
ABSTRACT 

OFFENBECKER, ADRIANNE MARIE. Diet, Disease, and Developmental Defects: 

Examining the Role of Environmental Stress in the Etiology of Skeletal Anomalies. (Under 

the direction of D. Troy Case, Scott M. Fitzpatrick, and Ann H. Ross). 

 

Frequencies of skeletal anomalies within families are noticeably elevated when 

compared to frequencies found in the general population, which indicates a strong genetic 

component in the etiology of these traits. Clinical studies, however, have demonstrated that 

certain environmental factors, particularly nutritional deficiency and disease, may trigger or 

enhance the genetic predisposition for developmental defects. While it is likely that both 

genetic and environmental factors contribute to the etiology of skeletal defects, it is unclear 

which specific traits are most sensitive to environmental stress. The primary objective of this 

study is to examine whether nutritional deficiency and disease cause elevated levels of 

developmental defects within a population. It is hypothesized that the more environmental 

stress experienced by a population, the higher its overall skeletal defect frequencies. 

To test this hypothesis, a total of 328 individuals from two archaeological cemeteries 

were examined for the presence of 46 skeletal defects. The samples are derived from 

temporally distinct Arikara sites whose inhabitants experienced varying levels of stress over 

several centuries. Previous research suggests that the earlier site, Mobridge (39WW1), is 

characterized by poorer overall health than the later period site, Larson (39WW2), and 

should therefore exhibit higher levels of skeletal anomalies if dietary deficiency and disease 

contribute significantly to the etiology of these traits. To better assess the varying levels of 

stress between the sample sites, the prevalence of three skeletal stress indicators, linear 

enamel hypoplasia, cribra orbitalia, and porotic hyperostosis were also compared between the 

sites. 



Defect and stress indicator frequencies were calculated for each sample and compared 

using the Fisher‟s Exact test. Mobridge and Larson were found to have statistically similar 

frequencies of linear enamel hypoplasia and cribra orbitalia, while porotic hyperostosis was 

not present in either sample. The only skeletal anomalies that varied significantly between 

the two sites were the os styloideum accessory bone and occipital vertebrae, which were 

more prevalent in the Mobridge sample. These findings indicate that environmental stress has 

minimal influence in the etiology of most developmental anomalies since the majority of 

skeletal defect frequencies were similar between the two Arikara samples. It is likely that the 

traits examined for this study are under strong genetic control and may therefore be useful for 

assessing genetic affinity in kinship analyses of archaeological cemeteries. However, it is 

also possible that stress levels were not divergent enough to elicit statistically significant 

differences between the samples, as the findings of the stress indicator assessment suggest. 

This highlights the need for further research into the etiology of developmental defects if 

they are to be utilized for anthropological research. 
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CHAPTER 1:  INTRODUCTION 

 

 The etiology of birth defects, including skeletal malformations, has been a prominent 

area of research within the medical community for the better part of a century. For clinicians, 

a thorough understanding of the interplay between genetics and environment is critical for 

both the prevention and treatment of congenital anomalies, which are the leading cause of 

death among children in many countries, including the United States (Schaffer, 1993). As 

such, countless studies have been dedicated to examining the effects of different teratogens 

on the developing fetus. The pioneering research conducted by Warkany and colleagues 

during the early 1940s were the first successful studies to show that nutritional deficiencies in 

pregnant mammals could produce a variety of skeletal malformations in their offspring 

(Warkany et al., 1942; Warkany, 1945). Their findings prompted subsequent researchers to 

examine which particular nutrients were required for proper ontogeny and what types of 

congenital defects may result from inadequate levels of those nutrients (e.g., Nelson et al., 

1956; Smithells et al., 1981; See et al., 2008). The effects of infectious diseases and febrile 

illnesses on the developing fetus also became critical areas of research within the medical 

community (McDonald, 1958; Chambers et al., 1998; Ács et al., 2006). Although genetic 

factors appear to be the predominant determinant for many congenital anomalies, clinical 

research has clearly demonstrated that environmental stress can also contribute to the 

complex etiology of these traits.  

 While it is clear that skeletal defects may result from both genetic and environmental 

factors, it is less apparent which specific traits are most sensitive to environmental stress. 

Severe congenital defects, such as anencephaly and spina bifida cystica, have been 
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thoroughly studied, so their precise etiologies are better understood than the etiologies of 

minor anomalies, which have received far less attention in the clinical literature. The 

disparity in research allocation between the two types of defects likely derives from the way 

in which they influence morbidity and/or mortality; major defects are identifiable at birth and 

are often debilitating or life-threatening, whereas minor anomalies are rarely detectable in the 

neonate and typically do not cause disfigurement or physical disability. Furthermore, 

individuals affected by minor anomalies often remain asymptomatic throughout life unless 

the defect is aggravated during growth and development or by functional stress or trauma 

(Barnes, 1994).   

In the paleopathology literature, Barnes (1994) refers to the more severe defects as 

“congenital” anomalies and the less severe defects as “developmental” anomalies, which she 

feels is a necessary distinction for the purposes of osteological research. Although these 

terms are often used interchangeably, Barnes (1994) asserts that referring to a defect as 

“congenital” implies that it is both severe and rare, which are undesirable attributes when 

conducting research on skeletal remains. In particular, such severe anomalies are rarely 

encountered in skeletal collections derived from archaeological contexts because it is highly 

unlikely that affected individuals would have survived beyond infancy. Neonatal death would 

have occurred for two main reasons; the congenital defect was either incompatible with life 

or it resulted in physical deformity, which may have prompted infanticide (Barnes, 1996; 

Case, 1996). Furthermore, fragile immature bones generally do not preserve well in many 

archaeological contexts, which further obscures the presence of severely malformed 

individuals in archaeological cemeteries.  



 

3 

 Individuals with minor anomalies, on the other hand, often survive to adulthood and 

therefore can more frequently become part of the archaeological record. Consequently,, 

benign skeletal defects are far more accessible to physical anthropologists, and thus have 

greater potential utility in bioarchaeological analyses than do the more severe and life-

threatening malformations. Examples of some of the more widely-recognized minor skeletal 

defects include various forms of tarsal and carpal coalition, accessory bones, vertebral border 

shifting, brachydactyly, and retained cranial ossicles (wormian bones). It should be noted that 

minor skeletal anomalies can generally be divided into three main categories; cranial, dental, 

and post-cranial (also called infra-cranial). Not surprisingly, the vast majority of 

anthropological research has focused on non-metric (discrete) variants of the skull and 

dentition, which have predominantly been used to infer genetic affinity in biological distance 

studies between populations (Berry and Berry, 1967; Sjøvold, 1975; Hanihara et al., 2003; 

Ricaut and Waelkens, 2008) and kinship analyses within archaeological cemeteries (Bondioli 

et al., 1985; Alt and Vach, 1992; Stojanowski and Schillici, 2003). With a few exceptions 

(e.g., Finnegan, 1978; Barnes, 1994; Case, 2003), anomalies of the post-cranial skeleton have 

rarely been utilized for such analyses. 

The foundation for this type of research is that most anomalous traits have a high 

degree of heritability and can therefore be useful in identifying consanguineous individuals 

within a cemetery or biological affinity between populations. However, to determine the 

precise etiology of a skeletal defect, one must consider both genetic and environmental 

factors that contribute to the phenotypic expression of a particular trait. While this issue has 

been a prominent area of clinical research for some time (Warkany et al., 1943; Stevenson, 
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1950; Chambers et al., 1998; See et al., 2008), very few anthropological studies have 

considered the environmental etiological component of the most commonly used non-metric 

variants. If these traits are to be utilized for anthropological research, a clearer understanding 

of skeletal defect etiology is sorely needed. 

The primary objective of this study is to examine whether environmental stress, 

particularly dietary deficiency and disease, causes elevated levels of developmental defects 

within a population. This will be accomplished by comparing frequencies of various skeletal 

defects found in two protohistoric Arikara samples, which according to ethonohistorical, 

archaeological, and osteological data, suffered varying degrees of stress. Genetic variation is 

minimized among these individuals because they are closely related and come from a 

relatively narrow temporal span. Thus, variation present in defect frequencies between sites 

should be primarily influenced by non-genetic factors. It is hypothesized that the more 

environmental stress experienced by a population, the higher its overall skeletal defect 

frequencies. 

Although some osteological studies have already examined the relative levels of 

stress experienced by the various Arikara sites, they have generally grouped several sites that 

belong to the same archaeological period together and treated them as homogenous samples 

for comparative purposes (Jantz and Owsley, 1984; Westcott and Cunningham, 2006). As 

such, a more fine-grained comparison of environmental stress at the site level is required. 

This study will therefore examine the relative levels of environmental stress experienced by 

the two Arikara sites in question, Mobridge (39WW1) and Larson (39WW2), by comparing 

linear enamel hypoplasia, cribra orbitalia, and porotic hyperostosis prevalence among the 
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cemetery samples from those villages. The frequencies and age distributions of these stress 

indicators will provide a firm foundation for evaluating developmental defect frequencies 

within and between the sample populations. In addition, stress indicators can potentially be 

utilized to identify which specific defects might commonly co-occur with stress markers, 

since correlations between skeletal stress indicators and specific developmental defects may 

indicate a higher degree of environmental sensitivity for those particular traits. 

 The results of this study are intended to provide a clearer understanding of the precise 

etiology for a suite of developmental defects, and in turn, highlight the potential utility of 

skeletal anomalies in bioarchaeological research. Significant differences in defect frequencies 

between the samples would be indicative of an environmental component in the etiology of 

these traits, which may in turn justify the use of some skeletal anomalies as indicators of 

stress in past populations. Using developmental defects as stress markers would be 

particularly advantageous in archaeological contexts since evidence of their presence is not 

easily erased by cultural or biological processes, as is the case with some other stress 

indicators. Harris lines, for instance, can become obliterated over time by bone remodeling 

processes and therefore have limited utility in assessing episodes of childhood stress in adult 

skeletons. And although enamel hypoplasia is not subject to the same remodeling processes 

as Harris lines, preservation and tooth wear can seriously limit the utility of this trait when 

used on skeletal remains from archaeological contexts. As a result of cultural and subsistence 

practices, some populations have such extensive tooth wear that scoring enamel hypoplasia 

in an adequate number of individuals can be difficult. While bones exhibiting skeletal defects 

can also be degraded by taphonomic processes, the defects examined in this study derive 
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from all regions of the skeleton, which increases the likelihood that at least some elements 

will be present for analysis.  

Of the nearly 50 developmental defects examined for this study, it is possible that 

only a handful of traits will prove to be strongly influenced by environmental factors. 

Instead, most are likely to exhibit a more prominent genetic component with minimal 

sensitivity to environmental stress. Under this scenario, data derived from the present study 

will provide support for the use of those particular traits in skeletal kinship analyses and 

biological distance studies. In addition, the skeletal defect frequencies compiled for the 

Arikara samples will be useful to future researchers wishing to compare them to frequencies 

from other populations for biological distance studies. The Arikara defect frequencies can 

also be utilized for intracemetery kinship analyses on similar populations since some 

statistical methods require a reference sample for determining if the observed frequencies in 

a suspected family unit are unusually high for that particular population (Sjøvold, 1977; Alt 

and Vach, 1992; Alt et al., 1996; Case, 2003). Finally, the data derived from this study will 

aid in elucidating overall trends of environmental susceptibility for protohistoric Arikara 

populations of the Great Plains and will therefore contribute to the paleopathological 

literature for this particular region during a critical period of culture contact with Europeans.  
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CHAPTER 2:  THE SAMPLE POPULATION 

Cultural Context 

 The Arikara Indians were a group of sedentary horticulturalists who inhabited the 

Great Plains of the United States from the fifteenth to nineteenth centuries A.D. 

Ethnohistorical, linguistic, and archaeological evidence suggests that the Arikara represent 

the northernmost extension of the Caddoan language family and were most closely related to 

the Pawnee of northern Kansas and Nebraska (Rogers, 1990; Blakeslee, 1994). Not 

surprisingly, the two groups share several social and kinship characteristics. The Arikara 

were a loosely organized confederacy of subtribes, each of which were semiautonomous and 

inhabited their own permanent or semi-permanent village along the Missouri River Valley in 

South Dakota (O‟Shea, 1984; Rogers, 1990). At the time of European contact, it was reported 

that at least 43 Arikara villages existed along the Missouri River and its tributaries (Villiers, 

1925 cf. Rogers, 1969). Each village had several leadership positions, including the overall 

chief, one head chief, and several subchiefs. Chieftainship usually followed family lines, but 

it was also possible to increase one‟s status by gaining prestige through personal achievement 

(O‟Shea, 1984).  

Arikara kinship structure was generally based on matrilineal descent with matrilocal 

residence patterns, although there may have been a shift to a generational system during the 

later periods (Rogers, 1969). Similarly, Arikara social structure was fairly complex and was 

divided into several distinct “classes,” with the chiefs and elite families comprising the 

uppermost echelon. This upper class could be distinguished from the general populace by 

their unique dialect, often referred to as the “better language,” and by their lodges, which 
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were generally larger and located in the center of the village (Rogers, 1969). In addition, the 

chiefs and elite families received more land for subsistence activities, including horticulture 

and small-scale agriculture.  

The Arikara‟s settlement pattern along the Missouri River and its tributaries was 

influenced primarily by subsistence activities, as well as by resource availability. In 

particular, the alluvial floodplains were ideal locations for gardens and small crops, while the 

surrounding forest was an ample source of timber, game, and wild plants (Wood, 1974). The 

most common cultigens grown by the Arikara were maize, squash, beans, sunflowers, 

tobacco, and marsh elder, which were planted between late March and early May each year 

(Hurt, 1969; Rogers, 1990; Blakeslee, 1994). The harvest season lasted from August to 

October and surplus crops were either stored in cache pits for winter and spring consumption 

or traded to nearby nomadic groups (Hurt, 1969; Rogers, 1990). The Arikara also gathered 

wild plants, berries, nuts, and roots to supplement their diet, which was particularly 

beneficial during years when the fall harvest was inadequate (Rogers, 1990).  

Although the Arikara were successful horticulturalists, hunting was also an integral 

component of their mixed subsistence strategy. Throughout the year, a variety of wild game 

was exploited by the men and women of the villages, including bison, deer, elk, pronghorn, 

coyote, foxes, wolves, birds, and fish (Hurt, 1969; Rogers, 1990; Johnson, 1998). 

Ethnohistorical accounts suggest that most of the hunting efforts were focused on bison, as 

they were an abundant source of meat, as well as hide and bone, which could be used as raw 

materials for the production of a variety of objects (Lehmer, 1970; Rogers, 1990). The 

historical evidence has been substantiated by faunal analyses from numerous archaeological 
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sites, which indicate that bison meat accounted for 80 to 95 percent of the biomass consumed 

by village inhabitants (Johnson, 1998). Although Arikara villages were situated on both 

banks of the Missouri River, it should be noted that the grasslands on either side were quite 

variable in regard to their productivity. The tall-grass prairies to the east of the river had been 

substantially altered by glacial movement during the previous ice age and were therefore less 

hospitable to both people and wild game (Lehmer and Wood, 1977). The short-grass plains to 

the west, however, were ideal habitats for the bison and thus the nomadic hunters who 

pursued them (Berry, 1978). As such, approximately two-thirds of the nearly 400 villages 

along the Missouri River were located on the west bank, an advantageous location not only 

for hunting, but also for trading with the nomadic hunters (Lehmer, 1971). 

According to Hurt (1969), there were two major bison hunts per year, one during the 

summer months of June and July and the other occurring in late fall or early winter following 

the annual harvest. During these events, the vast majority of the village would relocate to the 

open prairies and establish temporary hunting camps (Hurt, 1969). Prior to the acquisition of 

horses in the eighteenth century, bison were pursued on foot; the hunters would create a 

stampede by herding the bison into a narrow channel made of rocks or debris, and then 

strategically force the animals over a cliff (Isenberg, 2000). Once the bison had plummeted 

over the bluff, the hunters would complete the kill by firing arrows into the mass of downed 

animals. This method was extremely advantageous because it was efficient and provided a 

bountiful supply of meat and byproducts. However, with European contact came the 

introduction of the horse, which greatly improved the Arikara‟s hunting economy by 

expanding their hunting range and therefore increasing the number of bison that could be 
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killed (Jantz and Owsley, 1984). Also beneficial was the ability to transport the meat back to 

the villages on horseback. 

The bison meat, hides, and bone were not only used for sustenance and raw materials, 

but also as trade goods that were exchanged with neighboring groups. The permanent Arikara 

villages were well-established trade centers by the time Europeans first made contact in the 

early to mid-eighteenth century and archaeological evidence suggests that the Great Plains 

exchange network extends back to the fourth century A.D. (Orser, 1984). At the time of the 

Lewis and Clark expedition in the early 1800s, there were two major trading centers along 

the Missouri River in the northern Plains: one in the Arikara villages in northern South 

Dakota and the other in the Mandan-Hidatsa villages in North Dakota (Wood, 1974). 

According to Rogers (1990), the permanence of the Arikara villages made them ideal 

locations for intertribal trade, since their locations remained constant from year to year. In 

prehistoric times, the primary trade relationship existed between the Arikara and the nomadic 

groups of the Great Plains; the sedentary villagers would exchange produce from their 

gardens for bison meat, hides, and bone from the nomadic hunters (Wood, 1974). Women 

primarily carried out this type of trade, whereas ceremonial exchanges occurred between the 

males of each party (Wood, 1974). According to Wood (1974), this exchange system 

between groups with vastly different lifeways led to localized specialization of subsistence 

activities because it increased each group‟s reliance on their respective economic endeavor.  

In addition to its obvious economic advantages, intertribal exchange is thought to 

have played a pivotal social role in maintaining ties between the villagers and the nomadic 

groups of the region (Blakeslee, 1975; Berry, 1978; Orser, 1984; Rogers, 1990). Blakeslee 
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(1975) has highlighted the fact that most of the items exchanged between tribes are 

“redundant,” meaning they could be readily produced or obtained by the groups themselves, 

eliminating the need for trade. For instance, the Arikara acquired bison meat from the 

nomadic groups even though they conducted their own bison hunts and pursued other wild 

game throughout the year (Orser, 1984). Blakeslee (1975) believes that these social ties were 

particularly important for surviving times of hardship, such as poor harvests or unsuccessful 

bison hunts, when trade partners could be relied upon for support.  

The first direct contact between the Arikara and Europeans occurred during the early 

eighteenth century when French explorers and fur traders reached the Upper Missouri Valley 

(Lehmer and Jones, 1968; Rogers, 1990). This does not mean, however, that the Arikara did 

not have access to European trade goods prior to that time; both historical accounts and 

archaeological evidence suggest that the Arikara had acquired objects of European origin 

from the nomadic tribes (who had encountered Europeans further to the south or east) for 

decades prior to direct contact (Orser, 1984; Jantz and Owsley, 1984; Rogers, 1990). At the 

turn of the nineteenth century trade between the Arikara and Europeans intensified as the 

demand for fur rose in both the United States and Europe and exploration of the region 

increased as a result of the Louisiana Purchase (Rogers, 1990). Because the sedentary 

villages were ideal trading locales, the Arikara became “middlemen” for both the nomadic 

tribes whom they had been trading with for centuries and also for the European explorers and 

fur traders (Berry, 1978; Orser, 1984).  

The Arikara served as middlemen until the 1820s when the first trading posts near 

their villages were established, which greatly diminished their role as intermediaries between 
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the nomadic groups and Europeans (Orser, 1984). In addition, the Europeans began 

bypassing the Arikara altogether by conducting their own trapping and hunting expeditions to 

acquire furs. Although their status as middlemen began to disintegrate, the Arikara‟s social 

ties to the nomadic tribes remained strong and exchange between these groups continued 

despite the obvious economic advantages of trading directly with the Europeans (Orser, 

1984). The change in trade relations was not the only change that occurred with European 

contact, nor was it the first instance of stress on this population.  

Sample Sites 

The Arikara were chosen as the study sample because as a population, they were 

exposed to a broad spectrum of environmental and sociocultural conditions over several 

centuries, resulting in periods of overall good health, as well as times of severe nutritional 

and disease-related stress. While the dynamic environment of the Great Plains can be 

attributed to a multitude of factors, perhaps the most influential to Arikara health were 

volatile climate conditions and European contact, which will be discussed in further detail 

later in this chapter. In order to examine the specific episodes of stress experienced by the 

Arikara, however, it is first necessary to provide an overview of the sample sites and define 

the cultural periods to which they belong. By establishing a chronological and cultural 

framework, it will be easier to compare the relative degree of environmental stress and 

therefore overall health of each site. 

The skeletal material utilized for this study comes from two archaeological sites, 

which were excavated during the late 1960s as part of the Missouri River Basin Survey 

salvage archaeology program and are now housed at the University of Tennessee, Knoxville. 
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The sites are located along the Missouri River in the Grand-Moreau district of northern South 

Dakota (Figure 1), and are composed of Arikara villages and their associated cemeteries. 

Mobridge (39WW1) is a multicomponent site that is represented by two distinct settlements, 

while Larson (39WW2) is a fairly large single component site. Each of the study samples 

belong to the Coalescent tradition of the Northern Plains, an archaeological classification 

which encompasses all sites located north of the Nebraska-South Dakota border and are 

protohistoric or later (Blakeslee, 1994).  

