatite values of human bone samples by site, plotted with protein and energy 
reference lines
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Figure 8-6.  δ13C and δ18O values of human tooth enamel apatite by site
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Figure 8-7.  δ13C and δ15N values of Non Mak La human bone collagen by sex 
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Figure 8-8.  δ13C and δ18O values of Non Mak La human bone apatite by sex
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Figure 8-9.  Δ13Cbone apatite-bone collagen and δ13Cbone collagen values of Non Nak La human bone samples by sex 

Note: Solid line (4.4‰) represents a monoisotopic diet partitioning isotopic category (C3 vs. C4) of energy and protein 
sources.
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Figure 8-10.  δ13C values of Non Mak La human bone collagen and apatite by sex, plotted with protein and energy 

reference lines

Higher % C4 Energy 

C4 Protein Line 

C3 Protein Line 

Marine Protein Line 

Higher % C3 Energy 
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Figure 8-11.  δ13C and δ15N values of Non Mak La human bone collagen by time period
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Figure 8-12.  δ13C and δ18O values of Non Mak La human bone apatite by time period
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Figure 8-13.  δ13C and δ18O values of Non Mak La tooth enamel apatite by sex
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Figure 8-14.  δ13C and δ18O values of Non Mak La human tooth enamel apatite by time period
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Figure 8-15.  δ13C values of bone and tooth enamel apatite of Non Mak La individuals by sex
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Figure 8-16.  δ18O values of bone and tooth enamel apatite of Non Mak La individuals by sex
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Figure 8-17.  Δ13C and Δ18O values of tooth enamel-bone apatite spacing of Non Mak La individuals by sex



 

326 

 
 
Figure 8-18.  δ13C and δ15N values of Ban Mai Chaimongkol human bone collagen by sex
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Figure 8-19.  δ13C and δ18O values of Ban Mai Chaimongkol bone apatite by sex
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Figure 8-20.  δ13C and δ18O values of Ban Mai Chaimongkol tooth enamel apatite by sex
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Figure 8-21.  δ13C and δ18O values of Ban Mai Chaimongkol tooth enamel apatite by time period
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Figure 8-22.  Δ13C and Δ18O values of tooth enamel-bone apatite spacing of Ban Mai Chaimongkol individuals by sex
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Figure 8-23.  δ13C and δ18O values of Promtin Tai tooth enamel apatite by sex 

Note: UID= unidentifiable
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Figure 8-24.  δ13C and δ18O values of Promtin Tai tooth enamel apatite by time period
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Figure 8-25.  δ13C and δ15N values of Ban Pong Manao bone collagen by sex
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Figure 8-26.  δ13C and δ18O values of Ban Pong Manao bone apatite by sex
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Figure 8-27.  Δ13Cbone apatite-bone collagen and δ13Cbone collagen values of Ban Pong Manao human bone samples by sex 

Note: Solid line (4.4‰) represents a monoisotopic diet partitioning isotopic category (C3 vs. C4) of energy and protein 
sources.
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Figure 8-28.  δ13C values of Ban Pong Manao human bone collagen and apatite by sex, plotted with protein and energy 

reference lines

Higher % C4 Energy 

Higher % C3 Energy 

C4 Protein Line C3 Protein Line 

Marine Protein Line 
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Figure 8-29.  δ13C and δ18O values of Ban Pong Manao tooth enamel apatite by sex
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Figure 8-30.  Δ13C and Δ18O values of tooth enamel-bone apatite spacing of Ban Pong Manao individuals by sex



 

339 

 
 
Figure 8-31.  δ13C and δ15N values of Khok Phanom Di human bone collagen by sex



 

340 

 
 
Figure 8-32.  δ13C and δ18O values of Khok Phanom Di human bone apatite by sex
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Figure 8-33.  Δ13Cbone apatite-bone collagen and δ13Cbone collagen values of Khok Phanom Di human bone samples by sex 

Note: Solid line (4.4‰) represents a monoisotopic diet partitioning isotopic category (C3 vs. C4) of energy and protein 
sources.
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Figure 8-34.  δ13C values of Khok Phanom Di human bone collagen and apatite by sex, plotted with protein and energy 

reference lines

Higher % C4 Energy 

Higher % C3 Energy 

C4 Protein Line C3 Protein Line 

Marine Protein Line 
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Figure 8-35.  δ13C and δ15N values of Khok Phanom Di human bone collagen by mortuary phase 

Note: Filled markers are mortuaray phases with estuarine-coastal/mangrove conditions; blank markers are mortuary 
phases with freshwater lacustrine conditions.
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Figure 8-36.  δ13C and δ18O values of Khok Phanom Di human bone apatite by mortuary phase
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Figure 8-37.  Δ13Cbone apatite-bone collagen and δ13Cbone collagen values of Khok Phanom Di human bone samples by mortuary 

phase 

Note: Solid line (4.4‰) represents a monoisotopic diet partitioning isotopic category (C3 vs. C4) of energy and protein 
sources.
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Figure 8-38.  δ13C values of Khok Phanom Di human bone collagen and apatite by mortuary phases, plotted with protein 

and energy reference lines

Higher % C4 Energy 

Higher % C3 Energy 

C4 Protein Line C3 Protein Line 
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Figure 8-39.  δ13C and δ18O values of Khok Phanom Di human tooth enamel apatite by sex (see text for data source)
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Figure 8-40.  δ13C and δ18O values of Khok Phanom Di human tooth enamel apatite by mortuary phase (see text for data 

source)
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Figure 8-41.  Δ13C and Δ18O values of tooth enamel-bone apatite spacing of Khok Phanom Di individuals by sex (see text 

for data source)
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Figure 8-42.  Δ13C and Δ18O values of tooth enamel-bone apatite spacing of Khok Phanom Di individuals by mortuary 

phase (see text for data source)
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CHAPTER 9 
DISCUSSION 

The results presented in Chapters 6 to 8 represent a comprehensive dataset on 

human skeletal health and diet for inland Metal Age central Thai sites. In this chapter, 

these biological data are interpreted in archaeological, geographical, and social 

contexts for each site in attempt to portray the lifeways of the central Thai people during 

this transitional period of social change. The findings in this thesis are also placed in 

larger, regional perspective to clarify the context of central Thai compared to findings 

from other broadly contemporaneous sites. As discussed in Chapter 2, the Metal Age is 

a transitional period in Mainland Southeast Asia during which a suite of cultural changes 

occurred, particularly in the aspect of social complexity. How human biology reacted to 

the socio-cultural change, if visible on skeletal remains, is examined in this study.  

Demography 

Ideally, a site-wise bioarchaeological assessment is established upon a full 

excavation of a population unit (village or community). However, this is rare if not 

impractical for various reasons and the skeletal remains included in a study are typically 

a sub-sample of each site. Therefore, an examination of the demographic structure of 

the human skeletal remains studied from each site is critical to assess the 

representativeness of the skeletal assemblage. Weiss (1977) observed that juvenile 

(<15 years old) mortality in a human population often falls between 30% and 50% in 

proportion. Although this current study utilizes a subadult/adult cutoff of 20 years 

(Buikstra and Ubelaker, 1994), Weiss’s juvenile mortality proportion range is adopted as 

an approximate gauge of subadult representation in a population. 
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About half (51%) of the total skeletal assemblage from Non Mak La are 

individuals <20 years of age. Since individuals aged between 15 and 20 are included, 

the actual proportion of juveniles in Weiss’s definition would be lower for Non Mak La 

(30-50%). The proportion of males and females are similar among all the Non Mak La 

adult and sex-identifiable subadult individuals. Sex of more than half of the population, 

however, could not be determined due to poor preservation. About 75% of the 

population is <35 years of age, which is normal for prehistoric and pre-industrial 

populations (Chamberlain, 2006). 

At Ban Mai Chaimongkol, it is obvious that the proportion of subadult individuals 

(21%) among all skeletal remains examined does not fall within Weiss’s range of 

adequate subadult representation. According to Onsuwan (2000), the six excavated 

squares of Ban Mai Chaimongkol were selected due to logistic constraint, representing 

only 0.24% of the site area surveyed. Among the excavated burials from the site, 

individuals from S17W22 were not incorporated in this study as they are stored in a 

separate location (Eyre, 2010 personal communication). Males and females each 

occupy approximately one-third of the included population, while the remaining third are 

individuals of unidentifiable sex. The majority of all 38 individuals studied were 

determined to be skeletally younger than 35 years old. The proportion of older 

individuals (35 years and older) is the highest (24%, 9/38) among the inland central Thai 

sites included in this study. There is no marked difference in sex and age distribution 

between the Bronze and the Iron Ages. While the skeletal assemblage included here is 

a subsample of the Ban Mai Chaimongkol prehistoric population, the skeletal and 

dietary data generated in this study, in conjunction with the wealth of information on 
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material culture (e.g., Onsuwan, 2000, 2003; Eyre, 2006, 2010; White and Eyre, 2010), 

offers insight concerning to the interaction between human biology and social change. 

At Promtin Tai, an even smaller proportion of subadults (17%) is represented. 

The under-representation of subadult individuals is often attributed to either differential 

burial locale for subadults or simply not a large enough sample. Having participated in 

the excavation in 2007, I observed that subadults were indeed buried at the same 

cemetery locale as their adult counterparts. A few subadults were interred in close 

proximity with adults, sometimes with skeletal elements overlapping one another. By the 

end of that field season, the margins of Promtin Tai cemetery had not been determined 

as more burials were still partially embedded in the unopened walls. Until the 2010 flood 

inundated the exposed excavation units (later backfilled), the excavation was on-going, 

expanding the excavation area to the south side. Although the plans to resume Promtin 

Tai excavation are unknown, it is very likely that more human skeletal remains, 

subadults included, will be discovered. As for sex ratios for individuals whose sex could 

be estimated, males slightly outnumber females. However, more than half (57%) of the 

Promtin Tai burials were too fragmentary to confidently assign biological sex. Individuals 

<35 years old make up more than a third of the total population included. The 

demographic structure between the Early and Late Iron Age periods may appear drastic 

if proportion (%) is considered. However, when number of individuals in each age and 

sex category is evaluated, the difference is in fact a statistical artifact due to uneven 

sample sizes between periods. 

In terms of Ban Pong Manao, subadults are unusually low (N= 3), making up only 

6% of the total population observed. In the on-site collection facility, there were skeletal 



 

354 

elements from a few more subadults throughout the Ban Pong Manao assemblage, but 

their provenience was unclear and they are not incorporated in the current research. 

Even counting these few individuals, subadults in at Ban Pong Manao are severely 

underrepresented. As mentioned in Chapter 3, three infant jar burials were discovered 

in the habitation area of Ban Pong Manao. There were no human skeletal remains 

uncovered outside of the determined cemetery areas other than these three. Modern 

structures within the premise of Wat (temple) Pong Manao include a temple, a 

monastery, a museum, and storage are very close to known cemetery areas. It is highly 

possible that prehistoric Ban Pong Manao subadults were interred in separate locales 

from the adults. Among the individuals included here, there are more males than 

females, with 29% of unknown sex. Almost all individuals died before reaching 35 years 

old, although nearly a quarter were individuals whose age could not be determined. 

Despite the skewed demographic structure, Ban Pong Manao’s highland climate helped 

to preserve all skeletal remains. Both human and faunal remains from this site have 

uniquely good preservation compared to the poor preservation found at the other central 

Thai sites included in this study. The heightened proportion of bone samples yielding 

bone valid collagen and bone apatite stable isotopic signals not only provides the 

human-landscape interaction data during the late Iron Age in central Thailand, but also 

aids in establishing the ecological baseline for the area (see Chapter 7). 

Excavation at Kao Sai On-Noen Din are ongoing, thus the three individuals 

included here are by no means representative of the site’s prehistoric demography. 

Again, the scope of central Thai biological study is broadened by the inclusion of Kao 

Sai On-Noen Din materials, albeit to a limited extent. 
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Among all inland central Thai sites included in this study, only Non Mak La has a 

representative number of subaudults resembling a natural demographic structure. The 

majority of individuals died during their young adulthood. Male and female individuals 

are somewhat balanced in most sites, except in Ban Pong Manao where there are more 

male individuals than females. None of the sites were fully excavated either to their 

surveyed site boundaries or to depth due to various logistic and funding reasons. In 

spite of the fact that the demographic structure is not ideal for most of the sites, the 

amount and quality of the skeletal data (paleopathological and isotopic) from these sites 

outweighs any concerns of misrepresentation. 

Stature and Sexual Dimorphism 

Estimated stature from intact long bones is an indicator of growth trajectory and 

physical well-being during development (Larsen, 1997). In Table 6-6, Promtin Tai 

adults, both males and females, are on average the tallest among the inland central 

Thai sites studied here, closely followed by the Ban Pong Manao people. Ban Mai 

Chaimongkol people are collectively shorter than those from sites with similar context. 

Within Ban Mai Chaimongkol and Promtin Tai, the former displays a decrease of stature 

from the Bronze to the Iron Age while the latter witnesses an increase in stature for both 

males and females. The lack of a consistent stature fluctuation pattern for these two 

sites is observed at other Mainland Southeast Asian sites (Table 6-27). There is a 

stature increase from Early to Late period among Non Nok Tha males and a slight 

decrease among Ban Chiang males over time. With respect to female stature, Non Nok 

Tha shows a 3 cm increase on average over time while Ban Chiang shows a slight 

decrease in height. It is interesting, however, that rather than stature staying the same , 

each site has a directional tendency (increase or decrease) of diachronic stature 
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change over timeshared by males and females. These sites (Non Mak La, Ban Chiang, 

Ban Mai Chaimongkol, and Promtin Tai) are geographically and chronologically distinct. 

This site-specific characteristic is observed with the prevalence of paleopathologies and 

dietary pattern (see below). When estimated stature from the Metal Age central Thai 

sites is compared with other Mainland Southeast Asian sites, stature of males falls 

towards the lower end of the stature spectrum (Figure 6-1) while the female statures of 

inland central Thailand often hover around the average of all comparative samples. 

The low degrees of stature sexual dimorphism of inland central Thai populations 

(Ban Mai Chaimongkol, Promtin Tai, Ban Pong Manao) are worth noting (Table 6-28). 

According to Molnar (2002), normal range of sexual dimorphism for humans is between 

5% and 10%. Both Promtin Tai and Ban Pong Manao have lower than 5% stature 

sexual dimorphism (4.3% and 4.0%, respectively) and are among the lowest in 

Mainland Southeast Asian comparative populations. Small stature sexual dimorphism 

could have behavioral implications such as females sharing similar daily tasks with 

males or there could exist a dynamic division of labor by sex. Based on observations of 

activity-induced skeletal markers on long bones, females from these sites were robust 

both in muscular development and limb proportion. Undoubtedly, social/labor roles 

between sexes were much more culturally determined than simply a biological by 

product. However, less dimorphic stature (and body proportion, although not 

systematically studied) among all adult individuals in these inland central Thai sites 

indicates a more homogeneous physical condition that could have a positive impact on 

labor input. 
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Childhood Physiological Stress 

Evidence and consequences of growth disturbance during early life often leave 

traces on dental tissues and determine the achievement of potential stature that is 

strongly controlled by genetics (Larsen, 1997). Linear enamel hypoplasia (LEH) is 

considered a hard record of growth arrest and physiological stress during the secretion 

phase of enamel formation (Goodman and Rose, 1990), thus LEH are an excellent 

marker of childhood stress even if an individual lived well into adulthood. 

Since deciduous tooth enamel is secreted and calcified in utero or during early 

infancy, the appearance, or the lack of, LEH is a good indicator of maternal health 

during late pregnancy and the nutritional/developmental status of   newborn. The fact 

that no deciduous tooth from any of the inland central Thai sites was LEH-positive 

suggests pregnant women from these sites had access to adequate nutrition, at least 

during the last trimester. After birth, the infants would have been provided with sufficient 

nutrition and protected from physiological insults such as systemic infection, diarrhea, 

and/or chronic illnesses. The well developed deciduous dentition of inland central Thai 

children and the lack of evidence for LEH indicates that the pregnant women and 

newborns were able to physiologically afford the nutritional and energy demand of 

enamel formation, as tooth enamel is physiologically an expensive tissue. However, the 

overall good maternal health during late pregnancy and healthy first new years of 

childhood does not necessarily guarantee a continuously good health later in life for a 

child, since individuals with deciduous teeth observed entered the mortality sample 

within their first decade of life (Wood et al., 1992). Since enamel formation would only 

resume its normal secretion regime after the episode of growth disruption ends, LEH is 

a marker of survival (Goodman et al., 1980). Taking Non Mak La as an example, the 
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proportion of subadult individuals is about the same as that of the adults, yet none of the 

subadults is LEH-positive. This leads to a scenario that these subadults did not have 

high thresholds when facing physiological insults and promptly died due to these insults. 

Harsh living conditions such as demands of daily labor, polluted foods/water, and/or 

inadequate care from adults could have contributed to their mortality. 

On permanent teeth, prevalence of LEH in each inland central Thai site is often 

low, with no patterned prevalence disparity between males and females. At Non Mak 

La, there is no sex difference of LEH prevalence during either Earlier or Later period. 

There is also no significant change over time for either males or females. When all of 

the observable teeth are combined regardless of time period, an intriguing sex 

difference of LEH prevalence emerged. Non Mak La females have significantly higher 

LEH prevalence than males. This indicates that females here were more likely to suffer 

from growth disruption induced by physiological insults during early childhood. They in 

turn survived the incident(s) and lived into adulthood. Due to the needs for child-

bearing, female physiology has a better buffering system than male in general (Stinson, 

1985). This translates as females tend to fare better when facing physical stress and 

have a higher likelihood of recovery/survival. Were it possible to reliably determine sex 

of subadults, it would have been informative to know the sex ratio of the Non Mak La 

subadults to explore the possibility that fewer females died at a younger age compared 

to males. Alternatively, it is also likely that female children suffered more severe 

physiological stress during enamel formation. This leads to speculation that male 

children may have enjoyed a more protected growth environment such as better 

weaning/post-weaning diet, more invested care by the adults, and/or less exposure to 
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harmful settings. Aside from a site-wise sex difference of LEH prevalence, the fact that 

there is no significant difference between Earlier and Later periods suggests the 

increased social complexity did not adversely impact Non Mak La people, or at least not 

their childhood growth. While there may have been an internal, behaviorally-induced 

LEH prevalence difference by sex, the overall low prevalence at Non Mak La compared 

to other Mainland Southeast Asian sites indicates a lower level of physiological stress at 

the site during early childhood. 

At Ban Mai Chaimongkol, only one tooth was observed with LEH, making the 

overall LEH prevalence 0.3%. Due to this extremely low prevalence, it is expected that 

no significant difference was detected between sexes and time periods. Ban Mai 

Chaimongkol people who lived to have permanent teeth may have enjoyed a virtually 

stress-free or have endured stressful episodes that were not severe enough to disrupt 

enamel growth. 

As for Promtin Tai, all LEH episodes were recorded on permanent teeth from five 

Early Iron Age individuals (two males, one female, one subadult, one adult with 

undetermined age). There is no significant difference of prevalence between sexes and 

time periods, despite the lack of LEH among the Late Iron Age teeth/individuals. It is 

again possible that social complexity change did not impact heavily people at with 

respect to their biological development during their early childhood. On the other hand, 

22% (7/32) of the Early Iron Age permanent teeth from subadults are LEH-positive, 

significantly higher than the 0% prevalence for the Late Iron Age sample. It should be 

noted that all seven LEH-positive teeth are from a single subadult and there are only 

three subadults from Early Iron Age contexts. The uneven distribution of LEH-positive 
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teeth among individuals and overall small sample size preclude further interpretation of 

the statistical results with respect to physiological and/or behavioral implications. LEH 

prevalence at Promtin Tai is 3%, falling at the lower end of the LEH prevalence 

spectrum (0%-21%, excluding sites reported with different prevalence 

calculations/observation methods) among the comparative Mainland Southeast Asian 

populations. 

At Ban Pong Manao, one young adult male and one unknown aged female each 

has one permanent tooth affected with LEH. No subadults have hypoplastic teeth. It is 

obvious that there is no statistical significant of prevalence between male and female. 

This late Iron Age site has an overall LEH prevalence of 0.6%, making it one of the 

lowest LEH incidences observed in this study and comparative samples. 

Chronologically, the skeletal remains from Ban Pong Manao are situated towards the 

end of the prehistoric period in central Thailand. This site does not have evidence for 

highly varied burial wealth among individuals who were mostly interred on a bed lined 

with intentionally broken pottery sherds. This mortuary practice suggests uniform social 

wealth across sex and age groups (see Chapter 3). The lack of LEH implies a 

physiologically robust childhood shared by its population that was likely the result of 

well-balanced nutrition, good site hygiene, clean water supply, and/or well managed 

child care efforts (e.g., Goodman et al., 1980). Of course, the demography and skeletal 

health of the “missing children”, likely buried elsewhere, of Ban Pong Manao could add 

to the reconstruction of their growth experience. 

The small number of individuals (N=3) and permanent teeth (N=25) observable 

at Kao Sai On-Noen Din do not include any teeth (one individual) with evidence of LEH. 
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Since this site is unrepresentative in all demographic parameters, aside from the fact 

that these three individuals observed do not seem to have suffered severe physiological 

stress during childhood, the lack of LEH does not reveal much about the potential social 

impact on Kao Sai On-Noen Din people’s physiological health. 

To summarize, growth disturbance recorded on dental enamel was not frequently 

observed on teeth from inland central Thai people during the Metal Age. For multi-

component sites with an intra-site chronology, there is no difference of LEH prevalence 

between time periods. The impact of developed(ing) social complexity on human 

biological health during late pregnancy and early childhood seems minimal at best. On 

an inter-site level, there seems to be a pattern for neither increased nor decreased LEH 

prevalence over time. These sites seem to have the lowest LEH prevalence among all 

Mainland Southeast Asian sites compared in this study. When compared by region, 

inland central Thai sites collectively have much lower LEH prevalence than most 

northeast and coastal central Thai sites. 

