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ABSTRACT 

BIOLOGICAL STRESS AND AGE-AT-DEATH: DIFFERENTIAL SURVIVORSHIP 
IN COLONIAL PERIOD NORTH COAST PERU 

Megann Phillips, M.A. 

George Mason University, 2019 

Thesis Director: Dr. Haagen D. Klaus 

 
 
 The relationship between age at death and biological stress experience is vital to 

consider, especially in the bioarchaeology of Colonial Latin America, where drastic 

changes in indigenous health and population size followed European contact. This thesis 

shows that the long-term and cumulative consequences of stress in Colonial Period north 

coast Peru were diverse. At Mórrope and Eten (1532-1750), two contemporaneous 

Colonial Period communities in the Lambayeque region of northern coastal Peru 

separated by 50 kilometers and marked differences in ecogeographic diversity and 

Spanish influence, there was variation in stress-associated survivorship. Kaplan-Meier 

survival curves and Mantel-Cox log rank tests show greater mortality risk among males 

with enamel hypoplasia relative to those without at Eten. Significant differences in 

survivorship of individuals with and without periostosis at Mórrope show that individuals 

(especially females) with periostosis lived longer than those without. These findings 

illustrate complex biocultural outcomes in Colonial Peru. 
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CHAPTER ONE 

The Colonial Period (1532 – 1750) in Peru was one of the most turbulent eras in 

the history of the Americas, and it represents what is perhaps the most important chapter 

in a lengthy adaptive transition that has unfolded as a result of sustained contact between 

the Eastern and Western Hemispheres. Yet many facets of the Andean indigenous 

experience during this timeframe remain unexplored by contemporary historians and 

archaeologists. This is due a complex array of factors, from the uncritical acceptance of 

an incomplete and biased historical record, to the limited information provided by a scant 

few archaeological studies of the era. However, bioarchaeology can provide a unique 

opportunity to better understand the ways that the changing socioeconomic and political 

circumstances of the time period affected human biology, culture, and wellbeing. In 

tandem with information from historic and archaeological sources, it can help researchers 

to more thoroughly understand the past. 

In Peru, shortly after Francisco Pizarro and his band of Spanish conquistadores 

reached the west coast of South America in 1530, the historical record indicates a series 

of rapid and devastating changes to the lifeways of indigenous people. Preexisting 

government was conquered and replaced by an oppressive colonial regime that forced 

resettlement into concentrated towns called reducciones and made harsh labor demands 

of native people as a form of “taxation” for military protection and Catholic conversion 
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(Burkholder and Johnson, 2012). These policies, in combination with other aspects of 

Spanish-indigenous interaction, catalyzed a drastic demographic collapse due to violence, 

migration, marginalization of indigenous communities, and new infectious diseases 

(Cook, 1981; Klaus, 2008). 

Although relatively little is know about the exact impact of colonization on native 

people from historical records, the north coastal region of Peru is one of only a few 

places in Latin America that have benefited from bioarchaeological investigations into 

Colonial Period health and wellbeing. Efforts of the Lambayeque Valley Biohistory 

Project have shown that indicators of biological stress in the region, such as cribra 

orbitalia, porotic hyperostosis and periostosis, drastically increased between late pre-

Hispanic periods and the Colonial Period (Klaus and Tam, 2009). Prevalence of 

degenerative joint disease also increased (Klaus et al., 2009), and oral health declined 

(Klaus and Tam, 2010). However, there are apparent differences that exist between 

settlements, indicating that colonization did not affect indigenous health homogenously 

across sites. Klaus and Alvarez-Calderón (2017) note that individuals from Colonial 

Eten, located within a coastal ecotone that offered immediate access to a number of 

resource-rich microenvironments, evidently experienced less biological stress than their 

desert neighbors in Mórrope. 

Proportional prevalence of stress indicators within Colonial Period populations 

can reveal much about the ways in which they experienced stress, as is proved by the 

research of Klaus and Tam (2009), Klaus et al. (2009), Klaus and Tam (2010), and Klaus 

and Alvarez-Calderón (2017). However, recent research outside of Latin America (i.e., 
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DeWitte and Wood, 2008; DeWitte and Hughes-Mory, 2012; Yaussy et al., 2016) has 

shown that analysis of survivorship related to stress experience can be equally — if not 

more — revealing. The relationship between age-at-death and individual experience of 

biological stress is an interesting relationship to consider, especially in the context of 

Colonial Latin America, because it helps to contextualize demographic and biological 

transformations among indigenous peoples in the postcontact era. These variables can 

help to illuminate the diverse experiences of indigenous people within and between 

colonial population centers, as well as the mechanisms of a broader adaptive transition 

unfolding throughout the Western Hemisphere. 

The goal of this research is to examine the association of age-at-death with 

nonspecific indicators of stress at two different Colonial Period sites in the Lambayeque 

region of north coastal Peru — Eten and Mórrope, which have already been the subject of 

biological stress research throughout the course of the Lambayeque Valley Biohistory 

Project. These stress indicators will include cribra orbitalia, porotic hyperostosis, linear 

enamel hypoplasia, and periostosis. Their association with transition analysis-generated 

age-at-death estimates are analyzed using a combination of descriptive statistics, Kaplan-

Meier survivorship curves, and Mantel-Cox log rank tests that make pairwise 

comparisons between subsamples divided by site and sex. 

Considering existing research at the sites in question, similar research done at 

other sites around the world, the implications the developmental origins of health and 

disease (DOHaD) hypothesis (Barker, 1990), and the implications of the osteological 

paradox (Wood et al., 1992), this work evaluates five hypotheses regarding the 
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relationships between biological stress and survivorship. Previous work that showed 

inter-site differences in stress indicator presence at Eten and Mórrope (Klaus and 

Alvarez-Calderón, 2017) suggested that there might be survivorship differences between 

the two sites as well. Meanwhile, because the DOHaD hypothesis (Barker, 1990) 

suggests a trade-off relationship between immediate survival and investment in growth 

and development during early-life stress events (Temple, 2014), and the osteological 

paradox (Wood et al., 1992) proposes that skeletal indicators of stress or illness cannot be 

trusted at face value as indicators of “health” due to a principle of implied robusticity 

(Temple and Goodman, 2015), the author predicts that indicators of early-life stress will 

be associated with reduced survivorship and evidence of systemic infection will be 

associated with increased survivorship. These results would be in line with the results of 

other studies that have found a significant relationship between stress indicators and long-

term survivorship and mortality patterns, including Boldsen (2007), DeWitte and Wood 

(2008), DeWitte and Hughes-Moray (2012), Yaussy (2016), and others. 