 

 

Figure 1. Geographic location of the Mobridge and Larson sites in South Dakota. 
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The Coalescent tradition has been further divided into smaller taxonomic units, called 

variants, which are defined by their distinct cultural attributes, age, and/or geographic 

location (Jantz and Owsley, 1984). The variants that are relevant to this study are the 

Extended Coalescent (1550 – 1675) and the Postcontact Coalescent (1675 – 1780). The 

Extended Coalescent is the period just prior to direct European contact; however, it should be 

noted that European trade goods and diseases reached the Arikara during this time, which is 

why this period is often classified as “protohistoric,” despite the lack of direct contact 

(Rogers, 1990). The Postcontact Coalescent is defined as the protohistoric period and is 

characterized by minimal and sporadic contact between Europeans and indigenous groups 

(Berry, 1978). 

Mobridge 1 (39WW1)  

The Mobridge archaeological site consists of a village and three geographically 

separate burial areas (called Features 1, 2, and 3), which represent two temporally distinct 

occupations (Owsley et al., 1982). Both archaeological and osteological evidence suggest 

that Features 1 and 3 comprise the earlier component, while Feature 2 belongs to the later 

component. First, metric comparisons have revealed that the crania from Features 1 and 3 are 

morphologically similar to each other, but statistically different from the crania derived from 

Feature 2, which means that Features 1 and 3 are likely contemporaneous (Owsley et al., 

1982). In addition, Feature 2 has a much higher proportion of European trade goods 

associated with burials than do Features 1 and 3, suggesting that the latter belong to an earlier 

time period (Owsley, 1981). Consequently, the earlier component is known as Mobridge 1 
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and because it is the only component of the two that will be utilized for this study, it will 

hereafter be referred to as simply Mobridge.  

The Mobridge site is located in northern South Dakota, approximately 1.5 miles north 

of the modern town of Mobridge (Figure 1). The village itself is situated within 200 yards of 

the Missouri River‟s east bank, while the cemetery area is located on an adjacent hill 

overlooking the river (Kelley, 1980; Palkovich, 1981). The site was occupied by the Arikara 

from 1600 to 1650 and therefore belongs to the Extended Coalescent tradition. Although 

European explorers and fur traders were arriving in the Great Plains during this period, they 

had not yet reached the Upper Missouri River Valley where the Arikara villages were 

located. The Mobridge inhabitants, therefore, almost certainly did not come into direct 

contact with the early explorers, but did manage to obtain European goods through trade with 

more southerly tribes who had made contact (Kelley, 1980; Rogers, 1990). Excavations of 

the site yielded numerous horticultural tools, as well as materials made from bison bone (e.g., 

scapula hoes and awls), which suggests that the villagers were relying on a mixed subsistence 

strategy of hunting and gardening (Kelley, 1980). A faunal analysis of the Mobridge site 

documented 36 different species of wild animals, indicating that the Arikara exploited a wide 

range of vertebrates, including bison, pronghorn deer, several canid species, catfish, and 

various species of birds (Rogers, 1990). In addition, several exotic shell species from the 

Pacific Ocean, botanical remains from Arizona, and European goods were found at the site, 

which indicates that the Arikara were deeply immersed in a vast trade network that extended 

beyond the Great Plains (Kelley, 1980).   
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Approximately 250 burials were recovered from the earlier component of the 

Mobridge cemetery, nearly half of which were juveniles age 10 or younger. 

Demographically, the age distribution of the cemetery is unbalanced, with peaks in the 0-1, 

1-4.9, 5-5.9, and 30-34.9 year age brackets, a trend that Palkovich (1981) attributes to 

extensive depopulation, potentially resulting from a disease epidemic. This will be explored 

in further detail later in this chapter when the periods of environmental stress are discussed. 

Of the 250 burials excavated from the Mobridge cemetery, only the 135 adult or young adult 

individuals (52 males, 56 females, 27 unknown) were examined for the present study. The 

skeletal material was in a fair to good state of preservation, although many elements were 

missing, as is common with human remains from archaeological contexts. Age and sex 

determinations for the Mobridge site cemetery are derived from a NAGPRA inventory of the 

Arikara skeletons, which was conducted by the University of Tennessee Anthropology 

Department. 

Larson (39WW2) 

The Larson site is located on the eastern side of the Missouri River, approximately 

two miles southeast of Mobridge, South Dakota (Figure 1). The site is composed of an earth 

lodge village that was once perched on top of a high terrace overlooking the Missouri Valley 

and its associated cemetery (Owsley, 1975). The cemetery was in close proximity to the 

village, located on an ascending slope only a few hundred yards to the east and north of the 

village (Owsley and Bass, 1979). The village was occupied from approximately 1679 to 

1733, placing it in the Postcontact Coalescent when Europeans first began penetrating the 

Upper Missouri Valley. Direct European contact can be inferred through both historical 
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accounts and archaeological evidence; at approximately the same time as reports of Arikara 

villages begin to surface in the journals of explorers and fur traders, European trade goods 

also become more abundant in both burial and habitation contexts (Jantz and Owsley, 1984; 

Rogers, 1990). For instance, glass beads, which were perhaps the most common initial 

contact trade item, were found in 7.6% of the Larson burials, a sharp increase from the 

Extended Coalescent sites (e.g., Mobridge) that rarely had any (Jantz and Owsley, 1984). 

Toward the terminal period of occupation, the Arikara of the Larson site had obtained the 

horse (ca. 1715), which was both beneficial and detrimental because while it improved bison 

hunting, it also led to war-related raids both by and against the villagers (Owsley, 1975). This 

topic will be discussed in further detail later in this chapter. 

Combined with skeletal material recovered from the village lodges, the Larson 

cemetery yielded the largest number of individuals (n=706) derived from a single site in the 

Northern Plains (Owsley, 1975; Owsley and Bass, 1979). When the village component was 

first excavated during the early 1960s, several of the lodges contained commingled and 

disarticulated human skeletal remains that were strewn about the floors (Owsley, 1975). The 

earth lodges had apparently collapsed onto the skeletons as a result of burning. Owsley and 

colleagues (1979) have also documented several incidences of scalping, decapitation, and 

other forms of mutilation on the skeletons from the Larson site, which they attribute to 

intertribal warfare during the terminal period of occupation. In addition, the village site itself 

was surrounded by a stockade and ditch fortification system, which provides further support 

for the warfare hypothesis.  
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While both the village lodges and the associated cemetery contributed to the overall 

total number of individuals recovered from the Larson site, only the cemetery burials were 

considered for this study. According to Owsley and Bass (1979), an estimated 90% of the 

cemetery interments were recovered, and therefore, a representative sample of the population 

was obtained. In addition, there appears to be no age, sex, or class exclusion since both sexes 

and all age groups are represented in the skeletal distribution. Burial treatment was fairly 

standardized within the cemetery; the majority of burials were primary interments, placed in 

a flexed position with the heads orientated to the north, west, or northwest (Bass, 1968; 

Owsley, 1975; O‟Shea, 1984). In addition, wood burial coverings were quite common 

between both sexes and across all age groups (O‟Shea, 1984). The sample utilized for the 

present study consists of 193 individuals from the Larson site cemetery (96 males, 93 

females, 4 unknown), most of which were skeletally mature adults (i.e., epiphyseal fusion 

was complete or nearly complete). The skeletal material from Larson had the best 

preservation of the two study sites and can be described as good or excellent, with most 

bones present for examination. 

Climate, Contact, and Conflict 

The seventeenth and eighteenth centuries were a dynamic period for the Great Plains 

region and its inhabitants. A host of sociocultural and environmental factors contributed to 

the vicissitudes experienced by the Arikara during this time, including climatic variability, 

European contact, and intertribal warfare. As such, general trends in overall health among the 

Arikara have been documented historically, archaeologically, and osteologically. In this 

section, I will first examine the general patterns of stress and florescence for each of the two 
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time periods (Extended and Postcontact Coalescents), and then review the evidence from 

both study sites to determine the overall health of each sample. Establishing the overall 

health for each sample population relative to one another is a critical first step in formulating 

a hypothesis of which site is expected to exhibit higher frequencies of skeletal defects.  

The Extended Coalescent  

The Extended Coalescent (1550 – 1675) is characterized as a time of fluctuating 

environmental conditions, mostly resulting from the Little Ice Age (LIA), which ultimately 

led to poor overall health among Arikara villagers. The LIA, also known as the Neo-Boreal 

episode, was a period of global cooling that lasted from approximately the sixteenth through 

eighteenth centuries, though its onset and cessation are contentious and are therefore loosely 

defined (Fagan, 2000). Although an overall cooling trend was present throughout much of 

the northern hemisphere, the LIA is more aptly described as a period of short-term climate 

changes, as opposed to a gradual glaciation that is typical of a true ice age. These warm to 

cold fluctuations were quite volatile in regard to both temperature and precipitation, creating 

an unfavorable environment for Arikara subsistence activities. According to Fagan (2000), 

the climatic fluctuations of the LIA could be ephemeral, lasting only a year or so, or they 

could be sustained and span an entire decade. Either way, the results were often devastating; 

extreme temperatures, both hot and cold, and frequent droughts severely hindered the 

horticulture activities and also adversely affected the productivity of wild game and plants. 

As a result, food shortages and periods of famine were not uncommon during the Extended 

Coalescent (Trimble, 1994).  
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Although the effects of the LIA varied by geographic region, there were several 

exceptionally frigid episodes that were globally pervasive, one of which occurred from 

approximately 1590 to 1610 (Fagan, 2000). The inhabitants of the Mobridge village would 

have experienced this particular cold stretch and perhaps been adversely affected by it since 

the site was occupied between 1600 and 1650. In addition, climatic proxy data, such as tree-

ring sequences, suggest that the region of the Great Plains became increasingly arid and had 

overall lower winter temperatures during the LIA (Bamforth, 1990). These climatic trends 

are particularly important for dietary assessments of Arikara health since precipitation often 

has the most substantial effect on subsistence activities and the ability to produce or acquire 

adequate food sources. Without sufficient rainfall, wild plants become unproductive, game is 

scarce, and cultivated crops fail, all of which lead to nutritional deficiencies. 

Adaptations to the harsh environmental conditions of this period can be gleaned from 

the archaeological record in the form of settlement patterns, site components, and village 

size. Extended Coalescent villages are generally unfortified and contain relatively few earth 

lodges, which tend to be spread out across large areas (Lehmer, 1970). Not only is this 

settlement pattern indicative of small village populations, but it also suggests that there was 

minimal threat of warfare or raids, as evidenced by the lack of defensive structures. Small 

cache pits and middens are also associated with the earth lodges, indicating minimal food 

surpluses and short village occupations, respectively (Lehmer, 1970). It is likely that 

Extended Coalescent villages were only inhabited for short periods of time because the 

volatile climatic conditions caused local resources to become depleted quickly, necessitating 

frequent relocation of Arikara village populations. According to Lehmer (1970), this suite of 
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archaeological data suggests that the majority of Arikara tribes lived a “hand-to-mouth” 

existence during the Extended Coalescent that most probably resulted from the adverse 

effects of the LIA.  

Although direct contact between the Arikara and Europeans did not occur until 1680, 

it is extremely likely that Extended Coalescent villagers were exposed to European diseases, 

such as smallpox, as early as 1600 when the first European trade goods arrive via other 

Native American intermediaries (Johnson, 1998). In fact, some researchers believe that the 

early seventeenth century was the time of greatest disease impact in the Middle Missouri 

Valley of the Great Plains (Ramenofsky cf. Rogers, 1990). Though no historical accounts 

exist for this period, the smallpox epidemic of 1837 may be used as an analog for 

understanding the immediate effects of disease outbreak in an Arikara community. The 

epidemic of 1837 had disastrous effects on Arikara subsistence in particular, whereby spring 

planting and fall harvest schedules were interrupted, which in turn led to nutritional stress, 

creating a vicious cycle of illness and incapacitation (Trimble, 1994). Even survivors of the 

smallpox disease eventually died of starvation due to severe food shortages, which drastically 

reduced the warrior/hunter class and led to greater susceptibility to raids and poaching 

(Trimble, 1994). Combined with the harsh climatic conditions of the LIA, the presence of 

European diseases such as smallpox likely contributed to the overall poor health of Extended 

Coalescent villagers.  

The Postcontact Coalescent 

The Postcontact Coalescent (1675 – 1780) marks the beginning of European contact 

with Arikara villages. The first Europeans to reach the Middle Missouri Valley and come 
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into direct contact with the Arikara were fur traders and explorers, many of whom did not 

regularly document their encounters with the indigenous Plains Indians (Rogers, 1990). As 

such, only scattered direct historical information is available for this period, especially the 

earlier half of it. It should be noted that extensive contact did not ensue until the beginning of 

the nineteenth century, so change occurred at a much slower and less devastating rate than 

other first contact situations in the New World (Rogers, 1990). The relationships during these 

early encounters were mainly trade related, as Europeans acquired furs and other provisions 

from the Arikara in exchange for various items, most of which were used for adornment 

(e.g., ribbons, glass beads, earrings, buttons) (Orser, 1984). For the most part, trade relations 

between Europeans and the Arikara were amiable and mutually beneficial during the 

Postcontact Coalescent (Rogers, 1990).  

The Arikara acquired the horse around 1738 via trade relationships with the 

Europeans and had access to guns by 1750 (Rogers, 1990). As mentioned earlier in this 

chapter, the introduction of the horse was particularly beneficial in regard to hunting 

activities, especially the annual bison excursions. Hunting ranges were greatly expanded, 

which increased the amount of bison and other wild game that could be killed (Jantz and 

Owsley, 1984). In addition, hunting on horseback and with guns was likely much more 

efficient than hunting on foot and also enabled the Arikara to transport more bison meat and 

byproducts such as bone, antlers, and hides, back to their villages. Not only did the success of 

hunting by horseback provide optimal nutritional resources for the villagers, it also enabled 

them to store prodigious quantities of food for the harsh South Dakota winters when 
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provisions were scarce. The large cache pits associated with many Postcontact Coalescent 

villages are a testament to these food surpluses (Lehmer, 1970). 

In addition to successful hunting activities, horticultural pursuits also appear to have 

improved during the first half of the eighteenth century due to favorable climatic conditions. 

The villages of the Postcontact Coalescent are fairly large and widely distributed along the 

Missouri River and generally have large middens associated with them, which suggest that 

population levels increased significantly from the Extended Coalescent and that the sites 

were occupied for long periods of time (Lehmer, 1970; Johnson, 1998). According to Lehmer 

(1970), this settlement pattern, along with the large middens and extensive cache pits, is 

indicative of a more sedentary lifestyle facilitated by a break in the LIA. The apparent shift 

from cold, arid conditions to a warmer and wetter environment would have fostered ideal 

conditions for both horticultural activities and gathering of wild resources since plants, 

berries, roots, and nuts would have been more abundant. In turn, the stability of gardens and 

natural resources would have enabled the Arikara villagers to remain stationary for longer 

periods of time.  

The introduction of guns, however, also had an adverse effect on the Arikara villagers 

in that intertribal warfare appears to have increased during the Postcontact Coalescent. Many 

villages from this period are fortified with circular or oval ditches (moats) and sometimes 

bastions and/or palisades to protect from enemy tribes (Owsley, 1994; Johnson, 1998). 

Skeletal trauma has also been observed in many archaeological samples from this period, 

which provides direct evidence of intertribal conflict. Several skeletons from the Larson site, 

for example, show evidence of scalping, decapitation, projectile point injuries, and/or knife 
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wounds (Owsley, 1994). As mentioned previously, there is also evidence that the Larson site 

was burned to the ground as an act of war or retaliation. According to Owsley (1994), small-

scale warfare between the various tribes of the Middle Missouri Valley was likely a common 

occurrence that had taken place for centuries and was simply a characteristic feature of life 

on the Great Plains. It is also possible, if not likely, that warfare increased during the terminal 

period of the Postcontact Coalescent because of the overall prosperity of the times; the 

abundant resources and large cache pits resulting from bountiful harvests and hunts were 

prime targets for raids and prized horses were often coveted by rival tribes (Johnson, 1998). 

Despite the elevated levels of intertribal conflict, the Postcontact Coalescent has still been 

characterized as a period of florescence and overall good health because of the abundance of 

food resources from both hunting and horticulture.  

Osteological Evidence for Overall Health 

Several studies have compared overall health patterns between the Extended and 

Postcontact Coalescent variants by examining skeletal material from various archaeological 

sites belonging to the two time periods. For the most part, data from these studies correlate 

with the archaeological and ethnohistorical evidence, suggesting that the villagers of 

Postcontact Coalescent sites typically had better overall health than their Extended 

Coalescent counterparts. Previous research on Arikara health has focused predominantly on 

growth patterns based on long bone measurements and disease pathologies (Palkovich, 1981; 

Jantz and Owsley, 1984; Kelley et al., 1994; Wescott and Cunningham, 2006).  

Long bone growth variation in skeletal populations has been utilized by physical 

anthropologists as a means to assess health and nutritional status in past populations, based 
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on evidence from modern groups which suggests that environmental stress, such as dietary 

deficiency and chronic disease loads, can impede linear bone growth. One such study by 

Jantz and Owsley (1984) compared long bone lengths of the upper and lower limbs of 

Arikara juveniles belonging to the Extended, Postcontact, and Disorganized Coalescents, to 

determine general health patterns for the three time periods. Individuals from both of the 

sample sites (Mobridge and Larson) used in the present study, along with eight other Middle 

Missouri sites, were included in Jantz and Owsley‟s analysis. The authors found that 

individuals from the Extended Coalescent have similar long bone lengths to individuals from 

the Postcontact Coalescent during early childhood (although the average from the 

Postcontact sites is slightly longer), but by late childhood, lengths of the humerus, femur, and 

tibia are greater at the Postcontact sites. The authors conclude that the differences in long 

bone lengths seen in this study suggest that the Arikara experienced varying levels of overall 

health during the three time periods, with the Postcontact period being the most salubrious 

and the Extended Coalescent being the least healthy of the three variants examined.  

Some researchers have also used sexual dimorphism as a proxy for health conditions 

in prehistoric populations because differences in body size between the sexes are said to be 

reduced in populations experiencing environmental stress (Wescott and Cunningham, 2006). 

In order to examine health status in the Arikara over time, Wescott and Cunningham (2006) 

compared cross-sectional measurements and geometric properties of femora and humerii 

from three Coalescent variants (including the Extended and Postcontact variants), using 

skeletal material from multiple sites for each time period. The results suggest that sexual 

dimorphism in both the humerus and femur was less pronounced during the Extended 
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Coalescent, but more extensive during the Postcontact period. These findings correspond 

well with the long bone growth study previously discussed (Jantz and Owsley, 1984), and 

suggest that Postcontact Arikara populations, including the Larson village, experienced better 

overall health than their Extended Coalescent counterparts (Wescott and Cunningham, 2006). 

Though both of the studies discussed thus far have only used indirect evidence of 

environmental stress to demonstrate health status in the Arikara, pathological lesions have 

been documented in skeletal material from both study sites, which verify the presence of 

disease-related stress in these populations. Kelley et al. (1994) examined individuals from 

four sites, including Mobridge (n=76) and Larson (n=244), for the presence of periosteal 

reactions on the inner rib surfaces, as these lesions are indicative of pulmonary tuberculosis. 

Periosteal lesions were scored as either present or absent, and the number of affected ribs per 

individual was also tallied. Only individuals with at least one-half of their ribs present were 

included in the samples. Chi-Square analysis revealed that a greater percentage of the 

individuals from the Mobridge site (6.6%) exhibited skeletal lesions associated with 

pulmonary tuberculosis than did individuals from Larson (4.9%), though this difference was 

statistically insignificant at an alpha level of 0.05. The number of ribs affected per individual, 

however, was quite variable between the sites; Mobridge villagers had an average of 2.8 ribs 

that were affected, while individuals from Larson had an average of 6.0 ribs that exhibited 

periosteal lesions.  

According to Kelley and colleagues (1994), these numbers are likely reflective of the 

duration of illness and resistance of the afflicted individual. For instance, the Mobridge site 

had the highest frequency of individuals with tuberculosis (6.6%), yet the lowest average 
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number of ribs affected per individual (2.8). It seems plausible that individuals from the 

period prior to direct European contact (AD 1600 – 1650) would have had little biological 

resistance to this new disease, and would therefore have died fairly quickly, preventing 

extensive skeletal lesions from forming. In contrast, Larson had a lower frequency of 

affected individuals (4.9%), yet had the highest number of ribs involved per individual (6.0), 

which could be attributed to a more chronic infection (i.e., greater resistance) where 

periosteal lesions would have time to form on several ribs prior to death. Despite the lack of 

statistically significant frequency differences between the two sites, this study suggests that 

the inhabitants of the Mobridge site may have experienced slightly elevated levels of acute 

tuberculosis, which contributed to the overall poor health status of the village.  

Combined with the ethnohistorical and archaeological evidence, the osteological data 

presented in this section indicates that the two sites being examined for the present study 

appear to have varying levels of overall health; the Mobridge villagers experienced elevated 

levels of nutritional and disease stress, whereas the Larson site inhabitants were generally 

healthier as a result of favorable environmental conditions and hunting adaptations (i.e., 

introduction of the horse) that led to resource surpluses. The data presented in this chapter 

therefore serves as a foundation from which hypotheses about the expected frequencies of 

skeletal stress indicators and developmental defects can be made.  
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CHAPTER 3:  BACKGROUND 

 

Stress Indicators 

 Direct osteological evidence for nutritional and disease stress can be found in various 

bones of the skeleton, including the skull, long bones, and dentition. Porotic hyperostosis 

(PH), cribra orbitalia (CO), and linear enamel hypoplasia (LEH) are perhaps the most widely 

utilized indicators of environmental stress by physical anthropologists, despite the fact that 

each of the aforementioned pathologies is generally nonspecific and may represent a 

multitude of physiological disturbances (Hillson, 1996). These skeletal stress indicators 

instead provide a general assessment of a population‟s overall health (Temple, 2010). LEH is 

a particularly useful stress indicator because permanent tooth enamel formation commences 

during the second trimester and lasts until age ten to twelve, which represents a critical time 

for skeletal development (Goodman and Rose, 1990; Larsen, 1997). Moreover, dental enamel 

is the hardest tissue of the body, yet is extremely sensitive to physiological disturbances 

(Goodman and Rose, 1990). This combination of attributes is therefore highly conducive to 

detecting episodes of childhood stress in skeletal material because hypoplastic defects are 

permanently recorded in the enamel, which does not remodel throughout life, and also 

because the teeth themselves preserve extremely well in archaeological contexts. Unlike 

LEH, which can only occur during the first ten to twelve years of life when enamel is being 

deposited, CO and PH can represent both childhood and adult episodes of stress. However, 

the presence of active CO or PH is rare in adults; instead the lesions are typically healed and 

are most likely indicative of childhood stress (Larsen, 1997).  