Dental Health 

When non-physiological stress dental conditions/pathologies are considered, the 

prevalence of each and their combined occurrence patterns are indicative of general 

oral health and dietary choices (Larsen, 1997). Only three out of the 310 observed 

deciduous teeth were affected with dental caries, distributed between a 5.5-6.5 year old 

child from Iron Age Ban Mai Chaimongkol and a 1-1.5 year old toddler from Earlier 

Period Non Mak La. These caries are on the buccal side of the molars at the fissure 

between protoconid and hypoconid (buccal pit caries). Low prevalence of deciduous 

dental caries and the absence of any other dental pathology among inland central Thai 

sites signify these younger subadults had healthy oral hygiene. General observations on 
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deciduous teeth revealed that most individuals had varied degrees of enamel removal 

by mastication, exposing dentine. Although deciduous teeth has much thinner enamel 

compared to permanent teeth, the accumulation of cariogenic substances could have 

been removed due to wear leading to no caries on the occlusal surfaces. Aside from 

these three pathological deciduous teeth, no other deciduous teeth show any evidence 

of dental pathologies among the inland central Thai sites. The following sections 

discuss dental health based on pathologies and conditions observed on permanent 

teeth on a site-wise structure. 

Non Mak La 

Non Mak La permanent teeth collectively show a 3.5% caries prevalence, the 

highest among the inland central Thai sites. When inspected in detail, seven teeth were 

affected with caries among Earlier period males, distributed between two individuals. In 

addition, only one female from the Earlier period had one carious tooth. Carious teeth 

are also recorded sparsely among Later period individuals, both of them teenage males. 

No significant difference of caries prevalence for each sex over time was found. Since 

dental caries is most strongly associated to the consumption of cariogenic foodstuffs 

such as high sugar carbohydrates (Hillson, 2005), the lack of prevalence difference 

between Earlier and Later periods suggest there was no significant change of overall 

dietary behavior as social complexity gradually evolved. A tooth decays as a result of 

demineralization of dental enamel, caused by the acids formed during the fermentation 

of carbohydrates by the bacteria attached on dental plaque (Hillson, 2005). The removal 

of these acids, by dental attrition, helps prevent the demineralization from continuing, 

thus decreasing the risk of dental caries. Non Mak La’s largely unchanged caries 

prevalence over time implies the rate/extent of tooth wear may have remained similar 
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throughout the occupation of the site. Another contributing factor to caries prevalence is 

the staple consumed during these time periods. Carbonized seed analysis by Weber et 

al. (2010) implies that foxtail millet was the principal grain, very likely consumed 

regularly, before the 1st millennium B.C. Rice did not enter the Non Mak La 

archaeological context until after the 1st millennium B.C. While the arrival of rice did not 

necessary replace the consumption of millet, rice is presently the most important staple 

in Southeast Asia. However, unlike maize in the New World where its consumption 

caused significant deterioration of dental health (e.g., Armelagos and Cohen, 1984; 

Larsen, 1997), neither millet nor rice has an apparent association with the increased 

caries prevalence among Mainland Southeast Asian populations (Oxenham, 2000; 

Tayles et al., 2000; Domett, 2001; Oxenham et al., 2002; Pechenkina et al., 2002; 

Pietrusewsky and Douglas, 2002a, b). The incorporation of rice during the Later period 

of Non Mak La did not affect the prevalence of dental caries. 

However, when all the teeth are combined regardless of time periods, 

significantly higher proportion of male teeth have dental caries than that of the females’. 

It is possible that sexually divided daily tasks and/or differential access to food choices 

may have been the causes to the disparity of caries prevalence between sexes. The 

higher caries prevalence of Non Mak La males contradicts to other late Neolithic and 

Bronze Age sites in Thailand where adult females consistently had significantly higher 

prevalence of caries than males (Domett, 2001). Domett interprets it as a result from 

behavioral consequences where females’ role as care takers of the crops prompted 

their food choices to be high in carbohydrates and low in protein. While the average 

number of carious teeth for each affected individual from these comparative Thai sites 
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was not reported, in Non Mak La individuals affected by caries do not constantly have a 

high number of carious teeth within a set of dentition (ranging from 1 to 4 teeth). 

Whether the social/subsistence role of males might have been in Non Mak La, this 

weakens the proposition that task-related or sexually divided food choice is the main 

cause of different caries prevalence between males and females. Each individual’s own 

choice of diet and oral hygiene may trump the likelihood of caries induced by a site-wise 

behavioral pattern. 

Dental calculus is the outcome of mineralized dental plaque, caused by the 

accumulation of products from the interaction among oral bacteria, food debris, and 

saliva (Hillson, 2005). Saliva is the main source of calcium phosphate that aids in 

plaque mineralization. Therefore, oral environment (pH in particular) and oral hygiene 

are key factors in the formation of dental calculus (Hillson, 2005). In Non Mak La, 

females have much higher prevalence of dental calculus than males, regardless of time 

periods. Among females, there is a significant increase of dental calculus prevalence 

from Earlier to Later period. This would have been an indicator of differential food 

consumption behavior between sexes and changing oral microflora among females over 

time. However, for the teeth contributed to high female calculus prevalence, all of them 

belonged to two female individuals, one from Earlier and Later period each. The 

disproportional concentration of dental calculus on individual level, when analyzed by 

tooth count, greatly skewed the results to exaggerate the proportion of female 

permanent teeth affected with calculus. On a broad term, Non Mak La females may 

have had a dietary regime that was higher in pH, facilitating the mineralization of dental 

plaque into calculus. If this was the case, the lower prevalence of caries among females 
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of Non Mak La fits well in this scenario since an overall lower pH oral environment is the 

main culprit of dental caries. 

Collectively, Non Mak La has a dental calculus prevalence of 8%. This number 

situates at the upper end among the inland central Thai comparative samples, while 

remains a very low figure in comparison to all other Mainland Southeast Asian sites. 

Dental pathologies are signs of wear and tear that are age-progressive. The longer a 

tooth is in use, the higher the risk for it to be adversely affected by attrition, decay, 

injury, and plaque (Brothwell, 1989). Therefore, prevalence of dental pathologies needs 

to be further examined in light of the affected individuals’ age structure (Larsen, 1997). 

For example, Ban Na Di in northeast Thailand has a higher proportion of older adults 

than other Thai sites (Ban Lum Khao, Nong Nor, Khok Phanom Di) studied/compared 

by Domett (2001). Ban Na Di skeletal assemblage subsequently shows much higher 

prevalence of advanced attrition, dental caries, and antemortem tooth loss 

comparatively. In Non Mak La, the age structure indicates it is a population with early 

mortality evident by a large proportion of subadult and young adults. However, there are 

indeed more individuals older than 35 years old affected with caries and calculus than 

the younger age cohorts in general. This is in keeping with the age-dependent nature of 

dental pathologies and reflects a realistic profile of population dental health. 

Ban Mai Chaimongkol 

Occupying the entire duration of the Metal Age, Ban Mai Chaimongkol has the 

most ideal chronological context for to assess the potential impact of increasing social 

complexity on human skeletal health. For dental caries, there is no difference in 

prevalence by sex either within the Bronze or the Iron Age. It is worth noting that a large 

sample size discrepancy between observable male and female permanent teeth (125 
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and 27, respectively) in the Bronze Age could have a skewing effect on the prevalence 

result. Between time periods, there is also neither a marked change nor consistent 

pattern of dental caries prevalence when permanent teeth of males and females are 

analyzed separately. Males have higher caries prevalence during the Bronze Age, while 

females show a reversed trend. Subadults with permanent teeth display higher caries 

prevalence during the Iron Age. When teeth are combined regardless of periods, 

females have proportionally more caries than males, albeit not significant. It may have 

seemed reasonable that higher subadult caries prevalence during the Iron Age was 

explained as a result of children sharing similar food categories with females (the 

formers’ primary care takers) from the same time period, who also have a higher 

prevalence of caries. However, it would follow that were these children to have survived 

into adulthood, the carious teeth would have entered the adult caries prevalence in 

either male or female category. This is not the case as adult males from the Iron Age 

are caries-free. Therefore, it is best to avoid over-interpreting the Iron Age sex 

discrepancy of caries prevalence. Despite the developments in socio-cultural context at 

Ban Mai Chaimongkol was persisting, the impact of heightened social differentiation 

and/or population growth (Eyre, 2006) does not seem to have a detectable impact of 

human dietary behavior and oral health. Ban Mai Chaimongkol has an overall 3% caries 

prevalence. Albeit very low compared to other Mainland Southeast Asian sites, it is the 

second highest caries prevalence among the inland central Thai sites, underscoring the 

consistently healthy dentition across these sites. 

Dental calculus in Ban Mai Chaimongkol is virtually absent (0.3%). Only one 

middle adult female from the Iron Age had one tooth affected. This is indeed unusual 
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when other comparative sites all have much frequent dental calculus than Ban Mai 

Chaimongkol. A more alkaline oral environment due to food/water sources may be the 

case. The fact that Ban Mai Chaimongkol is located in close vicinity of limestone 

outcrops (Eyre, 2006) may have contributed to water alkalinity. Similarly rare in 

occurrence is periapical cavity (0.2%). Only one young adult female from the Iron Age 

had one alveolus affected. Needless to say, the intra-site prevalence difference over 

time for these two dental pathologies is insignificant. 

As for antemortem tooth loss (AMTL), there is no marked difference of 

prevalence between sexes in either time period but when all individuals are combined, 

the Iron Age dental remains have a much higher AMTL prevalence than the Bronze Age 

ones for both sexes. Age structure of the affected individuals does not seem to have an 

influential effect since young adults in either time period tend to have more AMTL than 

the older ones. Upon a closer inspection, the discrepancy on the numbers of observable 

alveoli between time periods and the distribution of AMTL among individuals could be a 

skewing factor leading to the statistical significance. The relatively large number of 

AMTL locales during the Iron Age is recorded among three individuals, one of which has 

nine AMTL. The highly individually-concentrated AMTL distribution does not necessarily 

reflect a site-wise AMTL pattern that is normally related to overall dental hygiene. 

Interestingly, no dental caries were found among the individuals showing signs of AMTL 

and periapical cavity, usually a precursor of tooth loss. Other periodontal diseases and 

severe attrition were also contributing factors to tooth loss (Hillson, 1996). It is likely that 

these AMTL-positive individuals had particularly inferior dental health and/or 

experienced different patterns of attrition (due to diet or task-related abrasion). AMTL 
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prevalence at Ban Mai Chaimongkol (5%) is on par with other Mainland Southeast 

Asian sites, while is higher among the inland central Thai sites. Overall, Ban Mai 

Chaimongkol people continuously had superior dental health albeit social complexity 

was on the increase. 

Promtin Tai 

There is no dental caries observed on any teeth (deciduous and permanent) from 

Promtin Tai. While this may seem unlikely, the sample size for each sex, age, and time 

period group suggests it is not a product of sampling or demographic bias. Dental 

calculus, however, is not so uncommon in Promtin Tai. On a site level, the dental 

calculus prevalence is 15%. It is the highest among the inland central Thai sites, 

although when compared to other Mainland Southeast Asia sites it falls in the lower-

middle end of the prevalence range (0% - 32.4%). The higher prevalence of dental 

calculus of Promtin Tai could to be used to explain the lack of dental caries. Dental 

calculus is more prone to occur when the oral environment is more alkaline, while dental 

caries indicates a more acidic one. More frequent calculus among permanent teeth of 

the Promtin Tai people implies that a higher oral pH was the case, lowering (and 

eliminating) the occurrence of dental caries. When the overall calculus prevalence is 

broken into sex groups and time periods, a more cautious approach is needed to 

interpret the numbers and statistical results. Males are observed to have much higher 

prevalence of calculus during both time periods and on the overall. There also seems to 

be a significant increase of calculus prevalence from the Early to the Late Iron Age. 

However, the calculus-positive teeth contributing to the marked prevalence difference 

belonged to only two individuals (one male and one female) during the Late Iron Age. 

These individuals, furthermore, represent the majority of teeth observable. As a result, 
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when calculus is calculated by tooth count, the highly individual-oriented distribution of 

affected teeth much exaggerated the significance. In short, the recovered Promtin Tai 

dentition exhibits a moderate prevalence of dental calculus whose biological and 

cultural implications are limited due to uncontrollable sample bias. 

In terms of periapical cavities, Promtin Tai has a 2% overall prevalence, situating 

at the lower end among all the comparative sites including inland central Thai sites. The 

distribution of the affected teeth is sporadic across sex groups and time periods. 

Therefore, no significant different is observed on the prevalence difference between 

sexes and over time. The lack of marked dietary and/or oral health change could be the 

case along social complexity increase. However, the periapical cavity, as an age-

progressive pathology, does appear more frequently among older individuals (>35 years 

old). In one case, the ultimate loss of a tooth is accompanied by the sign of periapical 

cavity, indicating the pathology history of this alveolar locale. AMTL in Promtin Tai is 

similarly rare (0.8%) where only two alveoli show signs of remodeled alveolar process 

after tooth loss, both are on a single middle age male from the Early Iron Age. Naturally, 

the low prevalence of AMTL did not permit a meaningful comparison between sexes 

and time periods. In short, aside from the higher prevalence of dental calculus, Promtin 

Tai people as a whole sustained very good oral health and did not have a marked 

fluctuation on any particular dental pathology as social complexity gradually increased 

as reflected on the material culture. 

Ban Pong Manao 

With an overall dental caries prevalence of 2%, there is no marked sex difference 

among Ban Pong Manao individuals, although female prevalence seems to be twice as 

high as that of the males. As a chronologically latest site among all comparative 
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samples of Mainland Southeast Asia, Ban Pong Manao dental caries is among the 

lowest. While there does not seem to be a time-related fluctuation of dental caries 

prevalence in the region, the low prevalence of Ban Pong Manao is on par with other 

inland central Thai sites, all very rare with caries compared to non-inland central Thai 

sites. 

Very similar to the results in Promtin Tai, prevalence of dental calculus in Ban 

Pong Manao is quite high (13%) among the inland central Thai sites. Females are more 

frequent to have calculus-positive teeth than males but the proportion difference is not 

marked. The more alkaline oral environment is likely the case resulting in this low-in-

caries and high-in-calculus dental health profile. 

As for periapical cavity, Ban Pong Manao has an overall 2% prevalence 

distributed among three males and one female. There is a lack of significant difference 

on prevalence between sexes. The overall prevalence of Ban Pong Manao is 

comparable and sometimes slightly higher than other Mainland Southeast Asian sites. 

Prevalence of periapical cavity among the comparative samples are generally very low, 

contrasting with any other dental pathology. There is no trend of prevalence fluctuation 

about time either. Periodontal diseases can be slow in manifesting skeletally invisible 

lesions on the alveoli and the fact that these prehistoric populations generally did not 

have particularly long longevity is possibly the factor leading to fewer signs of periapical 

cavities. Ban Pong Manao has an overall 3% of AMTL with no marked difference 

between sexes. While AMTL is also a heavily age-progressive pathology, there does 

not seem to be an age-related pattern of AMTL distribution among the Ban Pong Manao 

people. Although it is on the moderate to higher end of the inland central Thai spectrum 
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of AMTL, it again occupies the very low end of the Mainland Southeast Asian spectrum. 

In all, Ban Pong Manao being the latest prehistoric site among all analyzed, does not 

have particularly lower or higher prevalence of dental pathologies. The people’s oral 

health appeared healthy in general and has no association between number/category of 

burial goods and dental health. 

Kao Sai On-Noen Din 

As introduced in previous chapters, skeletal samples studied from Kao Sai On-

Noen Din are very small (N=3). Among these three individuals, all dental remains 

appeared to be free of pathologies. Based on the limited finding, these individuals may 

have maintained satisfactory oral health throughout their lives. 

Skeletal Health 

Skeletal Indicator of Systemic Stress 

Three major categories of skeletal pathology are observed on most of the inland 

central Thai sites. Active and healed cribra orbitalia/porotic hyperotosis (CO/PH) is 

indicative of prolonged anemic episodes. As anemia is a systemic condition often 

caused by parasitic infection and imbalanced nutritional status, prevalence of CO/PH in 

a population is a gauge of environmental hygiene and overall or sexually differentiated 

nutritional well-being (e.g., Grauer, 1993; Holland and O’Brien, 1997; Larsen, 1997). 

Granted that genetic diseases such as thalassemia and sickle-cell anemia could have 

contributed to systemic anemia, these diseases are usually severe and could lead to 

early mortality without modern medicine and management (e.g., Ascenzi and Balistreri, 

1977; Tayles, 1996; Hershkovitz et al., 1997). In inland central Thailand, CO/PH is 

observed on cranial bones of individuals across all age groups. This indicates that 

congenital anemia may not have been the main cause for these populations. 
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While prevalence of CO/PH at Non Mak La is not available, Ban Mai 

Chaimongkol has three younger individuals affected with this condition, all of which 

have the lesions appearing active on the orbital area. The prevalence by right and left 

orbit count seem high (25% and 17%, respectively). This could be explained as a 

sample-size induced bias (intact orbit count is 12 for both sides). When evaluated by 

individual count (with the caveat that not all individuals have observable orbits), the 

prevalence is not particularly high (8%, 3/38). There is no marked difference or 

tendency of prevalence between time periods or between sexes. However, the fact that 

all affected individuals died at a younger age with active lesions (one subadult and two 

young adults) fits Stuart-Macadam’s (1985) suggestion that CO is a subadult and young 

adult phenomenon. While it is not possible to directly link the cause of death for these 

individuals with anemia, the overall frailer physical health of the anemic individuals may 

have lowered their immune thresholds against physiological insults. 

At Ban Pong Manao, CO lesions are found on 21% of the right orbits and 8% of 

the left ones, distributing among three individuals. While the prevalence by orbit count 

may seem high, the proportion of individuals affected is not particularly overwhelming 

(3/49, 6%). Among these three, two are females (one is subadult). Since the number of 

affected individuals is quite low, it is inappropriate to further infer sex difference of CO 

prevalence. Differing from the age aggregation of CO-positive individuals in Ban Mai 

Chaimongkol, in Ban Pong Manao those affected with CO are a subadult, a middle age 

adult, and an adult with unknown specific age range. For the two females, their orbits 

display healed CO scars. It is indicative that they survived an earlier systemic anemic 

episode, likely occurred during their childhood or young adulthood. The subadult, 



 

373 

however, has asymmetrical CO lesion status- active in right orbit and healing in 

progress in left orbit upon death. With the age and lesion status information combined, it 

supports the proposition that CO is a younger age phenomenon (Stuart-Macadam, 

1985). There is only one individual observed with PH on its cranial vault. While intra-site 

comparison of CO/PH prevalence for Ban Mai Chaimongkol is not meaningful due to 

small sample size, the site-level CO/PH prevalence by orbit count for Ban Mai 

Chiamongkol and Ban Pong Manao do not portray a clear trend of CO/PH prevalence 

fluctuation over time/social developments. 

Both Promtin Tai and Kao Sai On-Noen Din lack CO/PH among their individuals. 

For Promtin Tai, this is likely a genuine reflection of its population’s robust health rather 

than sample size bias or early mortality. The lack of systematic physiological stress 

markers such as CO/PH for this site is in keeping with its low LEH prevalence, another 

indicator of childhood stress. Therefore, it is reasonable to infer that Promtin Tai people 

as a whole enjoyed a healthy childhood into early adulthood throughout the duration of 

site occupation and that social complexity change did not show impact on people’s 

physiological stress level. In the case of Kao Sai On-Noen Din, as mentioned before, 

this is a site where excavation is ongoing and preliminary studies are being conducted. 

The very small sample size and inferior preservation status are likely the main causes 

for the lack of dental and skeletal pathology. 

Degenerative Joint Disease 

Degenerative joint disease (DJD) is a category of joint anomalies caused by wear 

and tear throughout lifetime (Larsen, 1995). The location and severity of DJD are often 

linked with activity patterns of an individual. On a population level, if certain joints are 

affected with DJD more prevalently than others, coupled with demographic parameters, 
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a sex or segmented daily task pattern may be derived. For example, certain ornately 

adorned Khok Phanom Di women buried during mortuary phases 4 and later had a 

higher prevalence of DJD on their wrists (Tayles, 2002), which Higham and Thosarat 

(2004) interpret to be associated with pottery-making. During these phases, the site saw 

a drastic environmental change (from a marine to a freshwater ecology), burial pattern 

shift, and diverse material culture patterns (in ceramics, especially). These women not 

only were interred with exceptionally wealthy burial goods (including tool kits and raw 

materials for pottery making) but also their burial ceremonies were likely performed on a 

raised platform, indicating special treatment in funerary rites likely associated with 

higher social status (Higham and Thosarat, 1994). With the archaeological and 

biological data, the particularly higher prevalence of wrist DJD among women during 

this period in Khok Phanom Di is interpreted that these women were likely the key 

players in a matrilineal society where highly skilled pottery makers and pattern 

designers were highly valued (Higham and Thosarat, 1994). 

For the inland central Thai sites, however, the DJD-affected joints are not 

distributed in any clear pattern in the regard of sex or age categories, except in Ban Mai 

Chaimongkol. DJD is not observed among Promtin Tai and Kao Sai On-Noen Din 

people. Cautiously, this is possibly due to preservation and excavation bias. Buried 

extended and supine, the excavation practice of leaving many Promtin Tai individuals in 

situ prevented thorough examination of the vertebral column. The extremely small 

sample size and fragmentary preservation of Kao Sai On-Noen Din also hindered 

meaningful assessment of DJD. Joint diseases are most common on the vertebral 

column for Non Mak La people with no marked difference in number of males and 
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females affected (N=9 vs. 6, respectively). As described in Chapter 6, Non Mak La’s 

frequent association between DJD-affected individuals and their advanced age groups 

is an artifact due to the use of DJD as an age assessment (Agelarakis, 2010a). 