Research hypotheses 

Klaus and Alvarez-Calderón (2017) suggested that differences in biological stress 

prevalence at Eten and Mórrope might signify two very different biocultural landscapes, 

with Mórrope individuals experiencing more early-life stress, higher pre-adult morbidity, 

and higher rates of systemic infection in adulthood. These experiential inequalities led the 

author to believe that stress-related survivorship differences might also characterize 

Mórrope as a Colonial Period town with comparatively poor apparent health outcomes 

relative to its contemporaneous coastal neighbor. Therefore, the hypothesis is proposed: 
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1. Individuals buried at Mórrope will have experienced reduced survivorship relative 

to individuals buried at Eten when variables of sex and stress indicator presence 

were constant. 

As  the DOHaD hypothesis predicts that early-life stress can negatively impact the 

development of the immune system and other important bodily systems that affect long-

term health, four additional hypotheses are tested regarding the relationship of early-life 

stress indicators to survivorship in colonial North Coast Peru: 

2. Cribra orbitalia presence will be associated with decreased survivorship in males 

and females at both Eten and Mórrope. 

3. Porotic hyperostosis presence will be associated with decreased survivorship in 

males and females at both Eten and Mórrope. 

4. LEH presence will be associated with decreased survivorship in males and 

females at both Eten and Mórrope. 

However, in contrast to early-life stress indicators, the author predicted that: 

5. Periostosis presence will be associated with increased survivorship in males and 

females at both Eten and Mórrope. 

Although DeWitte and Wood (2008) found that periostosis presence was, like early-life 

stress indicators, associated with younger age-at-death, other studies involving periostosis 

and age-at-death (Grauer, 1996; Yaussy et al., 2016) have found that it is associated with 

increased survivorship in some circumstances. Of studies such as this thesis research that 

did not distinguish between active and healed periostosis in their age-at-death analyses, 

Yaussy’s (2016) study of famine-affected people in medieval England provides a context 
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that is probably the most similar to that of Colonial Eten and Mórrope. While unaffected 

by epidemic circumstances on the scale of the Black Death, epidemic disease waves did 

affect the north coast of Peru, and the people of the region also endured persistent 

stressors including undernutrition (especially at Mórrope) and systemic non-deadly 

infection. 

These five hypotheses are developed and explored throughout the chapters of this 

thesis, which will be described in the following section. While Chapter One briefly 

introduces the central concepts, hypotheses, and research design that guide this thesis, it 

is succeeded by an exploration of the background method, theory, and history that give 

significance to its findings. Ultimately, contextualized conclusions reached in the last 

chapters of this thesis provide a more holistic and detailed view of stress experienced by 

native people during the Colonial Period in north coastal Peru. 

Organization of this thesis 

After this introduction, Chapter Two reviews the history of osteological age-at-

death estimation and describes the importance of transition analysis as a tool in the 

repertoire of modern bioarchaeologists and forensic anthropologists. Transition analysis 

uses a multifactorial Bayesian model to eliminate harmful reference sample mimicry. It 

also uses mathematics that can generate individually tailored point estimates for age-at-

death via a computer program. Transition analysis is the only method of age-at-death 

estimation currently available that is well suited for seriating groups of individuals based 

on age, and it is therefore the most logical means of producing age data for survivorship 

analyses. 
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Chapter Three provides an overview of the theoretical foundation upon which are 

built interpretations of stress-related survivorship. By describing the history and thought 

paradigms behind developmental plasticity theory, the DOHaD hypothesis, and current 

understandings of immune response, this chapter sets a stage for extrapolating 

information about health, morbidity, and resilience from trends in survivorship associated 

with stress experience. Such a foundation is vital to the formation of educated, 

biologically sound conclusions regarding the stress landscapes experienced by any group 

of people, including native Muchik people in the context of Colonial north coast Peru. 

Chapter Four establishes the cultural, historical, and ecogeographic context of 

Colonial Eten and Mórrope in order to inform conclusions regarding stress and 

survivorship in a way that is contextually — and not just biologically — grounded. Eten, 

which was situated on a resource-rich coastline, and Mórrope, a marginalized desert 

down to the northeast of Eten, were contemporaneous colonial reducciones where local 

Muchik people were subjected to poverty and marginalization under the oppressive 

administration of a new Spanish ruling class. Although these two sites were very similar 

in terms of time period, government, and regional location in north coastal Peru, 

differences in local economy and microenvironments led to macroscopic differences in 

stress patterns. Chapter Four describes these differences as they are presented in the 

historical and bioarchaeological records. 

Chapter Five introduces the step-by-step approach that guided this thesis research 

in an attempt to further elaborate on the stress differences that existed between colonial 

Eten and Mórrope. It contains a brief synopsis of procedures used to estimate age-at-
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death in samples of adults from Eten and Mórrope, describes the means by which stress 

indicator data were collected from existing documentation, and summarizes the 

mathematical operations used to establish statistical relationships between age-at-death 

and stress. This chapter serves as a gateway to the rest of thesis, which details the results 

and interpretations derived from the aforementioned operations. 

Chapter Six demonstrates the results of mathematical procedures described in 

Chapter Five, noting two statistically significant trends in survivorship related to stress 

experience: Males at Eten who presented with LEH experienced reduced survivorship 

relative to males at Eten who did not present with LEH. In addition, individuals with 

periostosis lived longer than individuals without periostosis at Mórrope — a trend that 

was especially notable in females. While no other statistically significant differences 

between compared samples could be attributed to stress experience, these results yielded 

interesting new information about stress consequences in specific ecogeographic contexts 

and demographic groups. 

Chapter Seven is an exploration of contextual interpretations of results in Chapter 

Six, noting the relationship of survivorship analyses to broader biological and historical 

themes, as well as the research hypotheses posed in Chapter One. This chapter 

supplements previous interpretations of stress at Eten and Mórrope, which were derived 

from stress indicator prevalence at the two sites, by considering lasting and cumulative 

effects of stress experience over time. It reveals differential stress landscapes that seem to 

be characterized by early-life selective mortality, local disease loading, 

immunocompetence, and sex-specific stressors related to manual labor. 
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Finally, Chapter Eight concludes this thesis by briefly summarizing the 

interpretations of stress experience at Eten and Mórrope discussed in Chapter Seven. It 

also addresses new and unanswered questions that might be the subject of future research. 

To be sure, there are ample opportunities to build on this thesis work in the future by re-

analyzing stress-related survivorship on the north coast of Peru at different sites and 

using more diverse indicators of stress. 