 

29 

Although PH and CO have traditionally been attributed to the same developmental 

disturbances, some authors argue that the association between the two conditions is fairly 

weak (Walker et al., 2009). For example, in his analysis of crania from the Channel Islands, 

Walker (1986) found that 37.5% of the individuals exhibited CO, while PH was extremely 

rare. If CO and PH were indeed correlated, one would expect the two conditions to coexist in 

the majority of crania examined within a given population. Alternatively, some researchers 

contend that CO is the less severe precursor to PH or that the two represent similar osseous 

reactions to the same stimuli, albeit in different regions of the skull (e.g., Stuart-Macadam, 

1989; Larsen, 1997). Although the lesions can be attributed to the same physiological 

disturbance (e.g., anemia), Walker and colleagues (2009) have argued against the assertion 

that CO is the early form of PH due to the simple fact that many crania with PH do not 

exhibit active or healed CO lesions, which would be expected if CO were a pathological 

precursor to PH.   

Linear Enamel Hypoplasia 

 Dental enamel formation commences during the fourth month in utero with the 

deciduous first incisors and continues until age ten to twelve, when the third molar crowns 

are fully formed (Larsen, 1997). Enamel matrix is composed of both organic and inorganic 

constituents and is secreted by cells called ameloblasts, which are involved in both enamel 

deposition and remodeling (Hillson, 1996). Enamel is first deposited at the cusp of the tooth 

and progresses in an incremental manner to the cervix (cementoenamel junction) in growth 

layers called striae of Retzius (hereafter referred to as striae), which are microscopically 

visible as thin dark lines (Guatelli-Steinberg, 2008). At the cusp of the crown, these striae 
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overlap to form domes of highly mineralized enamel that can reach over 2 mm in thickness, 

while enamel on the sides of teeth is deposited in thinner concentric layers of approximately 

1 mm in thickness (Figure 2) (Hillson, 1996; Guatelli-Steinberg, 2008). Once matrix 

secretion is complete, the enamel maturation phase commences. During this process, 

ameloblasts break down the organic component of the matrix, which is then supplanted with 

acellular material consisting mainly of inorganic salts (Hillson, 1996; Larsen, 1997). 

 

 
Figure 2. Illustration of enamel deposition on incisor crown. Adapted from Ritzman et al.    

      (2008). 
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Ameloblasts are highly sensitive to physiological disturbances. If a systemic insult 

occurs during the matrix secretion phase, the ameloblasts cease enamel formation and 

prematurely enter the maturation phase, which results in a deficiency of enamel thickness on 

all crowns that are developing at the time of disturbance (Hillson, 1996; Hindle, 1998; 

Guatelli-Steinberg, 2008). This condition is known as enamel hypoplasia (EH) and 

morphological expression ranges from a series of small pits to areas with complete absence 

of enamel. The most common form is linear enamel hypoplasia (Figure 3), which is 

characterized as horizontal lines of missing enamel that are located on the buccal or labial 

surfaces of teeth (Goodman and Rose, 1990; Boldsen, 2007). Sometimes LEHs are found in 

close proximity to one another, which Hillson (1996) refers to as a “washboard” formation. 

EH is most common in the anterior teeth and usually occurs on the cervical and middle thirds 

of tooth crowns, which suggests that certain teeth and specific regions of the dentition may 

be more susceptible to systemic stress than others (Larsen, 1997; King et al., 2005). 

According to Condon and Rose (1992), developmental periods characterized by slower 

enamel deposition rates may be more sensitive to systemic disturbances than those stages 

with faster rates of secretion, therefore resulting in differential incidence of EH. However, it 

should be noted that EH may also occur in high frequencies in the earliest layers of cuspal 

enamel, which eventually become hidden under subsequent layers and thus, are not 

detectable macroscopically (Reid and Dean, 2000).   
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    Figure 3. Arikara skeleton displaying linear enamel hypoplasia in the mandibular     

    dentition. 

 

 

The etiology of EH is complex and can generally be attributed to three main factors: 

hereditary anomalies, trauma, or systemic metabolic stress (Hillson, 1996; Larsen, 1997). 

Hereditary dental defects, often referred to as amelogenesis imperfecta, are extremely rare 

(less than 0.1% in modern populations) and are typically related to a broader congenital 

syndrome (Hillson, 1996). As such, hereditary EH would be even less common in 

archaeological contexts since individuals born with congenital syndromes would be less 

likely to survive infancy during prehistoric times. In addition, hereditary EH almost always 
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affects the entire permanent and deciduous dentitions, a circumstance which is rarely, if ever, 

true of EH resulting from systemic metabolic stresses (Goodman and Rose, 1990). Similarly, 

EH due to localized trauma appears to be quite uncommon and is easily recognized due to its 

unique pattern of expression, whereby only one or two individual teeth are affected (Hillson, 

1996). Most cases of EH can be attributed to systemic metabolic stress; however, this 

category is broad in scope and can result from any number of causes. Although enamel 

defects have been linked to over 100 systemic conditions (Ogden, 2008), such as diabetes, 

hemolytic anemia, and allergies, these causes are rarely responsible for EH (Hillson, 1996). 

Instead, the most common forms of systemic stress that cause EH are nutritional deprivation, 

systemic and infectious diseases, and neonatal disturbances (Sweeney et al., 1971; Pindborg, 

1982; Schultz et al., 1998; Zhou and Corruccini, 1998; Temple, 2010). For instance, dietary 

deprivation of key nutrients, including vitamins, iron, and proteins, has been associated with 

atrophy of the enamel producing organ (called the Tomes process) of the ameloblasts, which 

in turn results in decreased enamel thickness (Temple, 2010). 

LEH is perhaps the most commonly utilized hypoplastic defect for assessing the 

health status of past peoples because it is conducive to estimating the age at which the stress 

event occurred and also for establishing the severity and duration of the disturbance (King et 

al., 2005; Guatelli-Steinberg, 2008). This potential to date the period of insult derives from 

the fact the enamel formation follows a predictable sequence of growth from the cuspal 

region of the tooth to its cervix. Although enamel formation does not occur at uniform rates 

along the tooth, several studies have established equations or charts that provide precise ages 

at which the insult occurred based on the location of the defect relative to the cementoenamel 
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junction (e.g., Massler et al., 1941; Swardstedt, 1966; Goodman et al., 1980; Goodman and 

Rose, 1990; Reid and Dean, 2000; Reid and Dean, 2006). It should be noted, however, that 

the deposition of cuspal enamel occurs in an overlapping, dome-like fashion, where the 

earliest enamel layers become concealed by subsequent layers (Figure 2). The initial 

deposition of cuspal enamel is not present on the surface of the crown, which in turn 

eliminates the ability to macroscopically detect hypoplastic defects formed during this 

developmental stage (Hillson and Bond, 1998; Reid and Dean, 2000; Ritzman et al., 2008). 

The process of overlapping cuspal enamel hides approximately 10-20% of the total time of 

crown formation in the anterior teeth and up to half of the crown formation in the posterior 

teeth (Ogden, 2008). So long as these characteristics of enamel deposition are taken into 

consideration, aging of systemic insults can elicit a high degree of accuracy and precision. 

LEH is also ideal for examining the duration of stress episodes based on the width of 

the enamel defect; thin lines represent acute periods of stress, while wider grooves are 

indicative of chronic stress (Goodman and Rose, 1990). Similarly, depth can be used as a 

measure of severity, with the more shallow grooves occurring during times of mild or 

intermediate levels of stress and deep grooves representing more severe insults (Ensor and 

Irish, 1995). When stress episodes last for long periods of time without intervals of 

abatement, the result will be a complete absence of enamel in a particular area of the crown, 

which is no longer considered to be LEH.   

Numerous studies of modern, historic, and archaeological populations have revealed 

peaks in EH occurrence between the ages of two to four and sometimes between the ages of 

four to five (Swardstedt, 1966; Goodman and Rose, 1990; Lanphear, 1990; Blakey et al., 
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1994; Moggi-Cecchi et al., 1994; Wood, 1996; Saunders, 1999; Obertova and Thurzo, 2008). 

Many researchers have linked the high rates of EH during this period to weaning, citing 

increased nutritional stress and decreased disease immunity as likely causative agents (e.g., 

Lanphear, 1990; Moggi-Cecchi et al., 1994; Ogden, 2008). Human milk provides key 

nutrients to the developing infant and also sustains healthy immunoglobulin levels that 

increase immunity against diseases, thus creating a protective buffer against environmental 

insults (Hillson, 1996; Ogden, 2008). Proponents of the weaning hypothesis argue that the 

dietary shift from breast milk to solid food often results in physiological stress due to an 

inadequate amount of nutrients, such as protein, in most weaning foods and decreased levels 

of immunity against disease pathogens (Lanphear, 1990; Ogden, 2008).  

Conversely, opponents of this hypothesis suggest that weaning occurs much earlier 

than age two in many populations and therefore cannot be the primary source of the stress 

episodes causing EH (e.g., Blakey et al., 1994; Wood, 1996; Larsen, 1997; Saunders, 1999). 

For instance, Blakey and colleagues (1997) have tested this hypothesis by examining EH in 

an African American slave population (n=27) where weaning ages were known to have 

occurred between the ages of nine months and one year. Ages of EH defects for the anterior 

teeth were estimated based on the chronological charts established by Goodman et al. (1980) 

and were found to be most prominent between the ages of 1.5 and 4.5 years, which is six to 

nine months later than the earliest documented weaning age. The authors conclude that while 

weaning may contribute to systemic stress during this age period, it is unlikely to have a 

significant influence on the overall etiology of the observed EHs (Blakey et al., 1994). 

Instead, they suggest that structural and random factors are more likely culprits, citing the 
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fact that enamel at the crown‟s midsection tends to be the most sensitive to developmental 

disturbances, regardless of environmental insults. This would bias the occurrence of enamel 

defects toward this region of the tooth, which coincidentally corresponds with the peak age 

range (two to four) noted in an overwhelming majority of studies. This conclusion may also 

be supported by the surprisingly high incidence (43-64%) of EH among apparently healthy 

children in some modern populations (Ogden, 2008), which could be the result of inherently 

susceptible dental enamel at certain developmental stages along the length of the crown. 

It should be noted, however, that Blakey and colleagues‟ (1994) conclusions might be 

problematic due to their use of Goodman et al.‟s (1980) chronological chart to determine the 

ages of peak EH occurrence. Although this particular chart is one of the most widely utilized 

EH dating methods among physical anthropologists, it neglects to account for the 

overlapping depositional pattern of cuspal enamel previously discussed (Reid and Dean, 

2000; Reid and Dean, 2006; Ritzman et al., 2008). Consequently, age estimates based on the 

Goodman et al. (1980) chart method are considerably younger than the actual age at which 

the stress event occurred and the enamel defect was formed. Using histological sections of 

tooth enamel from the anterior teeth, Reid and Dean (2000, 2006) established a chronological 

chart that accounts for the nonlinear deposition of cuspal enamel, which has since been tested 

and verified by subsequent studies (e.g., Ritzman et al., 2008). When I compared the ages of 

enamel mineralization between the two charts, significant differences are apparent; the 

incisal edge (which corresponds with the completion of cuspal enamel) of the mandibular 

canine, for instance, represents an age of 1.5 years according to Reid and Dean‟s (2000, 

2006) chart, yet corresponds to an age of 6 months using the Goodman et al. (1980) chart. 
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Similar differences can be observed for the maxillary and mandibular incisors. According to 

the Reid and Dean (2000, 2006) chart, enamel formed during weaning (nine months to one 

year) in the African American slave population would not even be visible on the crowns of 

the anterior dentition because they would be hidden under enamel layers representing ages 

greater than one year of age. Blakey and colleagues‟ (1994) dismissal of weaning as a 

potential cause of EH is therefore tenuous due to the inaccurate aging methodology utilized 

for their study.  

This is not to suggest that the weaning hypothesis is necessarily true; in fact, the 

revised chart actually elicits older ages than previous methods, which means that peaks of 

EH occurrence and weaning may no longer correspond as well as once thought. According to 

the Goodman et al. (1980) chart, an estimated age of two using the maxillary canine, for 

example, would actually be closer to an age of two and a half using the Reid and Dean (2000, 

2006) chart. Consequently, the revised method may, in fact, lend credence to the argument 

that peak ages of EH occur later than typical weaning age in many populations. 

Porotic Hyperostosis and Cribra Orbitalia 

Porotic hyperostosis (PH) and cribra orbitalia (CO) are among the most frequently 

reported pathologies in skeletal material derived from archaeological contexts. PH can be 

observed macroscopically as areas of pitting and porosity that develop on the external surface 

of the cranial vault, while CO affects the orbital roofs in a similar manner (Walker, 1986; 

Stuart-Macadam, 1989; Walker et al., 2009). PH occurs with the greatest frequency on the 

parietals, but also to a lesser extent on the occipital and frontal bones. The distribution of PH 

and CO lesions is typically bilateral and symmetrical; PH usually affects both parietal bones 
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to a similar extent, while CO is generally found on the anterolateral aspect of the orbital roofs 

(Stuart-Macadam, 1989; Vercellotti et al., 2010). Although expression can range from minute 

pinholes to large foramina, lesion morphology does not appear to correlate with the severity 

of the affliction (Stuart-Macadam, 1992). Instead, individual variability in bone composition 

and hematopoietic marrow distribution are more likely determinates of PH and CO 

expression. 

PH and CO can be classified as either “active” or “healed,” depending on lesion 

morphology and the degree to which bony remodeling has occurred. Active lesions are 

highly vascularized and have a spongy or coral-like appearance, whereas healed lesions are 

characterized by an influx of new bone growth in the surface porosities (Figure 4). Active 

lesions are believed to represent an acute episode of physiological stress that was present at 

the time of death and are far more common in juveniles than in adults (Larsen, 1997; 

Keenleyside and Panayotova, 2006). As such, it is widely recognized that PH and CO are 

indicative of childhood stress, but can nonetheless be utilized to gauge overall stress within 

the population as a whole (Larsen, 1997). 
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   Figure 4. Arikara skeleton exhibiting healed cribra orbitalia in right orbit. 

 

The vault lesions are caused by hypertrophy of the inner trabecular bone, which 

expands outward at the expense of the smooth cortical bone that forms the ectocranium 

(Keenleyside and Panayotova, 2006; Walker et al., 2009). As expansion progresses, the 

external table becomes increasingly thin is some areas, exposing the underlying diploë and 

forming surface pitting and porosity. This process often results in irregular bone thickness, 

which can increase by up to 40% in severe cases (Angel, 1966). Although orbital lesions may 

also be caused by diploëic expansion, histological analyses have indicated that subperiosteal 

inflammation can also produce the coral-like lesions that are characteristic of CO (Wapler, 

2004). This suggests that while CO and PH may share a common etiology in some instances, 

CO lesions can also be attributed to other pathological processes. 
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There is a general consensus among physical anthropologists that anemia is 

responsible for diploëic hypertrophy, which in turn produces the porous lesions associated 

with PH and some cases of CO (Stuart-Macadam, 1992; Ortner, 2003; Walker et al., 2009). 

As Walker and colleagues (2009) aptly point out, anemia is not a specific disease, but rather 

a pathological symptom of inadequate levels of healthy red blood cells (RBC) or insufficient 

quantities of hemoglobin. Anemia is generally the result of excessive blood loss, increased 

hemolysis (RBC destruction), and/or decreased erythropoiesis, and can be either genetic 

(e.g., sickle cell anemia) or acquired (Stoltzfus et al., 2000; Dhaliwal, 2004; Stabler and 

Allen, 2004). Although hereditary anemia is rare in most populations, acquired anemia is 

fairly common and is often caused by inadequate intake or malabsorption of key nutrients, 

such as iron, amino acids, folic acid, and vitamins A, B6, and B12 (Hercberg and Rouaud, 

1981). While the connection between anemia, marrow hypertrophy, and porotic lesions is 

generally well established, the specific type of anemia responsible for the cranial lesions 

associated with PH continues to be a subject of debate within the field of physical 

anthropology. 

Determining a precise etiology for PH is inherently difficult when working with 

skeletal material, but is further complicated by the paucity of clinical evidence for skeletal 

changes that accompany the various forms of anemia (Stuart-Macadam, 1987a). To improve 

upon the lack of macroscopic evidence from modern clinical cases, radiographs have been 

utilized to detect skeletal changes typically associated with PH, such as diploëic expansion 

and atrophy of the outer table, in individuals suffering from various forms of anemia 

(Agarwal et al., 1970; Stuart-Macadam, 1987b). Most often, radiographic evidence of PH has 
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been found in the crania of individuals with low iron levels, as indicated by hematological 

analysis. Consequently, iron-deficiency anemia (IDA) has been widely accepted as the most 

probable cause of PH in skeletal material derived from archaeological contexts (El-Najjar, 

1976; Mensforth et al., 1978; Larsen, 1997; Sullivan, 2005; Obertova and Thurzo, 2008). 

Proponents of this hypothesis point to the fact that IDA is the most common type of anemia 

found in modern populations and therefore likely affected past populations to a similar (or 

greater) extent (Walker et al., 2009). In particular, IDA is most prevalent in societies with 

poor living conditions characterized by infectious disease, inadequate sanitation, and 

nutritionally deficient diets (Ekiz et al., 2005). Ethnohistorical, archaeological, and 

osteological data have repeatedly shown that these circumstances became almost ubiquitous 

in past populations once a sedentary lifestyle was adopted (e.g., Kent, 1986; Larsen, 1997; 

Redman, 1999), which further supports the assertion that IDA was likely abundant in 

prehistoric populations.  

Most recently, Walker and colleagues (2009) have made a compelling argument 

against the IDA hypothesis by suggesting that IDA actually results in decreased levels of 

erythropoiesis and therefore cannot be responsible for the diploëic expansion associated with 

PH. According to the authors, when hemoglobin levels decrease as a result of anemic 

conditions, the body triggers a hormonal response that induces RBC production and 

maturation (Walker et al., 2009). If adequate RBC levels are not established through the 

initial hormonal increases, erythropoietic sites within the skeleton, such as the diploë of the 

cranial vault, are then targeted. As RBC production increases within these areas, bone 

marrow expands and results in cranial pitting and porosity. The crux of Walker et al.‟s (2009) 
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argument is that only some forms of anemia are able to stimulate extensive marrow 

hypertrophy and IDA is not one of them. Citing recent clinical studies, the authors suggest 

that adequate levels of iron are required for the expansion of bone marrow to occur and 

because iron stores are obviously insufficient and erythropoietic activity is reduced during 

episodes of IDA, it is logically impossible for this type of anemia to be the cause of PH. 

Instead, Walker and colleagues (2009) argue that hemolytic and megaloblastic 

anemias are more likely candidates for the cause of PH since both types of anemia are 

capable of producing extensive diploëic hypertrophy. Hemolytic anemia is the result of 

hemolysis, or the premature destruction of RBCs, that exceeds the rate of RBC production, 

thus triggering a responsive increase in immature RBCs (called reticulocytosis) through bone 

marrow expansion (Dhaliwal et al., 2004). Hemolytic anemia has been linked to both 

hereditary and acquired causes, including infections, malignancies, autoimmune disorders, 

hypertension, and sickle cell disease (Dhaliwal et al., 2004). Megaloblastic anemias are also 

characterized by diploëic hypertrophy as a result of RBC overproduction, though they are 

typically caused by dietary deficiencies or inadequate absorption of vitamin B12 and folic 

acid (Walker et al., 2009).  

Oxenham and Cavill (2010), however, disagree with Walker et al.‟s (2009) assertion 

that IDA cannot possibly be responsible for PH and argue that the authors have misconstrued 

the clinical literature regarding IDA and its influence on erythropoietic activity. Contrary to 

Walker and colleagues‟ (2009) main argument, Oxenham and Cavill (2010) contend that 

erythropoiesis actually increases in response to IDA, which can lead to marrow hypertrophy 

and ultimately, to PH. According to the authors, erythropoietic activity becomes extremely 
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inefficient during iron deficient circumstances; erythroblasts (immature RBCs) fail to mature 

into erythrocytes because they are unable to capture enough iron to make sufficient 

hemoglobin. If hemoglobin becomes deficient in any way, the body prematurely destroys 

RBCs before they can leave the marrow. This cycle actually stimulates increased (albeit 

ineffective) levels of erythropoiesis, not reduced RBC production, as Walker and colleagues 

(2009) have suggested (Oxenham and Cavill, 2010). Although this information appears to 

support the IDA hypothesis, the authors caution against making any definitive determinations 

about the relationship between iron deficiency and PH until further research is conducted.  