For Ban Mai Chaimongkol, all DJD-affected individuals are middle age adults. 

Since the presence of DJD was not used as a reference for age estimation for this site, 

the age-progressive nature of DJD explains well that as people become older the more 

likely the joints accumulate more evidence of wear and tear. The vertebral column is 

more frequently affected than other appendicular joints. In Ban Pong Manao, while more 

males than females are observed with DJD by individual count, the site does have more 

males than females in proportion. Similar caution is applicable to the heavier distribution 

of DJD on young adults. Regardless, vertebral column, especially the lower thoracic and 

lumbar sections, is again the most frequently involved areas of DJD. The degenerative 

signs include varied degree of osteophytosis, lipping on the vertebral centra, and 

collapsed discs. Lower back joint degeneration is often considered a by-product of 

bipedalism. Behavioral variables such as weight bearing and habitual bending 

accelerate the deterioration of the lower thoracic and lumbar joints (Hough and Sokoloff, 

1989). The fact that both Ban Pong Manao and Ban Mai Chaimongkol individuals 

exhibit DJD most frequently on the lower back indicates a normal and perhaps 

somewhat demanding physical load consistent with agriculture and transportation of 

goods. In terms of the number of individuals and areas affected with DJD, there is no 

clear difference either within Ban Mai Chaimongkol by time or between Ban Mai 

Chaimongkol and Ban Pong Manao. The widest chronological gap between these two 

sites is roughly 1500 years. The steadily low frequency of DJD suggests a largely 
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unchanged activity pattern/load over time. The change of subsistence, if any, and social 

complexity did not impact greatly on the physical aspect of the inland central Thai 

people. 

Trauma and Anomalies 

Skeletal trauma and anomalies among all inland central Thai sites are not very 

common. They occurred in a sporadic fashion with no clear pattern associated with 

body parts, sides, severity, healing stages, sexes, or age groups. The most common 

trauma is fracture on the clavicle bones which occurred on one individual each in Ban 

Mai Chaimongkol and Promtin Tai. Among the rare cases of skeletal anomaly, one of 

them is likely a result of a benign tumor of chrondromyxoid fibroma (Bronze Age Ban 

Mai Chaimongkol young female; Ortner, 2003). The others are most likely bone 

deposition and remodeling due to fracture and/or bone infection. Most of these new 

bone growth and healed fractures do not appear debilitating, except in the unknown sex 

adult in Ban Pong Manao who has a “flattened” appearance of bone deformity on right 

ulna and the fifth metatarsal. The deformity is severe and would have been grossly 

visibly. It could have hindered the muscle strength on the medial side of the right 

forearm, leading to a less strong right arm. Its associated radius does show signs of 

osteoarthritis, indicating certain degree of soft-tissue compensation was in place for a 

period time before death. Among all the sites, there is no reporting of un-remodeled 

trauma, suggesting no immediate connection between skeletal trauma and cause of 

death. Overall, only a few individuals from the inland central Thai sites suffered skeletal 

trauma or anomalies. The lack of pattern of any kind implicates these observed trauma 

and anomalies are isolated cases due to injuries or genetic factors. There is also no 
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evidence pertaining to the association between trauma/anomaly prevalence and social 

complexity change. 

Paleohealth Variation in Central Thailand 

As discussed above, when compared with other regions of Mainland Southeast 

Asia, prevalence of dental pathologies are uniformly low among the inland central Thai 

sites and skeletal pathologies are also rare. However, within the latter, it is not without 

variations. Each site has at least one kind of dental pathology having a significantly 

higher prevalence than other regional sites, indicating the lack of a consistent pattern of 

dental health in the region. For example, Promtin Tai has the highest prevalence of 

LEH, while dental caries prevalence is the highest in Non Mak La. Dental calculus and 

periapical cavities are most prevalence in among Ban Pong Manao teeth and Ban Mai 

Chaimongkol has the largest proportion of alveoli affected with AMTL. Although the 

ranges of these dental pathology prevalence among sites may not seem particularly 

wide, the discrepancies often achieve statistical significant. The exceptionally high 

dental pathology diversity portraits a site-specific phenomenon in terms of population 

dental health and the contributing factors such as dietary behavior. Despite the change 

in social complexity over time and the advances in material culture (e.g., metallurgy and 

ceramics), there is no marked departure of dental health (and skeletal) from the 

originally healthy baseline towards the early period in chronology within a site. When 

these inland sites are sequenced chronologically, there is also no trend in dental and 

skeletal health as time went on. 

Khok Phanom Di, situating at the coastal area of central Thailand with a period of 

freshwater ecology, serves seamlessly as an outgroup among the central Thai sites. 

Almost all of its dental pathologies are significantly higher than the inland sites. Khok 
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Phanom Di is a much earlier site compared to many of the inland ones. However, its 

detailed sequence indicates high level of craft manufacturing and intricate social 

groupings possibly by kinship (Higham and Thosarat, 1994). Khok Phanom Di has a 

much higher prevalence of dental caries and LEH that is more than three times higher 

than the highest ones among the inland central Thai sites. In Tayles et al. (2000), they 

compare Khok Phanom Di caries prevalence with two inland sites in the Mun Valley 

(northeast Thailand) with later chronological positions (Ban Lum Khao and Noen U-

Loke) and discover that there was no positive association between the intensification of 

rice agriculture and increased dental caries prevalence. While rice is intrinsically low in 

cariogenicity, the complex causes of dental caries such as abrasion rate, saliva flow 

speed, and oral pH are to be taken into consideration. Human dietary and activity 

patterns and resource management would have been drastically distinct between the 

coastal dwelling Khok Phanom Di people and the inland populations. Prevalence of 

dental caries in Ban Lum Khao and Noen U-Loke, as shown in Table 6-29, are not too 

far apart from the inland central Thai sites analyzed in the current study. In terms of 

LEH, as a childhood physiological stress indicator, teeth from Khok Phanom Di 

recorded a site-wise stressful childhood experience yet these affected people survived 

into adulthood. Unlike Khok Phanom Di, inland central Thai people as a whole, 

regardless of time period, collectively have very rare incidences of LEH suggesting low 

or individual-specific physiological stress during childhood. Overall, Khok Phanom Di is 

not only a chronological and geographical but also a biological outgroup that 

underscores the unique biological milieu of inland central Thai people. 
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Summary of General Health in Central Thailand 

Low prevalence of skeletal and dental pathologies among the inland central Thai 

people are in accordance with the results from other Mainland Southeast Asian skeletal 

studies. The intensification of agriculture, increasing social complexity, and heightened 

social status differentiation did not exert skeletally visible impacts on human biology. 

While Khok Phanom Di and some earlier northeast and coastal Thai sites show higher 

prevalence of pathology, the somewhat chronologically comparable inland central Thai 

sites included in the current study generally have very healthy (skeletally) individuals. It 

should be cautioned that these latter sites have a majority of younger individuals. This is 

an indicator of early mortality and inferring the existence of a poor/harsh living condition. 

In short, the uniquely low prevalence of pathology among inland central Thai people 

suggest there may be certain environmental and behavioral attributes specific to inland 

central Thailand that contributed to the uniformly good oral health. 

Ecological Baseline for Prehistoric Human Diet 

Before discussing human dietary behavior of central Thailand, stable isotopic 

values derived from faunal skeletal and dental remains provide baseline information on 

local ecology and species-specific dietary variations. For skeletal samples, only bones 

from Ban Pong Manao yielded viable collagen and apatite signals. When faunal dental 

enamel samples are concerned, the stable carbon isotopic signals from enamel apatite 

represented by the lone pig and bovine enamel sample from Promtin Tai and Ban Mai 

Chaimongkol, respectively, fall at the outer edge of pig and bovine range of the Ban 

Pong Manao samples (Figure 7-5). While the stable oxygen isotopic signals of these 

two points are well within the ranges of Ban Pong Manao pigs and bovines, the isotopic 

distinctiveness in δ13C of Promtin Tai and Ban Mai Chaimongkol faunal enamel 
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indicates the existence of inter-site variation, most likely induced by site plant ecology 

and geology. To maintain a clear faunal baseline profile, only signals from Ban Pong 

Manao faunal teeth are used. Being a late prehistoric highland site of central Thailand, it 

should be kept in mind that the ecological baseline established based on Ban Pong 

Manao faunal samples may not be as representative for the entire central Thai site as 

this study intended to be. It, however, offers a general understanding on how people 

managed and utilized the faunal resources on the landscape. 

Pig is the most skeletally abundant species at Ban Pong Manao. Its sympatric 

relationship with humans is perfectly reflected by the similarities of δ13C values both 

from bone collagen and apatite (bone and teeth) between pig and human. Much like the 

humans, Ban Pong Manao pigs consumed a C3-C4 mixture diet with slightly heavier 

reliance on C4 grains. Stable nitrogen isotopic values of pigs are on average one trophic 

level lower than humans. Combined with young age of death of pigs and processing 

marks found on pig bones (butchered and burn marks), it is clear that Ban Pong Manao 

people domesticated pigs and incorporated them into diet. 

Aside from having signs of pig domestication, Ban Pong Manao people also had 

close relationships with smaller-sized carnivores and species that are commonly 

present within human settlements. Dog skeletal remains revealed the highest trophic 

level isotopically among all other faunal species and did not differ greatly from human’s 

trophic level. While isotopes alone may not lead to a definitive conclusion that dogs 

were considered as a human food source, cut and burn marks found on some dog 

skeletons pointed to the possibility that they were more than human companions or 

sympatric species with no food-chain relationship. If the only bone sample from a black 
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rat was indeed indigenous of the area, the high level of C4 protein signal indicated a C4 

plant-prevalent field of Ban Pong Manao landscape (i.e., millet or Job’s tear). Carbon 

and nitrogen isotopic ratios from chicken bones also suggested a close feeding scheme 

with that of the humans’. All these three categories of faunal species demonstrated 

evidence of human consumption and management, indicating that the dietary regime of 

Ban Pong Manao people contained a certain portion of sympatric species. 

As for faunal species that were likely to be obtained by hunting and/or an 

incipient level of domestication, skeletal remains of cervids and bovins are most plentiful 

in Ban Pong Manao. The cervids were further divided into small and large-bodied 

groups based on skeletal remains. The small-bodied cervids are dominated by barking 

deer. The isotopic signals from these barking deer unequivocally pointed to a C3-

oriented food source (both protein and total diet) with some mixture of C4 

carbohydrates, which is very distinctive from those of the Ban Pong Manao people. This 

pattern is reflective of barking deer’s feeding behavior in dense forests and forest 

edges. Ban Pong Manao is situated in highland central Thailand where its general 

climate is closer to a temperate than tropical setting. Deciduous forest (C3-based) and 

shrubs were likely the fixture of Ban Pong Manao landscape. Barking deer’s isotopic 

signals and feeding behavior suggested that these deer were not sympatric to humans 

or inhabiting areas in immediate vicinity to Ban Pong Manao settlement. The fact that 

their skeletal remains were deposited within Ban Pong Manao stratigraphy and bore 

evidence of food processing marks indicated the Ban Pong Manao people had hunted 

or lured the barking deer closer to the settlement, likely for the purpose of consumption. 

Isotopic signals of the large-bodied deer, however, exhibited a mixture of C3- C4 feeding 
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pattern. The deer were traditionally categorized into grazers and browsers who 

consumed different types of parts of the plants. The large-bodied cervids were likely to 

roam the landscape and consumed the diverse plant species. Although their isotopic 

signals may have been similar to those of humans’, it was not likely that humans were 

actively managing (by feeding, for example) the large-bodied deer. It is more probable 

that deer were being hunted and brought back to the settlement for human 

consumption. Skeletal remains of the bovines (water buffalos and cattle combined), 

were frequently encountered in Ban Pong Manao deposit. Isotopic signals from both 

microstructures (collagen and apatite) strongly indicated the bovines were present in a 

C4-based open-field grazing habitat. 

Overall, using Ban Pong Manao faunal isotope regime as an ecological baseline, 

it is reasonable to profile that the immediate vicinity and Ban Pong Manao settlement 

itself were a C4-prevalent open field, whereas the nearby deciduous forests were 

constituted of a C3-based floral ecosystem. Having a wide range of faunal skeletal 

remains in Ban Pong Manao deposit indicated that the people practiced a combination 

of animal management and hunting to obtain their major protein resources. The main C4 

plants in the field at Ban Pong Manao, based on ecological and archaeological contexts 

(e.g., Weber et al., 2010), were very likely to be millet and perhaps Job’s tear at times. 

The distribution of these faunal and floral species dictated the dietary resources 

available to Ban Pong Manao people in the highlands and beyond. The isotopic signals 

of the few faunal samples from Promtin Tai and Ban Mai Chaimongkol largely contoured 

to the expected species-specific isotopic distribution, with some variations reflecting 

site-specific diversity. 
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Human Dietary Behavior 

Building upon the ecological baseline derived from faunal skeletal remains, 

human dietary behavior of Metal Age central Thailand is reconstructed in conjuncture 

with archaeological data. This section will first approach paleodiet on a regional level 

divided by the sites’ geographic locations and then by comparing data from the sites in 

a rough chronological order. After a regional synthesis, stable isotopic data from each 

site will be discussed within its own demographic context and finer temporal sequence 

when applicable. The data used in this section are presented in Chapter 8. The aim is to 

thoroughly interpret the skeletal chemistry data in a way that best highlight the changes 

of social complexity and human diet (if any). 

Inter-site Dietary Variation 

The six archaeological sites are categorized into two groups based on each site’s 

vicinity to the coast. The inland sites include Ban Mai Chaimongkol, Non Mak La, 

Promtin Tai, Kao Sai On-Noen Din, and Ban Pong Manao. Among them, Ban Mai 

Chaimongkol belongs to the Chao Phraya River drainage, whereas Non Mak La, 

Promtin Tai, and Kao Sai On-Noen Din are situated in a general area of the Khao Wong 

Prachan Valley. Ban Pong Manao is located on highland central Thailand, at the 

western edge of the Khorat Plateau. Khok Phanom Di is the only site in the coastal 

group. 

In terms of chronological sequence, Khok Phanom Di is the earliest, followed by 

Non Mak La, Ban Mai Chaimongkol, and Promtin Tai. Ban Pong Manao and Kao Sai 

On-Noen Din are similar in time occupied (see Chapter 3). It needs to be emphasized 

that this sequence is a rough order and is only relevant for the purpose of the 

comparison to be discussed below. Most of the sites have multiple temporal 
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components with distinctly different cultural remains and overlapping temporal periods 

among sites are not uncommon. While a general assumption in held that sites occupied 

later in time may have had a finer social differentiation thus increased social complexity, 

the intrinsic cultural diversity among the sites cannot be neglected and will be 

addressed in the later part of this chapter. 

Regional dietary diversity 

Among the inland sites, Promtin Tai and Kao Sai On-Noen Din did not yield any 

valid isotopic signals from bone collagen and apatite. These two sites’ human dietary 

scenarios were thus only revealed by tooth enamel apatite. As shown in Chapter 8, 

people from all sites utilized an admixture of C3 and C4 dietary resources of both protein 

and carbohydrates, with varying degree of emphasis on C3 or C4 sources. Highland site 

Ban Pong Manao, in particular, yielded distinctively more positive δ13C signals from 

collagen and bone apatite fractions than all other sites analyzed, indicating a higher C4-

reliant dietary regime. Despite the distance, the distribution of collagen and bone apatite 

δ13C signals derived from Ban Mai Chaimongkol and Non Mak La are fairly similar, both 

clustering towards the more negative end of the δ13C spectrum. This in turn signifies a 

higher mixture of C3-derived nutrients in people’s dietary protein and total diet. As for 

the coastal site of Khok Phanom Di, however, its average δ13C from bone collagen falls 

in the midst of the inland lowland distribution, while its average δ13C from bone apatite is 

much further negative than others. 

With the availability of ecological baseline from faunal skeletal remains and 

archaeological context, human dietary choices of Ban Pong Manao are on par with what 

was expected. The positive-leaning δ13C values and larger Δ13Cap-coll portray a human 

dietary strategy of C4-reliant carbohydrates and C3-feeding animal protein sources. 
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Cultivated or managed millet was the most likely the main carbohydrate source. Millet is 

a good protein source as a benefit of its higher protein content compared to other cereal 

plants common in Southeast Asia (USDA, 2012). If Ban Pong Manao people did use 

millet as staple, the scattering of δ13Cbone coll between C3 and C4 protein lines (Figure 8-

5) could be a result of protein contribution from a C4 plant like millet. Central Thailand 

has a long history of millet distribution (Foxtail millet, in particular), traceable to the 3rd 

millennium B.C. (Weber et al., 2010). Millet also requires less water and grows well in 

higher, more arid altitude contexts (Weber et al., 2010). Ban Pong Manao’s highland 

location, long dry season, and later date range in chronological sequence all support the 

possibility that millet was in existence and consumed. Based on the isotopic signals 

from forest dwelling/feeding species such as the cervids, a C3-based deciduous forest 

was most likely to be in the vicinity of the Ban Pong Manao settlement. Terrestrial 

animals browsing in/near the forest (e.g., barking deer, larger-bodied deer), those 

feeding on C4-based plants (e.g., the bovines), and those foraging on a mix of C3-C4 

food sources (e.g., pigs, dogs, rats, chickens) were all Ban Pong Manao people’s food 

sources. The scenario of a wide array of animals and their habitats fits well with the plot 

shown in Figure 8-5, where all but one Ban Pong Manao data points fell within the 

range between the C3 and C4 protein lines. Small fish and shellfish from nearby creeks 

were also parts of the Ban Pong Manao people’s diet, evident by the freshwater shells 

found among the deposits of living floors. However, despite the selection, lower trophic 

level, reflected by δ15N values, of Ban Pong Manao people suggest that animal protein 

may not have constituted a large portion of people’s diet. 
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The δ13C signals from enamel apatite, unlike the clear separation of Ban Pong 

Manao bone collagen and apatite from other sites, have a much wider distribution than 

their bone counterparts. The data points in fact scatter between the two ends of the 

δ13Cen ap distribution of the lowland sites Ban Mai Chaimongkol and Non Mak La (Figure 

8-6). The average Ban Pong Manao δ13Cen ap falls in between those of the two lowland 

sites. Since tooth enamel is formed during early childhood to early teenage years, the 

distribution of Ban Pong Manao δ13Cen ap signals can be inferred to have resulted from 

change of diet and/or residency between earlier and later lifetime. Individuals who were 

buried at Ban Pong Manao may have utilized different dietary resources between the 

time of enamel formation and later in life. This further indicates that these people may 

not have originally been born and/or raised in situ, and therefore having different 

sources of dietary protein and carbohydrates. While the motivations for people 

movement may be difficult to deduce, the locales where the people moved from are 

revealed in part by the distribution of δ18Oen ap. The stable oxygen isotope ratios from 

Ban Pong Manao teeth sampled show a narrow range of distribution and the pattern is 

very similar to that of Ban Mai Chaimongkol and Non Mak La. Since δ18O is reflective of 

the geologic waters an individual consumed during tissue formation (in this case, the 

enamel), it is possible that some of those buried at Ban Pong Manao came from places 

that had similar geologic water composition dictated by the locale’s bedrock, humidity, 

altitude, and precipitation (White et al., 1998, 2000; Katzenberg, 2000). The interplay of 

these natural characteristics makes the deduction of where the Ban Pong Manao 

people had migrated from a difficult, if not an impossible, task. However, the similarity of 

δ18Oen ap signals from Ban Pong Manao with the other two lowland sites does not 
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necessarily suggest any direct migratory relationship among these sites. In short, 

people buried at Ban Pong Manao subsisted on a very different dietary regime (much 

higher C4-oriented carbohydrates, in particular) from that of the lowland and coastal 

sites, as will be discussed in the following paragraphs. 

Coming down to lowland central Thailand, the distribution of δ13C values of bone 

collagen and bone apatite from the lowland skeletal assemblages share several similar 

characteristics. Ban Mai Chaimongkol and Non Mak La samples have essentially 

indistinguishable distribution of collagen and apatite data. The two sites yielded very 

similar averages for δ13Cbone coll and δ13Cbone ap. The values are indicative of a mixed C3-

C4 diet with slightly more reliance on C3-based animals and plants, when compared ti 

Ban Pong Manao (greater reliance on C4-based carbohydrates). The difference of 

average δ13C values from bone collagen and apatite between the lowland sites and 

highland Ban Pong Manao is significant as documented by statistical analysis (see 

Chapter 8). It is worth noting that there are only three valid data points from Ban Mai 

Chaimongkol human bone samples due to poor preservation, despite the attempt to 

mitigate this problem by sampling much more specimens. While there is limited faunal-

based isotopic baseline available for Ban Mai Chaimongkol and none for Non Mak La, 

the ecological context of each site largely supports this human bone-based dietary 

inference. As detailed in Onsuwan (2000) and Eyre (2006), modern surroundings of the 

Ban Mai Chaimongkol by the time of excavation (mid-1990s) were covered by corn (a 

C4 plant) and rice field (a C3 plant). This mixture of plant distribution suggests an 

ecological profile that prehistoric Ban Mai Chaimongkol area saw the coexisting of C3 

and C4 plants. The long history of the existence of millet in central Thailand and its 
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effect on people’s diet cannot be neglected (Weber et al., 2010). As part of the Chao 

Phraya River drainage whose modern rice agriculture supplies the vast population of 

Bangkok and nearby locales, Ban Mai Chaimongkol area would have also been suitable 

for rice agriculture. While the scale and techniques for rice agriculture remain unclear, 

rice incorporated into the diet of past people and sympatric animals is not an 

unreasonable inference in central Thailand. Conforming to its geographic location, Ban 

Mai Chaimongkol area would have been surrounded by forest and/or ever-green plants 

as a common scene in a tropical setting where C3 plants thrive (e.g., Krigbaum, 2003). 