Conclusion 

Bioarchaeological evidence of American indigenous experiences in the years, 

decades, and centuries following European conquest can yield much new information 

regarding postconquest adaptive transition in the New World. It can also supplement 

broader understandings of the effects of colonialism in Latin America by supplementing 

limited representations of indigenous experience in the historical record. This thesis 

research will focus particularly on the effects of Spanish colonization on indigenous 

stress and survivorship in north coast Peru, with the aim to shed new light on native 

Muchik health, stress, mortality, and resiliency in the region during this time of 

unprecedented sociopolitical upheaval and transformation.  
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CHAPTER TWO 

Estimation of age-at-death based on osteological indicators is essential to nearly 

every bioarchaeological endeavor. However, this task is complicated in adult skeletons 

by the highly variable nature of senescent osseous changes and the shortcomings of 

existing estimation methods. This chapter provides a brief outline of the methodological 

obstacles to adult age-at-death estimation and then discusses the abilities of various 

existing estimation methods to address these obstacles. It would appear that the best 

current solution to challenges in adult age-at-death estimation is transition analysis, 

which can generate individually tailored Bayesian confidence intervals for age-at-death 

based on appearance of the pubic symphysis, iliac auricular surface, and cranial sutures. 

Challenges in adult age-at-death estimation 

 Despite the centrality of age-at-death estimation to the objectives of 

bioanthropological science, the relationship between osteologists and the methods they 

use to accomplish such a vital task has long been fraught with uncertainty and frustration. 

Due to the skeletonized state of most archaeological remains, macroscopically visible 

surface characteristics on bone provide the most practical means of assessing the age at 

which an individual died. However, these indicators become increasingly vague and 

irregularly patterned as a skeleton senesces. Estimates of age-at-death in pre-adults 

mostly fall within reasonable margins of accuracy and precision due to the relatively 
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reliable developmental clock that regulates closely timed generative processes such as 

odontogenesis and epiphyseal fusion, but these processes generally end before or during 

young adulthood and therefore cannot be used to estimate age of individuals past their 

early twenties. With the exception of the late-maturing medial epiphysis of the clavicle, 

which can complete fusion to the clavicular body at an age as late as 30 years (Szilvássy, 

1980; Webb and Suchey, 1985; MacLaughlin, 1990; Black and Scheuer, 1996), age-at-

death estimation in adult individuals relies almost exclusively on slow degenerative 

changes at cartilaginous and fibrous joints, including the sternal rib ends, pubic 

symphysis, sacroiliac joint, and cranial sutures. 

 Scheuer and Black (2004:16) note that “variability of all skeletal parameters 

increases with increasing age as external influences continue to act on the skeleton.” 

Although this statement was made with specific reference to pre-adult osteology and the 

high canalization of in utero tooth development relative to other early-life developmental 

changes, the same principle applies to senescent changes in the skeleton. Degenerative 

processes that can be used to gauge age-at-death in adulthood are subject to individual 

variation in lifestyle, activity patterns, trauma experience, and environmental conditions, 

in addition to genetic variation. The effects of these variables are compounded as an 

individual ages, meaning that there is greater diversity in patterns of joint degeneration 

(especially in non-mobile amphiarthrodial joints) with the accumulation of lived years. 

Although age-related joint changes in all people will share a similar degenerative 

trajectory, the flexible pace and shape of these changes can be extremely difficult to 

account for in age-at-death estimation models. 
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 Osteologists have been developing models to better understand the relationship 

between age and non-synovial joint degeneration since the early 20th century, and 

scientific understanding of skeletal maturation has improved vastly during that time. 

However, the nature of senescence has continued to inhibit accurate and precise 

estimation of age-at-death in middle-aged and older individuals. Most existing models 

define estimates of lived years with static, predetermined intervals that become broader 

with age — a tactic that has resulted in general failure to describe diverse stages of joint 

aging, especially in older skeletons. This inhibits bioarchaeological ability to seriate age-

at-death within samples. Additionally, most existing models used for age-at-death 

estimation truncate at approximately 50 years. This dooms individuals with advanced 

degeneration of joint surfaces to be lumped into an open-ended category of “50+” that 

disguises all upward variation. The resulting homogenization of older age groups has 

been a major setback to bioarchaeological studies of paleodemography, epidemiology, 

sociopolitical inequality, and other relevant subjects. 

 Transition analysis (Boldsen et al., 2002) is a relatively recently developed age-at-

death estimation method that has sought to address problems of accuracy and precision in 

older age groups, as well as in young and middle-aged adults. This new method 

engineered by Boldsen et al. (2002) fundamentally changed the way in which age-at-

death estimates had historically been produced by employing several key methodological 

innovations in joint scoring, reference sample treatment, and individual estimate output. 

As a result, transition analysis has attracted significant attention in the bioarchaeological 

and forensic communities since its initial publication, and it has catalyzed what might be 
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called a paradigmatic shift (sensu Kuhn, 1962) within the scientific sphere of osteological 

age-at-death estimation. 

Perhaps most notable among the groundbreaking details of Boldsen and 

colleagues’ work is the fact that transition analysis operates within an free online 

computer program called ADBOU, which is able to calculate custom 95- or 99-percent 

confidence intervals around maximum-likelihood point estimates of age-at-death for 

individual skeletons. The tailored age-at-death outputs produced in ADBOU are based on 

user input regarding amphiarthrodial joint appearance including various aspects of the 

pubic symphysis, iliac auricular surface, and cranial sutures that are numerically scored to 

reflect independent stages of degeneration within and across different joint surfaces. Due 

to the innate variability in age-related changes at these loci, confidence intervals in older 

age groups are almost universally much wider than confidence intervals in younger age 

groups. However, the truncation travesty that plagues most methods of age-at-death 

estimation is essentially eliminated by the advanced multi-component system of 

transition analysis, and the production of point estimates enables intra-sample age 

seriation with some degree of accuracy. Although the use of immovable predetermined 

estimate intervals was a defining characteristic of age-at-death estimation models in the 

past, the development of transition analysis has rendered this practice unnecessary in 

modern osteology. 

 Individually tailored point estimates and accompanying confidence intervals 

produced in ADBOU provide a level of clarity to age-at-death estimation previously 

unheard-of. However, the key element behind the computer program is the Bayesian 
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basis of the transition analysis method, which prevents estimate bias caused by known-

age reference sample composition. Commonly referred to as sample mimicry, this 

tendency is not considered or corrected for in any older age-at-death estimation models 

(see, among others: McKern and Stewart, 1957; Neméskeri et al., 1960; Lovejoy et al., 

1985b; Meindl and Lovejoy, 1985; Brooks and Suchey, 1990) that many researchers 

would describe as “traditional.” The ability of transition analysis to address this problem 

is revolutionary. 

Statistical methods, reference sample mimicry, and the Bayesian revolution 

 The foundation for the development of transition analysis was laid in 1999 and 

2000 at the Max Planck Institute for Demographic Research in Rockstock, Germany, 

when a number of experts in biostatistics, age-at-death estimation, and paleodemography 

convened to discuss the present and future of paleodemographic study at two sequential 

bioarchaeology workshops. After evaluating the shortcomings of current adult age-at-

death estimation methodology, the attending experts produced a series of standards for 

statistical and theoretical soundness in future estimation models. The central theme of 

these new standards, which were appropriately dubbed the Rockstock Manifesto (Hoppa 

and Vaupel, 2002), was the importance of integrating Bayes’s theorem into age-at-death 

estimation as a means of assuring the mathematical independence of informative models 

and the information derived from them. Transition analysis was created as a direct 

response to this emphasis on Bayesian statistics, and the Rockstock Manifesto would 

ultimately be published as the opening chapter to an edited volume on paleodemographic 

methodology that also contained Boldsen and colleagues’ (2002) initial outline of 
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transition analysis. 