As mentioned previously, anemia is a symptom and therefore represents some 

underlying pathology that leads to inadequate RBC or hemoglobin levels. Although there is 

discord over which specific type(s) of anemia can lead to PH, there are a variety of 

environmental and cultural factors known to result in the physiological disturbances that 

cause anemia. Malnutrition is often responsible for various types of anemia, with vitamin B12 

deficiency being a common cause of megaloblastic anemia in children and infants (Stabler 

and Allen, 2004). Although adults are quite resilient to inadequate levels of vitamin B12, 

infants are far more susceptible to developing megaloblastic anemia due to their limited 

reserves of B12. This is particularly problematic when breastfeeding mothers are themselves 

B12 deficient, a condition that is either caused by inadequate intake of foods that contain B12 

(e.g., meat and animal byproducts) or malabsorption caused by parasitic infections (Walker, 

1986; Stuart-Macadam, 1992; Stabler and Allen, 2004; Walker et al., 2009). Weanling 

diarrheal disease caused by unsanitary living conditions can also lead to anemia in infants 
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and young children because it depletes vital nutrients, including B-complex vitamins, iron, 

vitamin C, and vitamin E (Walker, 1986; Stabler and Allen, 2004). 

Several researchers have also highlighted the strong correlation between parasitism 

and anemia, which is common in sedentary groups with high population densities (Walker, 

1986; Reinhard, 1992; Stuart-Macadam, 1992; Klaus and Tam, 2009; Walker et al., 2009). 

Parasite infections can lead to anemia by leeching critical nutrients, interfering with proper 

absorption of nutrients, or through direct consumption of blood by the microorganism 

(Walker, 1986; Stuart-Macadam, 1992; Stabler and Allen, 2004; Walker et al., 2009). For 

instance, Reinhard (1992) has documented numerous cases of PH that appear to be strongly 

correlated to parasitism in Anasazi sites throughout the Southwest United States. Coprolite 

analysis suggests that the Anasazi suffered from pinworm infections, a common type of 

parasite in temperate climates, which may have resulted in anemia, and in turn, produced PH.  

Although parasite infections on their own may not be able to cause extensive diploëic 

hypertrophy, the synergistic effect of inadequate diets, chronic disease (e.g., diarrheal), and 

parasitism can result in severe anemia (Walker et al., 2009). Walker and colleagues (2009) 

suggest that a combined etiology is likely behind many archaeological cases of PH since 

prehistoric societies often lived in unsanitary conditions that were ideal for the proliferation 

of disease and parasites. Moreover, those populations prone to food shortages, such as 

sedentary agriculturalists relying on a limited number of crops, were more likely to develop 

megaloblastic anemia resulting from both environmental (e.g., disease) and cultural (e.g., 

weaning practices) factors (Walker et al., 2009).   
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As mentioned previously, CO and PH can sometimes have different etiologies. While 

both can be caused by diploëic hypertrophy, CO lesions can also be attributed to 

subperiosteal inflammation resulting from a number of pathologies, including rickets and 

scurvy (Ortner et al., 2001). Both scurvy and rickets can produce porous lesions on the 

orbital roofs that are similar to those caused by marrow hypertrophy. Scurvy is the result of 

vitamin C deficiency and because vitamin C is necessary for collagen synthesis, this disease 

can be detected osteologically. When vitamin C levels are insufficient, the Sharpey‟s fibers 

connecting the periosteum to the bone of the eye orbits are weakened and the periosteum 

slowly detaches from the underlying cortical bone (Walker et al., 2009). When this occurs, 

subperiosteal bleeding ensues and stimulates the formation of a new layer of porous, 

subperiosteal bone. There is, however, a way to distinguish orbital lesions resulting from 

scurvy and those caused by anemia; the porous lesions caused by anemia are the result of 

enlarged trabeculae that penetrate the cortical bone, whereas in scurvy, the porosities affect 

only the outer table of compact bone (Ortner et al., 2001). Similarly, rickets is a disease 

caused by vitamin D deficiency that can produce orbital lesions similar to those resulting 

from scurvy or anemia. Vitamin D is essential for proper bone mineralization and when 

inadequate levels are sustained for extended periods of time, cortical bone becomes porous 

and irregular, producing surface porosity (Mays et al., 2006). Unlike CO, however, rickets is 

also characterized by distinctive postcranial changes such as bowing or bending of the limbs 

that do not typically occur in CO associated with anemia (Mays et al., 2006). 
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Developmental Defects 

Although skeletal defects have often been viewed as mere curiosities with limited 

scientific utility, numerous studies during the latter part of the twentieth century have applied 

non-metric approaches to biological distance studies between populations (Berry and Berry, 

1967; Sjøvold, 1975; Hanihara et al., 2003; Ricaut and Waelkens, 2008) and kinship analyses 

within archaeological cemeteries (Bondioli et al., 1985; Alt and Vach, 1992; Howell and 

Kintigh, 1996; Stojanowski and Schillici, 2003). The vast majority of these studies have 

utilized discrete cranial and dental traits, under the assumption that these variants were under 

strong genetic control. Minor developmental defects from other regions of the body, such as 

the hands, feet, and vertebral column, have received considerably less attention from physical 

anthropologists and bioarchaeologists, perhaps because the etiology of such anomalies is 

poorly understood.  

In fact, it is not uncommon for defects of the hands and feet to be erroneously 

attributed to trauma, arthritis, or infection (Regan et al., 1999; Case and Burnett, in press; 

Offenbecker and Case, in press). One such example of misidentification that appears to be 

fairly common among physical anthropologists involves the accessory navicular, a 

supernumerary bone of the human foot that occurs when the navicular tuberosity fails to fuse 

to the main body of the navicular. This developmental anomaly causes the surface of the 

tuberosity to become abnormally flattened and porous, which some researchers have 

mistakenly attributed to arthritis (Anderson, 1963) or trauma (Cardy, 1998). In clinical 

research, numerous family pedigrees have demonstrated that this anomaly is highly heritable 

(Kiter et al., 2000; Dobbs and Walton, 2004), and may therefore be a potentially useful 
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indicator of genetic affinity if found in archaeological cemeteries (Offenbecker and Case, in 

press). Other seemingly insignificant anomalies, such as the paracondylar process (a form of 

vertebral border shifting), are also believed to be under strong genetic influence and can be 

part of a broader congenital syndrome associated with underlying neurological disorders 

(Taitz, 2000). These examples demonstrate the potential utility of minor skeletal anomalies 

for various areas of research within the field of bioarchaeology, including kinship analysis 

and paleopathology.   

Although post-cranial developmental anomalies are utilized far less than non-metric 

cranial traits for kinship analysis and biological distance studies, there have been attempts to 

identify kinship units from cemetery populations that include minor anomalies of the 

appendicular skeleton (Case, 2003). Regardless of which specific traits are chosen for 

analysis, both types of research are founded on the assumption that the anomalies being 

utilized are under strong genetic influence. And although the heritability of some traits is 

well established (e.g., accessory navicular, supernumerary teeth, metopic suture), studies of 

other traits, such as os acromiale, have been somewhat inconclusive (Berry, 1974; Cheverud 

and Buikstra, 1981; O‟Loughlin, 2004; Case, 2003; Case et al., 2006). The implications of 

this incongruity are obvious; if the etiology of certain anomalies is unknown, the utility of 

these traits as indicators of biological affinity is diminished. It is therefore imperative to gain 

a more comprehensive understanding of both the genetic and environmental etiological 

components of these anomalous traits.  

The primary objective of this section is to examine how environmental stress can 

contribute to the etiology of developmental defects, as evidenced by clinical studies and 
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osteological analyses. The clinical data presented here will derive from two main sources; 

animal models based on experimental research and human case studies derived from both 

prospective and retrospective research designs. The anthropological literature regarding 

environmental influence on skeletal defects, though sparse, will then be presented.  

Nutritional Deficiency  

 The clinical literature on dietary deficiencies that cause developmental defects is so 

extensive that nearly every essential vitamin has been linked to some type of congenital 

anomaly (Seller, 1987). Unfortunately, the vast majority of these data are derived from 

experimental studies on animals (typically rats) because of the various ethical and 

methodological issues that arise when using human subjects for this type of research. Aside 

from the obvious fact that experimental dietary manipulation cannot, and should not, be 

conducted on humans, case-control studies on pregnant mothers have their own inherent 

difficulties. Epidemiological research on human subjects generally falls into two broad 

categories, retrospective and prospective, that are often set up as case-control studies 

comparing defect frequencies among mothers who sustained adequate nutrition throughout 

pregnancy to those who did not.  

Retrospective studies generally involve gathering data from hospital, state, or federal 

registries that document individual cases of birth defects, and if necessary, contacting 

mothers whose offspring were born with congenital malformations (Pitt and Samson, 1961; 

Richards, 1969; Wynne-Davies et al., 1982; Werler et al., 1993; Vrijheid et al., 2000). The 

goal of this type of research is to obtain detailed information on nutrient intake during 

pregnancy, so as to determine if certain deficiencies are affiliated with particular defects. One 
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of the earliest and most widely cited retrospective studies was conducted by Richards (1969), 

who found a statistically significant association between dietary deficiency in pregnant 

women and increased frequency of congenital defects in their offspring. As part of the South 

Wales Survey of Congenital Defects, retrospective interviews were conducted by health 

practitioners to record various environmental factors that may have contributed to the 

occurrence of congenital defects in perinates. Mothers of infants with birth defects and 

mothers of normal (i.e., non-malformed) infants were included in the study. Statistical 

analysis revealed that mothers with inadequate dietary intake during the first trimester of 

pregnancy had a significantly higher incidence of infants with skeletal anomalies (including 

anencephaly, spina bifida cystica, cleft palate and/or cleft lip) than did their adequately 

nourished counterparts (Richards, 1969).  

Werler and colleagues (1993) also utilized a retrospective approach, but unlike 

Richards (1969), were extremely specific in the scope of their study; their primary objective 

was to determine if the use of periconceptional folic acid (vitamin B9) supplementation 

decreased the risk of neural tube defects in the offspring of their test subjects. The study 

included 2,615 control cases (i.e., mothers with non-malformed infants) and 567 mothers 

who had previously given birth to children with anencephaly, spina bifida, or encephalocele. 

Relative risk of birth defects was estimated through odds ratio analysis, which included 

potentially confounding factors such as maternal age, ethnicity, drug use, income level, 

parity, and so forth (Werler et al., 1993). The results indicated that there was a statistically 

significant (p=0.02) trend of decreasing risk of birth defect with increased folic acid intake. 

Furthermore, Werler and colleagues (1993) found that mothers who incorporated at least 0.4 
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milligrams of folic acid per day for the six months prior to their pregnancy and throughout 

gestation had a 72% reduction in the risk of their offspring having neural tube defects.  

While the study by Werler and colleagues (1993) appears to be more scientifically 

sound than the somewhat simplistic approach employed by Richards (1969), such research 

designs are dubious for a variety of reasons. What is most problematic about clinical studies 

that utilize this retrospective approach is that they are reliant on the mother‟s ability to 

accurately recall details about her dietary intake many months after the fact. Furthermore, 

since the most critical time for skeletal development, and thus the occurrence of 

developmental defects, is during the embryonic period (Scheuer and Black, 2000), the 

mother would have to recall details from the first two months of gestation, when many 

women are just becoming aware of their pregnancy. Also problematic about retrospective 

interviews is the possibility that the mother‟s responses may be skewed by the outcome of 

their pregnancy, meaning that mothers that gave birth to malformed infants may be more apt 

to recall dietary insufficiencies than mothers with non-malformed children (Mackenzie and 

Lippman, 1989). Consequently, it is imperative to carefully scrutinize both the 

methodologies and results of such studies.   

 Prospective studies, on the other hand, commence as close to conception as possible, 

so as to overcome the methodological weaknesses inherent in the retrospective study. This 

type of research is almost always designed as a case-control study, where participants record 

dietary intake and vitamin supplementation throughout the course of their pregnancy (e.g., 

Smithells et al., 1981; Bower and Stanley, 1989). In many prospective studies, researchers 

provide participants with periconceptional vitamin supplementations so the precise amounts 
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of each nutrient are known, which allows for greater control and a more comprehensive 

understanding of the possible etiologies of some defects (Smithells et al., 1981). The 

prospective case-control research design is not only effective at eliminating recall bias, but 

also provides a baseline for statistical comparison of defect frequencies between the two 

cohorts.  

 Similar to the Werler et al. (1993) study, Smithells and colleagues (1981) examined 

the efficiency of periconceptional vitamin supplementation in preventing neural tube defects 

among mothers who had already given birth to at least one child with a neural tube defect. 

However, instead of conducting a retrospective study, Smithells and colleagues (1981) 

utilized a prospective research design where they administered multivitamins containing 

Vitamin A, thiamine, riboflavin, folic acid, and Vitamin D, to women at least 28 days prior to 

conception. The study subjects (n=256) were asked to continue taking the multivitamins until 

the date of the second missed period (i.e., throughout the critical embryonic period), which 

resulted in a mean supplementation interval of 110 days for all women in the study 

(Smithells et al., 1981). The control group assembled for this study was a cohort of 305 

women who had previously given birth to at least one child with a neural tube defect but 

were already pregnant when the study began and therefore did not receive periconceptional 

supplementation. According to Smithells and colleagues (1981), the risk of giving birth to a 

second child with a neural tube defect is approximately 5%, which represents the baseline or 

expected level of reoccurrence for the study cohorts. The outcomes of the pregnancies 

revealed that 4% of offspring from the control group had neural tube defects, while only 

0.4% (n=1) of the study group that was provided periconceptional supplementation gave 
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birth to a child with a neural tube defect. These findings accord well with the results of 

similar research (Bower and Stanley, 1989; Czeizel and Dudás, 1993; Wolff et al., 2009), 

which has documented that folic acid deficiency can result in skeletal malformations 

associated with neural tube defects. 

 It should be noted, however, that most epidemiological research on skeletal 

malformations focuses on major defects, such as anencephaly and spina bifida cystica, while 

neglecting minor abnormalities that generally have little effect on morbidity or mortality. If 

defects are not deleterious to the health of the individual and are not macroscopically visible 

to the clinical attendant, it is highly unlikely that minor anomalies, such as tarsal coalition, 

would be reported in medical records. Experimental research on animal proxies, however, 

tends to document minor skeletal anomalies (e.g., vertebral shifting or clefting) much more 

frequently, because of the common practice of postmortem dissection, which generally does 

not occur in epidemiological studies involving humans. Animal models are also 

advantageous in that etiological factors are more easily isolated from one another since 

certain nutrients can be held constant while others are manipulated. Dosage and timing of 

deprivation can also be controlled by researchers, leading to a more thorough understanding 

of periods of developmental susceptibility.  

 The use of laboratory animals as proxies for human response to dietary deficiencies is 

not without its critics. Among the most common critiques are that humans and laboratory 

animals have disparate nutritional requirements and varying metabolic pathways for specific 

vitamins and minerals, which is why some researchers are cautious about directly 

extrapolating experimental findings to human cases (Schaffer, 1993). In light of these 
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concerns, various observations in human case studies, both purposeful and inadvertent, have 

helped to placate some of the apprehension of using animals as predictive models. For 

instance, results derived from animal experiments on folic acid deficiency (e.g., Nelson, 

1959) accord well with both clinical research, such as the Werler et al. (1993) study 

mentioned above, and “natural” studies of humans exposed to severe famine, such as the 

Dutch Hunger Winter that occurred in 1944/45. The Dutch famine resulted from an embargo 

on transport into the regions still under Nazi occupation, which created immediate food 

shortages, thus necessitating the daily rationing of food for Dutch citizens. These rations 

were both calorically and nutritionally inadequate, as they were comprised of mainly bread, 

potatoes, and sugar beets (Susser et al., 1998). Following World War II, extremely thorough 

records of individuals conceived during the Dutch famine were compiled and the adverse 

effects of severe malnutrition were examined. One such observation was that congenital 

anomalies, and particularly neural tube defects, increased dramatically in the cohort of 

individuals conceived under these unfavorable conditions (Susser et al., 1998). Clinical 

studies and experimental models have also demonstrated that major defects generally occur 

in the same anatomical locations (e.g., neural tube and craniofacial region) for both humans 

and animals, suggesting that the effects of nutritional deficiency may be similar across 

mammals (Schaffer, 1993). 

Warkany and colleagues (1940, 1943) were among the first researchers to examine 

the relationship between nutritional deficiency and congenital defects by manipulating the 

diets of female rats to test if their offspring would exhibit developmental malformations. The 

malnourished female rats were mated and produced 164 offspring, 57 of which exhibited 
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multiple congenital defects, including mandibular shortness, syndactyly (digital fusion), short 

tail, reduction and absence of the tibia and fibula, rib fusion, abnormal sternal ossification, 

and cleft palate. Of particular interest to the researchers was cleft palate, a skeletal defect 

characterized by partial or complete absence of the palatine bones or the palatine process of 

the maxilla, which typically results in a v-shaped fissure along the posterior midline along 

the roof of the mouth. The precise etiology of cleft palate had been a topic of debate within 

the medical community for a number of years, specifically with regard to conflicting reports 

on the extent of genetic involvement (Warkany et al., 1943).  

To better understand the etiology of this particular defect, Warkany and colleagues 

(1943) consulted the findings of a previous study, which had compiled case reports of twin 

pairs with cleft malformation and found that six out of fifteen pairs showed cleft palate in 

both members, while only one of the twins was affected in the remaining nine pairs 

(Lehmann and Ritter, 1939). According to Warkany and colleagues (1943), the twin studies 

strongly suggested that this defect was not under strict genetic control, as previously 

assumed, because the majority of the pairs failed to show dual expression. The results of the 

twin studies, combined with inconsistent heritability reports and their own research results, 

led the authors to conclude that environmental factors, such as malnutrition, likely 

contributed to the phenotypic expression of cleft palate (Warkany et al., 1943). 

The research conducted by Warkany and coworkers clearly demonstrated that there 

was an environmental component to the etiology of various skeletal abnormalities, prompting 

subsequent researchers to examine the specific nutrient deficiencies that might result in 

congenital malformations. For instance, experimental dietary manipulation in laboratory 
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animals has shown that maternal deficiencies in riboflavin, folic acid, vitamin B5, vitamin A, 

and vitamin E can cause skeletal defects in mammalian offspring (Warkany et al., 1942; 

Nelson et al., 1956; Nelson, 1957; See et al., 2008). In addition to producing neural tube 

defects, it has also been demonstrated that folic acid deficiency can severely disrupt skeletal 

development by causing cleft palate, syndactyly, brachydactyly, retardation or absence of 

ossification in many bones, interference with normal ossification sequences, and severely 

deformed or misshapen bones (Nelson, 1959).  

Nelson (1959) has also demonstrated that the time at which the folic acid deprivation 

occurs during gestation is extremely crucial in determining whether or not the offspring will 

be malformed. In his study, the implementation of a deficient diet on the eleventh day of 

pregnancy resulted in 95% of the offspring exhibiting some form of congenital malformation; 

if given on the twelfth day, 65% of offspring were afflicted; if administered on the thirteenth 

day, 30% of individuals were born with defects; and if implemented during the fifteenth 

through twenty-first days of gestation, no congenital defects were observed in the rat 

offspring. In short, congenital defects could only be induced when a deficient diet was 

administered during the second week of gestation. Interestingly, this coincides with the 

critical period of embryonic development in the rat, when differentiation and organogenesis 

take place (Nelson, 1959).   

A recent study by See and colleagues (2008) found that maternal vitamin A 

deficiency in rats resulted in a multitude of congenital anomalies, including various defects 

of the axial and appendicular skeleton. In contrast to earlier vitamin A deficient models that 

resulted in varying degrees of congenital anomalies, as well as frequent spontaneous abortion 
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of the developing fetus (Warkany and Schraffenberger, 1944; Wilson et al., 1953), the See et 

al. (2008) model implemented vitamin A restriction late in the organogenesis stage. The 

timing of the nutritional deprivation once again appeared to be a critical factor in the amount 

and severity of congenital defects present in the offspring. The majority of skeletal defects 

were found in the axial skeleton and included basioccipital malformation in 83% of the 

offspring, vertebral arch clefting, occipital vertebrae, fusion of certain segments of the 

cervical vertebrae (particularly C2-C4), and fusion of sacral elements. Vitamin A deficiency 

also resulted in several limb abnormalities, such as absent or greatly reduced ossification 

centers of the metacarpals, metatarsals, and phalanges. According to See and colleagues 

(2008), vitamin A is critical not only for early axial patterning, but also for subsequent 

ontogeny and maintenance of various regions of the skeleton. The results of the See et al. 

(2008) study are particularly interesting because many of the minor defects that were found 

in the vitamin A deficient rats, particularly the vertebral anomalies, were also observed in 

both of the Arikara skeletal samples examined for this thesis. 

Experimental studies have also demonstrated that riboflavin (vitamin B2) deficiency 

can result in various skeletal defects, including reduced length and absence of digital bones, 

notching of ribs, curvature of the clavicle and long bones, tail defects, syndactyly, 

mandibular shortness, and cleft palate (Warkany et al., 1942; Nelson et al., 1956). In 

addition, Warkany and Nelson (1941) found that the interosseous spaces and articulations 

between bones often failed to develop in malformed offspring, causing normally independent 

skeletal elements to remain fused after the embryonic period. The abnormal skeletal 

development described by the authors is a type of osseous or nonosseous coalition that is 
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often found in the carpals and tarsals. Interestingly, several types of tarsal coalition were also 

observed in the Arikara skeletal material examined for this thesis. The results of the Warkany 

and Nelson (1941) study suggest that adequate riboflavin levels are necessary for proper 

growth and development, as well as the normal differentiation of skeletal elements. 