All of the above evidence and analogies fit well with the dietary scenario derived from 

human stable carbon isotopic ratio signals. 

Beyond stable carbon isotopic signals, Ban Mai Chaimongkol bone samples 

yielded the highest average δ15N value among all other sites studies here, indicating a 

high trophic level and more animal protein consumption. As for the categories of animal 

incorporated in people’s diet, the faunal remains associated with the site suggest 

bovines, pigs, and deer were present. Since Ban Mai Chaimongkol is an inland site, 

other animal protein sources would have to derive from the riverine settings. The site 

was indeed surrounded by creeks and had a noteworthy amount of shell deposit. 

Therefore, it is reasonable to infer that people did incorporate riverine protein resources 

into diet. The organisms lived on the nutrients in the riverine setting sometimes carry the 

isotopic signature of the nearby land, although it can be altered greatly by the uptake of 

the dissolved carbonates from rocks, soils, and organic matters (Katzenberg, 1989). If 

this is the case for Ban Mai Chaimongkol’s freshwater sources (no fish or shell remains 
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were sampled), the indirect contribution of riverine carbonates into people’s diet could 

add to the C3-C4 mixed food web. 

Adding δ13Cen ap to the reconstruction (Figure 8-6), Ban Mai Chaimongkol people 

do show a consistent tendency of having a C3-C4 mixture total diet, even during 

childhood and early teenage years, with a slightly heavier reliance on C3 food sources. 

The people’s diet did not differ greatly between earlier and later lifetime either (Figure 8-

22). Overall, Ban Mai Chaimongkol isotopic signals portrayed a relatively local and 

narrow range of food procurement. C3 carbohydrate and protein sources contributed to 

their diet, while clearly incorporating some C4 food sources. 

Also located in lowland central Thailand, stable carbon isotope signals from Non 

Mak La human bones suggest a very similar dietary regime to Ban Mai Chaimongkol. 

The distribution and average of δ13Cbone coll and δ13Cbone ap from Non Mak La bones 

again indicate a C3-C4 mixed foodway with a slight lean towards C3 resources. Located 

at the Khao Wong Prachan Valley, Non Mak La and its nearby sites shared similar 

environmental characteristics such as a seasonal monsoon (if failed, draught occurred) 

and soil with poor water retention qualities (Pigott et al., 2006). With these ecological 

parameters and soil types only suitable for dry crop cultivation, the main staple of Non 

Mak La (and the Khao Wong Prachan Valley in general) was likely to have derived from 

C4 plants (e.g., maize, millet; Pigott et al., 2006). The stable carbon isotopic data, 

however, strongly indicate a C3-leaning diet. It is likely that an area covered by C3-

based deciduous forests and/or shrubs, in which terrestrial animals dwelled and fed, 

would resemble the surroundings of the prehistoric Non Mak La landscape. In addition, 

Weber and colleagues’ (2010) analysis of grain remains recovered from Non Mak La 
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and two nearby sites (Non Pa Wai and Nil Kham Haeng) demonstrate that millet 

predated the existence of rice for approximately two millennia. In fact, rice did not 

appear in the site contexts until 1st millennium B.C. It is clear that the coexistent of millet 

(C4) and C3-based vegetation sustained the Non Mak La people for at least the duration 

of occupation. While millet was long available in the landscape, it does not necessarily 

suggest a systematic millet management and/or dietary incorporation was in place. 

Therefore, a mixture of C3 and C4 plants in people’s diet was most likely the case. 

The diet/food-related similarities between the lowland central Thai sites of Non 

Mak La and Ban Mai Chaimongkol are limited to stable carbon isotope signals. As 

previously discussed, Ban Mai Chaimongkol has a higher average δ15N than all other 

sites. Compared to Non Mak La samples, there is a ~2‰ difference indicating Non Mak 

La people have a slightly lower trophic level than Ban Mai Chaimongkol. While the 

absolute value of average δ15N here is not particularly low and is on par with that of Ban 

Pong Manao, it suggests Non Mak La people may have had a smaller portion of dietary 

protein coming from animal sources. Another major difference between the two lowland 

sites is Non Mak La’s more positive average δ13Cen ap signal. It is in fact the most 

positive among all sites analyzed for this tissue fraction (except Kao Sai On-Noen Din’s 

lone tooth enamel data). It is well within the range of what would be expected for a C3-

C4 mixed diet, but its obvious lean towards the C4 end of the δ13C spectrum for total diet 

is intriguing. It is worth noting that the individuals sampled for δ13Cen ap and δ13Cbone coll/ 

δ13Cbone ap are not the exact same cohort. Detailed provenience analysis on the 

individuals sampled and their chronological grouping within Non Mak La revealed a 

clear explanation when combined with the seed analysis by Weber and colleagues 
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(2010). This will be discussed in the intra-site dietary variation section. In terms of the 

carbon isotope category (C3 or C4) of carbohydrate and protein of people consumed, 

Non Mak La diet is the most monoisotopic (Figure 8-4), meaning sources of 

carbohydrate and protein are similar in isotopic composition. Since a true monoisotopic 

diet would have a Δ13Cap-coll of 4.4‰ (Ambrose and Norr, 1993), Non Mak La Δ13Cap-coll 

being 5.8‰ suggests more C3 protein and C4 carbohydrates. However, it is difficult to 

delineate the exact proportion of C3 vs. C4 resource distribution due to the highly 

heterogeneous C3-C4 landscape (Ambrose et al., 2003). In short, Non Mak La foodways 

did share some characteristics in terms of admixture of resources with similarly lowland 

Ban Mai Chaimongkol. But the proportion of animal protein consumption and/or the 

animals’ isotopic compositions themselves is different between the two sites. 

There is one more site that situates in the Khao Wong Prachan Valley, Promtin 

Tai. This site is ~6 km northwest to Non Mak La, sharing similar ecological 

characteristics. Stable isotopic ratios derived from Promtin Tai teeth, however, revealed 

a dramatic departure from both Ban Mai Chaimongkol and Non Mak La with respect to 

skeletal/dental bone chemistry. Average Promtin Tai δ13Cen ap is -12.1‰, the most 

negative among all the inland central Thai sites studied. While it is within the isotopic 

range expected for a mixed C3-C4 total diet, its heavier lean towards the C3 end of the 

δ13C spectrum is obvious and different from other three sites discussed thus far. The 

distribution of δ13Cen ap values is also narrow, as all but one tooth sampled falls outside 

the range between -11.6‰ and -13.5‰, indicating a similar C3-reliant overall diet was 

shared by the Promtin Tai people. The environmental characteristics of Promtin Tai 

suggest that while dry season can be long and somewhat unpredictable, when the rainy 
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season arrives its low-lying location is often prone to annual flood. The site is also 

surrounded by a moat that could have been used for irrigation and water retention 

purposes in the past (Lertcharnrit, 2006). Weber and colleagues’ (2010) analysis of 

carbonized seeds from Khao Wong Prachan lead to a conclusion that rice was present 

in this region since the 1st millennium B.C. Combined with Promtin Tai’s later position in 

Metal Age Thailand and ecology, incorporating rice in diet or even using rice as staple 

was probable. Terrestrial and aquatic animal resources from nearby forests and creeks 

were also likely parts of Promtin Tai diet. In addition, the average δ18O signal here is 

significantly different from all other central Thai sites. In the other three central Thai 

sites discussed above, despite their geographic distances from one another and 

potential geologic variations, the average and distribution of δ18Oen ap from each site is 

extremely similar to one another (Figure 8-6). It is unfortunate that no bone data are 

available from Promtin Tai to facilitate a more nuanced inference of its diet. However, 

Promtin Tai’s distinct δ13C and δ18O from tooth enamel samples illustrate a highly 

locale-specific dietary approach of the past people. While the range of food source 

species (plants and animals) could have been wide, the geographic/geologic origins and 

photosynthetic pathway categories of the food sources were likely to be fairly similar. 

There was only one tooth enamel from Kao Sai On-Noen Din suitable for isotopic 

sampling. This tooth (upper left third molar) yielded a completely different δ13C (-5.9‰) 

and a somewhat comparable δ18O (-6.4‰) to other sites (except Promtin Tai). The δ13C 

signal suggested the individual obtained its dietary carbon almost entirely from C4 

sources. Kao Sai On-Noen Din is <30 km southeast of Promtin Tai. But samples from 

the two sites occupy the two extremes of the δ13Cen ap spectrum and have distinct δ18O 
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signatures. Without more ecological/faunal information and substantially more human 

data from Kao Sai On-Noen Din, it is difficult to confidently infer people’s diet. If this lone 

tooth sample were to be considered as representative of Kao Sai On-Noen Din, it would 

again underscore a locale-specific dietary regime as seen in other sites. The obvious 

bias of interpreting one data point, nevertheless, precludes the incorporation of Kao Sai 

On-Noen Din from further regional, temporal, and intra-site dietary assessments. 

Khok Phanom Di, a well-studied site that experienced fluctuation of coastal and 

riverine ecological settings during its 500 years of occupation (Higham and Thosarat, 

1994), is an ideal comparison site when discussing dietary changes. The average 

δ13Cbone coll is -15.2‰, well within the range of a C3-marine mixed collagen source 

spectrum. This value is not far away from that of the inland Non Mak La and Ban Mai 

Chaimongkol. The δ13Cbone ap is most negative (-10.9‰) compared to the inland sites, 

although it is not a far departure from others except in the case on Ban Pong Manao. 

The stable carbon isotope ratios from Khok Phanom Di bones suggest the people had a 

slightly more C3 overall food sources than other sites. The δ13Cen ap data from Bentley et 

al. (2007) have an average δ13Cbone ap of -12.6‰, which is in line with a more C3-based 

total diet during enamel formation. The stable carbon isotope spacing between δ13Cbone 

coll and δ13Cbone ap again supports this general observation. In fact, Khok Phanom Di 

people had the most monoisotopic diet than the inland sites. It is interesting to observe 

that there are two clusters of data distribution for both δ13Cbone coll and Δ13Cap-coll. It is 

especially peculiar that the Δ13Cbone ap-coll distribution shows the two groups are at either 

side of the Δ13Cap-coll=4.4 line, an indicator for a monoisotopic diet (Ambrose and Norr, 

1993). The demographic composition of the individuals in each group will be explored in 
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the Khok Phanom Di intra-site dietary variation section. Among the potential candidates 

of major food sources, rice is again the top possibility. In fact, rice was present and 

cultivated in situ in Khok Phanom Di at least during and after mortuary phases 3 and 4 

(after ~1,900-1,750 B.C.), if not earlier (Higham and Thosarat, 2004). This was 

supported by the inclusion of rice cultivation tools in human burial assemblages. Human 

consumption of rice of domesticated variety was confirmed by analyzing the morphology 

of rice chaff fragments preserved in human excrement (Thompson, 1996). Khok 

Phanom Di experienced a drastic ecological change from having direct access to the 

estuary/sea/mangrove to being a freshwater-riverine/lacustrine site during mortuary 

phases 3 and 4. Rice remains, however, became less frequent during the later mortuary 

phases (Higham and Thosarat, 2004). 

Contrary to expectation, Khok Phanom Di’s close vicinity to the sea did not result in its 

people consuming large amount of marine mammals and/or fish species on the higher 

position of a food chain. The light reliance on non-shellfish animal protein in Khok 

Phanom Di (possibly from near-shore), as suggested by faunal analysis (Higham and 

Thosarat, 1994, 2004), was supported by the moderately low trophic level inferred from 

δ15Nbone coll signals. There was indeed evidence of sea-faring activities on human 

skeletons (Tayles, 1999) and the accumulation of shell (Higham and Thosarat, 1994) 

indicated the acquisition of shellfish most likely for consumption purpose. However, 

there was no evidence of animal domestication and the individual counts of faunal 

skeletal remains were consistently low throughout the entire Khok Phanom Di 

occupation (Higham and Thosarat, 1994, 2004). The appearance of small-bodied deer 

and water buffalo skeletal remains during mortuary phases 3 and 4 corresponded with 
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the ecological change, although the role of these terrestrial mammals in people’s diet 

remained supplementary. 

When the inland sites are considered collectively, there are more differences 

than similarities when human dietary scenarios inferred from stable isotopic signals are 

concerned. The lowland sites (Non Mak La, Ban Mai Chaimongkol, Promtin Tai) do not 

always display similar categories of dietary regime, while the highland one (Ban Pong 

Manao) had largely its own separate dietary system. Site-oriented data clustering for 

most of the stable isotopic signals from bones and teeth clearly indicated a highly 

localized sourcing for food and water. Despite the proximity between some sites, the 

difference in bone/dental chemistry data among sites highlights central Thailand’s 

diverse ecology and geology. The foodways of people were tightly intertwined with what 

their immediate environment had to offer. When comparing the inland sites to the 

coastal one in Khok Phanom Di, the latter stands out as a unique group for all the stable 

carbon isotopic data (δ13Cbone coll, δ
13Cbone ap, δ

13Cen ap). A heavier C3-reliant dietary 

system supplemented by smaller amount of terrestrial animal proteins was likely the 

case. The outgroup role of Khok Phanom Di in this study is well-suited as its people’s 

dietary signature is distinct from the inland ones, due to its differed ecological and 

temporal contexts. 

Temporal dietary diversity 

As mortuary evidence for a higher degree of social status differentiation 

increased over time in central Thailand, it is useful to examine if this social change had 

any impact, if so, what kind of impact, on human dietary choices and human-land 

interaction. Here, the sites are evaluated by their chronological sequence on the inter-

site level. To control for geographic and ecological factors, Khok Phanom Di is excluded 
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from this temporal comparison due to its distinct ecological setting as a coastal site. For 

the inland sites, Non Mak La contains the oldest phases (ranging from the late Neolithic 

to the Metal Age, Voelker and Pigott, 2012 personal communication), followed by Ban 

Mai Chaimongol that covered the entire Metal Age sequence (Onsuwan, 2000; Eyre, 

2006), the Iron Age Promtin Tai (Lertcharnrit, 2006), and the late-Iron Age Ban Pong 

Manao. 

As shown in Tables 8-1 to 8-2 and Figures 8-2, 8-3, and 8-6, there is no apparent 

trend on the stable isotopic values derived from either bone or tooth enamel. Not only 

do the averages of δ13Cbone coll, δ
15Nbone coll, δ

13Cbone ap, and δ13Cen ap from the sites 

fluctuate across the spectra of each stable isotope, the distributions (i.e., variation) of 

these isotopic values also show no obvious temporal patterns. For the stable carbon 

isotopic ratios derived from bones, while Non Mak La and Ban Mai Chaimongkol have 

fairly narrow distributions of δ13Cbone coll and δ13Cbone ap, Ban Pong Manao data cover a 

wide range of the δ13C spectrum. Conversely, Ban Pong Manao has the most 

aggregated δ13Nbone colla distribution compared to others. Ban Pong Manao’s high 

variation in bone carbon isotopic ratios among its people is also preserved in δ13Cen ap, 

although the other two sites do have a wider distribution in δ13Cen ap compared to the 

bone fractions. These data translate as people in Non Mak La and Ban Mai 

Chaimongkol had a similar dietary regime within its own respective context. The wider 

scattering of Ban Pong Manao isotopic data suggests its people may have had 

differential access to food categories, either by choice, by origin of residence, or by 

structure. Among all the chemically derived dietary indicators, δ18O signals from bone 

and enamel apatite are consistently narrowly distributed in all inland sites, even in the 
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case of Promtin Tai where its average δ18O from teeth is significantly different from all 

others. 

The lack of any temporal trend in all dietary parameters among the inland central 

Thai sites prompts three possible scenarios. First, despite social change being evident 

in material culture, human dietary practice was either not involved or the impact on diet 

was not prominent enough to register difference on skeletal and dental tissues. It is 

likely that the differentiation in people’s social status was expressed by means of 

material accumulation (in life and/or in burial) or power structure negotiation. 

Collectively, people living during the later part of Thai prehistoric period (presumably 

having a more stratified social structure) did not seem to have had significant departure 

of dietary choices from sites occupying the earlier periods. This is echoed by the lack of 

an apparent trend over time in pathology prevalence as discussed in the first part of this 

chapter. The second scenario suggests that the diverse local landscape of central 

Thailand was the determining factor when it came to food choices and resource 

exploitation. The small dietary variation among most of the inland sites signifies people 

in each site consumed similar categories of food and shared similar water sources. This 

in turn portrays a dietary practice that was highly reliant on its immediate environment 

and locale-specific. While wide-spectrum in nature (in the sense of having mixed 

categories of food sources), it is plausible that people acquired these food sources from 

nearby surroundings as suggested by limited variation in stable oxygen isotopic signals 

(e.g., Budd et al., 2004). As discussed in depth by various researchers (e.g., Kealhofer, 

1997; Higham, 2002; White, 2011), the inherent geological and ecological diversity of 

central Thailand is immense and has been instrumental in shaping the area’s biological 
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and cultural landscape (White, 2011). The combined effects of scenarios one and two 

on central Thai human biological diversity, which form the third scenario, cannot be 

ruled out. This scenario posits that if the increasing social stratification over time indeed 

occurred in central Thailand, the differentiation in social aspects did not impact people’s 

dietary behavior and daily activity patterns (or in a way that was too subtle to register on 

skeletal remains). If people’s differed social status did in fact impact their diet (either by 

choice or by accessibility to resources), the strong landscape diversity among these 

sites seems to have trumped any dietary discrepancies observed at the inter-site level 

of analysis. 

Intra-site Dietary Variation 

When isotopic signals from each of the sites sampled are considered against 

demographic parameters and chronological groupings within its own context, the dietary 

variation becomes less pronounced on the intra-site basis. Again, due to the lack of 

sufficient valid isotopic signals from Kao Sai On-Noen Din samples (valid sample=1), 

this site is eliminated from the discussion of intra-site dietary changes.  

Non Mak La 

When all the valid samples are combined regardless of time periods, there is no 

apparent difference in diet between sexes in Non Mak La (Figures 8-7, 8-8, 8-13). Aside 

from one subadult bone collagen (Figure 8-7), the extent of variation (data scattering) is 

~2‰ for both δ13Cbone coll and δ13Cbone ap spectra, indicating a narrow difference in 

carbohydrate and protein sources between male and female individuals. The trophic 

level (suggested by δ15Nbone coll range) and water source (suggested by δ18Obone ap 

range) variation are similarly small among the Non Mak La people, all within a 2‰ 

range. As for early life total diet (suggested by δ13Cen ap), despite a much wider 
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scattering of data, there is no significant difference between sexes. In terms of water 

sources, Non Mak La females do have a very tight distribution (<1‰), suggesting their 

water sources may have been located within close proximity or the geological 

characteristics where these females grew up were similar. The average values of δ18Oen 

ap, however, do not distinguish significant early life water source difference among 

males, females, and subadults. The lack of internal variation by sex indicates that both 

sexes of Non Mak La people had similar access to dietary and water sources. Another 

possibility is that the relatively small valid sample size obstructs the detection of such 

variation, if existed. 

Among all the individuals sampled from Non Mak La, seven (three males, two 

females, and two subadults) yielded valid stable isotopic ratios from the hydroxyapatite 

embedded in bones and tooth enamel. Bone stores dietary signals acquired during the 

last decade of a lifetime and tooth enamel preserves those signals acquired during early 

life. The stable isotopic ratios from these tissues are capable of portraying a history of 

dietary pattern throughout an individual’s lifetime. Despite the small sample size, life 

histories from the seven Non Mak La individuals (Figures 8-15 to 8-17) suggest a 

relatively narrow difference of total diet and water sources between early life and the 

time of death, regardless of sex and age. Females seem to have had a more 13C 

enriched total diet during early life than within a few years of death. Two out of the three 

males, conversely, appear to have a reversed dietary history from that of the females. 

The subadult data did not display a clear life history pattern. Water source history, 

reflected by the difference between δ18Oen ap and δ18Obone ap, remains largely unchanged 

in all seven individuals. Overall, Non Mak La people did not appear to have had 
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migrated or changed their dietary practice/category drastically throughout lifetime. While 

cultural factors, such as exchange of societal members (e.g., marriage) and post-marital 

residency (e.g., matrilocal vs. patrilocal), would have played a role in determining who 

ended up living and being buried in Non Mak La, these factors cannot be confidently 

addressed here based on the available stable isotopic data. 

The Non Mak La burials are roughly divided into two temporal groups of Earlier 

and Later periods, adjusting from Voelker and Pigott’s (2012 personal communication) 

preliminary chronology. When stable isotopic data are evaluated by time periods, the 

distribution and average of the signals derived from bone samples did not demonstrate 

significant dietary and water source differences for individuals buried during the two 

time periods. Although there is a slight pattern of the stable carbon isotopic spectra 

where Earlier period individuals display more C4-reliant protein and total diet signals 

than the Later Period people, the overall distribution of δ13C from bones is well within 

the range expected for a C3-C4 mixed diet. Dental enamel signals, on the other hand, 

display a much clear trend of dietary difference over time. Earlier period δ13C from tooth 

enamel are significantly more positive than the Later period, suggesting more C4 

contribution to total diet. This matches well with Weber and colleagues’ (2010) 

observation that millet had a much longer presence in central Thailand and that rice was 

not present in site deposits until 1st millennium B.C. While the development of Non Mak 

La chronological sequence is ongoing, at its present state the process of floral 

landscape change is properly reflected by human dietary shift. Nonetheless, the δ13Cen 

ap signals do show significant C3 plant contribution, indicating the presence and 

exploitation of other C3 resources in Non Mak La landscape even prior to the 
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introduction of rice. As demonstrated by δ18O signals from tooth enamel, the lack of 

fluctuation over time leads to the inference that people’s water sources remained 

unchanged with the transition from Early to Late periods. With δ13Cen ap and δ18Oen ap 

signals combined, it is likely that Non Mak La witnessed a long period of in situ 

occupation during which people gradually incorporated newly available food sources, 

such as rice, into their diet while maintaining the tradition of acquiring food and water 

from nearby locales. 