 Unlike other methods of age-at-death estimation, which use simple distribution 

descriptions or broad regression models to calculate the likelihood of age-at-death given 

the ordinally described appearance of a certain osteological feature, the Bayes-buffered 

age estimates generated using transition analysis do not suffer from mimicry of a known-

age reference sample. Age mimicry is a persistent problem among traditional age-at-

death estimation methods (Boquet-Appel and Masset, 1982; Hoppa and Vaupel, 2002; 

Buckberry, 2015), as the nature of likelihood modeling in this context requires the 

regression of a on c in order to obtain Pr(a|c), or the probability that an individual in age 

group a will appear with observed age-related characteristics c. A model that regresses a 

on c directly is highly vulnerable to the potentially skewed age-at-death distribution of 

the known-age reference sample upon which it is based, resulting in well informed 

outputs only when the model is applied to sample populations that display a near-

identical distribution (Nikita and Nikitas, 2019). This tendency is dangerous and can 

result in misleading discrepancies between estimated and actual age-at-death when the 

age distribution of the reference sample and the tested population differ. 

 Boldsen et al. (2002) note that the problem of age mimicry is particularly relevant 

to the estimation model developed by McKern and Stewart (1957), which provides 

guidelines for estimating age-at-death in males based on the pubic symphyseal 

morphology of Korean War dead. Because the known-age reference sample that this 

model is based on consisted mostly of active members of the United States military, the 

age-at-death distribution was saturated with information on individuals under the age of 
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25. Among the 349 men between the ages of 17 and 50 observed by McKern and Stewart, 

only 52 were over the age of 30, and only seven were older than 40. Issues of diversity in 

sex and ancestry notwithstanding, the sheer quantity of young people in this sample 

dwarfed the number of middle-aged and older individuals, causing biased age-at-death 

estimates when the model is applied to other osteological samples with more typical 

distributions. 

 The unbalanced ratio of young adults to middle-aged and older individuals 

observed by McKern and Stewart caused the appearance of all age-related characteristics 

to occur with disproportionate frequency in earlier age groups, as there was simply not 

sufficient representation of individuals at the older end of the spectrum. The probability 

of a given c in any circumstance was therefore deceptively low for older age groups, and 

estimates produced using this model are statistically inclined to be younger than if older 

individuals had been adequately represented in the reference sample. Although Boldsen 

et al. (2002) point out that calculating the probability of c given a would have been 

immune to the problem of age mimicry, this is not a measure that is especially useful to 

osteologists who wish to estimate age from bone appearance (as opposed to bone 

appearance from age). 

 McKern and Stewart's (1957) model for age-at-death estimation provides a 

particularly notable example of skewed sampling that results in biased age-at-death 

estimates, but it followed a precedent for statistical blindness set by earlier methodology 

(e.g., Todd, 1920; Todd, 1921). The pioneering age-at-death estimation model produced 

by Todd (1920), which was based on his observation of a sample of Caucasian male 
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pubic symphyses, is characterized by a distinct paucity in the use of almost any statistical 

framing whatsoever. This early method of age-at-death estimation was built with static, 

predetermined age intervals defined only by the informed preferences of the author. Later 

addendums to the initial model (Todd, 1921) that considered African-American male, 

Caucasian female, and African-American female pubic symphyseal morphology shared 

the same crippling ignorance of statistical methodology. 

 Somewhat ironically, the lack of statistical underpinning in the Todd (1920, 1921) 

models made them less susceptible to the quantifiable effects of known-age sample 

mimicry. The mathematical probability of age-at-death given the appearance of certain 

symphyseal characteristics was not calculated, and the composition of the known-age 

reference sample therefore had no opportunity to pollute the probabilistic foundation of 

the model. However, Todd’s representation of age-at-death a given age-related 

characteristics c was nonetheless flawed. Elimination of mathematical modeling 

ultimately exacerbates issues of inaccuracy by increasing the subjective influence of the 

model designer. Additionally, Todd built his models by describing features of the pubic 

symphysis that were characteristic to a number of predetermined age brackets — a tactic 

effectively similar to estimating the probability of c given a (as opposed to a given c). As 

described previously, the probability of c given a is less useful than its inverse when 

attempting to extract age information from bone appearance. 

 In relation to the statistical failures of Todd’s (1920, 1921) estimation models, 

McKern and Stewart’s (1957) method for estimating age-at-death was a notable step 

forward. Their method used range, mean, and standard deviation to describe age-at-death 
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distributions for various stages of pubic symphyseal degeneration, defined by observers 

with a three-component composite scoring system. These descriptive statistics are 

vulnerable to biases in the composition of the reference sample because high 

concentrations of individuals in a specific age range increases the representation of that 

age range in any group defined by the appearance of an osteological characteristic; but 

range, mean, and standard deviation of a given c are nonetheless better representatives of 

the relationship of age to joint appearance than are the arbitrary five- and 10-year age 

brackets presented by Todd (1920, 1921). 

Methods of age-at-death estimation based on the pubic symphysis that were 

devised after McKern and Stewart’s (1957) work continued to use a similar statistical 

framework. Because of this conformity, they remained vulnerable to the undesirable 

effects of age mimicry. Boquet-Appel and Masset (1982) showed that the unique 

distribution of age-at-death among the Korean War dead was replicated when McKern 

and Stewart’s (1957) model was used (Swedlund and Armelagos, 1969) to assess age-at-

death in a Sudanese Nubian sample (11th – 13th centuries). Likewise, the distribution of 

the known-age sample used to create Kobayashi’s (1957) method was reproduced when 

that method was applied to a number of unrelated Japanese skeletons (9,000 BCE – CE 

1900), and the distribution of the known-age sample used to create the Ascádi-Nemeskéri 

method (Nemeskéri et al., 1960) was reproduced when it was applied (Ascádi and 

Nemeskéri, 1970) to a separate Hungarian sample from the 10th through 12th centuries. 

There are no studies that test the effects of reference sample mimicry on age-at-

death estimates derived from the popularly used Suchey-Brooks model (Brooks and 
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Suchey, 1990) or its more recent descendants (e.g., Hartnett, 2010a). However, it is 

logical to assume that these models also reproduce the age structures of their respective 

reference samples, as they use similar measures of mean, standard deviation, and range to 

inform estimates of age-at-death. Bayes-based transition analysis is the first method of 

adult age-at-death estimation that breaks from the long-held tradition of using simple 

descriptive statistics to define the relationship between joint appearance and age. 