It is interesting to note that each of the vitamins mentioned in this section interact 

during metabolic processes, and more specifically, during times of cell division and growth 

(Czeizel, 1995). According to Czeizel (1995), cell division is extremely rapid during critical 

stages of embryological development and nutrient deficiency during this period can interfere 

with normal protein synthesis. It is for this reason that malnutrition may result in congenital 

defects. In fact, recent estimates suggest that 10-15% of congenital anomalies that involve 

skeletal elements are the result of environmental stress that occurs during the critical period 

of organogenesis (Gilbert-Barnes, 2010). 

Disease Stress 

Although much of the clinical research on congenital defects has focused on 

nutritional deficiencies, numerous studies using both human and animal models have also 

been dedicated to disease-related stressors. According to ethnohistorical accounts and 

osteological analyses, the two major diseases that the Arikara were exposed to during the 

seventeenth and eighteenth centuries were smallpox and tuberculosis (Lehmer and Jones, 

1968; Palkovich, 1981; Kelley and Micozzi, 1984; Kelley et al., 1994). Both of these 

infectious diseases are febrile illnesses, meaning that they are characterized by an early onset 

of fever, and fortunately, one of the most widely studied teratogens in clinical research is 

hyperthermia. Medical practitioners are particularly interested in determining how high-fever 
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related diseases might influence congenital defect rates because expectant mothers are 

regularly exposed to febrile illnesses such as influenza and the common cold during the 

course of their pregnancy (Ács et al., 2006).   

One of the earliest investigations concerning the effects of maternal disease on 

congenital defects was a prospective case-control study of British women conducted by 

McDonald (1958, 1961) during the early 1950s. Over the course of three years, McDonald 

conducted interviews with 3,295 women throughout their pregnancies to obtain detailed 

information about overall health and illness experienced during the first 12 weeks of 

gestation. The study revealed a statistically significant (α=0.05) association between 

congenital defects and febrile illness; approximately 14% of mothers who gave birth to 

malformed infants had experienced high-fever related diseases during the first trimester of 

pregnancy, whereas only 4% of mothers with non-malformed infants had been affected by a 

febrile illness. The most prevalent type of illness experienced by both cohorts was upper 

respiratory tract infections, particularly pulmonary tuberculosis. Interestingly, when maternal 

febrile illness was analyzed by date of appearance, the difference between the control and 

study groups was largest when the infection occurred between the fifth and eighth week of 

gestation (McDonald, 1958, 1961), which corresponds to the critical stage of development 

previously mentioned.  

Chambers and colleagues (1998) also examined the relationship between congenital 

defects and hyperthermia, providing a detailed analysis of the severity of fever experienced 

by pregnant mothers, as well as the various major and minor developmental anomalies 

observed in their malformed offspring. For the purposes of their study, major anomalies were 
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defined as defects that caused dysfunction or disfigurement, whereas minor anomalies were 

not deleterious to the health of the individual (Chambers et al., 1998). The researchers also 

divided the study participants into three cohorts; the high fever group experienced body 

temperatures in excess of 38.9°C (102°F) and lasting at least 24 hours, the low fever group 

had body temperatures below 38.9°C (102°F) or fevers that lasted for 24 hours or less, and 

the control group had no increase in normal body temperature. Chambers and colleagues 

(1998) found that there was a slight increase in major structural defect prevalence among the 

high fever group (6.1%) and low fever group (4.1%) when compared to the control cohort 

(3.5%), though the differences were not statistically significant. They did, however, find a 

significantly higher incidence of anencephaly among the high fever group (5.9%) when 

compared with the control group, which had no cases of this neural tube defect. Frequency 

comparisons of minor anomalies also revealed significantly higher (p<0.01) incidence of 

minor digital defects among both the high and low fever cohorts when compared to the 

control group, which is particularly interesting because several digital anomalies, such as 

polydactyly and brachydactyly, were included in the suite of defects examined for this thesis.  

Czeizel and colleagues (2008) also found a statistically significant association 

between febrile illnesses and several congenital defects of the craniofacial, vertebral, and 

appendicular skeleton, which they attributed to the deleterious effects of hyperthermia on the 

developing fetus. Of the 1,349 cases of malformed European infants examined by the 

authors, 181 were found to be positively correlated with incidence of high-fever maternal 

illnesses, including influenza, common cold with secondary complications, tonsillitis, and 

recurrent orofacial herpes. Statistically higher frequencies of cleft lip ± palate (p=0.05), 



 

60 

polydactyly (p=0.001), and other congenital anomalies of the limbs (p=0.004) were found in 

association with the aforementioned illnesses (Czeizel et al., 2008). Similar skeletal defects 

have also been documented in the offspring of women who experienced acute upper 

respiratory infections during their first trimester of pregnancy, which has also been attributed 

to elevated body temperatures associated with such illnesses (Ács et al., 2006). 

Numerous experimental studies using animal models have also examined the 

association between maternal hyperthermia and malformed offspring. The results of animal 

research generally accord well with the epidemiological data derived from case-control 

human studies in both the types of defects observed and the minimal (2 to 3°C) increase in 

body temperature required to produce such anomalies (Kimmel et al., 1993; Graham et al., 

1998). For instance, Kimmel and colleagues (1993) found that induced hyperthermia on the 

tenth gestational day, which corresponded to a critical stage of somite development in the rat, 

produced a consistent pattern of defects, including vertebral and rib anomalies, similar to 

those seen in human case studies. It is clear from this study, as well as others based on animal 

models, that both the timing and intensity of heat exposure is extremely important in 

determining which particular skeletal elements will be affected and the severity of those 

defects, respectively (Kimmel et al., 1993; Graham et al., 1998). According to Graham and 

colleagues (1998), the threshold in many species is approximately 1.5°C beyond the normal 

core body temperature, though extreme hypothermia often results in embryonic death and 

resorption or spontaneous abortion. Similarly, the particular type of defect resulting from 

hyperthermia is dependent on the stage of development at the time of excessive heat 
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exposure, since different organ systems have their own unique periods of susceptibility to 

exogenous insults (Graham et al., 1998; Czeizel, 2008). 

Osteological Analyses 

As previously mentioned, very little anthropological research has been dedicated to 

the study of skeletal defect etiology. The few studies that have examined the etiology of 

developmental anomalies have focused primarily on the heritability of non-metric cranial 

traits, with little regard for how non-genetic factors, such as malnutrition and disease, might 

influence the phenotypic expression of such traits. Minor anomalies of the vertebral column 

and appendicular skeleton have received even less attention. Although some researchers have 

acknowledged that minor developmental defects may indeed be triggered by environmental 

factors (e.g., Barnes, 1994), very few studies have examined this prospect in skeletal 

material.  

One of the exceptions to this apparent disregard for etiological considerations is a 

study by Bergman (1993), who tested the „ecosensitivity‟ of 32 non-metric cranial traits by 

examining them in conjunction with cribra orbitalia and the presence or absence of grave 

goods. According to the author, the presence of cribra orbitalia was indicative of poor living 

conditions, while the absence of orbital roof pathology signified better nutrition, hygiene, and 

overall health (Bergman, 1993). Similarly, the presence of grave goods symbolized affluence 

and wealth, while the lack of grave goods suggested the opposite. The study sample included 

432 crania from a Polish cemetery that was used during the twelfth through fourteenth 

centuries AD. Cribra orbitalia was found in approximately 37% of the skeletal series and had 

a statistically significant association with the absence of grave goods, which according to the 
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author, confirms the hypothesis that the presence or absence of burial goods represents the 

varying levels of affluence within the cemetery population in question (Bergman, 1993). 

Analysis of crania with anomalous traits revealed only one statistically significant 

association between cranial variants and grave goods; lambdoid ossicles were found more 

frequently in individuals who were buried without grave goods, which the author attributes to 

a high degree of ecosensitivity for this trait (Bergman, 1993). When the non-metric traits 

were examined in relation to cribra orbitalia, 12 of the 32 cranial anomalies (37.5%) were 

found to have statistically significant associations with cribra orbitalia, which suggests that 

over one-third of these traits are indeed sensitive to environmental stress. Interestingly, 5 of 

the 12 traits associated with orbital lesions involve the occipital, which may indicate that this 

particular cranial bone has an especially high degree of ecosensitivity due to its unique 

ontogenetic trajectory. Bergman (1993) concludes that the morbidity factor(s) influencing 

cribra orbitalia may also disrupt proper ossification of various elements of the skull, resulting 

in the persistence of accessory bones and abnormal cranial sutures.  

Several of the traits included in the Bergman (1993) study were also examined for 

this thesis, including the lambda, bregma, and asterion bones, metopic suture, precondylar 

tubercle (i.e., occipital vertebrae), and maxillary torus. Of these traits, the metopic suture and 

precondylar tubercle were found to have significant associations with cribra orbitalia in 

Bergman‟s study; the former being less common in those individuals with orbital lesions and 

the latter being more common among individuals with cribra orbitalia. Although it is hard to 

imagine a scenario in which the closure of a metopic suture would be aided by environmental 

stress, the finding that the precondylar tubercle, a form of vertebral border shifting, occurs 
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with greater frequency in individuals with cribra orbitalia accords well with clinical studies 

that have demonstrated a clear association between maternal stress and vertebral anomalies in 

malformed offspring (e.g., See et al., 2008). These findings suggest that if the Mobridge site 

has higher levels of environmental stress than the Larson site, frequencies of vertebral border 

shifting may be higher as well. 

O‟Loughlin (2004) has also examined the effects of extrinsic factors, particularly 

cranial deformation, on the incidence of wormianbones (also referred to as fontanelle bones) 

in 127 adult crania from various archaeological sites in North and South America. The crania 

examined for the study exhibited five types of artificial cranial deformation, as well as 

sagittal synostosis, which is the premature fusion of one or more cranial sutures (O‟Loughlin, 

2004). O‟Loughlin (2004) found that artificially deformed crania had significantly higher 

frequencies of lambdoid ossicles and lambda bones than their un-deformed counterparts, 

while the synostotic crania exhibited elevated frequencies of pterionic, lambdoid, occipito-

mastoid, and squamosal bones. Conversely, the un-deformed group had higher frequencies of 

coronal ossicles than the artificially deformed or synostotic groups.  

Although the author was examining the effects of cranial deformation on the 

persistence of various wormian bones, her findings suggest that some of these accessory 

ossicles may be more affected by extrinsic factors than others, which has etiological 

implications for these traits and may therefore be applicable to the present study. In 

particular, the more posteriorly-located wormian bones appear more frequently in deformed 

crania, while un-deformed crania exhibit higher frequencies of anterior ossicles. According 

to O‟Loughlin (2004), this pattern suggests that posterior sutures may be more affected by 
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environmental factors, while anterior sutures may be under stronger genetic control. 

Interestingly, one of the 12 traits found to have high ecosensitivity in the Bergman (1993) 

study mentioned above was the lambdoid ossicles, which are also located in the posterior 

region of the skull. These findings indicate that the posteriorly-placed wormian bones 

examined for the present study, including the lambda and asterion bones, as well as the 

mendoza suture, may occur in higher frequencies in the more stressed Mobridge sample. 

Implications for the Present Study  

This literature review clearly demonstrates that environmental stress can have 

deleterious effects on skeletal development, resulting in various defects of the axial and 

appendicular skeleton. Although the clinical and osteological studies presented in this section 

cover a broad spectrum of etiological factors, including various nutrient deficiencies and 

diseases, many are directly applicable to the Arikara population that was utilized for this 

study. For instance, two of the most prominent diseases present in protohistoric Native 

American groups, including the Arikara, were smallpox and pulmonary tuberculosis 

(Trimble, 1994; Johnson, 1998; Kelley et al., 1994). Both diseases are typically associated 

with high fevers, and although smallpox has been eradicated, numerous clinical studies have 

found significant associations between febrile illnesses (including pulmonary tuberculosis) 

and developmental defects of the vertebral column, craniofacial region, and appendicular 

skeleton (Chambers et al., 2008; Czeizel et al., 2008). 

In addition, ethnohistorical and archaeological evidence suggests that the Mobridge 

villagers, who inhabited their site during the tumultuous Extended Coalescent, faced seasonal 

food shortages due to the unfavorable environmental conditions of the Little Ice Age. The 
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volatile climatic fluctuations would have been particularly detrimental to wild game, as well 

as domesticated cultigens, which in turn would have diminished the availability of meat and 

leafy vegetables. These food shortages could potentially contribute to an increase in the 

incidence of skeletal defects in the population because they are prime sources of vitamins A, 

E, B2 (riboflavin), B5 (pantothenic acid), and/or B9 (folic acid), which have all been linked to 

various developmental anomalies (Warkany et al., 1942; Nelson, 1959; See et al., 2008). It is 

therefore plausible that nutritional deficiencies and disease, either individually or 

synergistically, may have influenced the frequencies of skeletal defects at the Arikara sites 

examined for this study.  
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CHAPTER 4:  MATERIALS AND METHODS 

Materials 

A combined total of 328 individuals from the Mobridge (n=135) and Larson (n=193) 

sites were examined for the presence or absence of LEH, PH, CO, and a suite of 46 skeletal 

anomalies (Tables 1.1 – 1.4). The overall sample consists primarily of adults (~95%) and 

there are almost equal proportions of males (n=148) and females (n=149). The remainder of 

the individuals (n=31) could not be accurately sexed because they were either too young or 

poorly preserved. The only juveniles included in the sample were those whose digital 

epiphyses had already begun to fuse, and thus were typically between the ages of 14 and 16 

or older. Of the available skeletal material housed at the University of Tennessee, nearly all 

adults from the Mobridge and Larson sites were included in the sample compiled for this 

study. Only those skeletons with extremely poor preservation or too many missing bones 

were excluded from analysis.  

Age and sex determinations were made by the University of Tennessee Anthropology 

Department as part of a NAGPRA inventory and have been slightly modified for the 

purposes of this research. Sex categories initially included female, probable female, male, 

probable male, and unknown. However, for ease of analysis, I have chosen to aggregate these 

categories into male, female, and unknown; those individuals initially classified as “probable 

male” and “probable female” were placed into the male and female categories, respectively. 

Similarly, initial age determinations were often broad and overlapping, which was likely 

necessary due to poor preservation and a high degree of fragmentation and missing elements. 

To establish more cohesive age categories, all age ranges were converted to a single age, 
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taken as the midpoint of the upper and lower age limits. For instance, an individual was 

determined to be 22 years of age if the initial age range was 20 to 24, and if the midpoint 

resulted in a fraction, the age was rounded up.  

 

                   Table 1.1. LEH sample size and composition for the Arikara sites. 

Sex N % N %

Male 16 44.4 29 44.0

Female 15 41.7 35 53.0

Unknown 5 13.9 2 3.0

Total 36 100.0 66 100.0

Mobridge Larson

 

                         

                  Table 1.2. CO sample size and composition for the Arikara sites. 

Sex N % N %

Male 43 46.7 76 48.4

Female 39 42.4 79 50.3

Unknown 10 10.9 2 1.3

Total 92 100.0 157 100.0

Mobridge Larson
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                  Table 1.3. PH sample size and composition for the Arikara sites. 

Sex N % N %

Male 42 46.7 77 49.0

Female 38 42.2 78 49.7

Unknown 10 11.1 2 1.3

Total 90 100.0 157 100.0

Mobridge Larson

 

 

                  Table 1.4. Skeletal defects sample size and composition for the Arikara sites. 

Sex N % N %

Male 52 38.5 96 49.7

Female 56 41.5 93 48.2

Unknown 27 20.0 4 2.1

Total 135 100.0 193 100.0

Mobridge Larson

 

     

 As discussed in Chapter 2, skeletal preservation was highly variable between the two 

sites, ranging from good/excellent at Larson to fair/good at Mobridge. Consequently, the 

number of individuals scored for PH, CO, LEH, and skeletal anomalies varied accordingly 

(Tables 1.1 – 1.4). Sample sizes were generally good for CO, PH, and most skeletal 

anomalies, but small for LEH; for example, only 37 individuals from the Mobridge site could 

be scored for LEH. Although analysis of the juvenile portion of the Arikara collection would 
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have increased overall sample sizes for LEH, CO, and PH, the primary objective of this 

research was to examine the 

etiology of skeletal anomalies; therefore, stress indicators were only scored in those 

individuals who were initially examined for the presence of skeletal defects.  

Scoring Criteria 

Linear Enamel Hypoplasia 

Both sample populations were macroscopically examined for the presence of LEH, 

defined as horizontal lines or grooves of deficient enamel. A lighted desktop magnifying 

glass was also utilized to confirm macroscopically observed enamel defects. LEH was only 

recorded on the mandibular canines of permanent teeth for several reasons; first, they have 

the longest period of tooth crown formation of all the permanent dentition (approximately six 

years) and therefore provide the longest record of development; second, mandibular canines 

are highly sensitive to metabolic disturbances, so they typically have more frequent and 

severe enamel defects than most other permanent teeth; and third, restricting analysis to one 

tooth prevents preservation biases (Goodman and Rose, 1990; Reid and Dean, 2000; 

Boldsen, 2007). To achieve optimal consistency within and between samples, the left 

mandibular canine was chosen over the right side when available.  

An individual was included in the sample only if at least two-thirds of their 

mandibular canine was present for analysis. This criterion was chosen to prevent sampling 

bias since LEH occurs most frequently in the middle thirds of tooth crowns (Larsen, 1997). If 

all individuals, regardless of tooth wear, had been included in the sample, lower incidences 

of LEH may have been observed simply because the evidence of enamel defects had been 
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erased. Unfortunately, severe dental wear was common at both Mobridge and Larson, which 

not only resulted in the exclusion of a large proportion of individuals, but also necessitated 

the inclusion of individuals with at least some degree of dental wear. As such, dental wear 

was recorded on a five point scale, which was based on criteria established by Duray (1996) 

(Table 2). 

 

Table 2. Dental wear rating system. Adapted from Duray (1996). 

Rating Description

0 No noticable wear

1 Polishing on cusps, thin linear exposure of dentin on incisors

2 Point exposure of dentin on cusps, thicker linear dentin exposure, 10% crown loss

3 Broad facets on cusps, 20% crown loss

4 Coalescence of cusps, 30% crown loss
 

 

To determine the age at which stress events occurred, LEH defects were measured 

and then compared to the Reid and Dean (2000) dental enamel formation chart (Figure 5). As 

previously mentioned, the Reid and Dean chart method provides the most accurate age 

estimates when compared to earlier methods (e.g., Goodman et al., 1980) because it accounts 

for hidden cuspal enamel and also incorporates the differential rates at which enamel is 

deposited along the tooth crown (Reid and Dean, 2000). This chart method divides each of 

the anterior teeth into ten equally spaced zones and provides age estimates for each “decile.” 

To match the LEH defects on the Arikara canines to these age estimates, two measurements 

were required; tooth crown height and the distance between the cementoenamel junction 



 

71 

(CEJ) and the middle of the LEH defect. By dividing the tooth crown height into ten equal 

parts, the height of each individual decile can be established and compared to the height of 

the enamel defect. For example, a tooth crown height of 12.00 mm would mean that each 

decile was equal to 1.2 mm. Furthermore, if the height of an LEH defect on a mandibular 

canine was 3.6 mm from the CEJ, it would correspond to the top of the seventh decile (from 

the cusp of the tooth) and would elicit an estimated age of 4.2 years (Figure 5). 

 

 

    Figure 5. Reid and Dean (2000) dental chart depicting the timing of anterior tooth enamel   

    deposition. The ages listed represent the age at completion of each zone of enamel.  
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What is problematic about using this method on the Arikara series is that most of the 

individuals included in the samples had at least some degree of dental wear, which 

effectively reduced tooth crown heights. For individuals with a dental wear score of two or 

higher (Table 2), crown height was calculated by estimating the percentage of missing crown 

height and adding it to the existing crown height. Dental wear scores of two, three, and four 

corresponded to 10%, 20%, and 30% missing tooth crown height, respectively. Tooth crown 

heights for those individuals with scores of zero or one were not adjusted since tooth wear 

was negligible. Had crown heights not been extrapolated for worn teeth, age estimates for the 

enamel defects would have been between three and nine months younger than those derived 

from the adjusted measurements. Although crown height estimation is not precise and is 

certainly not ideal, age-of-insult estimates (and LEH frequencies in general) for the Arikara 

series would otherwise be impossible because very few adults from the cemetery population 

had little or no dental wear.  

It should also be noted that the Reid and Dean (2000, 2006) chart is based on 

histological samples from modern northern European teeth, and therefore may not elicit 

entirely accurate age estimates for Native American individuals. Unfortunately, no LEH 

aging charts have been developed specifically for Native Americans, so this is the best 

alternative. It is, however, reassuring that the two samples are genetically homogeneous and 

therefore exhibit similar rates of enamel deposition, thus making the LEH age estimates 

comparable between the sites.   
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Porotic Hyperostosis and Cribra Orbitalia 

The vault bones (parietals, frontal, and occipital) and eye orbits of each cranium were 

examined under a lighted desktop magnifying glass for the presence of surface porosity 

and/or pitting. Although some researchers combine CO and PH to calculate frequencies, the 

two conditions were scored separately for the present study. CO was recorded in all 

individuals with at least one orbital roof intact, while PH was scored if two-thirds of the 

cranial vault was complete. CO and PH lesions were classified as either active or healed; 

active lesions are characterized by their sharp and well-defined margins, while healed lesions 

have varying degrees of new bone growth within the surface porosities (Mensforth et al., 

1978).  

Skeletal Defects 

Each skeleton was macroscopically examined for the presence or absence of 46 

skeletal anomalies from all regions of the body, following the criteria established by Barnes 

(1994) and Case (1996, 2003) (Table 3). Detailed scoring criteria and descriptions for each 

developmental defect are included in Appendix A. The skeletal anomalies utilized for this 

study were selected for a variety of reasons. First, defects of the hands and feet comprise 

approximately half of the total traits examined because they have received limited attention 

from physical anthropologists in the literature, therefore little is known about their etiology. 