Under the assumptions that central Thai social complexity, reflected in mortuary 

context, increased over time and that the discrepancies in social status impacted dietary 

behavior, it was expected that people in the Later period would have a wider variation in 

dietary signals, signifying differential access to and/or choices of food resources. By 

examining the Non Mak La data, while the distribution of δ13C and δ15N from bone 

samples may seem to be inconclusive, the distribution pattern of δ13Cen ap data does not 

appear to meet the above expectation (Figure 8-14). Tooth enamel isotopic signals from 

the Earlier period people have a wider range of both δ13C and δ18O than the Later 

period. This in turn suggests a wider difference on diet among individuals during Earlier 

period, possibly due to a wider range (in the sense of either species diversity, 

geographic range, or the combine effect of both) of resource procurement. The 

narrower dietary variation among the Later period people, on the other hand, could be a 

result of a more sedentary lifestyle that exploited food sources in close proximity to the 

site. 

In short, while the photosynthetic category of food sources for total diet 

consumed during early life had a noticeable shift from more C4-heavy to slightly C3-
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reliant over time in Non Mak La, indicator (dietary variation) of the impacts brought 

about by increased social status differentiation does not support the existence of any 

detectable influence of the latter to the former. As discussed previously, it is also 

plausible that social change did not directly alter people’s dietary behavior. 

Ban Mai Chaimongkol 

Due to poor preservation and high proportion of fossilized bones, only three bone 

samples from Ban Mai Chaimongkol yielded valid stable isotopic signals. They 

represent one male, female, and subadult. The δ13C signals from bone collagen and 

apatite are distributed in close ranges, indicating similar sources of protein and total diet 

shared by these individuals. There is also no marked difference in terms of trophic level 

and water sources. Based on these limited representations, Ban Mai Chaimongkol 

people did not seem to have practiced an apparent dietary segregation towards sex or 

age groups. The small sample size from bones prevents a more in depth understanding 

of Ban Mai Chaimongkol people’s diet during the later portion of their lives. Fortunately, 

isotopic data from a total of 23 tooth enamel samples shed light on early lifetime dietary 

and water source for people who were interred in Ban Mai Chaimongkol. As shown in 

Figure 8-20, most of the data points aggregate within 4‰ on the δ13C and 2‰ of the 

δ18O spectra with no significant difference in average among sexes and maturity stages. 

The tightly clustered data points from these individuals support the interpretation that 

Ban Mai Chaimongkol people had narrow and homogeneous diet and water sources 

both during childhood/early teenage years and during the last years of their lives. This 

lack of noticeable change in diet and water source is also evident in individual life 

history (Figure 8-22). The most marked dietary discrepancy between early and late 
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lifetime is ~2‰ on δ13C spectrum, a range that does not constitute to distinct shift of 

dietary sources. 

Onsuwan (2000) and Eyre (2006) divide Ban Mai Chaimongkol chronology into 

Bronze and Iron phases (in this study, “Age” is used when referred to Onsuwan and 

Eyre’s “phase” for consistency). Within each phase, sub-periods are distinguished to 

best categorize the relationship among the burials and their associated material culture. 

To increase the statistical power and better delineate the potential impact of increased 

social stratification on human diet, these sub-periods are combined and only the 

groupings of the Bronze and the Iron Age are used when interpreting the isotopic data 

derived from tooth enamel. 

Shown in Figure 8-21, there is again no statistically significant difference in terms 

of dietary and water sources between individuals from the Bronze Age and those from 

the Iron Age. While the scattering of the Iron Age data on the δ13C spectrum seems to 

be wider than those derived from the Bronze Age people’s teeth, careful inspection 

suggests that the wider range of data distribution is caused by a few outliers that clearly 

do not belong to the main cluster. When the outliers are excluded from the analysis, the 

majority of the Ban Mai Chaimongkol tooth enamel data tightly clustered on both δ13C 

and δ18O axes with no clear division of data by time period. Towards the later period of 

Ban Mai Chaimongkol occupation, the diversity of ceramic tradition in the region did 

appear to be elevated based on archaeological survey. However, the demarcation of 

ceramic subregions remained largely unchanged, despite increasing regional 

integration, enlarged trade network, and the possibility of population movement from 

upland to lowland (Eyre, 2006: vii). This signifies the strong inertia of site/subregion-
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specific characteristics over time. Very similar to Non Mak La, the socio-cultural change 

over time, as reflected in site deposit and material remains, was not manifest on the 

aspect of human biology (both pathology and diet). Also similar to other central Thai 

sites, a highly locale-specific dietary regime was shared by people throughout the entire 

occupation of the site regardless of time sequence. This then prompts the inference that 

Ban Mai Chaimongkol people largely utilized resources available in close proximity to 

the settlement. 

Promtin Tai 

With repeated efforts, it is unfortunate that valid stable isotopic ratios from bone 

collagen and apatite could not be retrieved from Promtin Tai bone samples. As 

compensation, it was ensured that each burial with dental elements preserved was 

sampled in order to maintain population representation of the Promtin Tai people. 

Figure 8-23 and summary statistics (Table 8-13) (excluding Burial #2 due to 

provenience and its apparent outlier role) demonstrate that the photosynthetic category 

of total diet food sources and water sources did not differ significantly between sexes. 

While females may seem to have a slightly more negative δ13Cen ap distribution 

compared to the males, the difference does not constitute a realistic dietary discrepancy 

between males and females. Subadults’ δ13C distribution is well within the data range of 

males’ and females’. As for water source and potential residency difference, there is a 

narrow range of δ18O variation. The fluctuation of δ18O signals is either well under or 

close to 1‰ regardless of sex or maturity, suggesting the utilization of similar water 

sources by the Promtin Tai people as a whole and/or if some form of residency 

movement did occur, those eventually buried in Promtin Tai migrated from areas where 

drinking water and water embedded in foods had similar δ18O profiles to the Promtin Tai 
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ones. The fact that subadult data fall in the midst of adult data distribution indicates that 

those who died young in Promtin Tai consumed similar food and water sources to those 

who lived until adulthood. This further complicates the attempt to delineate whether a 

subgroup (by sex, for example) of people buried at Promtin Tai was a result of factors 

such as post-marital change of residency (e.g., Bentley et al., 2005, 2007) or 

postmortem movement of bodies. 

As an Iron Age site, Promtin Tai is divided into Early and Late periods based on 

ceramic typology and overall stratigraphy (see Chapter 3). Possibly due to small sample 

size for the Late Iron Age (N=3), its variation of δ13C and δ18O signals is much smaller 

than the Early Iron Age as all data are within 1‰ range on both isotopic spectra (Figure 

8-24). When the Early Iron Age period is considered as a group (N=9), the variation of 

δ13C from tooth enamel apatite is still within a narrow range (~2‰). The distribution of 

δ13C signals from both time periods signifies that people buried at Promtin Tai shared a 

similarly C3-C4 mixed total diet during enamel formation period and that there is no 

significant departure of dietary variation over time as the non-biological aspect of their 

lives may have been subjected to socio-cultural changes associated with social 

complexity increase. As of possible water sources, there is again a narrow range of 

δ18Oen ap (~2‰) derived from the Late Iron Age individuals. This is in keeping with what 

has been the case in previously discussed sites that Promtin Tai individuals present a 

strong site-oriented clustering of data indicating a shared dietary regime and perhaps 

the approximation of water sources. The similarity of δ18O distribution of Promtin Tai 

people, however, does not necessary conclude to the lack of population movement 

across the landscape. It simply suggests the water bodies from which the people found 
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at Promtin Tai consumed share similar geological characteristics that resulted in low 

amount of variation in stable oxygen isotopic ratios. 

Ban Pong Manao 

Ban Pong Manao is a large late Iron Age site with an occupation spanning for 

about 200 years (see site overview in Chapter 3). While the material goods are 

abundant, there is no distinct separation in either material feature or stratigraphy that 

warrants further division of subgroups. Although the potential dietary change over time 

and along the process of social status differentiation may not be assessed at this site, 

its superb preservation of biological remains granted a wealth of stable isotopic data 

that are invaluable in understanding intra-site dietary variation with respect to 

demographic parameters. 

As shown in Figure 8-25 and Tables 8-14 to 8-16, while all individuals appear to 

have had consumed a mixture of C3-C4 protein resources, there seems to be a division 

of δ13Cbone coll distribution between males and females. Data from males (excluding the 

two individuals yielding much more negative δ13C signals) aggregate towards the more 

positive end of the δ13C spectrum, indicating a slightly higher reliance on C4 protein. 

Conversely, data from females (other than one being in the midst of male data cluster) 

show a less varied and more negative grouping of δ13Cbone coll. The female data suggest 

a slightly higher reliance on C3 protein sources and that most females from Ban Pong 

Manao shared very similar category of dietary protein. The difference between average 

males’ and females’ δ13Cbone coll signals, however, is not statistically significant (p= 0.07). 

While approaching statistical significance, it remains difficult to confidently posit whether 

a rigid sexually-divided differential access to dietary protein indeed existed or it is a 

result of random sampling. When trophic level is considered, there is a three-tiered 
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division of people’s δ15Nbone coll signals. The two males who yielded the most C3-leaning 

protein signals also have the highest trophic level among all other Ban Pong Manao 

people. The second highest δ15Nbone coll cluster seems to represent the trophic level for 

the majority of Ban Pong Manao population. Individuals in this group share essentially 

identical δ15Nbone coll signals and the demography is consisted of both sexes. The lowest 

tier of δ15Nbone coll includes 50% of the females sampled from Ban Pong Manao (N=6) 

and one male. Despite the visual patterning, there is no significant difference between 

sexes on trophic position. The fact that 72% (18/25) of the Ban Pong Manao samples 

display a 1‰ trophic level variation suggests a strong site-wise similarity of people’s 

faunal protein consumption regime. 

As discussed in the section of inter-site variation, the hydroxyapatite from Ban 

Pong Manao bone samples collectively portrays a C4-heavy total diet while mixed with 

some amount of C3 food sources. The amount of variation, however, is higher on the 

δ13Cbone ap spectrum when compared to the δ18Obone ap distribution. The Ban Pong 

Manao total diet at the last years of their lifetime varied greatly from a distinct and 

almost solely C4 diet to a heavy mixture of C3 and C4 food sources. Again, likely due to 

larger sample size, males’ stable carbon data range wider than those of the females’. 

There is no noticeable sexual difference on the average δ13Cbone ap data. The wide 

scattering of δ13Cbone ap indicates a wide-spectrum dietary regime shared by Ban Pong 

Manao people with no restricted access against either sex. The wide variation among 

δ13Cbone ap data does not persist amid δ18Obone ap. The majority of Ban Pong Manao 

individuals sampled yielded δ18Obone ap signals that are within 1‰, signifying the 
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consumption of either same water sources or waters with similar geologic 

characteristics. 

When sex difference of Ban Pong Manao diet is examined in light of 

photosynthetic pathway categories between protein and non-protein foods (Figure 8-

27), males have a more monoisotopic diet than females. While the difference between 

sexes is not significant, females collectively may have had a mixture of heavier C3-

oriented animal protein and C4-based total diet. This interpretation is partially supported 

by placing Ban Pong Manao δ13Cbone coll data in Kellner and Schoeninger’s (2007) model 

(Figure 8-28). While Ban Pong Manao males’ energy sources fell into the C3-C4 mixture 

spectrum, females’ seem to have had a slightly more C3-leaning protein regime. 

However, females’ energy sources appeared to be leaning towards the C3 end of the 

spectrum while still possessed a highly C3-C4 mixed energy characteristics. The 

difference on the photosynthetic pathway category of Ban Pong Manao females’ energy 

sources derived from bone apatite-collagen spacing and Kellner and Schoeninger’s 

(2007) model may be attributed to the influence of the lipid content associated with the 

C3 protein sources. While carbohydrates do supply the majority of energy and lipids are 

usually biased against from contributing to collagen synthesis (Ambrose and Norr, 1993; 

Post et al., 2007), lipids do act as back-up energy sources and can be converted into 

energy to maintain body metabolism. 

The stable isotopic ratios derived from Ban Pong Manao tooth enamel apatite 

display a similar variation pattern to those from bone apatite samples (Figure 8-29). 

When excluding the two outliers whose δ13Cen ap and δ18Oen ap signals are outside of the 

Ban Pong Manao cluster, overall variation for δ13Cen ap is wider (~7‰) than that of δ13Oen 
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ap (within 2‰). The range of δ13Cen ap data also indicates a C3-C4 mixed diet with a 

slightly higher reliance on C4 food sources. The photosynthetic categories of Ban Pong 

Manao people’s total diet, even during their early life, were near identical to those 

consumed during later life time. While the categorical similarity does not imply same 

food sources and mixture, it does imply a limited selection of food sources from which 

they were acquired and consumed. There is no significant difference between males’ 

and females’ δ13Cbone ap signals, suggesting unrestricted access to similar food sources. 

As for δ18Oen ap, the range and distribution by sex is comparable to that of δ18Obone ap. 

Again, Ban Pong Manao males and females show no significant difference in their water 

source geologic composition. While cultural factors affecting demographic parameters 

such as post marital residence and postmortem return of the remains to natal group are 

currently unknown for Ban Pong Manao, the origins where the relocation (into Ban Pong 

Manao) took place may not be geographically distant and/or geologically distinct. It 

further implies that a relatively narrow range of population exchange, if existed, was the 

case. This inference is strongly supported by the lack of noticeable change on isotopic 

life history (Figure 8-30). 

It is worth noting that despite having a high intrasite variation of total diet, Ban 

Pong Manao individuals collectively display a very different food source profile 

compared to other sites studied in this research (Figures 8-2 and 8-3). It is particularly 

important to stress that the high intrasite variation as evident in Ban Pong Manao still 

did not surpass the strong site-specific clustering pattern consistent throughout all the 

sites studied.  
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Khok Phanom Di 

As an outgroup for the purpose of this study, Khok Phanom Di provides distinct 

temporal and geographic contexts from those of the Metal Age central Thai sites. 

Spanning for about 400 years, Khok Phanom Di occupation experienced drastic 

environmental and ecological fluctuation which was reflected by change of faunal/floral 

remains, human burial groupings, ceramic stylistics, and skeletal markers, among 

others (Higham and Thosarat, 1994, 2004). Before the potential impact of 

environmental change on human dietary pattern is discussed, it is important to evaluate 

the stable isotopic ratio data between sex groups to understand if cultural factors played 

a role in determining people’s diet at Khok Phanom Di. 

Khok Phanom Di has yielded direct evidence of rice (a C3 plant) consumption by 

human at least during parts of its occupation (Higham and Thosarat, 2004). Its coastally 

located geography and shellfish remains prompt the assumption that people would have 

incorporated marine resources into their diet. C4 plants, on the other hand, have not 

been documented to be common at Khok Phanom Di proper (temporal and 

geographical) (Mudar, 1995; Bentley et al., 2007). Following the reference ecological 

baseline cited in a previous study on Khok Phanom Di human tooth enamel by Bentley 

et al. (2007, more details below), it is estimated that a pure C3 diet would have 

produced a lower end of the δ13C at -19.8‰ (based on the measure of δ13C on modern 

rice in northeast Thailand by King, 2006 and the food-collagen enrichment of 5‰ 

reported in Amrbose and Norr, 1993) and a pure marine diet to have a δ13Cbone coll at -

9.0‰ (based on the marine baseline at the Marianas Archipelago reported in Amrbose 

et al., 1997). 
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Based on these estimates, Khok Phanom Di δ13Cbone coll signals as a whole 

indicate a C3-marine mixed dietary protein regime. There are two clusters of δ13C data 

(Figure 8-31), one aggregates towards a more positive end and other clusters more 

negatively on the of δ13C spectrum. Upon detailed examination of the demographic 

distribution of these groups, there are slightly more females in the more C3-leaning 

group than males. The majority of males sampled (12/14), on the other hand, group 

tightly around the more highly C3-marine mixed δ13C spectrum. The difference in sex 

distribution of protein sources contributed to the significant difference of average δ13C 

between males and females. It remains unclear as of why Khok Phanom Di females had 

slightly higher reliance on C3 dietary protein than males. If Bentley et al.’s (2007) 

inference that some females may have migrated into Khok Phanom Di from other 

locales during the middle part of the occupation was the case, it could explain some of 

the difference in females’ diet. However, considering bone collagen was derived from 

bone samples that constantly remodeled, depending on the duration between migration 

and death of these females, the extrinsic (to the site) nature of some of these females’ 

δ13C signals may not have been preserved. In terms of trophic level, if the faunal 

baseline from Mariana Archipelago (Ambrose et al., 1997: 352, Figure 1) is to be 

referred again here and one trophic level roughly equates to a 3-4‰ increase in δ15N 

(Schoeninger and DeNiro, 1984), the overall average δ15N (10.97‰) of Khok Phanom 

Di individuals indicates that land plants and mammals may have been their major 

protein sources. Larger marine animals tend to have higher δ15N ranges (e.g., ~10‰ in 

Ambrose et al., 1997). The fact that Khok Phanom Di people’s trophic level collectively 

is similar to Ambrose and colleagues’ (1997) marine animal samples indicates that Khok 
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Phanom Di people may not have had consumed a high proportion of large marine 

animal protein. The step-wise relationship between δ13C and δ15N (1‰ δ13C increase 

per trophic level (Fry and Sherr, 1984; Schoeninger, 1985) may not have impacted 

Khok Phanom Di’s δ13C distribution much since the trophic level is not particularly high. 

Site-wise variation of δ15N signals is low, all within 2.5‰, or less than one trophic level. 

Males, aside from two individuals, tend to have slightly higher δ15N signals than the 

females, although the sexual difference of average δ15N is not significant. The overall 

dietary protein sources for Khok Phanom Di people seem to adhere to the pattern of a 

C3-marine mixed regime. 

Unlike the presence of sexually differentiated protein sources, Khok Phanom Di 

people’s total diet, portrayed by δ13Cbone ap, has a compacted and pattern-less nature 

(Figure 8-32). Aside from males’ data being slightly less varied than females, there is no 

significant difference on average δ13C by sex. Using the same references mentioned 

above, Bentley and colleagues (2007) estimate a pure C3 diet would yield a δ13C signal 

from enamel and bone carbonate at -15.4‰ and a pure marine diet to have a δ13Capatite 

at -4.6‰. It is clear that Khok Phanom Di people shared a C3-marine mixed total diet 

regime, with a very slight lean on C3 food categories. Similar to diet, the people seem to 

have shared water sources (indicated by δ18Obone ap) or consumed water with similar 

geologic characteristics. 

To further detail Khok Phanom Di people’s food source categories, the sexually 

distinct δ13Cbone coll distribution is illustrated in Figure 8-33 when the spacing between 

total diet and protein is analyzed. Although not significant, females do have an average 

Δ13Cap-coll (4.8‰) that is slightly higher than the monoisotopic cutoff line of 4.4‰ 
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(Ambrose and Norr, 1993) while males’ average (4.0‰) is slightly lower than the 

threshold. Since spacing smaller than 4.4‰ indicates a diet made of C3 carbohydrates 

and marine proteins (Ambrose et al., 1997), Khok Phanom Di males’ diet could be 

characterized in this manner. It needs to be stressed that the distance between either 

the female or male average Δ13Cap-coll and the monoisotopic line is very small (~0.5‰). 

Since both δ13Cbone coll and δ13Cbone ap signals have suggested a clear C3-marine mixed 

diet, any shift of the C3-marine combination could have influenced Δ13Cap-coll. Therefore, 

while a slightly different dietary pattern may have existed between males and females, 

the diet of the Khok Phanom Di people remains wide-spectrum and fairly similar. The 

highly C3-marine mixed diet in both energy and protein categories is again 

demonstrated when Khok Phanom Di data are fitted in Kellner and Schoeninger’s 

(2007) model (Figure 8-34). As discussed previously, despite its coastally located 

geography, Khok Phanom Di collectively does not have a particularly high trophic level 

compared to other inland central Thai sites. The aggregation of Khok Phanom Di data 

near the marine protein line in Kellner and Schoeninger’s (2007) model and the sparse 

recovery of terrestrial faunal bones in Khok Phanom Di deposits (Higham and Thosarat, 

1994) both point to the possibility that the people’s animal protein sources came from 

near shore and/or mangrove settings where small fish and shellfish were the most likely 

food items when the accessibility to the sea was unobstructed and freshwater shellfish 

during the freshwater phase (see below). 

Since the ecological change during Khok Phanom Di occupation is well-

documented (Higham and Thosarat, 2004), the effects of sea level fluctuation and 

changing accessibility to different resources on human diet are of particular interest. 
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The seven mortuary phases are grouped into two major ecological categories, 

estuarine-coastal/mangrove and freshwater lacustrine conditions (terms after Bentley et 

al., 2007). While the averages of δ13Cbone coll between the two ecological phases do not 

vary significantly, the distribution of the data does differ between phases. Figures 8-35-

36 clearly show that people buried during the relatively brief freshwater lacustrine phase 

had a wider protein and total diet variation than those buried during the estuarine-

coastal/mangrove phase. This could be explained that with easier access to the interior 

terrestrial resources during the freshwater lacustrine phase, the range of food available 

to the Khok Phanom Di people increased. The shift from a more estuarine/coastal 

environment to a more freshwater setting does not necessarily mean absolute 

obstruction of accessibility to marine/mangrove resources, albeit more difficult and 

requiring higher energy and time investment. The expansion of dietary selection 

indicated by stable isotopic signals is supported by the changing species distribution of 

faunal remains found within the freshwater lacustrine phase stratigraphy. Among them, 

freshwater shellfish remains increased while the mangrove shellfish species decreased 

both in diversity and quantity (Higham and Thosarat, 1994). The isotopic categories of 

terrestrial plants and animals could vary depending on their photosynthetic pathways 

and physiological structure, therefore, impacted people’s isotopic signals via food chain. 