 The pubic symphysis is considered by many osteologists to be the most reliable 

indicator of adult age-at-death (Buikstra and Ubelaker, 1994; Mays, 1998). Although 

some research stands to refute this popular finding (Lovejoy et al., 1985b; Buckberry and 

Chamberlain, 2002; Xanthopoulou et al., 2018), general preference for the feature has 

made it a very thoroughly studied part of the skeleton since its early recognition as a 

practical gauge of lived years. Age-at-death estimation methods via other parts of the 

human skeleton have not been as copiously researched and reworked as symphyseal 

methods. However, methods based on the iliac auricular surface, sternal rib ends, and 

cranial sutures are frequently cited. It is important to note that they, too, have struggled 

with problems such as known-age reference sample mimicry and restrictions presented 

by predetermined estimate intervals. Like traditional age-at-death estimation methods 

based on the pubic symphysis, traditional age-at-death estimation methods that consider 

other osteological features have been beholden to arbitrary interval construction and 

simple descriptions of appearance-dependent mean, standard deviation, and range. 

Cranial sutures, which are known to be a relatively poor indicator of lived years 

(Brooks, 1955; McKern and Stewart, 1957; İşcan and Loth, 1989; Masset, 1989), have 
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provided a means of age-at-death estimation since the mid-1920s — not long after Todd 

(1920, 1921) developed the first method of pubic symphyseal age-at-death estimation. 

The earliest sutural methods addressed age-related changes in endocranial (Todd and 

Lyon, 1924; Todd and Lyon, 1925b) and ectocranial (Todd and Lyon, 1925a; Todd and 

Lyon, 1925c) sutures by providing general characterizations of broad trends in those 

processes. Eventually, suture-based methods evolved to embrace composite score-based 

confidence intervals as a way to better define age-at-death estimates. 

The groundbreaking models developed by Todd and Lyon (1924, 1925a, 1925b, 

1925c) made use of ordinal scale data to describe suture closure at a number of cranial 

loci in known-age white and black American males from the Hamann-Todd Collection, 

which enabled overall trends in fusion over time to be graphed and assessed visually for 

each locus. This approach was in some ways similar to regression analysis. However, no 

measures were taken to calculate lines of best fit or otherwise describe the nature of the 

mathematical relationship between suture closure and age, except for the representation 

of average suture closure stages during each year of life. Resulting guidelines for sutural 

age-at-death estimation did not incorporate confidence intervals or any other statistics 

that would sufficiently account for high variability in suture closure patterns. 

Todd and Lyon’s (1924, 1925a, 1925b, 1925c) early work produced guidelines for 

age-at-death estimation that were extremely vague and of little practical use, but decades 

of steady progress in statistical theory and application made cranial suture-based age-at-

death estimation an increasingly accessible means of approximating lived years. A more 

recent method provided by Meindl and Lovejoy (1985) was built on a sample of 236 
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known-age crania of heterogeneous sex and ancestry, and like McKern and Stewart’s 

(1957) method based on the pubic symphysis, it adopted a composite score-based model 

that defined the margins of age-at-death range estimates with a series of overlapping 

confidence intervals. Meindl and Lovejoy’s (1985) method described mean, standard 

error of the mean, mean standard error, interdecile range, and total range for a sequence 

of composite score categories derived separately from cranial vault loci and lateral-

anterior loci. Years after its initial publication, this model was included by Buikstra and 

Ubelaker (1994) in Standards for Data Collection from Human Skeletal Remains, and it 

became what is likely the most commonly cited method of cranial age-at-death estimation 

today. 

In comparison to cranial suture closure and pubic symphysis morphology, sternal 

rib end and the iliac auricular surface morphology are relatively recent additions to the 

arsenal of skeletal features that can be used to estimate age-at-death. Lovejoy et al. 

(1985b) were the first to develop a systematic approach to age-at-death estimation based 

on the auricular surface, and their model has maintained popularity among osteologists 

today. Nevertheless, despite the newness of auricular surface age-at-death estimation as a 

whole, Lovejoy et al. (1985b) and sequential revisions (e.g., Buckberry and Chamberlain, 

2002) have proven that they are not immune to the statistical glitches that plagued pubic 

symphyseal and cranial suture-based methods. 

Lovejoy and colleagues (1985b) built their estimation model on a series of 

known-age individuals from the Hamann-Todd collection, and like Todd’s ten phases 

(Todd, 1920; Todd, 1921), the model arbitrarily defined a number of non-overlapping 



	 22	

five- and 10-year intervals to associate age with the overall appearance of degenerative 

changes on the auricular surface. The primitive model framework left much to be desired 

with regard to statistical justification for interval determination, and it confined age-at-

death estimates to unrealistically narrow ranges. Later revisions to the Lovejoy et al. 

(1985b) method (Buckberry and Chamberlain, 2002) eliminated the use of illogical 

preference-based age-at-death intervals, similar to the way in which McKern and Stewart 

(1957) revised to Todd’s (1920, 1921) pubic symphyseal age-at-death estimation method. 

Yet this only presented new and more complicated obstacles to estimate accuracy. In 

trading preference-based intervals for descriptive statistics of age-at-death, Buckberry 

and Chamberlain’s (2002) composite score-based method became more susceptible to 

age representation biases within the reference sample. 

The invention of transition analysis by Boldsen et al. (2002) presents a solution 

for reference sample mimicry caused by the use of simple descriptive statistics in age-at-

death estimation based on the auricular surface, cranial sutures, and pubic symphysis. 

The method’s associated ADBOU computer program is capable of considering the 

appearance of these features individually or multifactorially, applying complex Bayesian 

analyses to assure the independence of estimate outputs from reference sample age 

distribution. However, there are some age-related skeletal features that ADBOU has not 

yet been programmed to consider. First and foremost among these features is the sternal 

end of the fourth rib. 

Methods based on the sternal end of the fourth rib became prominent with the 

work of İşcan et al. (1984a, 1984b, 1985), who used pit depth, pit shape, and pit wall 
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configuration to establish a sequence of degenerative stages in white males and females. 

İşcan and colleagues described each stage alongside associated sex-specific descriptive 

statistics (age-at-death mean, standard deviation, range) that formed the basis of broadly 

overlapping fixed estimate intervals resembling those used in traditional models of pubic 

symphyseal, sutural, and auricular surface aging. Unlike these other osteological age 

indicators, however, rib-based age-at-death estimation has not yet been reinvented within 

a Bayesian framework, and even the most up-to-date methods (e.g., Hartnett, 2010b) are 

still based in antiquated, bias-prone statistical descriptions. 

Although the Bayesian transition analysis model does not accommodate rib 

morphology as a means of establishing age-at-death estimates, it is important to 

recognize the position of rib-based age-at-death estimation in decades of 

bioarchaeological and forensic research. It is even more important to understand the 

considerable jump forward that transition analysis makes in relation to all traditional age-

at-death estimation methodology — not exclusively traditional methodology as it has 

applied to the pubic symphysis, cranial sutures, and auricular surface. Transition analysis 

builds on nearly a century of age-at-death estimation research, and the soundness of its 

statistical foundation is not paralleled by any existing methods. 