Furthermore, several manual and pedal anomalies have been observed in the offspring of 

malnourished or ill mothers, which may indicate that this region is developmentally sensitive 

to teratogenic insults (e.g., Nelson, 1957; Chambers et al., 1998; See et al., 2008). Similarly, 

a variety of vertebral anomalies were chosen for this analysis because the spinal column is a 
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developmentally sensitive area where many stress-induced defects have been found (Nelson, 

1957; Kimmel et al., 1993; Barnes, 1994; See et al., 2008). In addition to anomalies of the 

hands, feet, and vertebral column, several dental, cranial, and appendicular defects were 

selected so that all regions of the skeleton were represented.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

75 

Table 3. Developmental defects examined in the Arikara samples. 

Developmental Defect Description 

Hand Anomalies   

Brachydactyly   

     Type A selective shortening of the fifth intermediate phalanx 

     Type D selective shortening of the first distal phalanx 

     Type E selective shortening of the first, fourth, or fifth metacarpals 

Polydactyly   

     Preaxial  supernumerary digit of the first metacarpal 

     Postaxial supernumerary digit of the fifth metacarpal 

Os Styloideum 
non-osseous coalition or absence of third metacarpal styloid 

process 

Os Hamulus hamulus of hamate persists as an accessory bone 

Bipartite Scaphoid scaphoid split into two halves of fairly equal proportion 

Foot Anomalies   

Brachydactyly - Type E selective shortening of the first or fifth metatarsals 

Polydactyly   

     Preaxial  supernumerary digit of the first metatarsal 

     Postaxial supernumerary digit of the fifth metatarsal 

Calcaneus Secundarius 
medial border of the anterior calcaneal facet persists as an 

accessory ossicle 

Accessory Navicular navicular tuberosity persists as an accessory ossicle 

Bipartite First Cuneiform 
first cuneiform is split into two halves of fairly equal 

proportion 

Os Intermetatarseum   

     1st Cuneiform 
accessory bone attached to the dorsal distolateral corner of 

the first cuneiform 

     1st or 2nd Metatarsal 
accessory bone attached to the base of the first or second 

metatarsal 
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   Table 3. Continued. 

Developmental Defect Description 

Foot Anomalies   

Tarsal Coalition   

     Calcaneonavicular 
osseous or non-osseous fusion between the calcaneus and 

navicular 

     Talocalcaneal 
osseous or non-osseous fusion between the talus and 

calcaneus 

     Talonavicular 
osseous or non-osseous fusion between the talus and 

navicular 

     Calcaneocuboid 
osseous or non-osseous fusion between the calcaneus and 

cuboid 

     CF3-MT3 
osseous or non-osseous fusion between the third cuneiform 

and third metatarsal 

Cranial Anomalies   

Abnormal sutures   

     Metopic Suture 
retention of the suture that bisects the frontal bone along the 

sagittal plane 

     Mendoza Suture 
retention of the suture that bisects the occipital bone along 

the transverse plane 

Sutural Agenesis premature fusion of a cranial suture 

Wormian Bones   

     Bregma extra ossicle found within the cranial sutures at bregma 

     Lambda extra ossicle found within the cranial sutures at lambda 

     Asterion 
extra ossicle found at the intersection of the lambdoid suture 

and temporal bone 

Enlarged Parietal 

Foramen 
abnormally large, oval-shaped parietal foramina 

Dental Anomalies   

Supernumerary Teeth   

     Maxillary Teeth extra teeth in the maxillary dentition 

     Mandibular Teeth extra teeth in the mandibular dentition 
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   Table 3. Continued. 

Developmental Defect Description 

Dental Anomalies   

Positional Anomalies   

     Palatine Canines displacement of maxillary canine into the palate 

     C-P Transposition transposition of the maxillary canine and the first premolar 

     Ectopic M1 eruption of the maxillary first molar outside of the tooth row 

Maxillary Anomalies   

Cleft Palate 
midline clefting of the posterior palatine process (often 

involves the maxillary palate) 

Facial Cleft  cleft of the anterior maxilla extending superiorly 

Maxillary Torus 
presence of bubble-like exostoses along the midline of the 

palatines 

Vertebral Anomalies   

Block Vertebrae   

     Atlanto-Occipital osseous coalition of the atlas (C1) and the occipital bone 

     C2-C3 osseous coalition between C2 and C3 

Occipital Vertebrae 
form of border shifting: portions of C1 fuse to the occipital 

bone 

Posterior Atlas Bridging 
osseous bridging between the posterior arch and the lateral 

mass of the first cervical vertebra (C1) 

Cleft Neural Arch   

     Cervical Vertebrae 
right and left neural arches of cervical vertebrae do not fuse 

properly 

     Sacrum  
(spina bifida occulta) neural arches of 3+ sacral vertebrae not 

fused 

Upper Limb Anomalies   

Supracondylar Process 
bony projection slightly proximal to the medial epicondyle of 

the humerus 

Radioulnar Ankylosis bony union between the proximal ends of the radius and ulna 

Os Acromiale 
distal segment of acromion process persists as an accessory 

bone 
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Bilateral traits were scored as “present” if the defect was visible on at least one side. 

For traits with various manifestations, the specific type of expression was noted for analytical 

purposes. In addition, obvious pathology or additional developmental defects observed in any 

of the individuals were noted, as they may be useful for correlating certain defects with 

environmental stress. The majority of individuals included in the samples were adults 

(~95%) due to the methodological constraints of scoring many of these developmental 

defects. For instance, brachydactyly cannot be scored until digital epiphyseal fusion has 

commenced, since by definition, the defect is caused by premature fusion of an epiphysis. If 

juveniles were scored for this trait it would be difficult to determine if abnormally short 

digital bones were the result of a developmental anomaly or if they were simply the result of 

incomplete growth and development.  

 Statistical Methods 

Frequencies of stress indicators (LEH, CO, PH) and skeletal defects were calculated 

for each site as the number of affected individuals divided by the total number of observed 

individuals. Statistical comparisons of stress indicator and defect frequencies between the 

two sites were conducted in SPSS, v. 17.0.1 using Fisher‟s Exact. The Fisher‟s Exact test was 

chosen because it is the most appropriate statistical significance test for small sample sizes 

and is recommended when expected values are less than five in any cell within a contingency 

table, which is the case for many of the comparisons conducted for this study. The one-tailed 

Fisher‟s Exact test (α=0.05) was employed to test the null hypothesis that frequencies of both 

stress indicators and skeletal anomalies at the Mobridge site will be less than or equal to 

stress indicator frequencies at the Larson site. Frequencies were also calculated by sex and 
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compared both within and between sites using a two-tailed Fisher‟s Exact test, with a null 

hypothesis of frequency equality for all comparisons. 
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CHAPTER 5:  RESULTS 

Skeletal Stress Indicators 

Stress indicator frequencies for each site are presented in Table 4. LEH was the most 

common stress indicator observed in both samples, affecting 15.4% and 10.8% of the 

individuals examined from the Larson and Mobridge sites, respectively. The incidence of CO 

was fairly low at both sites, as only four individuals from each sample exhibited CO lesions, 

none of which were active at the time of death. These individuals were also examined for 

evidence of scurvy or rickets, but did not exhibit the characteristic skeletal changes that occur 

with these diseases (see discussion in chapter 3). Somewhat surprisingly, no cases of PH 

were encountered at either of the sites. Although LEH incidence was slightly higher among 

Larson individuals and the frequency of CO at the Mobridge site exceeded that of Larson, 

neither difference was statistically significant (Table 5). Additionally, there were no 

individuals from either site who exhibited both LEH and CO. Intersite comparisons by sex 

revealed that females at the Larson site exhibited significantly higher frequencies of LEH 

than their Mobridge site counterparts (28.0% versus 0%, respectively; p-val=0.033), whereas 

males had similar frequencies of both LEH and CO between the two sites. No statistically 

significant intrasite differences were observed, which suggests that males and females at each 

site experienced comparable levels of stress. It should be noted that individuals of unknown 

sex were excluded from all male/female comparisons, even if they exhibited LEH or CO. 
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 Table 4. Frequencies of stress indicators by site and sex for the Arikara samples. 

                    

  _______LEH_______ ________PH________ ________CO________ 

  N Present % N Present % N Present % 

Mobridge 37 4 10.8 91 0 0.0 93 4 4.3 

     Males 17 3 17.6 43 0 0.0 44 2 4.5 

     Females 15 0 0.0 38 0 0.0 39 1 2.6 

   Unknown 5 1 20.0 10 0 0.0 10 1 10.0 

Larson 65 10 15.4 156 0 0.0 156 4 2.6 

     Males 28 3 10.7 76 0 0.0 75 1 1.3 

     Females 25 7 28.0 78 0 0.0 79 3 3.8 

   Unknown 2 0 0.0 2 0 0.0 2 0 0.0 

 

 

 Table 5. Fisher‟s Exact results for inter- and intrasite comparisons of LEH and CO. 

  LEH CO 

Hypothesis:  Intersite Comparisons - Both Sexes p-val p-val 

H0:  Mobridge ≤ Larson                       H1:  Mobridge > Larson 0.372 0.343 

Hypothesis:  Intersite Comparisons - Males     

H0:  Mobridge = Larson                      H1:  Mobridge ≠ Larson 0.658 0.554 

Hypothesis:  Intersite Comparisons - Females     

H0:  Mobridge = Larson                      H1:  Mobridge ≠ Larson 0.033 
1
 1.000 

Hypothesis:  Intrasite Sex Comparisons     

H0:  Mobridge (m) = Mobridge (f)     H1:  Mobridge (m) ≠ Mobridge (f) 0.229 1.000 

H0:  Larson (m) = Larson (f)              H1:  Larson (m)  ≠ Larson (f) 0.162 0.621 

 ¹Denotes statistically significant difference (α=0.05) 
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The age distribution of individuals affected by LEH and CO is presented in Tables 

6.1 and 6.2 and Figures 6.1 and 6.2. The frequency for each age category was calculated as 

the number of affected individuals divided by the total number of individuals examined in 

that group. Unfortunately, some individuals included in this analysis could only be classified 

as „adult‟ due to missing or fragmentary skeletal elements, which precluded more precise age 

determinations. These individuals were excluded from frequency calculations for the age 

distributions presented in Figures 6.1 and 6.2, but are included in Tables 6.1 and 6.2. 

Interestingly, both LEH and CO frequencies peak at different ages in each of the sites, which 

may be related to differences in longevity. The highest frequency of LEH at the Mobridge 

site occurs in the 10-19 age group, while at the Larson site it peaks in the 20-29 category 

(Table 6.1 and Figure 6.1). Age distributions of CO are presented in Table 6.2 and Figure 

6.2, but have little interpretive value because only four individuals from each site were 

affected.  

 

  Table 6.1. LEH age distribution at the Arikara sites. 

 

              

  ______Mobridge______ _______Larson_______ 

Age N Present % N Present % 

10 - 19 8 2 25.0 1 0 0.0 

20 - 29 8 0 0.0 35 8 22.9 

30 - 39 10 1 10.0 20 2 10.0 

40 - 49 0 0 0.0 8 0 0.0 

50 - 59 1 0 0.0 0 0 0.0 

Adult 9 0 0.0 2 1 50.0 

Total 36 3 8.3 66 11 16.7 
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  Figure 6.1. LEH age distribution ay the Arikara sites. 

 

 

 

  Table 6.2. CO age distribution at the Arikara sites. 

 

              

  ______Mobridge______ _______Larson_______ 

Age N Present % N Present % 

10 - 19 14 2 14.3 4 0 0.0 

20 - 29 19 0 0.0 52 4 7.0 

30 - 39 21 0 0.0 59 0 0.0 

40 - 49 6 1 16.7 36 0 0.0 

50 - 59 8 0 0.0 0 0 0.0 

Adult 24 1 4.2 6 0 0.0 

Total 92 4 4.3 157 4 2.5 
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  Figure 6.2. CO age distributions at the Arikara sites. 

 

 

 The relationship between longevity and the presence of stress indicators was further 

examined by calculating the age-at-death for individuals with and without LEH and CO. 

These estimates were compared using an unpaired t-test at an alpha level of 0.05 in SPSS v. 

17.0.1. Individuals who could not be accurately aged were not included in these calculations. 

On average, individuals who did not exhibit skeletal lesions associated with stress lived 

longer than those individuals with LEH or CO (Tables 7.1 and 7.2). This was true at both the 

Mobridge and Larson sites. Statistical analysis, however, revealed only one significant 

difference between affected and unaffected individuals; mean age-at-death for Larson 

villagers with CO was 11.0 years lower than for individuals who did not exhibit orbital 

lesions (p-val=0.002). Although mean-age-at death for Larson villagers with LEH was also 

lower than their non-affected counterparts, the p-value for this difference (0.054) was slightly 
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higher than the alpha level chosen for this analysis. In addition, the variation in mean age-at-

death between the Mobridge individuals with and without LEH was 8.2 years, which is a 

seemingly large difference; however, the sample sizes for this site were too small to elicit 

statistically significant results (Tables 7.1 and 7.2).  

 

  Table 7.1. Comparisons of mean age-at-death for the Mobridge site. 

 

          

  __________LEH__________ ___________CO___________ 

  

Unaffected 

Individuals 

Individuals      

with LEH 

Unaffected 

Individuals 

Individuals        

with CO 

N 24 3 65 3 

Mean 27.5 19.33 31.03 25 

SD 10.03 9.67 11.77 16.39 

t-test
1
 t=1.33         df=25        p=0.194 t=0.86         df=66         p=0.395 

     ¹ Two-tailed probability 

 

  Table 7.2. Comparisons of mean age-at-death for the Larson site. 

          

  __________LEH__________ ___________CO___________ 

  

Unaffected 

Individuals 

Individuals      

with LEH 

Unaffected 

Individuals 

Individuals        

with CO 

N 54 10 147 4 

Mean 27.89 22.80 31.00 20.00 

SD 7.90 4.75 8.04 0.00 

t-test
1
 t=1.97        df=62         p=0.054 t=2.73      df=149       p=0.007

2
 

     ¹ Two-tailed probability 

     ² Denotes statistically significant difference (α=0.05) 
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 The age profiles for LEH occurrence are fairly similar for the two sites and are 

presented in Table 8 and Figure 7. There were six enamel defects observed on the three 

affected individuals from Mobridge and 18 total LEHs found on the mandibular canines of 

11 individuals from Larson. The earliest age at which LEH was observed in the Mobridge 

sample was 2.8 years, while at Larson it was 2.1 years. Similarly, the last age at which LEH 

appeared in Mobridge individuals is 5.2 years, while at Larson it was 4.7 years. Peak ages of 

LEH occurrence are similar between the two sites; Mobridge individuals were most affected 

between the ages of 3 and 5, while Larson villagers had the highest incidence of LEH 

between the ages of 4 and 5 (Figure 7). At the Larson site, peak LEH occurrence was slightly 

earlier in females than in males (Figure 8), with the former having the highest incidence 

between the ages of 3 and 4 and the latter being most affected between the ages of 4 and 5. 

Sex differences in LEH occurrence could not be established for the Mobridge site because 

only three individuals were affected, two of whom were male. The sex of the remaining 

skeleton could not be determined. 
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  Table 8. Age at LEH occurrence in Mobridge and Larson individuals. 

 

          

  _________Mobridge_________ ____________Larson__________ 

Age No. LEHs Frequency (%) No. LEHs Frequency (%) 

1.0 - 1.99 0 0.0 0 0.0 

2.0 - 2.99 1 16.7 4 22.2 

3.0 - 3.99 2 33.3 6 33.3 

4.0 - 4.99 2 33.3 8 44.5 

5.0 - 5.99 1 16.7 0 0.0 

6.0 - 6.99 0 0.0 0 0.0 

Total 6 100.0 18 100.0 

 

 

 

 

  Figure 7. Age at LEH occurrence in Mobridge and Larson individuals. 
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  Figure 8. Age of LEH occurrence among males and females at the Larson site. 

 

 

Developmental Defects 

 

Of the 46 developmental defects scored for this study, 21 were observed in the 

Mobridge sample and 26 were observed in the Larson skeletal series. The most prevalent 

anomalies at both sites were vertebral defects, particularly sacral shifting and posterior atlas 

bridging, as well as defects of the hands and feet, including third metatarsal-third cuneiform 

coalition, calcaneus secundarius, and os styloideum. In addition, sutural anomalies were 

fairly common at both Mobridge and Larson, particularly the lambda and asterion wormian 

bones and the retained mendoza suture. Statistical analysis revealed that Mobridge had a 

significantly higher frequency of the os styloideum accessory ossicle (p=0.002) and occipital 
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vertebrae (p=0.028) than Larson at an alpha level of 0.05 (Table 9). In addition to these two 

statistically significant differences, sacral shifting was also much more prevalent at the 

Mobridge site (35.1%) than it was at the Larson site (21.8%), though the p-value for this 

comparison (p=0.060) was slightly above the alpha level chosen for this analysis. 

 

  Table 9. Developmental defect frequencies and p-values from statistical comparisons. 

 

  Mobridge Larson   

Developmental Defect N  Present Freq. N Present Freq.  p-val 

Brachydactyly A - Hand 44 1 2.3 107 3 2.8 0.752 

Brachydactyly D - Hand 34 1 2.9 90 2 2.2 0.621 

Brachydactyly E1 - Hand 61 0 0.0 125 0 0.0 1.000 

Brachydactyly E4 - Hand 67 0 0.0 132 1 0.8 1.000 

Brachydactyly E5 - Hand 72 1 1.4 126 0 0.0 0.364 

Preaxial Polydactyly - Hand 61 0 0.0 126 0 0.0 1.000 

Postaxial Polydactyly - Hand 71 0 0.0 125 0 0.0 1.000 

Os Styloideum 71 13 18.3 131 6 4.6 0.002* 

Bipartite Scaphoid 56 0 0.0 130 0 0.0 1.000 

Os Hamulus 53 1 1.9 125 0 0.0 0.298 

Brachydactyly E1 - Foot 70 1 1.4 136 1 0.7 0.565 

Brachydactyly E5 - Foot 62 0 0.0 133 0 0.0 1.000 

Preaxial Polydactyly - Foot 69 0 0.0 136 0 0.0 1.000 

Postaxial Polydactyly - Foot 61 0 0.0 133 0 0.0 1.000 

Calcaneus Secundarius 79 11 13.9 141 12 8.5 0.152 

Accessory Navicular 66 0 0.0 133 0 0.0 1.000 

  ¹Denotes statistically significant difference (α=0.05) 
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  Table 9. Continued. 

  Mobridge Larson   

Developmental Defect N  Present Freq. N Present Freq.  p-val 

Bipartite First Cuneiform 68 0 0.0 134 0 0.0 1.000 

Os Intermetatarseum CF1 67 0 0.0 134 0 0.0 1.000 

Os Intermetatarseum MT 71 0 0.0 134 4 3.0 0.180 

Calcaneonavicular Coalition 88 0 0.0 148 1 0.7 1.000 

Talocalcaneal Coalition 86 0 0.0 144 0 0.0 1.000 

Talonavicular Coalition 87 0 0.0 148 0 0.0 1.000 

CF3-MT3 Coalition 70 14 20.0 136 26 19.1 0.509 

Metopic Suture 90 0 0.0 160 4 2.5 0.165 

Mendoza Suture 87 4 4.6 155 7 4.5 0.604 

Sutural Agenesis 88 0 0.0 161 1 0.6 1.000 

Bregma Bone 86 0 0.0 147 1 0.7 1.000 

Lambda Bone 81 8 9.9 150 18 12.0 0.400 

Asterion Bone 81 4 4.9 151 13 8.6 0.228 

Parietal Foramen 89 0 0.0 155 0 0.0 1.000 

Supernum. Teeth - Maxilla 61 2 3.3 98 3 3.1 0.637 

Supernum. Teeth - Mandible 57 0 0.0 94 1 1.1 1.000 

Palatine Canines 76 0 0.0 133 0 0.0 1.000 

C-P Transposition 73 1 1.4 114 0 0.0 0.390 

Ectopic M1 63 0 0.0 107 1 0.9 1.000 

Cleft Palate 74 0 0.0 140 0 0.0 1.000 

Facial Cleft 80 0 0.0 149 0 0.0 1.000 

Maxillary Torus 76 0 0.0 147 0 0.0 1.000 

  ¹Denotes statistically significant difference (α=0.05) 
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  Table 9. Continued. 

 

  Mobridge Larson   

Developmental Defect N  Present Freq. N Present Freq.  p-val 

Attlanto-Occipital Block 88 1 1.1 156 0 0.0 0.361 

C2-C3 vertebral Block 75 3 4.0 143 2 1.4 0.224 

Occipital Vertebrae 71 9 12.7 123 5 4.1 0.028* 

Posterior Atlas Bridging 59 19 32.2 120 37 30.8 0.491 

Cleft Neural Arch - Cervical 61 1 1.6 118 3 2.5 0.814 

Cleft Neural Arch - Sacrum 62 0 0.0 110 4 3.6 0.164 

Sacral Shifting 57 20 35.1 87 19 21.8 0.060 

Supracondylar Process 95 1 1.1 157 1 0.6 0.613 

Radioulnar Ankylosis 88 0 0.0 153 0 0.0 1.000 

Os Acromiale 71 2 2.8 135 6 4.4 0.438 

  ¹Denotes statistically significant difference (α=0.05) 

 

 In general, developmental defects were more prevalent among the Larson individuals 

than among Mobridge site inhabitants; approximately 61% of the Larson sample exhibited at 

least one skeletal anomaly, while 52% of the Mobridge sample had one or more defects 

(Table 10). This difference, however, is not statistically significant and is likely a reflection 

of differential preservation at the two sites, as opposed to a meaningful pattern. The skeletons 

comprising the Larson sample were, overall, more complete and therefore had more bones 

available for analysis per individual than did the Mobridge sample. For instance, 77% of the 

individuals from Larson had over half of the appropriate bones available for analysis, 

whereas only about 55% of the skeletons from Mobridge had this level of completeness. 