The heightened variation of dietary protein sources is accompanied by the wider range 

of total diet (δ13Cbone ap) in general for the freshwater lacustrine phase people. 

The inference of a wide-spectrum dietary pattern for the freshwater lacustrine 

phase people is supported by the distribution of Δ13Cap-coll about the monoisotopic line of 

4.4‰ (Figure 8-37). Data from those buried during the freshwater lacustrine phase 
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fluctuated wider on the Δ13Cap-coll spectrum at either side of the monoisotopic threshold, 

indicating an increased array of C3-marine mixture for protein and carbohydrate 

sources. For the majority of people lived during the estuarine-coastal/mangrove phase, 

conversely, their Δ13Cap-coll signals are either very close to or smaller than 4.4‰. This fits 

perfectly with Ambrose and colleagues’ (1997) expectation for a C3 carbohydrate and 

marine protein diet. This observation suggests a narrower range of mixture in terms of 

the isotopic categories of food sources. The accessibility to marine food resources, 

especially protein sources, indeed was not entirely diminished during the freshwater 

lacustrine phase as people from both environmental settings show similar distribution of 

δ13Cbone coll data near the marine protein line and some leaning towards the C3 protein 

line on Kellner and Shoeninger’s (2007) model (Figure 8-38). However, despite 

archaeological record demonstrated the presence and consumption of rice during the 

freshwater lacustrine phase (Higham and Thosarat, 1994), Khok Phanom Di people 

who lived during this phase did not display a particularly C3-leaning diet for energy. In 

fact, the two ecological phases have similar isotopic distributions for energy sources. 

This is particularly intriguing since phytolith and entomological analyses on biological 

remains from Khok Phanom Di, combined with typological studies on the recovered 

agricultural tools, indicate that rice was not only being cultivated in situ, it was also 

stored in large quantities (Higham and Thosarat, 1994). The relationship between rice 

and Khok Phanom Di people’s diet remains to be further elucidated. 

As a large late Neolithic site in coastal central Thailand, tooth enamel of Khok 

Phanom Di individuals has been sampled by Bentley and colleagues (2007) in order to 

investigate the socio-cultural aspects, such as post-marital residency and human 
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mobility, of the Khok Phanom Di people via heavy and light stable isotope analyses. In 

their study, stable carbon and oxygen isotopic data are reported. To expand the 

understanding of Khok Phanom Di paleodiet and dietary life history in current study, 

Bentley et al.’s (2007) human tooth enamel data are incorporated here, after converting 

the reference unit for δ18O (rationale and method described in Chapter 7) (Table 8-22, 

Figures 8-39 and 8-40). 

Very similar to bone apatite data, there is no statistically significant difference on 

average δ13Cen ap between males and females. Bentley and colleagues (2007) do notice 

that there might have been a subtle difference in diet between sexes during mortuary 

phase 4. They associate the dietary difference with differential burial treatment between 

sexes during and after this period. Using the same estimates for a pure C3 diet (δ13C = -

15.4‰) and pure marine diet (-4.6‰), the tooth enamel data do show a much closer 

distribution to the C3 end of the δ13C spectrum compared to bone apatite, while still 

demonstrate an small extent of marine resource mixture. Considering tooth enamel is 

formed during one’s early lifetime, it is likely that some of the individuals may have 

migrated into Khok Phanom Di from other locales where they consumed rice products 

during childhood and/or early teenage years. Or, if the individuals were raised at Khok 

Phanom Di (i.e., local to the site), rice products may have been incorporated into both 

weaning food and post weaning diet. The distribution and average of δ18O from males 

and females are very much alike. Without a detailed δ18O map of the Gulf of Thailand 

and central Thailand, it is not easy to identify the origins of the people who were buried 

at Khok Phanom Di, as waves of sexually distinct immigration were recognized in 

Bentley et al.’s (2007) study. 
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When δ13C and δ18O from tooth enamel are plotted by ecological conditions (or 

grouped mortuary phases), there is again no clear pattern of difference between 

ecological phases. In Bentley and colleagues (2007), δ13C, δ18O, and strontium isotopic 

signatures (87Sr/86Sr) are extracted from Khok Phanom Di tooth enamel. They 

demonstrate a very distinct change of female tooth enamel chemistry. During mortuary 

phases (MP) 1- 3, 87Sr/86Sr and sometimes δ18O signals of the females show a non-

local signature, indicating a possible patrilocal post-marital residency system. This 

practice changed drastically as soon as it entered MP 4 and persisted until the end of 

Khok Phanom Di occupation. Females buried during these later mortuary phases all 

have a local (determined from the children’s enamel apatite statistics) skeletal chemistry 

signature, suggesting a possible shift from a patrilocal to matrilocal post-marital 

residency system. The shift of cultural practice was suggested previously by Higham 

and Thosarat (1994) based on changing ceramic stylistics and differential mortuary 

practice by sex. Several hypotheses regarding the change of this kinship/post-marital 

practice are discussed by Bentley et al. (2007), although it is yet to be clarified on the 

origins of the immigrants from elsewhere and on the factors prompting the society 

change in association with the development of agriculture. 

With Bentley and colleagues’ (2007) discovery on the change of post-marital 

residency system starting in MP4, the results of life history analysis are particularly 

interesting (Figures 8-41 and 8-42). Almost all individuals (N = 22) with bone and tooth 

sampled have more negative δ13C and more positive δ18O signals during early life lime 

(indicated by tooth enamel apatite). Some individuals’ difference of δ18O between earlier 

and later life time, in particular, exceeds the site’s overall δ18Obone ap and δ18Oen ap 
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variation. This pattern has not been observed previously in other sites discussed thus 

far. It is likely that the change of δ18O in a life time is an artifact of reference standard 

conversion from SMOW used in Bentley et al. (2007) to PDB used throughout current 

study. With this in mind, there is no significant difference between sexes regarding the 

average and distribution of the life-long isotopic change. When isotope life history is 

evaluated by mortuary phases and ecological conditions, there are two patterns that 

warrant further discussion. 

First, the wider dietary variation for people buried during the freshwater lacustrine 

ecological phase as noted previously is again apparent in life history analysis. These 

people not only had varied diet among individuals, they each also experienced a more 

pronounced dietary change between earlier and later life time. It seems to be the case 

that they had a more C3-oriented total diet during enamel formation period and switched 

to a higher portion of marine food sources later in life. This could be explained that as 

one became older and more mobile, the wide range of terrestrial food resources 

available due to the fluctuation of sea level and change of Bang Pakong River route 

could have facilitated the differentiation of one’s diet from another. Second, based on 

Bentley and colleagues’ (2007) skeletal chemistry data, starting from MP 4, females’ 

strontium signature became local (determined from Khok Phanom Di children’s 

strontium range), a drastic change of pattern compared to previous phases. To explain 

the change of females’ skeletal chemistry from non-local to local at this juncture, aside 

from changing structure of kinship and/or post-marital residency, the possibility that the 

females had always been migrating into Khok Phanom Di from other locales was 

discussed. They postulate that the females might have always been the group to move 
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to Khok Phanom Di and that it was the locales from which the females migrated that 

changed. The females could have moved from inland central Thailand during MP 1 to 3, 

producing detectable isotopic variation due to difference of the distance between the 

locale and the coast. Starting from MP 4 and onward, the geographical origins of 

immigrant females might have changed from inland locales to coastal ones. Since the 

sea water has an averaging effect on strontium signature, the locale difference became 

difficult, if not impossible, to detect isotopically. The difference between earlier and later 

life time for MP4-MP6 people as a whole is much wider than those during MP1-3. For 

MP4-6 females, it is clear that they have as wide a difference between earlier and later 

life time as the males. It is highly likely that females could indeed come from other 

coastal places with slightly different diet. If the lifelong shift of stable oxygen isotope 

signal is indeed valid, then it would serve as an indicator of locale change between 

earlier and later life. Of course, it is certainly possible that the dietary change for these 

females during later life time was a result of self-determined dietary choice to prefer a 

more marine-based diet. 

Biological and Cultural Diversity in Central Thailand 

This chapter presents a discussion focused on the results of paleopathological 

observation and stable isotopic analyses in conjunction with archaeological and 

ecological contexts to assess the biological implication of socio-cultural change over 

time and space across the region of central Thailand. To briefly summarize, as the 

extent of social stratification increased over time during the Metal Age in central 

Thailand, the impact of perceived social change, if any, did not manifest on human 

skeletal remains as pathological conditions or change of growth patterns. The 

hypothesis that heightened social stratification over time would increase the variation of 
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pathological prevalence within a site and among sites in chronological order is not 

supported by the current data analyzed in this dissertation. Nonetheless, human 

skeletal remains from all inland central Thai sites share one common characteristic--

prevalence of skeletal pathological conditions is extremely low, compared to other 

Mainland Southeast Asian sites, both by area and by temporal sequence. This finding is 

consistent with the prevailing results from other prehistoric skeletal remains in Thailand, 

Cambodia, and Vietnam (e.g., Oxenham and Tayles, 2006). Furthermore, while 

prehistoric Mainland Southeast Asian populations in general tend to have low 

prevalence of pathology, this is particularly pronounced among the central Thai sites 

studied here. This finding suggests that these central Thai people during the Metal Age 

had a baseline of good health with minimal fluctuation around the baseline over time. 

The process of social change did not impact human skeletal health in any detectable 

form. Although the demonstration of wealth in some later period burials observed at 

central Thai sites is considered an indicator of social status difference, the inclusion of 

these individuals into the analyzed sample did not result in significant change of 

pathology prevalence and variability. Social change may not have had a direct biological 

impact on the human skeleton in this central Thai Metal Age context. 

The fact that human skeletal remains from all inland central Thai sites studied 

exhibited very low prevalence of pathologies with slight fluctuation over time deserves 

closer inspection. As demonstrated in numerous New World examples, human skeletal 

health experienced marked changes during transitional periods such as the adoption of 

staple crops (e.g., maize), agriculture intensification, population growth, increased social 

complexity, urbanization, and contact and colonization (e.g., Cohen and Armelagos, 
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1984; Steckle and Rose, 2002). These processes played a transformative role shaping 

and changing not only the socio-cultural context at different stages but also the 

biological aspect of human lifeways. One common characteristic of these processes is 

their adverse impact on human health. For example, large-scale maize cultivation and 

dependence on this resource as a staple crop led to severe deterioration of dental and 

skeletal health. A limited range of dietary options (a narrow dietary spectrum) compared 

to a broad spectrum hunting-gathering subsistence, and the imbalanced nutritional 

intake with maize as a staple crop are well-articulated explanations to large-scale health 

deterioration in certain contexts (Cohen and Armelagos, 1984; Larsen, 2002). While 

intensified maize agriculture and food surplus/accumulation facilitated a suite of cultural 

advancements in the Americas, the consequences were not all favorable. Population 

growth and increased population density led to settlement expansion and possibly 

conflicts with neighboring groups in competition for territory and resources. People 

experienced poor skeletal health not only due to activity pattern and dietary change, but 

also due to increased interpersonal violence, reflected by elevated trauma prevalence 

on skeletal remains. Increased sedentism tends to adversely impact settlement hygiene 

and can facilitate the spread of infectious diseases. Reduced lifespan, heightened infant 

mortality, and shorter stature are often associated with transition from broader spectrum 

diet to a narrower, grain-based regime (Cohen and Armelagos, 1984; Larsen, 2002). 

Human skeletal health in the Americas seems to have followed an increasingly 

deteriorative path in the course of its prehistory. 

The lack of marked changes in skeletal health, be it deterioration or 

improvement, during a transitional period such as the Metal Age in Thailand is in stark 
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contrast with patterns of transition in the Americas (e.g., Cohen and Armelagos, 1984; 

Steckel and Rose, 2002). Prior to the compilation of the Bioarchaeology of Southeast 

Asia volume (Oxenham and Tayles, 2006), results from the few large-scale 

bioarchaeological studies in Mainland Southeast Asia had suggested that human 

biological change did not follow the deteriorative path similar to the Western experience 

though time, especially with respect to associated agricultural intensification (e.g., 

Tayles, 1992; Oxenham, 2000; Domett, 2001; Pietrusewsky and Douglas, 2002a). 

While prevalence of infectious diseases did increase over time (Tayles and Buckley, 

2004; Oxenham et al., 2005), overall health did not appear to have declined significantly 

(Tayles and Oxenham, 2006:20). Tayles and Oxenham (2006: 21) suggest that the 

tropical environment within which most of the Mainland Southeast Asian sites are 

situated provided a wide array of rapidly growing/replenishing nutrient-rich foods readily 

available to the people. While the introduction and intensification of rice agriculture 

indeed took place in the region, rice does not seem to have been heavily relied upon. 

Continuous hunting/fishing and gathering was likely the means to maintain a balance 

diet. The diverse environment across Mainland Southeast Asia and the maintenance of 

a broad spectrum patterned subsistence were likely the key factors contributing to the 

stability of population well-being. 

The contexts of the bioarchaeological studies complied in the 2006 volume 

(Oxenham and Tayles, 2006) and those published thus far on prehistoric Mainland 

Southeast Asian populations (Domett and O’Reilly, 2009; Ikehara-Quebral, 2010; 

Oxenham et al., 2011) range greatly in time, location/region, subsistence, and social 

complexity. Albeit some paleohealth changes are visible such as the particularly high 
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prevalence of dental pathology and infectious diseases in early northern Vietnam 

(Oxenham et al., 2011) and the sexually differentiated health trends observed at Non 

Nok Tha in northeast Thailand (Douglas, 2006), the scenario of relatively good and 

stable overall paleohealth is a recurrent observation. However, the lack of sizable 

change or easily delineated pattern in skeletal health among prehistoric Southeast 

Asian populations does not diminish the ability of skeletal remains in recording 

prominent transitions in subsistence and social structure. Human skeletal pathologies 

reflect the composite effects of multiple aspects of human-environment interaction. The 

impact of the introduction and intensification of rice agriculture on human skeletal health 

in prehistoric Thailand may be subtle. But the overarching and inherent influence of the 

environment cannot be discounted. 

The results of the current study lend further support to this pattern of human 

paleohealth observed for Mainland Southeast Asia. The demographic structure of the 

central Thai people suggests a broadly comparable life expectancy and mortality rate. 

The low prevalence of infectious disease, trauma, developmental arrests, and dental 

disease all point to good overall health of the populations in Metal Age central Thailand. 

The possibility of the reconstructed prehistoric central Thai population health falling 

within the osteological paradox (Wood et al., 1992) may be ruled out since multiple 

health indicators and demographic structures were assessed and the biocultural 

contexts were thoroughly considered (Goodman, 1993). The Metal Age in Thailand was 

transformative, linking the Neolithic and the historic periods, that witnessed marked 

social change towards its later part. It is possible that social status, inferred from 

associated mortuary wealth, did not impact biological aspects of most individuals during 
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the Metal Age. The lack of variation and pattern in skeletal health could indicate that the 

presumed status difference did not greatly influence the daily activities of individuals 

and/or alter their risk of exposure to pathogens, physiological stressors, or other insults. 

Good overall was likely maintained by the availability of a wide array of food sources 

characteristic of the tropical area (Tayles and Oxenham, 2006). The wealth of dietary 

resources in the region and the especially diverse environments in central Thailand 

seem to have transcended or mitigated the impact, if any, of social complexity change 

during Metal Age. 

In terms of dietary behavior as inferred from stable isotopic analysis, a similar 

phenomenon is observed in which no significant dietary change over time both during a 

site’s occupation period (intra-site) and among sites in chronological sequence (inter-

site). When the scattering (variation) of the isotopic data was evaluated, the degree of 

intra-site variation is much smaller than inter-site variation. Bone chemistry data do not 

support the hypothesis that dietary variation within a site would increase in the context 

of changing (increased) social complexity. These results are consistent with 

paleopathological observations that social complexity changes in central Thailand did 

not directly impact dietary choice and dietary-related patterns that might have differed 

by social position. The lack of dietary change over time within a site indicates either the 

accessibility to food resources were not restricted to certain social groups or if the food 

resources were indeed allocated by differential access to high quality food (e.g., cut of 

meat, first harvest, food processing techniques, food with symbolic meaning), the 

isotopic categories of local food resources remained very similar. Since the inter-site 

variation is clearly observed and consistent, this suggests that the Metal Age central 
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Thai people had a dietary regime specific to each occupation locale. The strong locale-

specific dietary pattern is best explained by the inherent biological (and cultural) 

diversity of central Thailand that is ultimately associated with its ecological diversity 

(Higham, 2002; White, 2011). 

There are currently two major views explaining the cultural diversity of Mainland 

Southeast Asia. One holds that the diverse cultural landscape is a recent phenomenon 

brought about by the introduction of rice cultivation and its associated Neolithic cultural 

suite (e.g., Bellwood, 2005; Higham et al., 2011). An alternative view, recently 

presented by White (2011), posits that Mainland Southeast Asia has deep-rooted 

cultural diversity traceable back to the first modern humans in the region during the late 

Pleistocene. Following this latter view, the inherent and distinct regional diversity would 

have had a stronger inertia when faced with myriad pressures associated with the 

introduction/adoption of rice-based patterns of food production. Therefore, Mainland 

Southeast Asia would have exhibited “a greater subsistence and population continuity” 

through the process of subsistence transition from hunting and gathering to 

predominantly agriculture (White, 2011: 10). While White centers her discussion mainly 

on the time periods prior to the Metal Age, she also addresses the technological 

diversity, most likely associated with ecological and cultural diversity, observed across 

Mainland Southeast Asia and particularly, within central Thailand during the Metal Age. 

It should be noted that White’s date range for the Metal Age (2,000 B.C.- A.D. 500; e.g., 

White and Hamilton, 2009; White, 2011) contrasts with Higham and colleagues’ later 

date (~1,050 B.C.- A.D. 500; e.g., Higham and Higham, 2009). Central Thailand, 

especially east of the Chao Phraya River basin, harbored several ceramic subregions 
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(Eyre, 2006, 2010) during the early Metal Age (using White’s date range). According to 

Eyre’s (2006) ceramic analysis and regional survey, the ceramic forms and technology 

observed were distinct among the region’s settlements. Interestingly, some decoration 

treatment (incised and impressed) on the ceramics was shared by these technologically 

diverse ceramic subgroups. 

White (2011) further explores the diversity of subsistence during the early Metal 

Age in the northeast (rice agriculture at Ban Chiang, White, 1995b), inland central (millet 

cultivation, Non Pa Wai, Weber et al., 2010), and coastal central Thailand (marine 

adaptation, Khok Phanom Di, Higham and Thosarat, 2004). She argues that the co-

existence of these subsistence systems during the early Metal Age is reflective of the 

inherent ecological variation in Thailand (and Mainland Southeast Asia as a whole) and 

that the introduction and spread of rice cultivation was intercepted by local ecological 

variation, resulting in differential distribution of (wet) rice presence on the landscape. 

While some of the sites included in the current study are from later chronological 

context, the stable isotope data reported in this study suggest that people within a site 

shared a site-specific food consumption regime and each site’s dietary isotopic 

composition is distinct from one another. The observation of similar aspects of the 

cultural realm, such as mortuary practice (e.g., “bed of sherds” and “killing of the 

weapons”, discussed in Chapter 3) and evidence for increased social complexity 

indicates that people represented by these sites had degrees of contact and perhaps 

exchange of goods/ideas. However, the dietary aspect of people’s life seemed to follow 

a continuous, site-specific pattern over time. Food and water sources were undoubtedly 

local, procured principally from a site’s immediate environs. This finding echoes White’s 
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(2011) proposition that the heterogeneity of ecological characteristics among sites 

dictates each site’s subsistence and cultural diversity. While the influence of rice 

cultivation certainly became prominent as the temporal sequence shifted from early to 

late Metal Age, as evident in the presence of rice harvesting tools in mortuary context, 

human diet does not seem to have changed drastically over time. The mixture of C3 and 

C4 foods and a maintained broad spectrum diet in central Thailand over time is 

consistent across the varied landscape of the region. Socio-cultural change, increased 

social complexity and social status differentiation in this case, do not seem to have 

altered human dietary choice as inferred from stable isotopic analysis. The equally 

unchanged prevalence of paleopathologies within each inland central Thai site over 

time further supports the possibility of a strong biological inertia that facilitated in 

maintaining the well-being of the central Thai people while their communities were 

undergoing the process of social change..
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CHAPTER 10 
CONCLUSION 

This dissertation aims to understand the impact of social change on human 

skeletal health and dietary behavior during the Metal Age in central Thailand. Social 

status differentiation did not become apparent in mortuary context until the beginning of 

the Iron Age (~500 B.C. or later), although status symbols such as bronze ornaments 

have been found associated with Bronze Age burials (Higham, 2002; Higham and 

Thosarat, 2012). Human skeletal remains document most directly markers of health and 

dietary behavior change. It was hypothesized that through time the impact of social 

change would result in heightened variability in skeletal pathology and dietary behavior, 

based on the notion that people of different social status would participate in daily tasks 

and use dietary resources differently (Goodman, 1998). To operationalize hypothesis 

testing, change of skeletal and dental pathology prevalence was assessed 

chronologically at both intra- and inter-site levels of analysis. Variation of dietary 

behavior, inferred from bone collagen, bone apatite, and tooth enamel apatite, was 

evaluated in the same manner. Human skeletal remains from six archaeological sites 

ranging from the late Neolithic to early historic period from central Thailand were 

incorporated. Among them, Khok Phanom Di, a large-scale Neolithic coastal site, 

served as an outgroup to the inland central Thai sites.  

Human skeletal remains from all inland central Thai sites exhibited consistently 

low prevalence of skeletal and dental pathologies with little fluctuation through time. The 

demographic structures and healthy appearance of skeletal remains are on par with 

other contemporary sites in Mainland Southeast Asia. In fact, skeletons from the five 

inland central Thai sites studied here are among the least pathological assemblages in 
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the region. Insignificant amount of intra- and inter-site change in stature and pathology 

prevalence through time among the inland central Thai sites indicates a strong inertia of 

skeletal health, which in turn does not support the hypothesis that increasing social 

stratification during the later part of the Metal Age would impact human skeletal health. 