What is an informative prior distribution? 

The driving distinction of Bayesian modeling is that it uses an informative prior 

distribution to eliminate the undesirable effects of reference sample mimicry in model 

outputs. This involves the integration of a new overarching outcome probability 

distribution that replaces the reference sample’s original distribution within an equation. 
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For example, in the specific context of transition analysis, a new prior distribution 

reimagines the likelihood that any given age-at-death would be the true age-at-death of an 

individual selected at random from the reference sample. Boldsen and colleagues 

(2002:77) illustrate the contextualized Bayesian equation as follows: 

 Pr 𝑎 𝑐! = !"(!! ! ! !

!" !! ! ! ! !!!
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In this equation, a represents age-at-death, c is a given age-related osteological 

characteristic, and j represents the jth individual within a sample. The probability that a is 

the true age-at-death of individual j, given the appearance of characteristic c, is 

represented by Pr(a|cj). 

The calculation of Pr(a|cj) is the object of this Bayesian equation, but because that 

value cannot be calculated directly from the reference sample without undue influence 

from potentially biased preexisting age-at-death distribution, it must be indirectly 

extracted from Pr(cj|a). Thus, Pr(a|cj) is calculated as the quotient of the illustrated 

numerator and denominator. The numerator consists of the probability that an 

osteological characteristic appears at a given age, Pr(cj|a), multiplied by the informative 

prior distribution as it applies to a, noted as f (a). The product of these values is then 

divided by the denominator, Pr 𝑐! 𝑥 𝑓 𝑥 d𝑥!
! 𝑓, which is ultimately equivalent to the 

proportional frequency with which a given age-related characteristic appears in the 

reference sample as a whole.  

 When selecting the prior distribution, f (a), to be utilized in the numerator of the 

above fraction that defines Pr(a|cj), it is essential to consider the sorts of information that 

might be hidden or revealed by mathematically ingrained assumptions about age 



	 25	

demographics within a skeletal sample of interest. The transition analysis method of 

estimating age-at-death encourages using one of two different informative prior 

distributions pre-programmed into the ADBOU software, depending on the context of the 

skeleton or skeletons under examination. In archaeological cases, Boldsen et al. (2002) 

recommend the use of a presumably natural mortality curve that was derived from the 

demography of a 17th century Danish cemetery. In forensic cases, the authors encourage 

the use of a uniform prior. 

Although an informative prior distribution should be based on a large sample that 

resembles the sample of interest as closely as possible, Boldsen et al. (2002) 

acknowledge that this is rarely feasible. In archaeological contexts, it is often impossible 

to find a comparable known-age sample, and when one does happen to be available, 

advanced knowledge of statistical programming is needed to incorporate it into a 

functional Bayesian model. For this reason, both a uniform prior distribution and the 

archaeological prior distribution based on the 17th century Danish cemetery are easily 

accessible in the ADBOU program by selecting either “forensic” or “archaeological” as 

the analytical hazard model. 

Despite the many benefits of Bayesian frameworks, osteologists should be wary 

that it is almost impossible to totally escape the effects of reference sample mimicry in 

age-at-death estimation models. While probabilistic outputs derived from Bayesian 

models are no longer biased by the high or low representations of specific age groups 

within the reference sample, they are instead influenced by the composition of the 

selected prior distribution. This simply biases the production age-at-death estimates in a 
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different way, encouraging the reproduction of age distributions that are contextually 

more realistic, as opposed to the reproduction of reference sample mortality curves 

typically laden with individuals under the age of 40 years. The use of uniform prior 

distributions can be criticized due to the increased theoretical probability of encountering 

individuals at extremely old ages (Di Bacco et al., 1999), and the use of a 17th century 

Danish mortality distribution might be problematic in archaeological samples whose 

population structures drastically differ from this specific historical context (e.g., hunter-

gatherers). 

The preceding discussion illuminates the basic math underscoring transition 

analysis. However, the mathematical basis method is substantially more complicated than 

can be conveyed in this chapter. Because transition analysis considers Pr(a|cj) for many 

age-related characteristics at a number of different osteological features, the final age-at-

death estimates produced by transition analysis through the ADBOU program are 

produced from a complicated compound procedures. These procedures are best explained 

in the original outline of transition analysis and other works (e.g., Boldsen et al., 2002; 

Konigsberg and Frankenberg, 2013). 

Reference sample demographics and applicability to archaeological populations 

 Transition analysis uses Bayesian statistics to negate model biases caused by 

reference sample age-at-death distribution, but many other aspects of reference sample 

composition have the potential to create misinformed estimates of age-at-death. In 

addition, the mortality curve of the reference sample and the sex and geographic ancestry 

of known-age individuals used to create an informative model could affect its overall 
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applicability to dissimilar populations. Such variables might influence the pace at which 

degenerative joint changes occur, as well as morphological subtleties in those changes. 

 Usher (2002) notes that an ideal reference sample is of known age and is 

representative of the population of interest in terms of sex, ancestry, age-at-death 

distribution, and socioeconomic status. While seemingly simple in theory, assembling a 

reference sample that meets these criteria is extremely difficult in practice. In some cases, 

even being sure of individuals’ exact age-at-death within a “known-age” sample can be 

unexpectedly problematic. Most large skeletal collections available to osteologists are 

composed (at least partially) of individuals with self-reported ages, which could be 

inaccurate due to a person’s ignorance of their own true age, or due to a cultural 

preference to disguise true age. The Hamann-Todd collection, for example, is known to 

contain many individuals with self-reported ages. A disproportionate part of that 

collection is aged in years that are multiples of five or 10, possibly indicating that self-

reported ages were rounded, or that age-at-death was sometimes rounded during 

collection assembly.  

 It is also worth noting that many skeletal collections were assembled in large part 

by collecting unclaimed bodies of indigent people during the early and middle 20th 

century. This resulted in reduced socioeconomic diversity within a number of skeletal 

collections, as well as overrepresentation of males — mostly poor white and black males 

(de la Cova, 2019). Although issues of representation can be corrected to some extent 

with conscious subsampling for sex and ancestry, it remains difficult to find adequate 

numbers of Asian, indigenous, and other “racial” groups in known-age collections. Such 
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shortcomings can limit the applicability of age-at-death estimation models to these 

demographics in forensic and archaeological contexts. 

The reference sample that transition analysis is based on fails in many ways to 

meet ideal conditions regarding demographic make-up, but Milner and Boldsen (2002) 

did take several sampling precautions when assembling their age-at-death model that help 

to set transition analysis apart from its competitors. First and foremost, the authors 

assembled a variety of individuals that was composed of white males and females and 

black males and females in approximately equal parts. In a total sample that consisted of 

186 individuals, 52 black males, 52 black females, 42 white males, and 40 white females 

were represented. They also chose to isolate these demographic subgroups from one 

another when running model-building statistics in order to make the production of sex- 

and ancestry-savvy age-at-death estimates possible.  