Preservation issues aside, the elevated incidence of skeletal anomalies observed in the 
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Mobridge and Larson samples accords well with the other studies that have also documented 

fairly high frequencies of vertebral anomalies (Bradtmiller, 1984) and developmental defects 

of the hands and feet (Case, 1996) among the Arikara.  

 

  Table 10. Total number of defects per individual at the Arikara sites. 

          

  _________Mobridge________ __________Larson__________ 

No. of Defects N Frequency (%) N Frequency (%) 

0 65 48.1 76 39.4 

1 41 30.4 70 36.3 

2 17 12.6 32 16.6 

3 7 5.2 12 6.2 

4+ 5 3.7 3 1.5 

Total 135 100.0 193 100.0 

 

 

 

Another important parameter for sample comparison is the correlation between 

skeletal defects and skeletal stress indicators. Interestingly, individuals affected by LEH and 

CO did not have more skeletal defects than those individuals without LEH or CO. To 

quantify this observation, I calculated the average number of defects per person for those 

individuals without LEH or CO and compared it with the average number of defects per 

individual with LEH or CO; results were surprisingly similar both within and between 

populations (Table 11). On average, Mobridge individuals with LEH had 0.33 defects, while 

those individuals without LEH had 1.3 defects, which is the opposite of what would be 

expected if developmental defects were caused by environmental stress. However, this 
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calculation is based on only three individuals with LEH and therefore may not be particularly 

meaningful. Mobridge individuals with CO, on the other hand, had an average of 1.5 skeletal 

defects, while those with no orbital lesions had an average of 1.1 defects. At the Larson site, 

the average number of defects per person was 0.9 for individuals with LEH and 1.1 for 

individuals without LEH, while individuals with CO had an average of 0.5 defects and their 

non-affected counterparts had 1.0 defect per person. It should also be noted that the majority 

of defects observed in individuals with stress indicators were posterior atlas bridging and 

third metatarsal-third cuneiform coalition, both of which were extremely prevalent within the 

populations as a whole. 

 

  Table 11. Average number of defects per individual with and without LEH and CO. 

 

  Mobridge Larson 

With LEH 0.3 0.9 

Without LEH 1.3 1.1 

With CO 1.5 0.5 

Without CO 1.1 1.0 

 

 

Intersite comparisons by sex revealed that males from the Mobridge village exhibited 

significantly higher frequencies of os styloideum than their Larson site counterparts (13.3% 

versus 1.5%; p=0.031), while Mobridge females had a higher incidence of occipital vertebrae 

(21.4%) than did Larson females (3.4%). This is a particularly interesting pattern because os 

styloideum and occipital vertebrae were the only two defects that varied significantly 

between the populations. All other developmental defects had similar male and female 



 

94 

frequencies between the sites. There were no statistically significant differences in defect 

frequencies between Mobridge males and females, but there were a few disparities between 

the sexes at Larson; males had a higher incidence of posterior atlas bridging than did females 

(41.8% versus 22.2%; p=0.029), while the females had a higher frequency of os acromiale 

than the males (8.6% versus 0.0%; p=0.029).  
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CHAPTER 6:  DISCUSSION 

Skeletal Stress Indicators 

 Based on the statistically indistinguishable differences in LEH and CO frequencies 

between the two sites, Mobridge and Larson appear to have experienced similar levels of 

environmental stress that would have impacted children. Furthermore, the mean age-at-death 

of individuals with LEH, as well as the peak age at which enamel defects occurred, was 

similar between the two sites. Recall that it was originally hypothesized that Mobridge would 

be the most stressed site, while Larson would be the healthiest. Although the results of this 

study do not conform well to the findings of previous studies (e.g., Jantz and Owsley, 1984; 

Westcott and Cunningham, 2006), there are a variety of cultural and environmental factors 

that may have contributed to the incidence of stress observed at the two sites, which may 

help to explain the patterns of LEH, CO, and PH found in this study.   

  Although some archaeological, osteological, and climatic data (Chapter 2) have 

shown that individuals at the Mobridge site may have experienced higher levels of 

environmental stress than the inhabitants of the Larson site, frequencies of LEH suggest 

otherwise. The fairly low incidence of LEH (10.8%) indicates that Mobridge individuals 

likely had adequate access to resources as children, which enabled them to sustain nutritional 

levels high enough to prevent enamel deposition from ceasing. This was likely accomplished 

through a varied diet that included bison meat and other wild game, as well as cultigens such 

as maize, beans, and squash (Blakeslee, 1994; Rogers, 1990; Hurt, 1969). Faunal analysis of 

the Mobridge site revealed that at least 36 different species of wild animals were utilized by 

the Arikara, with bison meat contributing nearly half of the inhabitant‟s yearly diet (Ungar 
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and Spencer, 1999; Rogers, 1990). This diverse diet would have served as a buffer against 

severe episodes of stress, enabling the villagers to switch resources if a particular species 

became depleted or if crops failed. In addition, the practice of cutting and drying bison meat 

(Ungar and Spencer, 1999) provided a nutritious food reserve for the harsh winter months, as 

well as during times of severe environmental stress, such as droughts or floods. Furthermore, 

a diet consisting primarily of bison meat and other wild game is high in both vitamin B12 and 

iron, which would have reduced the inhabitants‟ susceptibility to megaloblastic anemia and 

iron deficiency anemia, respectively. The low frequency of CO (4.3%) and PH (0%) at the 

Mobridge site correlate well with such a diet and are likely reflective of a low incidence of 

anemia in this village.  

 Population levels and settlement patterns may also have contributed to the observed 

frequencies of LEH, CO, and PH at the Mobridge site. Extended Coalescent villages are 

characterized by small cache pits and middens, which indicate short occupations, limited 

surpluses, and low population levels (Lehmer, 1970). According to Lehmer (1970), these site 

features suggest that the Arikara led a “hand-to-mouth existence” that resulted from the 

unfavorable climatic conditions of the Little Ice Age. Limited resources not only limited the 

size of the Mobridge population, but also required its inhabitants to have a high degree of 

mobility and flexibility in their subsistence strategy. This type of existence should be viewed 

not only as a result of environmental stress, but also as a buffer against it; by maintaining a 

small, mobile population, the Arikara were better able to sustain adequate nutrition levels 

among existing group members. If population levels were too high during severe stress 

episodes, available resources would have to be divided among a greater number of 
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individuals, leaving certain segments of the population with insufficient resources, thus 

leading to malnutrition. Low population levels would have also enabled greater mobility, 

which would allow the Mobridge villagers to exploit a wide variety of resources, as 

evidenced by the faunal analysis previously mentioned. 

 In addition to serving as a buffer against resource depletion, low population density 

and greater mobility also aid in diminishing the spread of pathogens resulting from 

unsanitary living conditions. A variety of parasites that thrive in these settings, such as 

Ascarislumbricoides (giant intestinal roundworm), have been shown to interfere with proper 

vitamin B12 absorption, while others (e.g., Escherichia coli) have been linked to diarrheal 

disease, which in turn can lead to anemia (Walker et al., 2009; Reinhard, 1992). According to 

Walker and colleagues (2009), PH and CO lesions are caused by megaloblastic anemia 

resulting from the combined effects of inadequate vitamin B12 intake and parasitic infections. 

It seems likely that CO and PH incidence was low among the Mobridge site inhabitants 

because of their small population size and high level of mobility, as well as their B12-rich diet 

of bison and other wild game.     

Although the Larson site exhibited similarly low (and statistically indistinguishable) 

frequencies of LEH (15.4%) and CO (2.6%), population levels during this period are 

estimated to be higher than in the Extended Coalescent. In contrast to the Extended 

Coalescent villages, both cache pits and middens were large at Postcontact Coalescent 

villages, suggesting surpluses and fairly large populations (Johnson, 1998; Lehmer, 1970). 

Recall from Chapter 2 that the Arikara first acquired the horse during this period, which 

greatly improved bison hunting and enabled the villagers to obtain larger quantities of meat 
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and animal byproducts than was previously possible on foot (Owsley, 1994). In addition, a 

break in the Little Ice Age provided more favorable climatic conditions for cultivating plants. 

Regarding overall nutrition, the surpluses of both wild game and domesticated crops likely 

outweighed any strain on resources produced by a growing population. 

Not only was this mixed subsistence strategy beneficial in reducing LEH frequencies, 

but it also helped to curb the incidence of CO among the Larson villagers; only 2.6% of the 

individuals examined from the Larson site were afflicted with CO, all of whom exhibited 

healed lesions. As mentioned above, nutritional levels were probably adequate (or better) 

with little threat of B12 or iron deficiency. In addition, a varied diet consisting of wild game, 

cultivated crops, and wild plants and berries would have provided individuals with the 

vitamins and minerals necessary for proper RBC production, thus helping to prevent anemia 

due to malnutrition. Although population levels increased during the Postcontact Coalescent, 

villages were quite large and extensively distributed along the Missouri River and its 

tributaries (Lehmer, 1970), which may have prevented overcrowding. It is possible that the 

combined effects of low population density and living in close proximity to a large 

freshwater source helped to maintain sanitary living conditions, thus reducing the incidence 

of parasitism.   

 Conversely, frequencies of LEH and CO may have been fairly low at the Mobridge 

and Larson sites because disease and/or malnutrition were so severe that children did not 

survive the stress episodes and therefore did not develop enamel defects or orbital lesions. 

The mere presence of LEH is indicative of survival since an individual must recover from the 

episode of stress in order for enamel formation to recommence and form a defect (Wood et 
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al., 1992). Although the difference was statistically insignificant, LEH frequencies were 

lower at the Mobridge site, which might indicate that the village inhabitants experienced 

more acute episodes of disease or malnutrition, while the Larson individuals suffered from 

chronic, but less severe stress episodes. An apt corollary to this scenario is the osteological 

study by Kelley and colleagues (1994) (Chapter 2) that examined the prevalence of 

pulmonary tuberculosis at four Arikara sites, including Mobridge and Larson. Although 

statistical analysis revealed no significant differences between the sites, Mobridge had the 

highest frequency of individuals with rib lesions (6.6%), yet had the lowest average number 

of affected ribs per person (2.8), while the Larson site had a lower incidence of rib lesions 

(4.9%) and a greater number of affected ribs (6.0). Based on this pattern, the authors 

conclude that tuberculosis was more acute in the Mobridge population, affecting the greatest 

number of individuals, but killing them before lesions could develop on numerous ribs 

(Kelley et al., 1994). Occupation of the Mobridge site during the early seventeenth century 

would have also coincided with the introduction of European diseases, particularly smallpox, 

to which the Arikara had no previous exposure and therefore little genetic immunity. It seems 

probable that individuals at the Larson site, which was occupied at a later time period than 

the Mobridge, had developed some level of resistance to such diseases and therefore had a 

better chance of survival than earlier Arikara populations. The results of the Kelley et al. 

(1994) tuberculosis study appear to support this conjecture.   

This model might also explain the observed age distribution of LEH at the two sites 

(Table 6.1, Figure 6.1); LEH is most common in the 10-19 age category at Mobridge, while 

at Larson the majority of afflicted individuals died between the ages of 20 and 29. Perhaps 
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Larson villagers with LEH lived to an older age because the stress that they experienced 

during childhood was less severe and therefore affected them less throughout life. It is also 

possible that better access to resources may have enabled them to recover better than those 

individuals from the Mobridge site, who may have experienced periodic food shortages or 

heavy disease loads. As such, the more acute episodes of stress experienced by the Mobridge 

inhabitants increased frailty/morbidity, thus causing them to enter the cemetery population at 

an early age. If this scenario were true, one would expect juveniles from the Mobridge site to 

have higher frequencies of LEH, CO, and PH than their Larson site counterparts. 

Unfortunately, this comparison cannot be made with the dataset collected for this study since 

juveniles were not included in the site samples.   

 It should also be noted, however, that the methodology utilized for this study, as well 

as the sample composition, may have elicited skewed LEH results. As Temple and 

colleagues (2010) aptly acknowledge, the most objective and precise method for identifying 

LEHs is by microscopically examining the spacing between perikymata for irregular 

discontinuities in enamel growth layers (also see King et al., 2005). Since the present study 

relies solely on macroscopic observation of enamel defects, the prevalence of LEH observed 

in the two Arikara samples represent minimum estimates. Furthermore, the inclusion of 

individuals who exhibited at least some degree of dental wear may have elicited slightly less 

accurate age estimates than might otherwise be possible with unworn teeth. A 20 percent loss 

of mandibular canine tooth crown height, for instance, results in the obliteration of enamel 

that was deposited between the ages of 1.5 and 2.0. Unfortunately, any defects that formed 

during this time would be lost as well. In addition, severe dental wear also inhibited the 
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inclusion of older individuals in the samples from each site, as evidenced by the fact that 

only one Mobridge individual over the age of 30 could be scored for LEH (Table 6.1). 

Although these problems can complicate, and sometimes impede meaningful analyses, it is 

somewhat reassuring to note that sampling and methodological issues were the same for both 

Mobridge and Larson, which helps to validate comparisons between the two sites.  

Developmental Defects 

 The results of the statistical analysis for differences in skeletal defect frequencies 

suggest that only two anomalies, os styloideum and occipital vertebrae, were more prevalent 

in the stressed Mobridge population, which may be indicative of an elevated sensitivity to 

environmental factors, hereafter referred to as ecosensitivity (Bergman, 1993). The 

remainder of the developmental defects examined for this study did not vary between 

samples, which may suggest that these traits are under stronger genetic control with 

negligible sensitivity to extrinsic factors. There are several possible reasons why defect 

frequencies were extremely uniform between the two samples, but the two most likely 

scenarios involve sampling/mortality bias and inadequate differences in stress levels between 

the populations. Before these factors are discussed, however, we must first examine the 

significance of the two defects that appear to be the most sensitive to environmental stress. 

Developmental Defects with Elevated Ecosensitivity 

 The os styloideum is an accessory ossicle that normally fuses to the base of the third 

metacarpal between the ages of 11 and 12 to form the styloid process, but sometimes persists 

as a separate element (Dwight, 1907; Scheuer and Black, 2000; Capo et al., 2009). The os 

styloideum may be expressed as a free-standing ossicle, in which case the styloid process is 
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either rudimentary (i.e., hypoplastic) or completely absent. The accessory bone may also 

remain connected to the base of the third metacarpal by means of a cartilaginous or 

fibrocartilaginous bridge, which can be identified in dry bone by the presence of surface 

porosity on the dorsolateral corner of the metacarpal base (Figure 9). This type of expression, 

which has been referred to as a non-osseous coalition, often incorporates some portion of the 

accessory bone onto the base of the third metacarpal (Case, 2003).  

 

 

  Figure 9. Os styloideum exhibiting surface pitting (red arrow) characteristic of a non-    

  osseous coalition (right) compared to a non-affected third metacarpal (left). 

 

 

If the etiology of os styloideum has a prominent environmental component, then it 

stands to reason that nutrient deficiency or disease somehow interferes with proper fusion of 

this secondary center of ossification to the base of the third metacarpal. In cases where there 
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is a non-osseous coalition between the accessory ossicle and the metacarpal, there must also 

be some error in ossification that inhibits proper differentiation of the cartilaginous 

connective tissue into bone. According to Pryse-Davies and colleagues (1974), secondary 

centers of ossification are primarily controlled by genetic factors, which account for 

population variation and sex-related timing differences, but can also be influenced by 

maternal nutritional deficiencies, as well as hormonal changes. As such, it is possible that 

malnutrition during adolescence may interfere with proper fusion of this bony element to the 

base of the third metacarpal, thereby resulting in a retained accessory ossicle. Interestingly, 

frequencies of the os styloideum were significantly higher among Mobridge males than 

among Larson males, which suggests that the latter may have been exposed to some type of 

extrinsic stressor during this stage of development.  

Numerous clinical studies utilizing animal proxies have documented ossification 

anomalies resulting from various nutrient deficiencies (e.g., Nelson, 1959; See et al., 2008). 

Maternal folic acid (vitamin B9) deficiency has produced retardation or complete absence of 

ossification centers in various bones of their rodent offspring and also altered normal 

ossification sequences in the skeletal patterning of those malnourished animals (Nelson, 

1959). Similarly, See and colleagues (2008) have also observed significantly reduced or 

completely absent ossification centers of the metacarpals and metatarsals in the offspring of 

vitamin A deficient mothers. Their study also found that vitamin A was critical for axial 

patterning, as well as the continued maintenance of normal development of various regions 

of the skeleton (See et al., 2008). Interestingly, the Mobridge site also exhibited higher 

frequencies of another accessory bone, the calcaneus secundarius, when compared to the 
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Larson site (13.9% versus 8.5%, respectively), though this difference was not statistically 

significant (p=0.152). 

A major cause of vitamin A deficiency in modern populations is low dietary intake of 

meat and other animal products (CDC MMWR, 2001), which may have also been 

responsible for such deficiencies in the Mobridge population. As previously discussed, if the 

climatic fluctuations associated with the Little Ice Age adversely affected precipitation, wild 

game may have become less abundant, thus reducing the availability of primary sources of 

vitamin A. In addition, the types of foods that are rich in folate, such as legumes and leafy 

green vegetables, may have been less abundant to Mobridge villagers because of unstable 

climatic conditions.  

If folic acid deficiency was prevalent in the Mobridge population, one might also 

expect to see an increase in vertebral anomalies, since vitamin B9 is strongly correlated with 

neural tube defects in both humans and animal proxies (Nelson, 1959; Smithells et al., 1981; 

Werler et al., 1993; Susser et al., 1998). Interestingly, the other anomaly found to be 

significantly more prevalent at the Mobridge site is occipital vertebrae, a form of vertebral 

border shifting that is also technically a vertebral block. In addition, border shifting of the 

lumbosacral or sacrocaudal border was also much more common in the Mobridge sample 

(35.1%) than at the Larson site (21.8%), and other vertebral anomalies, such as C2-C3 block 

vertebrae, were observed slightly more often in the Mobridge sample.  

According to Barnes (1994), vertebral border shifting is not uncommon, with 

transitional vertebrae typically occurring at the less stable occipitocervical and lumbrosacral 

vertebral regions. These axial anomalies are believed to be triggered by combined delays in 
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vertebral development and intervertebral disc formation of the affected border region 

(Barnes, 1994). The results of this study accord well with these common patterns of border 

shifting, as both occipital vertebrae and sacral shifting occurred most frequently in the 

Mobridge skeletal series. Of prime interest are occipital vertebrae, which represent the only 

other statistically significant difference between the two Arikara samples. An occipitalized 

vertebra refers to the partial incorporation of the atlas (C1) into the occipital bone of the 

cranium, which has various manifestations that are expressed as bony protuberances around 

the foramen magnum (Barnes, 1994). Three forms were observed in the Arikara skeletal 

series; the paracondylar tubercle (Figure 10.1), which manifests as a cone-like protuberance 

on the lateral side(s) of the foramen magnum, was the most common variant; the precondylar 

tubercle (Figure 10.2) is a small spicule of bone that projects from the anterior rim of the 

foramen magnum; and the occipitalized atlas (Figure 10.3) occurs when a recognizable 

segment of the first cervical vertebra (in this study, it was the body of the atlas) fails to 

separate from the foramen magnum during the embryonic stage of development (Barnes, 

1994). The paracondylar and precondylar tubercles are less severe forms of occipital 

vertebrae, while the occipitalized atlas represents a more significant border shift because a 

larger portion of the atlas is incorporated into the occipital bone (Barnes, 1994). 
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  Figure 10.1. Paracondylar tubercle (arrow) protruding from the right side of the cranium. 

 

 

 
 

 Figure 10.2. Precondylar tubercle (arrow) protruding from anterior rim of foramen magnum. 
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 Figure 10.3. Occipitalization of the atlas body (arrow) onto the cranial base. 

 

 

Although vertebral border shifting is believed to have a strong genetic component, 

some researchers have argued that the etiology of these anomalies is not only complex, but 

also poorly understood (e.g., Merbs, 1974). If, as Barnes (1994) suggests, these vertebral 

borders are unstable, and thus more sensitive regions of the skeleton, it seems logical that 

they may also be the most susceptible to extrinsic stressors, such as malnutrition and disease, 

that can interfere with proper ontogeny. In fact, both clinical and osteological studies seem to 

suggest that malnutrition or non-specific systemic stress have a strong correlation with the 

incidence of vertebral anomalies (Bergman, 1993; See et al., 2008). As discussed in Chapter 

3, See and colleagues (2008) documented numerous vertebral anomalies in the offspring of 

vitamin A deficient rats, including cleft neural arches, occipital vertebrae, vertebral blocks, 

and sacral anomalies. In addition, over 80% of the offspring exhibited basioccipital 
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malformation of some variety (See et al., 2008). In his analysis of non-metric traits in human 

crania, Bergman (1993) also found a statistically significant association between cribra 

orbitalia and the precondylar tubercle (i.e., occipital vertebrae), which he attributed to a 

common morbid factor. Although cribra orbitalia is a non-specific skeletal stress marker, it is 

nonetheless indicative of systemic insult, which is often attributable to malnutrition, disease, 

or infection (Stuart-Macadam, 1987a).  