In terms of diet, stable isotopic signals from all inland central Thai sites indicated 

people consumed varied degrees of C3 and C4 mixed foodstuffs. The tendency to have 

a slightly heavier C3 or C4 dietary composition generally matched the expectations 

inferred from local ecology and faunal baseline. There was no significant shift in the 

overall C3 and C4 mixed dietary pattern and the variability of individual diet 

chronologically. Instead, skeletal samples from each inland site exhibited consistently 

strong locale-specific dietary signatures that clustered distinctively from one another. 

The hypothesis that heightened dietary variability would be associated with higher level 

of social differentiation in central Thailand was not supported by the stable isotopic data. 

Central Thailand’s tropical setting and diverse physical landscape seems to best 

explain the consistently good overall skeletal health, locale-specific dietary signals, and 

the lack of patterns of paleohealth and dietary behavior along the process of increasing 

social complexity in the Metal Age. Tropical regions often sustain a rapidly growing and 

diverse ecosystem that widens the spectrum of human food sources (Tayles and 

Oxenham, 2006). The availability of nutritious foods and high level of food diversity were 

most likely the leading causes of lower prevalence of growth arrest and nutritional 

defects observed in central Thailand. As human health is significantly affected by diet, 

the well-balanced diet available in across the central Thai tropical environment provided 

a solid base for good skeletal health. 
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On the other hand, the landscape of central Thailand encompasses flat and 

flood-prone areas in the west and dryer and higher undulating terrain in the east. 

Covered by dense tropical vegetation in prehistory, the waterways weaved through 

these areas could serve as arteries for interaction or could sometimes become 

geographic barriers. While a certain extent of trade network was established by the 

Metal Age, the degree and intensity of interaction remains unclear. While absolute 

isolation was unlikely, the existence of the ceramic subregions in central Thailand (Eyre, 

2006) points to the possibility that the settlements maintained some extent of identity, 

which in turn suggests that inter-site interaction likely occurred in a reserved manner. If 

this was the case, the controlled/limited interaction with other groups would reduce the 

exposure to infectious diseases/pathogens and the risk of conflict, thus accounting for 

the low prevalence of infectious diseases and trauma observed on skeletal remains 

from the central Thai skeletal assemblages.  

Furthermore, Metal Age central Thai sites tend to be small in scale, although 

population growth became evident towards the later part of the Iron Age (Higham, 2002; 

Eyre, 2006). Small-scale settlements could indicate the presence of areas among sites 

with few human dwellings. These areas could act as buffer zones that further reduced 

the risk of territorial and/or resource competition (i.e., conflicts). On the site level, the 

presence of small-scale sites with buffer zones to spare could also indicate that 

overcrowding was not a concern impeding site hygiene. The combined results of a 

balanced diet and limited exposure to risk factors are likely to have contributed to the 

satisfactory skeletal health among Metal Age central Thai sites.  
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In addition to skeletal health, ecological and geological diversity of central Thai 

also provided a basis for the highly locale-specific human dietary signals detected in this 

study. Metal Age central Thai people largely limited their food sources to their 

immediate surroundings. Therefore, the dietary signal from each site was distinctively 

different from one another. However, the range of food items/species was generally 

diverse with respect to individual diet, despite the establishment of grain (rice or millet) 

cultivation. The locale-specific yet broad spectrum human dietary behavior is consistent 

with the inference of small-scale inter-site interaction and the good skeletal health due 

to a diverse and balanced diet. 

Social status differentiation, as a cultural process, was likely a phenomenon 

being gradually transmitted among and assimilated into communities in the central Thai 

region through time. Again, the diverse physical landscape may have acted as an 

uneven filter resulting in the less prominent display of social status differentiation in 

many small-scale sites. If social status differentiation in central Thailand did have 

consequences in differential assess to food and division of labor, it is possible that the 

good baseline health and the benefits of a broad spectrum diet precluded potential 

impacts of the socio-cultural process on human biology. In short, environmental 

diversity in central Thailand during the Metal Age had a sustained influence on human 

behavior and diet that made skeletally visible changes minimal. 

Mainland Southeast Asian prehistory, in terms of culture history, has been largely 

built upon the excavations conducted at sites in Thailand, Vietnam, and Cambodia. With 

more excavations and analyses being conducted in previously less explored areas such 

as Laos and Myanmar, investigations and syntheses on issues related to 
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horticulture/agriculture, social complexity, population movement, and exchange will 

complement what is currently known. How human biology responded to socio-cultural 

changes brought about by more frequent and different patterns of contact against a 

dynamic ecological and cultural landscape warrants further research. While this study 

attempts a biological synthesis for the region of central Thailand, incorporating data 

from a wider array of sites from varied geographic areas and temporal spans on 

Mainland Southeast Asia is required to better understand the range of complexity in this 

diverse region of the world. The combined analytical power of paleopathological data 

and stable isotopic analysis in the future should contribute to more refined models of 

past human behavior and an understanding of the more nuanced but fundamental 

aspects of prehistoric human lifeways.
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APPENDIX A 
LIST OF FAUNAL BONE SAMPLES AND DATA 

Table A-1.  Faunal samples and data included in analyses 

    
Bone Collagen (‰) Bone Apatite (‰) 

Site Species Provenience Bone 
Lab ID 
(C-10-) C/N δ13C δ15N 

Lab ID 
(A-10-) δ13C δ18O 

PMN Sus scrofa 2001, SQ1, B10 Metapodial           2133    3.5 -12.88 7.34 913     -5.07 -6.41 

PMN 
Muntiacus 
muntjak 2001, SQ1, B10 R. distal tibia      2134    3.4 -21.70 5.44 914     -8.47 -4.81 

PMN 
Muntiacus 
muntjak 

2003, SQ4, 
SEQ, F6, L5 L. scapula           2135    3.4 -21.38 5.27 915     -8.79 -5.85 

PMN 
Muntiacus 
muntjak 

2001, SQ1, 
NEQ, F5, L3, B3 Femur                2137    3.4 -21.37 4.92 917     -9.05 -5.61 

PMN Sus scrofa 
2006, SQ12, 
NEQ, L4 

L. 4th 
metatarsal    2138    3.4 -13.71 5.91 918     -6.82 -7.06 

PMN 
Muntiacus 
muntjak 

2006, SQ12, 
SWQ, L4 R. distal radius     2139    3.4 -21.00 4.84 919     -12.29 -3.92 

PMN Canis sp. 
2006, SQ13, 
SEQ, L5 L. scapula           2140    3.3 -11.60 8.12 920     -3.74 -6.63 

PMN Gallus gallus 
2006, SQ12, 
NWQ, L6 

R. distal 
tibiotarsa 2141    3.4 -15.72 9.14 921     -6.88 -5.79 

PMN Gallus gallus 
2006, SQ12, 
SEQ, L5 

R. distal 
humerus    2142    3.4 -18.00 6.90 922     -7.44 -6.31 

PMN Gallus gallus 
2006, SQ12, 
NEQ, L5 

L. distal 
tibiotarsa 2143    3.4 -11.78 7.75 923     -6.04 -4.30 

PMN Bos sp. 
2006, SQ13, 
NWQ, L2 Talus                2144    3.4 -19.58 5.94 924     -8.72 -4.53 

PMN Bos sp. 
2006, SQ14, 
NEQ, L4 Tibia                2145    3.3 -9.87 5.04 925     -4.12 -4.48 

PMN 
Muntiacus 
muntjak 

2006, SQ14, 
SEQ, L4 

L. distal 
humerus    2147    3.4 -15.44 10.27 927     
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Table A-1.  Continued 

    
Bone Collagen (‰) Bone Apatite (‰) 

Site Species Provenience Bone 
Lab ID 
(C-10-) C/N δ13C δ15N 

Lab ID 
(A-10-) δ13C δ18O 

PMN Gallus gallus 
2006, SQ14, 
NWQ, L5 Tarsometatarsal      2148    3.4 -11.49 9.04 928     -5.53  -5.67 

PMN 
Muntiacus 
muntjak 

2006, SQ14, 
SEQ, L5 

R. proximal 
femur    2149    3.4 -22.02 5.01 929     -9.79 -5.35 

PMN Rottus sp. 
2006, SQ14, 
SEQ, L5 R. femur             2150    3.4 -7.16 8.13 930     -4.82 -5.61 

PMN Sus scrofa 
2006, SQ14, 
SWQ, L5 Metatarsal           2151    3.3 -21.43 4.58 931     -6.59 -5.10 

PMN Canis sp. 
2006, SQ14, 
SWQ, L5 R. distal tibia      2152    3.4 -9.70 8.16 932     -4.38 -6.61 

PMN 
Muntiacus 
muntjak 

2007, SQ18, 
NEQ, L4 Metacarpal           2154    3.4 -21.64 5.22 934     -10.26 -4.32 

PMN Sus scrofa 
2007, SQ18, 
NEQ, L4 L. scapula           2155    3.3 -10.6 6.79 935     -4.41 -6.74 

PMN Sus scrofa 
2007, SQ18, 
NEQ, L5 L. distal femur 2156    3.3 -11.81 7.29 936     -5.10 -7.06 

PMN Sus scrofa 
2007, SQ18, 
NWQ, L4 R. calcaneus         2157    3.4 -21.54 5.15 937     -8.99 -4.77 

PMN 
Muntiacus 
muntjak 

2007, SQ18, 
NWQ, L4 Medial phalanx       2158    3.5 -22.56 4.29 938     -7.87 -4.82 

PMN Cervidae 
2007, SQ18, 
NWQ, L5 R. scapula           2159    3.3 -5.98 3.16 939     -5.77 -4.93 

PMN Sus scrofa 
2007, SQ18, 
NWQ, L5 

R. distal 
humerus    2160    3.3 -9.32 8.74 940     -6.18 -6.68 

PMN Cervidae 
2007, SQ18, 
NWQ, L6 Distal femur         2161    3.3 -17.44 3.42 941     -8.39 -4.21 

PMN Bos sp. 
2007, SQ18, 
NWQ, L7 Rib 2162    3.3 -4.81 8.81 942     -3.85 -3.59 
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Table A-1.  Continued 

    

Bone Collagen (‰) 
Lab ID 

Bone Apatite (‰) 
Lab ID 

Site Species Provenience Bone C-10 C/N δ13C δ15N (A-10-) δ13C δ18O 

PMN Canis sp. 
2007, SQ18, 
SEQ, L5 3rd metatarsal       2163    3.3 -7.76 7.91 943     -5.85 -5.55 

PMN Canis sp. 2007, SQ18, B6 R. proximal ulna     2164    3.3 -13.22 8.38 944     -5.68 -6.62 

PMN Gallus gallus 
2007, SQ18, 
SEQ, L5 R. tibia             2165    3.3 -4.96 7.84 945     -3.67 -5.43 

PMN Canis sp. 
2006, T16: G6, 
S1L3 

L. distal 
humerus    2166    3.3 -18.23 11.26 946     -10.29 -4.77 

PMN 
Muntiacus 
muntjak 

2006, T16: G4, 
S1L3 R. distal tibia      2167    3.3 -18.40 5.52 947     -7.13 -5.16 

PMN Canis sp. 
2006, T16: G9, 
L2 L. calcaneus         2168    3.3 -10.90 8.30 948     -5.16 -6.44 

PMN 
Muntiacus 
muntjak 

2006, T16: G3, 
L4 R. distal tibia      2169    3.3 -18.21 4.17 949     -12.41 -4.95 

PMN Sus scrofa 
2006, T16: G7, 
L5 Metapodial           2170    3.3 -13.05 6.57 950     -9.54 -5.02 

PMN 
Muntiacus 
muntjak 

2006, T16: G6, 
S1L3 R. radius            2171    3.3 -9.20 7.19 951     -7.93 -6.04 

PMN 
Muntiacus 
muntjak 

2006, T16: G7, 
L4 Phalanx              2172    3.3 -18.01 4.60 952     -4.41 -7.68 

PMN Bos sp. 
2006, T17: 
GR1, L4 Rib 2173    3.3 -11.69 7.93 953     -8.80 -5.20 

PMN Canis sp. 
2006, T17: 
GR9, L4 R. proximal ulna     2174    3.3 -7.28 8.03 954     -4.97 -5.73 

PMN Sus scrofa 
2006, T17: 
GR2, L3 5th metapodial       2175    3.3 -14.78 12.00 955     -8.92 -4.03 

PMN Cervidae 
2006, T17: 
GR1, L1 

R. distal 
humerus    2176    3.3 -17.34 4.38 956     -10.74 -4.69 

PMN Sus scrofa 2006, T17: G8 L. calcaneus         2177    3.3 -7.71 7.64 957     -4.63 -5.32 
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Table A-2.  Faunal samples excluded from analyses 

Site Species Provenience Bone Bone Collagen Bone Apatite 

    

Lab ID 
(C-10-) C/N 

Lab ID 
(A-10-) 

PTT Bos sp. B2 R. tibia         2057 low yield 885     

PTT Sus scrofa B15 L. femur         2058 low yield 886     

BMC Bos sp. S17/18W22, F26  L. 1st phalanx  2069   low yield 897     

BMC Bos sp. S18W24, B8 L. ulna    2131    low yield 911     

BMC Sus scrofa S18W24, B8 R. ulna    2132    low yield 912     

PMN Bos sp. 2006, SQ13, SWQ, L3 L. ulna     2136    low yield 916     

PMN Muntiacus muntjak 2006, SQ14, NWQ, L5 Metatarsal           2146    low yield 926     

PMN Lotra sp. 2006, SQ14, SWQ, L5 Tibia                2153    low yield 933     
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APPENDIX B 
LIST OF FAUNAL ENAMEL SAMPLES AND DATA 

Table B-1.  Faunal enamel samples and data included in analyses 

Site Species Provenience Tooth Tooth Apatite (‰) 

    

Lab ID 
(A-10-) δ13C δ18O 

PTT Sus scrofa B17, E, 220-230 cm ULM2 1105 -12.37 -6.91 

BMC Bos sp. S17W22, B1 M 1106 0.72 -1.38 

PMN Sus scrofa 2002/2, SQ3, SEQ, L4, F7 M2/M3 1107 -4.42 -7.75 

PMN Sus scrofa 200?, SQ3, B3 LLM1 1108 -2.58 -5.87 

PMN Sus scrofa 2006, SQ13, NWQ, L2 LI2 1109 -8.25 -6.79 

PMN Bos sp. 2006, SQ13, NEQ, L2 M 1110 -2.22 -2.67 

PMN Bos sp. 2006, SQ13, NEQ, L4 I 1111 -1.63 -0.08 

PMN Muntiacus muntjak 2006, SQ13, NEQ, L4 ULP2 1112 -12.72 -1.97 

PMN Sus scrofa 2006, SQ13, NEQ, L5 I3 1113 -10.10 -7.06 

PMN Cervidae 2006, T16:G5, L5 LLM 1114 -13.09 -1.01 

PMN Bos sp. 2006, T16:G7, L4 UM1 1115 -4.64 -3.31 

PMN Hystricidae 2006, T16:G7, L4 M 1116 -14.54 -7.90 

PMN Sus scrofa 2006, T16:G7, L4 M1 1117 -9.88 -4.13 

PMN Cervidae 2006, T16:G9, L4 LM2 1118 -10.46 -0.64 

PMN Bos sp. 2006, T16:G10, L3 dLP1 1119 -3.66 -3.43 

PMN Cervidae 2006, T16:G10, L3 LM3 1120 -3.19 -4.08 

PMN Muntiacus muntjak 2006, T17:GR?, L4 LRM1 1121 -13.20 -1.82 

PMN Sus scrofa 2006, T17:GR3, L5 M 1122 -7.34 -7.09 

PMN Canis sp. 2007, SQ18, NEQ, L4 ULM1 1123 -6.68 -6.20 

PMN Bovidae 2007, SQ18, NEQ, L4    LLP1 1124 -1.91 -2.88 

PMN Bovidae 2007, SQ18, NEQ, L4 URP2 1125 -2.88 -0.06 

PMN Bovidae 2007, SQ18, NEQ, L5 ULM 1126 -2.88 -0.40 
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Table B-1.  Continued 

Site Species Provenience Tooth Tooth Apatite (‰) 

    

Lab ID 
(A-10-) δ13C δ18O 

PMN Cervidae 2007, SQ18, NEQ, L6 LLM 1127 -4.57 -2.97 

PMN Canis sp. 2007, SQ18, NEQ, L6 URP4 1128 -1.94 -7.00 

PMN Sus scrofa 2007, SQ18, NWQ, L3 UI 1129 -6.10 -5.73 

PMN Bovidae 2007, SQ18, NWQ, L5 Molar 1130 0.46 -2.77 

PMN Canis sp. 2007, SQ18, NWQ, L5 LRI3 1131 -12.74 -3.27 

PMN Muntiacus muntjak 2007, SQ18, SEQ, L4 UM 1132 -13.20 -1.97 

PMN Sus scrofa 2007, SQ18, SEQ, L5 LLP4 1133 -6.08 -6.57 
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APPENDIX C 
LIST OF HUMAN BONE SAMPLES AND DATA 

Table C-1.  Human bone samples included in analyses 

Site Provenience Sex Age Age Group Bone 
Lab ID 
(C-10-) 

Lab  ID 
(A-10-) 

BMC S16W23, B1 F 36-50    OA R. tibia 2062   890     

BMC S16W23, B5 UID 5.5-6.5  SA L. fibula 2065   893     

BMC S16W23, B6 M 16-18    SA Rib 2066   894     

NML OP1, T-19789, B1 M 16-20    SA R. fibula 1983 811 

NML OP3, T-18378, B1 F ~17-19   SA L. scapula 1984 812 

NML OP3, T-31350, B2 M 25-30    YA L. femur 1985 813 

NML OP3, T-19191, B3 M 15-17    SA L. fubula 1986 814 

NML OP3, T-20890, B5 F 25-30    YA R. metatarsal 1987 815 

NML OP3, T-31550, B7 UID ~15      SA R. fibula 1989 817 

NML OP4, T-32276, B11 UID 5.5-6.5  SA L. fibula 1993 821 

NML OP7, T-31369, B1 UID 4-5      SA L. femur 2005 833 

PMN 200?, SQ1, NWQ, in situ 1 F 28-40    YA R. 3rd metatarsal 2010 838 

PMN 200?, SQ1,4, in situ 2, B20 M 28-40    YA R. fibula 2011 839 

PMN 200?, SQ1,4, in situ 3, B16 M 30-40    YA L. fibula 2012 840 

PMN 200?, SQ1,4, in situ 4, B27 M 28-40    YA R. radius 2013 841 

PMN 200?, SQ4, in situ 5, B32 F 21+      A R. radius 2014 842 

PMN 200?, SQ4, in situ 6          M 25-30    YA R. ulna 2015 843 

PMN 200?, SQ2,3, in situ 7, B1 M 21+      A L.10th rib 2016 844 

PMN 2006, SQ12, in situ 8, B3 F 21+      A R. ulna 2017 845 

PMN 2006, SQ2, in situ 9, B3 M 30-40    YA R. fibula 2018 846 

PMN 2001, SQ1, SWQ, B9 M 21-35    YA Rib 2020 848 

PMN 2001, SQ1, B10 M 21+      A L. femur 2021 849 

PMN 2001, SQ1, SEQ, B11(6)      M 21-25    YA R. tibia 2022 850 

PMN 2001, SQ1, F20, B15 F 21-35    YA Rib 2023 851 

PMN 2002, SQ1, SEQ, B11 M 21+      A R. fibula 2024 852 
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Table C-1.  Continued 

Site Provenience Sex Age Age Group Bone 
Lab ID 
(C-10-) 

Lab  ID 
(A-10-) 

PMN 2002/2, SQ3, B1 UID 1~2      SA Rib 2025 853 

PMN 2002/2, SQ3, B2 M 25-35    YA Rib 2026 854 

PMN 2002/2, SQ3, B9 UID 21+      A R. femur 2027 855 

PMN 2003, SQ3, B3 M 25-30    YA Rib 2028 856 

PMN 2003, SQ4, SWQ, L5, B3 M 30-40    YA Rib 2029 857 

PMN 2007, SQ1, 4, F4     M 36+      MA Rib 2030 858 

PMN 2007, SQ18, B1 UID 5.5-6.5  SA R. tibia 2031 859 

PMN 2007, SQ18, B2 M 19-27    YA R. fibula 2033 861 

PMN 2007, SQ18, B4 F 30-40    YA Rib 2035 863 

PMN 2007, SQ18, B6 M 30-35    YA R. femur 2036 864 

PMN 2007, SQ18, B7 F 17-19    SA R. femur 2037 865 

KPD B8 M 15 SA R. radius 2178 958 

KPD B22 M 21 YA Rib 2180 960 

KPD B23 M 30 YA Rib 2181 961 

KPD B24 M 25 YA Rib 2182 962 

KPD B28 M 21 YA L. fibula 2183 963 

KPD B30 M 34 YA Rib 2185 965 

KPD B38 M 33 YA Rib 2186 966 

KPD B42 M 32 YA Rib 2187 967 

KPD B44 M 18 SA Rib 2189 969 

KPD B67 M 35 YA Rib 2191 973 

KPD B76 M 34 YA L. ulna 2194 976 

KPD B91 M 45 MA L. radius 2197 979 

KPD B92 M 18 SA Rib 2198 980 

KPD B152 M 37 MA Rib 2209 991 

KPD B15 F 35 YA Radius 2212 994 

KPD B18 F 42 MA R. rib 2213 995 
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Table C-1.  Continued 

Site Provenience Sex Age Age Group Bone 
Lab ID 
(C-10-) 

Lab  ID 
(A-10-) 