Ancestry-specific modeling is a novel concept among the suite of age-at-death 

estimation methods available to osteologists today, and some logic would say that 

looking at sex and ancestry groups separately helps to assuage the effects of non-uniform 

senescent processes (Usher, 2002). However, the extremely small subsample sizes that 

result from culling up to three fourths of a 186-individual known-age reference sample 

can have damaging effects on statistical significance. Through the ADBOU program, an 

osteologist might compare a white female skeleton to a reference sample of only 40 

individuals. It is worth questioning whether or not such a small subset of individuals is 

capable of adequately representing maturational diversity in any demographic. As is 

noted by Konigsberg et al. (2008), small reference sample size can be much more 
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harmful in an age-at-death estimation model than insufficient representation of 

ecogeographic ancestry. 

Additionally, the use of a two-ancestry model might be even less applicable than 

ancestry-blind models when estimating age-at-death in individuals of non-white or non-

black ecogeographic heritage. While a few traditional models contained at least some 

known-age individuals of other genetic backgrounds (e.g., Brooks and Suchey, 1990; 

Hartnett, 2010a; Hartnett, 2010b) or attempted to incorporate morphological observations 

of prehistoric Native American collections in their set-up (Lovejoy et al., 1985b), 

transition analysis focuses only on a very limited “racial” binary. This is undesirable in 

almost any context, but the approach is especially questionable when estimating age-at-

death in Asian and indigenous populations. 

Race is a social construct and not a genetic reality, and human variation 

associated with race is inherently clinal. Thus, the binary enforced by transition analysis 

might be interpreted as more detrimental than beneficial to its goal of producing the most 

accurate possible estimates of age-at-death in some circumstances. The black subsample 

used in transition analysis, for example, might actually be as representative of European 

whites as it is of African blacks, given the long history of genetic admixture in the United 

States and elsewhere. The reference sample used in transition analysis was drawn from 

the Terry Collection at the Smithsonian National Museum of Museum of Natural History, 

which is composed mostly of people who died in St. Louis, Missouri, during the first half 

of the 20th century. It would therefore probably not be a good representative of black 

ancient Nubian populations or others with comparatively little European admixture. 
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The best solution to the issues associated with ecogeographic ancestry and the 

transition analysis model, especially when individuals of interest are neither white nor 

black, is to simply select “unknown” as the ancestry identifier in the ADBOU program. 

This action instructs the program to reference both “racial” subsamples to inform age-at-

death estimates. As no thoroughly reviewed methods of age-at-death estimation have yet 

been engineered based on a reference sample of Asian or indigenous ancestry, transition 

analysis with a mixed white and black reference sample is theoretically as representative 

— or almost as representative — of these groups as the best traditional models. 

Although the reference sample used by transition analysis is nowhere near as 

comprehensive as the one used by Brooks and Suchey (1990), which was built on the 

pubic symphyses of 1,225 thoroughly documented individuals of “representative” 

ancestry collected from the Office of the Chief Medical Examiner of Los Angeles 

County, it stands leagues ahead of other traditional methods in terms of non-white 

representation. Many methods developed before the invention of transition analysis (e.g., 

Todd, 1921; Todd and Lyon, 1924; Todd and Lyon, 1925a; McKern and Stewart, 1957; 

Nemeskéri et al., 1960; İşcan et al., 1984a; İşcan et al., 1984b; İşcan et al., 1985; 

Buckberry and Chamberlain, 2002) rely on reference samples that consisted of 

exclusively or mostly white individuals. Even age-at-death estimation research that did 

consider individuals of non-white ancestry in their reference samples (e.g., Todd, 1921; 

Todd and Lyon, 1925b; Todd and Lyon, 1925c; Brooks and Suchey, 1990; Hartnett, 

2010a; Hartnett, 2010b) either functioned as weak addendums to previously all-white 

models or incorporated diversity on a much smaller scale. Boldsen and colleagues’ 
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incorporation of diverse ecogeographic ancestry makes transition analysis a stronger 

method for estimating age-at-death, even if subdividing the reference sample based on 

genetic heritage does not always present the most trustworthy mode of analyzing groups 

of individuals that do not fit the typical European- or African-American phenotype. 

Sex-specific subsampling, unlike ancestry-specific subsampling, provides an 

analytical advantage to age-at-death estimation procedures in almost every circumstance. 

Although biological sex cannot be estimated for an individual of interest in every 

situation due to potential issues in skeletal preservation and other variables, sex 

information can help to contextualize and increase accuracy of conclusions drawn from 

joint appearance when present. Nearly all methods of age-at-death estimation recognize 

differences in joint senescence patterns between males and females. However, despite 

this wide recognition, transition analysis, along with the Suchey-Brooks method of 

symphyseal age-at-death estimation and the Hartnett (2010a, 2010b) methods of rib 

analysis, are among a precious few methods that use separate male and female reference 

samples to build sex-specific confidence intervals for age-at-death estimates. Of these, 

transition analysis is the only method that is able to produce individually tailored 

confidence intervals, as opposed to confidence intervals that apply to general appearance-

based groups. 

Scoring age-related features using the transition analysis method 

Many aspects of transition analysis are unique and thus set it apart from its 

methodological predecessors, but there are also many aspects of the method that have 

been only subtly revised from traditional estimation practices. Boldsen et al. (2002) 



	 32	

adopted osteological observation guidelines and terminology used previously by other 

methods of age-at-death estimation, for example. Terms such as “dorsal plateau” and 

“ventral rampart,” which were initially coined by Todd (1920) to refer to areas of the 

pubic symphysis affected by age-related changes, have been used by nearly all methods 

of symphyseal age-at-death estimation since the 1920s. Boldsen et al. (2002) borrowed 

these and other monikers, including terms for age-related characteristics of the iliac 

auricular surface that have been used since Lovejoy et al. (1985b). Resulting 

observational and terminological consistency has provided a natural bridge between old 

and new methods of estimating age-at-death. 

Transition analysis scoring procedures also borrow from traditional methods. In 

addition to employing the customary ordinal ranking system for description of 

degenerative progress, Boldsen et al. (2002) chose to evaluate all age-related feature 

characteristics independently rather than holistically. This system of evaluation would 

seem to contrast with practices used in most traditional age-at-death estimation methods, 

which consider separate characteristics only as parts of a larger whole that can be 

assigned one overall “phase.” However, it echoes composite scoring procedures that have 

been commonly applied to cranial suture closure since the first half of the 20th century. 