Although the results from the present study seem to correspond quite well with the 

clinical and osteological literature previously reviewed, it should be noted that cleft neural 

arches, including spina bifida occulta of the sacrum, were slightly more prevalent (though not 

statistically significant) at the Larson site, which does not accord well with a hypothesis of 

greater folic acid or vitamin A deprivation among Mobridge villagers. In addition, 

frequencies of LEH and CO at Mobridge seem to suggest that the site‟s inhabitants had 

adequate access to resources, at least over the long-term occupation of the site. The fact that 

only 2 of the 46 traits examined for this study exhibited statistically significant differences 

between the Mobridge and Larson samples is also problematic in that the standard alpha 

value (i.e., α=0.05) assumes that a Type I error will be made approximately once in 20 tests 

by random chance alone (or about 2 in 40 tests, as compared with 2 in 46 tests done for this 

study).  As such, it is necessary to examine the possible explanations for this lack of 

variability in defect frequencies between two populations with apparent differential exposure 

to environmental stress.  
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Inadequate Stress Levels 

 The results of the stress indicator analysis discussed earlier in this chapter suggests 

that individuals from the Mobridge and Larson sites experienced similar levels of 

environmental stress as children. If the hypothesis that increased stress causes elevated 

skeletal defect frequencies within a population is true, then the results of the stress indicator 

analysis and the skeletal defect analysis are in agreement. Put simply, uniform levels of stress 

(as indicated by LEH, CO, and PH) will result in similar developmental defect frequencies. 

The problem with these findings is that they are not consistent with some of the previous 

research that has demonstrated differential levels of stress between the two sites (Jantz and 

Owsley, 1984; Westcott and Cunningham, 2006). In the growth variation study by Jantz and 

Owsley (1984), it was demonstrated that long bone lengths from Extended Coalescent sites 

were similar to those of Postcontact sites during early childhood, but diverged in late 

childhood, leading to greater long bone lengths for the Postcontact period. According to the 

authors, their results indicated that Postcontact sites experienced less stress than their 

Extended Coalescent counterparts and therefore supported previous anthropological research, 

which had suggested less favorable environmental circumstances and thus, higher stress 

levels in the earlier period (Jantz and Owsley, 1984).  

The long bone length differences between early childhood and late childhood may be 

the key to explaining the inconsistency between the findings of this thesis and the Jantz and 

Owsley (1984) study. The regression lines that were calculated by Jantz and Owsley for the 

humerus, radius, femur, and tibia indicate that long bone lengths at birth were nearly 

identical for the Extended and Postcontact Coalescents and remained similar throughout 
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early childhood. It is not until late childhood, between the ages of five and eight (depending 

on the long bone in question) that long bone lengths begin to diverge between the two groups 

(Jantz and Owsley, 1984: Figure 2). Similar long bone lengths during this time suggests that 

stress levels experienced by young children may have been similar between the two 

populations; in other words, both sites had either similarly high or similarly low levels of 

stress during this developmental period.  

Higher stress levels are plausible within this age group due to the increased morbidity 

and mortality risks associated with weaning and rapid growth. Once children are weaned, 

they no longer have passive immunity from their mother‟s breast milk and are therefore more 

susceptible to numerous diseases, including respiratory diseases, gastroenteritis, measles, and 

chickenpox (Becker and Black, 1996; Humphrey and King, 2000). In addition, growth and 

development is particularly rapid from birth to age three, which increases the caloric, protein, 

and nutrient demands of the growing child (Tanner, 1978). These increased dietary 

requirements, combined with the loss of nutrients and passive immunity from breast milk, 

can result in retarded growth and development and also increase morbidity and mortality in 

this age group. These risks are fairly ubiquitous among modern populations (Humphrey and 

King, 2000) and may therefore have affected the Mobridge and Larson children in a similar 

way.  

Comparable levels of early childhood stress between the two sites, as evidenced by 

the observed frequencies of LEH and CO, may indicate that prenatal health was also similar. 

And since the embryonic period is the most crucial time for skeletal development, similar 

intrauterine stress levels may have resulted in comparable defect frequencies between the 
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Mobridge and Larson sites. This hypothesis is supported by research findings that have 

demonstrated a strong correlation between prenatal stress and low birth weight (Goldenberg 

et al., 2008; Claris et al., 2010) and since long bone lengths were similar for the Mobridge 

and Larson perinates (Jantz and Owsley, 1984), it follows that intrauterine environments may 

also have been similar between the two sites. The high frequencies of several developmental 

defects, particularly vertebral anomalies, at both Mobridge and Larson support this postulate 

that both sites may have had similarly elevated stress during early childhood.  

Though Jantz and Owsley (1984) do not discuss the importance of catch-up growth in 

the analysis of their results, this phenomenon is a likely explanation for variable long bone 

lengths, and thus different levels of environmental stress between the sites. If Larson was 

indeed the more healthy population, it seems plausible that individuals who survived the 

tumultuous early childhood period would have a greater opportunity for catch-up growth 

because of better access resources (i.e., adequate nutrition) and/or because of lower disease 

loads in the population (Claris et al., 2010). Conversely, if the Mobridge villagers 

experienced periodic resource scarcity or higher disease loads, those individuals who 

survived early childhood would continue to be subjected to such stressors and would 

therefore have less ample resources to dedicate to catch-up growth, thus resulting in shorter 

long bone lengths during late childhood. This conjecture is supported by the Jantz and 

Owsley (1984: Figure 2) growth curves, which display long bone length divergence between 

the two groups during late childhood, when catch-up growth was likely occurring. The most 

important point to take from this discussion is that environmental stress at birth was likely 

similar between the two populations, so intrauterine stress may also have been comparable. 
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And since the most crucial time for the development of skeletal defects is during the 

embryonic period, the Jantz and Owsley (1984) study, when analyzed in detail, actually 

supports the findings of this study 

It is also possible that maternal stress levels were low at the Mobridge site because 

women were given or earned equal access to dietary resources. The most convincing 

evidence for this is derived from ethnohistorical accounts, which indicate that in addition to 

their role as the primary horticulturalists, Arikara women also participated in hunting 

activities (Wood, 1974). By contributing to both subsistence strategies, it seems likely that 

women had access to meat from wild game, as well as wild and cultivated vegetables, fruits, 

nuts, and other resources, thereby obtaining adequate nutrient levels, which would help to 

reduce the incidence of skeletal defects. In addition, Arikara kinship structure was based on 

matrilineal descent with matrilocal residence (Rogers, 1969), which may also have increased 

the likelihood that pregnant women were given preferential access to resources, even during 

times of scarcity. The results of the stress indicator analysis may also support this hypothesis 

since frequencies of LEH and CO were fairly low for both sites (see Table 4). Under this 

scenario, the elevated levels of some developmental defects (e.g., vertebral anomalies) may 

be attributed to closer genetic homogeneity within the population as opposed to 

environmental stress. For instance, traits that exhibit autosomal dominant inheritance and are 

present in at least one lineage in a village could become quite prevalent in a cemetery that 

has been used for many generations. Furthermore, modern data have shown that marriage 

between closely related individuals (e.g., first cousins) causes increased rates of congenital 

anomalies in their offspring (Roberts and Manchester, 2007), which means that if the Arikara 
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practiced endogamy within their village or with select groups, developmental defect 

frequencies may be elevated. In addition, post-marital residence patterns could also influence 

the prevalence of some traits if they are under strong genetic control (Stojanowski and 

Schillici, 2003).    

Sampling/Mortality Bias 

 Another possible explanation for the lack of defect frequency variation between the 

samples and also for the absence or near absence of many defects, such as brachydactyly, 

cleft palate, and metopic suture, is sampling and/or mortality bias. Based on the hypothesis 

that increased environmental stress causes elevated levels of skeletal defects, it can be 

inferred that populations exposed to the most stress would also have the highest frequencies 

of skeletal defects. What is problematic about this simplistic causative model is that the most 

embryonically stressed individuals have higher morbidity and mortality risk at birth, and are 

therefore  more likely to enter the cemetery population at a young age. This is where 

sampling bias becomes an issue; if only adults are scored for skeletal defects (as was the case 

for this study), then presumably, the most stressed individuals who entered the cemetery 

population at a young age and who also may have the highest incidence of skeletal defects, 

would not be included in the analysis. Unfortunately, there is no easy solution to this 

predicament because the majority of bones affected by these minor anomalies are still 

cartilaginous anlages at birth and throughout early childhood. Even when ossification has 

commenced, scoring may still require epiphyseal fusion (e.g., brachydactyly), which 

precludes the inclusion of most juveniles in the skeletal sample. 
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 A mortality bias could also explain why many defects were not observed in the 

Arikara series. For instance, the link between nutritional stress and cleft palate is well-

established in the clinical literature (Warkany et al., 1943; Nelson et al., 1957; Acs et al., 

2006), which suggests that this defect should be present in a fairly large skeletal sample that 

experienced environmental stress (such as the Arikara). However, infants with cleft palate are 

often unable to suckle properly (Chen and Rogan, 2004), thus increasing the mortality risks 

for these individuals, especially in prehistoric populations where there may not have been 

viable alternatives to breastfeeding. As a result, these malformed infants may have entered 

the cemetery population during infancy, which effectively excludes them from the cemetery 

sample of adults. This mortality bias may be why cleft palate and facial cleft were not 

observed at either of the Arikara sites examined for this study. Similarly, various forms of 

brachydactyly are associated with congenital syndromes such as Albright hereditary 

osteodystrophy, basil cell nevus syndrome, and Turner syndrome (Anderson et al., 1967; 

Poznanski et al., 1977; Temtamy and McKusick, 1978), and might therefore cause elevated 

mortality risks in affected infants. Brachydactyly was fairly uncommon at both Arikara sites, 

which like cleft palate, may be reflective of selective mortality bias for this particular trait.  

 Another example of mortality bias is an issue that has garnered considerable attention 

from clinicians and relates to the timing and severity of environmental insult. Warkany 

(1954) was among the first researchers to highlight the fine line that exists between 

spontaneous abortion and continued pregnancy once an insult (e.g., nutrient deficiency) has 

occurred. Essentially, there are small windows of opportunity for the manifestation of 

developmental defects of non-genetic origin. In addition, numerous clinical studies have 
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demonstrated that dosage and timing are critical factors in both the expression and severity of 

defects (Warkany and Schraffenberg, 1946; Wilson et al., 1953; Nelson, 1959; Kimmel et al., 

1993; Graham et al., 1998; See et al., 2008). It is now widely accepted that an extrinsic insult 

must occur during critical stages of ontogeny, such as the embryonic period for most skeletal 

defects, in order for a developmental defect to occur (Czeizel, 2008). In short, there are 

mortality biases for those individuals surviving to infancy, as well as for those extremely 

stressed individuals who may not live beyond the natal period.   
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CHAPTER 7:  CONCLUSIONS 

 

 Based on the observed skeletal defect frequencies and the lack of statistically 

significant differences between the Mobridge and Larson sites, it appears that the majority of 

the skeletal anomalies examined for this study may be under strong genetic control with little 

ecosensitivity. This conclusion is supported by the fact that only two of the skeletal defects 

studied exhibited statistically significant differences between the Mobridge and Larson 

sample, which is about the number of significant differences that should be found by random 

chance alone at an alpha level of 0.05. Furthermore, even if some of the skeletal anomalies 

have a high degree of ecosensitivity, this etiological component might not be readily 

observable in the Arikara series because stress levels did not vary enough between the two 

sites.  

It is possible that defect frequencies were similar between the two sites because of 

biocultural buffering, which helped to curb severe environmental stress at the Mobridge site. 

In particular, pregnant women may have received preferential access to resources either 

because they were part of a matrilineal/matrilocal society or because Arikara females 

participated in hunting activities and therefore had direct access to meat and other animal 

byproducts. It is also plausible that the Mobridge inhabitants were able to maintain a 

relatively high degree of overall health due to increased mobility, a diverse diet, and little 

contact with European diseases. Conversely, somewhat elevated levels of particular 

developmental defects (e.g., vertebral anomalies) may indicate that both sites experienced 

similarly high levels of environmental stress. 
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The apparent lack of ecosensitivity in the anomalies examined in the Arikara series 

can at least partially be attributed to the clinical observation that there are small 

developmental “windows” in which defects of non-genetic origin can be produced (Warkany 

and Schraffenberg, 1946; Wilson et al., 1953; Nelson, 1959; Kimmel et al., 1993; Graham et 

al., 1998; See et al., 2008). Environmental insults must occur during critical stages of the 

embryonic period to have detrimental effects on the developing fetus. Furthermore, there is a 

fine line between spontaneous abortion and continued pregnancy once an extrinsic insult 

occurs, which severely hinders the ability to observe affected individuals in the 

archaeological record. According to Stevenson and colleagues (1950), in the absence of 

strong environmental influences, the genetic predisposition of certain traits will prevail; 

perhaps the levels of malnutrition and disease at the Mobridge site were simply not large 

enough to produce elevated levels of developmental defects when compared to the Larson 

site. Another confounding factor in this analysis was the extremely poor preservation and the 

large number of missing skeletal elements for individuals included in the samples, 

particularly those from the Mobridge sample. The lack of complete skeletons hinders more 

concrete conclusions because certain defects may have been present in life, but were simply 

not observable in the skeletal collection.  

Another interesting result of this study was that there were no correlations between 

developmental defects and skeletal stress indicators, as evidenced by the lack of co-

occurrence between the two. In fact, individuals with LEH or CO were observed to have 

fewer defects, on average, than individuals without LEH or CO (Table 11), which is the 

opposite of what would be expected if systemic stress influenced the development of skeletal 
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anomalies. One possible explanation for this observed pattern is that the ages represented by 

LEH formation are different than the ages at which skeletal defects would occur; LEH in the 

mandibular canines record systemic insults that occurred between the ages of 1.5 and 6.2, 

while the majority of developmental defects occur during the embryonic period or during 

adolescence in the case of accessory bones (e.g., accessory navicular, os styloideum). 

However, those individuals who experienced stress during the embryonic period and 

survived beyond infancy would have increased frailty, and thus would be more susceptible to 

systemic stress during childhood (Humphrey and King, 2000). If certain skeletal defects had 

a high degree of ecosensitivity, then one would expect affected individuals to also show 

evidence of systemic insults in the form of LEH, CO, or PH, which does not appear to be the 

case for the Arikara series.  

In conclusion, it is likely that the majority of the traits examined for this study are 

under strong genetic control, with limited sensitivity to environmental stress, such as dietary 

deficiencies and disease. The use of these traits in biological distance studies and 

intracemetery kinship analyses therefore appears to be justified. Although the findings of this 

study did not support the hypothesis that elevated levels of environmental stress cause higher 

frequencies of skeletal defects within a population, the environmental etiological component 

should certainly not be dismissed. Clinical research has clearly demonstrated that a variety of 

nutritional deficiencies, including vitamins A, E, B2 (riboflavin), B5 (pantothenic acid), 

and/or B9 (folic acid), and infectious diseases, can produce a variety of skeletal defects in the 

offspring of malnourished mothers (Warkany et al., 1942; Wilson et al., 1953; Kimmel et al., 

1993; Chambers et al., 1998; See et al., 2008). In addition, Bergman (1993) has found 
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statistically significant associations between cribra orbitalia and a variety of non-metric 

cranial variants, which may indicate an elevated level of ecosensitivity for some traits. As 

such, it is critical that researchers who utilize these traits for inferring genetic affinity within 

or between populations critically assess the levels of environmental stress experienced by the 

individuals or groups being compared.  

This study represents a preliminary attempt at elucidating the etiological components 

of a variety of skeletal defects that can be utilized for bioarchaeological analysis. Future 

research should focus on identifying more viable research samples, particularly with regard 

to skeletal completeness and well-established differences in nutrition and/or disease. Donated 

skeletal collections are becoming much more prevalent and would be ideal samples to utilize 

for this type of research. The skeletons comprising these samples are generally in an 

excellent state of preservation and are sometimes accompanied by a detailed donor history of 

health. Although donations of unclaimed individuals from the Medical Examiner‟s office still 

make up a large proportion of these collections, body donation from more affluent members 

of society are becoming more common (Komar and Grivas, 2008), which may facilitate 

better comparisons between individuals who experienced varying levels of nutrition and 

disease during growth and development.  

One problem with these samples, however, is that many donated collections are still 

overrepresented by Caucasians, males, and individuals who died from unnatural causes, and 

therefore may not be entirely representative of the population from which they are derived 

(Komar and Grivas, 2008). If the methodological goal of skeletal defect research regarding 

environmental stress is to examine individuals with varying levels of malnutrition and 
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disease, however, these collections may still be suitable for such analyses. Other samples that 

might be suitable for this type of analysis include historic skeletal collections, such as those 

derived from church cemeteries and crypts, which sometimes included parish records that 

can be matched to individual skeletons (e.g., Christ Church, Spitalfields) and anatomical 

collections such as the Robert J. Terry and Hamann-Todd series‟. Regardless of the 

collection chosen for analysis, it is clear from this thesis that well-established differences in 

environmental stress and overall health are paramount to understanding the etiological 

composition of developmental defects. 
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APPENDIX A 

Scoring Criteria of Developmental Defects (adapted from Case, 2003) 

Variable Definitions (For Table 12 below): 

 

“Score” – scoring limits: 

 

A      =    Any (score at any age) 

 

EC    =    Epiphyseal Closure (score after at least one digital epiphysis has fused) 

 

FD    =    Facet Development (score only when facets of relevant bones are fully developed) 

          

PT    =    Permanent Teeth (score trait on permanent teeth only) 

     

SC    =    Suture Closure (score only after cranial sutures have closed) 

 

 

“Age” – approximate age at which scoring minima are reached: 

 

2+     =    2 years of age or older 

 

10+   =    10 years of age or older 

 

13+   =    13 years of age or older 

 

16+   =    16 years of age or older 

 

V      =    Varies    

       

 

“Sides” – Laterality of the trait: 

 

U      =    Unilateral trait 

 

B      =    Bilateral trait 

 

 

“Additional Criteria” – any additional scoring criteria that were used: 

 

No codes, notation form  
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  Table 12. Scoring criteria for developmental defects. 

 

Developmental Defect Score Age Sides Additional Criteria 

Hand Anomalies         

Brachydactyly         

     Type A EC 16+ B   

     Type D EC 16+ B   

     Type E EC 16+ B   

Polydactyly         

     Preaxial  A   B   

     Postaxial A   B   

Os Styloideum EC 16+ B 

Score if base of MC3 has pitting 

characteristic of non-osseous 

coalition or if the styloid process 

is completely absent with no 

signs of pitting 

Os Hamulus EC 16+ B   

Bipartite Scaphoid FD 10+ B   

Foot Anomalies         

Brachydactyly - Type E EC 16+ B   

Polydactyly         

     Preaxial  A   B   

     Postaxial A   B   

Calcaneus Secundarius FD 10+ B   

Accessory Navicular EC 16+ B   

Bipartite First Cuneiform FD 10+ B   

Os Intermetatarseum         

     1st Cuneiform EC 16+ B   

     1st or 2nd Metatarsal EC 16+ B   
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  Table 12. Continued. 

  

Developmental Defect Score Age Sides Additional Criteria 

Foot Anomalies         

Tarsal Coalition         

     Calcaneonavicular FD 10+ B   

     Talocalcaneal FD 10+ B   

     Talonavicular FD 10+ B   

     Calcaneocuboid FD 10+ B   

     CF3-MT3 FD 10+ B   

Cranial Anomalies         

Abnormal sutures         

     Metopic suture SC 2+ U 
Only score complete metopic 

suture 

     Mendoza suture SC 2+ U 

Score if 50% or more of the 

suture is visible extending from 

the lambdoid suture medially 

Sutural Agenesis SC 2+ U   

Wormian Bones         

     Bregma SC 2+ U   

     Lambda SC 2+ U 

Accessory ossicle must touch 

both the left and right lambdoid 

sutures 

     Asterion SC 2+ B   

Enlarged Parietal 

Foramen 
SC 2+ B 

Must be greater than 5mm in its 

largest dimension 

Dental Anomalies         

Positional Anomalies         

     Palatine Canines PT V B   

     C-P Transposition PT V B   

     Ectopic M1 PT V B   



 

137 

  Table 12. Continued. 

 

Developmental Defect Score Age Sides Additional Criteria 

Dental Anomalies         

Supernumerary Teeth         

     Maxillary Teeth PT V B 

Only score if all teeth are 

present or if the alveolar sockets 

of missing teeth are clearly 

delineated (i.e., no resorption 

present) 

     Mandibular Teeth PT V B 

Only score if all teeth are 

present or if the alveolar sockets 

of missing teeth are clearly 

delineated (i.e., no resorption 

present) 

Dental Anomalies         

Positional Anomalies         

     Palatine Canines PT V B   

     C-P Transposition PT V B   

     Ectopic M1 PT V B   

Maxillary Anomalies         

Cleft Palate A   U   

Facial Cleft  A   U   

Maxillary Torus EC 16+ U   

Vertebral Anomalies         

Block Vertebrae         

     Atlanto-Occipital A   U   

     C2-C3 A   U   

Occipital Vertebrae A   U 

Forms scored:  partial or 

complete occipitalization of C1, 

precondylar tubercle, and 

paracondylar process 
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  Table 12. Continued. 

 

Developmental Defect Score Age Sides Additional Criteria 

Vertebral Anomalies         

Posterior Atlas Bridging EC 16+ U 

Score partial or complete bridge. 

Must be evidence of osseous 

extensions from either direction 

plus curvature of projection to 

qualify for partial bridging 

Cleft Neural Arch         

     Cervical Vertebrae EC 16+ U   

     Sacrum  EC 16+ U 
At least 2 units from S1 - S4 

must be scorable 

Upper Limb Anomalies         

Supracondylar Process A   B   

Radioulnar Ankylosis A   B   

Os Acromiale EC 16+ B   

 