KPD B26 F 35 YA Rib 2215 997 

KPD B27 F 40 MA Rib 2216 998 

KPD B36 F 21 YA Rib 2218 1000 

KPD B39 F 25 YA R. fibula 2219 1001 

KPD B40 F 37 MA L. radius 2220 1002 

KPD B45 F 45 MA Rib 2221 1003 

KPD B47 F 22 YA Rib 2222 1004 

KPD B58 F 35 YA Rib 2223 1005 

KPD B64 F 21 YA Rib 2225 1007 

KPD B79 F 47 MA L. rib 2228 1010 
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Table C-2.  Human bone isotopic data included in analyses 

Bone Collagen (‰) 
 

Bone Apatite (‰) 
 

Apatite-Collagen Spacing (‰) 
Lab ID 
(C-10-) δ13C δ15N 

Lab  ID 
(A-10-) δ13C  δ18O Δ13Cap-coll 

2062   -16.31 12.24 890     -9.16 -6.25 7.15 

2065   -15.55 11.69 893     -9.75 -6.62 5.80 

2066   -16.89 11.66 894     -9.57 -7.37 7.32 

1983 -15.43 9.64 811 -8.67 -6.65 6.76 

1984 -15.74 10.67 812 -10.78 -7.57 4.96 

1985 -14.64 10.33 813 -9.47 -6.66 5.17 

1986 -16.06 9.55 814 -9.97 -7.11 6.09 

1987 -14.22 10.10 815 -8.78 -6.78 5.44 

1989 -18.28 10.02 817 -11.11 -6.65 7.17 

1993 -14.03 9.10 821 -8.74 -6.79 5.29 

2005 -15.88 9.97 833 -10.37 -7.21 5.51 

2010 -14.31 7.51 838 -6.99 -6.97 7.32 

2011 -11.31 7.81 839 -6.43 -6.99 4.88 

2012 -10.16 9.39 840 -4.84 -6.58 5.32 

2013 -10.49 9.41 841 -3.61 -6.61 6.88 

2014 -11.80 9.19 842 -5.25 -7.01 6.55 

2015 -13.68 9.50 843 -9.29 -7.03 4.39 

2016 -11.04 9.59 844 -6.27 -6.76 4.77 

2017 -14.65 7.41 845 -7.92 -6.24 6.73 

2018 -11.76 9.36 846 -7.10 -6.05 4.66 

2020 -10.93 8.97 848 -5.12 -6.94 5.81 

2021 -18.33 11.20 849 -7.57 -6.07 10.76 

2022 -12.32 9.45 850 -4.58 -6.67 7.74 

2023 -13.67 7.03 851 -6.84 -6.96 6.83 

2024 -12.25 9.35 852 -4.99 -6.72 7.26 

2025 -15.98 11.29 853 -8.82 -6.46 7.16 
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Table C-2.  Continued 

Bone Collagen (‰) 
 

Bone Apatite (‰) 
 

Apatite-Collagen Spacing (‰) 
Lab ID 
(C-10-) δ13C δ15N 

Lab  ID 
(A-10-) δ13C  δ18O Δ13Cap-coll 

2026 -11.81 9.79 854 -6.34 -6.90 5.47 

2027 -11.81 9.47 855 -7.31 -6.53 4.50 

2028 -12.26 9.75 856 -7.41 -6.54 4.85 

2029 -13.93 9.77 857 -9.43 -6.94 4.50 

2030 -12.10 9.58 858 -4.28 -7.27 7.82 

2031 -14.95 9.88 859 -9.36 -6.31 5.59 

2033 -16.62 11.44 861 -8.56 -6.14 8.06 

2035 -15.11 9.45 863 -9.10 -6.92 6.01 

2036 -14.13 9.34 864 -8.91 -6.75 5.22 

2037 -15.46 9.32 865 -7.18 -6.60 8.28 

2178 -14.40 9.98 958 -10.85 -6.94 3.55 

2180 -17.26 9.66 960 -9.82 -6.86 7.44 

2181 -14.03 11.55 961 -11.11 -7.17 2.92 

2182 -13.82 11.35 962 -11.23 -7.35 2.59 

2183 -14.39 11.00 963 -11.28 -6.33 3.10 

2185 -14.58 11.03 965 -10.49 -6.77 4.08 

2186 -17.61 11.07 966 -10.94 -7.40 6.67 

2187 -14.31 11.80 967 -9.78 -7.23 4.54 

2189 -13.01 10.82 969 -10.18 -6.83 2.83 

2191 -14.65 11.15 973 -11.47 -6.50 3.18 

2194 -14.75 11.58 976 -10.95 -6.54 3.80 

2197 -14.30 11.03 979 -10.59 -6.05 3.71 

2198 -15.30 11.10 980 -10.94 -6.34 4.35 

2209 -14.02 12.06 991 -11.51 -5.64 2.51 

2212 -15.09 10.37 994 -9.72 -7.51 5.37 

2213 -14.30 10.84 995 -10.11 -7.12 4.19 

2215 -14.32 11.21 997 -11.09 -7.02 3.23 
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Table C-2.  Continued 

Bone Collagen (‰) 
 

Bone Apatite (‰) 
 

Apatite-collagenSpacing (‰) 
Lab ID 
(C-10-) δ13C δ15N 

Lab  ID 
(A-10-) δ13C  δ18O Δ13Cap-coll 

2216 -14.71 10.90 998 -10.15 -7.61 4.56 

2218 -18.38 9.99 1000 -11.24 -6.92 
 2219 -14.86 10.68 1001 -12.08 -5.90 2.78 

2220 -15.09 9.65 1002 -11.43 -6.27 3.66 

2221 -14.40 11.52 1003 -10.09 -7.06 4.31 

2222 -14.44 11.35 1004 -10.70 -5.88 3.73 

2223 -17.98 11.34 1005 -11.54 -7.62 6.45 

2225 -18.01 10.54 1007 -12.00 -7.28 6.01 

2228 -17.96 11.76 1010 -11.43 -6.94 6.54 
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Table C-3.  Human bone samples excluded from analyses 

Site Provenience Bone Bone Collagen Bone Apatite 

   
Lab ID Reason Lab ID 

PTT B2 R. radius 2038 bad C/N 866 

PTT B5 R. fibula 2039 bad C/N 867 

PTT B7 R. fibula 2040 bad C/N 868 

PTT B8 R. rib 2041 bad C/N 869 

PTT B8 R. radius 2042 bad C/N 870 

PTT B10 R. tibia 2043 bad C/N 871 

PTT B12 R. fibula 2044 bad C/N 872 

PTT B13 R. parietal 2045 bad C/N 873 

PTT B15 Rib 2046 bad C/N 874 

PTT B16 L. ulna 2047 low yield 875 

PTT B17 R. ulna 2048 low yield 876 

PTT B18 R. tibia 2049 bad C/N 877 

PTT B18 L. fibula 2050 bad C/N 878 

PTT B19 L. ulna 2051 low yield 879 

PTT B20 R. fibula 2052 bad C/N 880 

PTT B21 L. fibula  2053 low yield 881 

PTT B23 R.ulna 2054 bad C/N 882 

PTT B24 hand phalanx 2055 low yield 883 

PTT B33 R. ulna 2056 low yield 884 

BMC S15W24, B3 R. fibula 2059 low yield 887 

BMC S15W24, B4 L. fibula 2060 low yield 888 

BMC S15W24, B7 L. radius 2061 bad C/N 889 

BMC S16W23, B2 Rib 2063 low yield 891 

BMC S16W23, B3 L. radius 2064 low yield 892 

BMC S17W24, B3 R. fibula 2067 low yield 895 

BMC S17/18W22, F26, B1 L. tibia 2068 bad C/N 896 

BMC S17/18W24, B13 Femur 2070 bad C/N 898 
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Table C-3.  Continued 

Site Provenience Bone Bone Collagen Bone Apatite 

   
Lab ID reason Lab ID 

BMC S18W22, B2 L. fibula 2071 low yield 899 

BMC S18W22, B4 L. fibula 2072 bad C/N 900 

BMC S18W22, B6 Rib 2073 bad C/N 901 

BMC S18W22, B8 Rib 2074 bad C/N 902 

BMC S18W24, B1 Cranial frag. 2075 low yield 903 

BMC S18W24, B2 L. fibula 2076 low yield 904 

BMC S18W24, B4 L. fibula 2077 low yield 905 

BMC S18W24, B6 Cranial frag. 2078 low yield 906 

BMC S18W24, B8 Rib  2127 low yield 907 

BMC S18W24, B9 Rib 2128 low yield 908 

BMC S18W24, B11 R. femur 2129 low yield 909 

BMC S18W24, B12 Rib 2130 low yield 910 

NML OP3, T-31531, B6 R. ulna 1988 low yield 816 

NML OP3, T-32428, B9 R. radius 1990 low yield 818 

NML OP4, T-30848, B3 R. fibula 1991 bad C/N 819 

NML OP4, T-32258, B6 R. femur 1992 bad C/N 820 

NML OP4, T-31842, B12 R. tibia 1994 bad C/N 822 

NML OP4, T-32279, 32284, B15 L. radius 1995 bad C/N 823 

NML OP5, T-31594, B5 R. humerus 1996 low yield 824 

NML OP5, T-31282, B7 Femur 1997 bad C/N 825 

NML OP5, T-32105, B9 R. femur 1998 bad C/N 826 

NML OP5, T-31296, B10 R. ulna 1999 bad C/N 827 

NML OP5, T-32109, B11 L. femur 2000 bad C/N 828 

NML OP5, T-32032, B12 L. fibula 2001 bad C/N 829 

NML OP5, T-32031, B14 L. femur 2002 bad C/N 830 

NML OP6, T-30518, B4 R. femur 2003 low yield 831 



 

447 

Table C-3.  Continued 

Site Provenience Bone Bone Collagen Bone Apatite 

   
Lab ID reason Lab ID 

NML OP6, T-30519, B7 R. ulna 2004 bad C/N 832 

NML OP7, T-32170, B3 R. fibula 2006 bad C/N 834 

NML OP7, T-32398, B7 R. femur 2007 low yield 835 

NML OP4B, T-20275, B2 L. tibia 2008 bad C/N 836 

NML OP4B, T-31485, B5 L. tibia 2009 low yield 837 

PMN 2001, SQ1, SWQ, B7 L. femur 2019 low yield 847 

PMN 2007, SQ18, B1 Rib 2032 duplicated 860 

PMN 2007, SQ18, B3 R. tibia 2034 bad C/N 862 

KPD B9 Rib 2179 low yield 959 

KPD B29 R. ulna 2184 low yield 964 

KPD B43 R. femur 2188 low yield 968 

KPD B57 Fibula 2190 low yield 970 

KPD B72 Rib 2192 low yield 974 

KPD B74 R. rib 2193 low yield 975 

KPD B86 Rib 2195 low yield 977 

KPD B90 Rib 2196 low yield 978 

KPD B93 Rib 2199 low yield 981 

KPD B100 R. rib 2200 low yield 982 

KPD B103 Rib 2201 low yield 983 

KPD B115 Rib 2202 low yield 984 

KPD B117 Radius 2203 low yield 985 

KPD B120 Rib 2204 low yield 986 

KPD B129 Rib 2205 low yield 987 

KPD B131 Rib 2206 low yield 988 

KPD B132 Rib 2207 low yield 989 

KPD B147 L. radius 2208 low yield 990 
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Table C-3.  Continued 

Site Provenience Bone Bone Collagen Bone Apatite 

   
Lab ID reason Lab ID 

KPD B4 Radius 2210 low yield 992 

KPD B13 Fibula 2211 low yield 993 

KPD B25 L. rib 2214 low yield 996 

KPD B35 R. fibula 2217 low yield 999 

KPD B61 R. radius 2224 low yield 1006 

KPD B73 L. radius 2226 low yield 1008 

KPD B77 Rib 2227 low yield 1009 

KPD B83 L. rib 2229 low yield 1011 

KPD B87 R. rib 2230 low yield 1012 

KPD B94 Rib 2231 low yield 1013 

KPD B102 Rib 2232 low yield 1014 

KPD B107 R. ulna 2233 low yield 1015 

KPD B109 R. radius 2234 low yield 1016 

KPD B110 L. rib 2235 low yield 1017 

KPD B112 R. fibula 2236 low yield 1018 

KPD B140 R. rib 2237 low yield 1019 

KSO-ND T12600, Subunit 10, B3 L. clavicle  2238 bad C/N 1135 

KSO-ND T12592, Subunit 8, B4 R. femur 2239 bad C/N 1136 

KSO-ND T12592, Subunit 8, B4 L. humerus 2240 bad C/N 1137 

KSO-ND T13008, Subunit 8, B5 R. tibia 2241 bad C/N 1138 
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APPENDIX D 
LIST OF HUMAN ENAMEL SAMPLES AND DATA 

Table D-1.  Human enamel samples and data included in analyses 

      
Enamel Apatite (‰) 

Site Provenience Sex Age Age Group Tooth 
Lab ID 
(A-10-) δ13C δ18O 

PTT B2 M 40-50    MA LLM1                 1090    -8.64 -6.09 

PTT B5 F 20-25    YA LLM3                 1091    -11.97 -5.12 

PTT B6 UID 1-2 SA dURm1                1092    -12.32 -5.45 

PTT B7 F 25-30    YA LRM3                 1093    -13.14 -4.76 

PTT B8 M 35-40    MA LRM3                 1094    -11.64 -5.44 

PTT B12 M 18-22    YA LRM3                 1096    -12.96 -4.48 

PTT B13 UID 20+      A URM3                 1097    -12.00 -5.05 

PTT B16 F 20-22    YA LLM2                 1098    -13.45 -3.74 

PTT B18 UID 3.5-4.5  SA URM1                 1100    -12.19 -3.66 

PTT B19 UID 9.5-11   SA URM1                 1101    -12.33 -3.38 

PTT B20 F 20-25    YA URM2                 1102    -13.47 -4.12 

PTT B23 UID 3.5-4.5  SA ULM1                 1103    -12.89 -5.00 

PTT B24 M 37-50    MA ULP3                 1104    -12.59 -4.69 

BMC S15W24, B2 M 18-21    SA ULM3                 1063    -11.22 -6.29 

BMC S15W24, B3 M 28-32    YA LLM3                 1064    -4.77 -6.61 

BMC S15W24, B4 F 21-35    YA URM1                 1065    -11.32 -6.25 

BMC S16W23, B1 F 36-50    OA LLP4                 1066    -11.30 -6.41 

BMC S16W23, B2 F 18-22    SA ULM2                 1067    -9.93 -6.48 

BMC S16W23, B5 UID 5.5-6.5  SA URM1                 1069    -8.93 -5.49 

BMC S16W23, B6 M 16-18    SA LRM2                 1070    -8.87 -6.36 

BMC S17W24, B3 UID 6-7      SA URM2                 1072    -9.93 -6.70 

BMC S17/18W22, F26, B1 M 40-50    MA ULM3                 1073    -8.37 -6.10 

BMC S17/18W22, B2 F 36-50    MA ULM1                 1074    -10.25 -6.11 

BMC S17/18W22, B2 F 36-50    MA URI1                 1075    -9.48 -5.93 

BMC S17/18W24, B13 F 40+      MA LM3                  1076    -9.20 -5.15 
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Table D-1.  Continued 

      
Enamel Apatite (‰) 

Site Provenience Sex Age Age Group Tooth 
Lab ID 
(A-10-) δ13C δ18O 

BMC S18W22, B4 M 33-37    YA ULM3                 1077    -9.34 -4.41 

BMC S18W22, B6 F 22-32    YA LRM3                 1078    -8.70 -6.49 

BMC S18W22, B8 M 45+      OA URM1                 1079    -4.65 -6.72 

BMC S18W24, B1 UID ~15      SA ULM3                 1080    -12.58 -4.91 

BMC S18W24, B2 F 35-40    MA URM1                 1081    -10.25 -6.07 

BMC S18W24, B4 M 21-35    YA URM3                 1082    -8.64 -5.96 

BMC S18W24, B6 UID 1.5-2    SA dULm2                1083    -10.90 -6.27 

BMC S18W24, B8 F 21-35    YA ULM2                 1085    -10.52 -5.37 

BMC S18W24, B9 UID 2-3      SA dULm1                1086    -6.95 -5.42 

BMC S18W24, B12 M 35-50    MA ULM3                 1087    -11.55 -5.62 

BMC Baulk W22, B2 F 21+      A ULM3                 1089    -8.76 -6.48 

NML OP1, T-19789, B1 M 16-20    SA ULP3 1020 -10.57 -6.55 

NML OP3, T-18378, B1 F ~17-19   SA ULM3 1021 -8.31 -6.78 

NML OP3, T-31350, B2 M 25-30    YA LRI2 1022 -8.78 -6.58 

NML OP3, T-19191, B3 M 15-17    SA URM1 1023 -10.81 -6.31 

NML OP3, T-20890, B5 F 25-30    YA LLM3 1024 -6.69 -6.19 

NML OP3, T-32428, B9 UID ~3.5-4.5 SA ULM1 1025 -5.96 -5.88 

NML OP3, T-32317, B11                              UID ~1.5     SA dULc 1026 -8.33 -5.08 

NML OP4, T-32258, B6 F 40-45    MA ULM1 1027 -8.41 -5.81 

NML OP4, T-32276, B11 UID 5.5-6.5  SA ULM1 1028 -10.29 -6.23 

NML OP5, T-31594, B5 M 40+      MA LRM3 1031 -7.22 -6.46 

NML OP5, T-31282, B7 UID ~3       SA ULM1 1032 -7.13 -6.25 

NML OP5, T-32105, B9 UID 3-4      SA dRm1 1033 -7.05 -4.67 

NML OP5, T-31296, B10 M 35-40    YA ULP3 1034 -8.75 -6.93 

NML OP5, T-32109, B11 M 40+      MA LRI2 1035 -6.47 -6.19 

NML OP5, T-32032, B12 F 45+      OA LLM3 1036 -6.32 -6.28 

NML OP5, T-32133, B13 UID ~6.5-7.5 SA LLM2 1037 -7.51 -6.33 

NML OP5, T-32031, B14 F 25-35    YA URM3 1038 -7.20 -5.79 
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Table D-1.  Continued 

      
Enamel Apatite (‰) 

Site Provenience Sex Age Age Group Tooth 
Lab ID 
(A-10-) δ13C δ18O 

NML OP6, T-30518, B4 F 35-45    MA URM2 1039 -7.33 -6.25 

NML OP6, T-30519, B7 M ~42      MA URP4 1040 -11.09 -4.67 

NML OP7, T-31369, B1 UID 4-5      SA dLRm1 1041 -9.01 -5.72 

NML OP7, T-32170, B3 UID ~3-4     SA URM1 1042 -9.37 -6.16 

NML OP7, T-32200, B5 UID 1-1.25   SA dULc 1043 -5.86 -5.95 

NML OP7, T-32398, B7 M ~50-54   OA LRP4 1044 -5.53 -5.59 

NML OP4B, T-20275, B2 UID 0-0.5    SA dUm1 1029 -6.95 -5.56 

NML OP4B, T-31485, B5 UID 0.5-1.5  SA dULi2 1030 -7.19 -5.73 

PMN 200?, SQ1, NWQ, in situ 1 F 28-40    YA ULM3 1045 -6.89 -6.23 

PMN 200?, SQ4, in situ 5, B32 F 21+      A LLC 1046 -4.58 -6.00 

PMN 2006, SQ13, NWQ, L3 UID 4-5.5    SA LRM1 1052 -7.33 -5.83 

PMN 2001, SQ1, F0, B15 F 21-35    YA LLM3 1047 -6.68 -6.41 

PMN 2002/2, SQ3, B1 UID 1~2      SA dULm2 1048 -9.54 -5.83 

PMN 2002/2, SQ3, B2 M 25-35    YA LLP4 1049 -4.63 -6.61 

PMN 2003, SQ3, B3 M 25-30    YA LRM3 1050 -8.14 -6.66 

PMN 2003, SQ4, SWQ, L5, B3 M 30-40    YA LRM3 1051 -10.47 -6.44 

PMN 2007, SQ1, 4, B3 M 21+      A LLM2 1054 -12.91 -3.32 

PMN 2007, SQ1, 4, B7 M 25-30    YA LLP3 1055 -6.40 -6.23 

PMN 2007, SQ1, 4, F4 M 36+      MA ULM2 1056 -12.74 -3.11 

PMN 2007, SQ18, B1 UID 5.5-6.5  SA dULm2 1057 -10.46 -5.46 

PMN 2007, SQ18, B2 M 19-27    YA ULP4 1058 -8.64 -6.66 

PMN 2007, SQ18, B4 F 30-40    YA ULM3 1059 -7.32 -5.98 

PMN 2007, SQ18, B6 M 30-35    YA URM3 1060 -8.23 -6.66 

PMN 2007, SQ18, B7 F 17-19    SA URM3 1061 -9.59 -6.99 

KSO-ND T12600, Subunit 10, B3 M 21-35 YA ULM3 1134 -5.86 -6.38 
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Table D-2.  Human enamel samples excluded from analyses 

   
Enamel Apatite (‰) 

 
Site Provenience Tooth 

Lab ID 
(A-10-) δ13C δ18O Reason 

PMN 2006, SQ13, NWQ, L3 dLRm2 1053 -7.11 -5.92 duplicated 

PTT B18 dLLm1                1099 -13.31 -2.77 duplicated 

PTT B8 ULM1                 1095 -11.78 -6.62 duplicated 

BMC S15W24, B2 LLM3                 1062 -8.85 -6.77 duplicated 

BMC S16W23, B2 ULC                  1068 -10.23 -6.00 duplicated 

BMC S17W24, B3 URM1                 1071 -10.26 -6.38 duplicated 

BMC Baulk W22, B2 ULM2                 1088 -9.04 -6.32 duplicated 

BMC S18W24, B6 dLLm2                1084 -10.52 -5.83 duplicated 
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