Postcranial composite scoring techniques have been applied to pubic symphyseal age-at-

death estimation since McKern and Stewart’s (1957), and they have more recently been 

used to assess auricular surface aging (Buckberry and Chamberlain, 2002) and costal 

aging (Hartnett, 2010b). Although the latter two methods were published after transition 

analysis and the ADBOU program were released, Boldsen et al. (2002) specifically cited 
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McKern and Stewart (1957) as inspiration for independent scoring criteria they use for 

the pubic symphysis. 

Transition analysis does not use a composite score-based approach, but it does 

require that age-related features be evaluated by separately considering multiple 

individual components. Scores for each individual component are plugged into a multi-

prong Bayesian equation that accommodates diversity of degenerative characteristics 

within a single osteological feature. This has a number of advantages. Within any 

statistical framework, the separate evaluation of various characteristics enables a higher 

degree of individuation between skeletons, making intra-sample seriation of age-at-death 

possible. It also enables the estimation of age-at-death information from age-affected 

features (albeit with a lesser degree of certainty) even when they are damaged or 

incomplete. 

Boldsen et al. (2002) pioneered a highly innovative method for considering the 

separate senescent processes that occur within a single age-affected joint. However, they 

took this multi-component analysis a step further by including multiple osteological 

features within the same elaborate Bayesian model. Transition analysis can consider a 

combination of up to 19 separate age-related characteristics, including five components 

of the pubic symphysis, nine components of the iliac auricular area, and five cranial 

suture loci. This level of complexity separates Boldsen and colleagues’ (2002) method 

from all traditional approaches to age-at-death estimation, which rely on no more than 

one age-related osteological feature (i.e., cranial sutures, sternal rib ends, the iliac 

auricular surface, or the pubic symphysis). 



	 34	

It should be noted that information collected from multiple single-feature 

estimation methods is usually considered in order to form final age-at-death estimates. 

That being said, such estimates have historically been derived from a hodge-podge of 

data at the discretion of the observer and not subject to any sort of statistical evaluation. 

Commonly referred to as multifactorial age-at-death estimation, consideration of 

information derived from multiple traditional age estimation methods is mathematically 

questionable in some respects, but the practice has proven on many occasions to be the 

most reliable means of estimating true age-at-death (Lovejoy et al., 1985a; Bedford et al., 

1993; Boldsen et al., 2002). Transition analysis, as a non-traditional and uniquely 

integrative take on multifactorial analysis, embraces the well-researched notion that more 

information is better information without requiring biased observer decision-making in 

relation to age-at-death estimate construction. 

The multi-feature, multi-characteristic analytical approach used in transition 

analysis promotes creation of age-at-death estimates that are more informed and therefore 

more accurate. This is especially true for older individuals previously relegated to 

truncated “50+” age categories, who benefit from an increased degree of specificity in 

joint description. In addition to accommodating diverse stages of degeneration within a 

single osteological feature, transition analysis considers some traditionally overlooked 

age-affected characteristics that Boldsen and colleagues (2002) deem especially 

indicative of advanced senescence, such as posterior exostoses in the posteriormost part 

of the iliac retroauricular area.  
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Comparative accuracy of transition analysis 

 In theory, due to its multifactorial nature, the diversity and optional specificity of 

its reference sample, its incorporation of Bayesian statistics, and its recognition of 

increasingly senescent joint characteristics, transition analysis is the soundest available 

method of macroscopic osteological age-at-death estimation. It is the only method that 

does not produce estimates that mimic the age make-up of the reference sample, and it is 

the only method that considers multiple osteological features within the same framework. 

Nonetheless, like any method of age-at-death estimation, it should not be trusted 

absolutely. Some level of bias and inaccuracy must be expected whenever age-at-death is 

extracted from bones rather than transcribed from historical sources. 

According to some recent research, transition analysis was actually found to be 

less accurate than traditional methods of age-at-death estimation when used with the 

archaeological prior distribution that is pre-loaded into the ADBOU program. While 

method validation studies rarely yield results that live up to the promises of accuracy and 

precision outlined in formative texts, transition analysis preformed poorly even in tests 

conducted by the researchers who engineered it. This should concern osteologists who 

use the method for any bioarchaeological or forensic purposes. 

When Milner and Boldsen (2012) tested transition analysis on 252 skeletons from 

the Bass Donated Skeletal Collection at the University of Tennessee and some forensic 

cases at Mercyhurst College, they found that it generally did not yield age-at-death 

estimates as accurate as those produced by experienced observers using traditional 

methods. It also tended to underestimate age for individuals over 40 years old, although 
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this tendency could be attributed in part to differences in historic context and 

socioeconomic make-up between the Bass Donated Skeletal Collection and the transition 

analysis reference sample. 

Evidence for low accuracy of the transition analysis method also comes from 

Bethard (2005), who used the Bass Donated Skeletal Collection to run a validation study 

of transition analysis and the ADBOU program for his master’s thesis. Like Milner and 

Boldsen (2012), he found that transition analysis “was not as promising” (Bethard, 

2005:41) as the landmark Boldsen et al. (2002) paper suggested it would be. Maximum-

likelihood estimates of age-at-death proved to correlate only weakly with actual age at 

death (r = 0.509) when all available skeletal indicators were considered. He also noted 

high rates of interobserver error. Both issues became exacerbated with increases in real 

lived years. 

Studies such as those conducted by Bethard (2005) and Milner and Boldsen 

(2012) cast the methodological superiority of transition analysis into question, while 

inter-method age-at-death estimate comparisons prove that new Bayesian frameworks 

mark a significant departure from traditional operations. Research that compares 

transition analysis age-at-death estimates generated in ADBOU to age-at-death estimates 

produced using traditional methods shows results that are consistently correlated but 

rarely the same (Bullock at al., 2013; Phillips et al., 2018). Although the alignment of 

transition analysis with traditional estimates should not be considered a measure of 

accuracy, it is nonetheless interesting to consider the quantifiable effects of method use 

on age-at-death estimation. Comparisons expose possibly problematic deviations from a 
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past “normal.” While these deviations would likely not dramatically affect intra-sample 

seriation of age-at-death, they could affect the way survivorship and other age-at-death 

statistics are quantified. 

Examples of transition analysis working well in conjunction with contextual 

informative prior distributions outside of ADBOU include work done by Godde and Hens 

(2012), but this does little with regard to proving the trustworthiness of ADBOU-

generated estimates based on pre-programed archaeological or uniform priors. The age 

distributions of ADBOU’s clickable priors are naturally less similar to a sample in 

question, and they therefore generate more biased estimates. That being said, success 

with contextual priors outside of ADBOU highlights the potential greatness of the 

transition analysis method. 

Conclusion 

 Given the results of validation studies on known-age archaeological populations, 

it is clear that transition analysis in its current form is not the cure to all osteological 

conundrums with regard to age-at-death estimation. However, the methodological basis 

for transition analysis shows clear promise. Even as it currently stands, the method 

provides what is arguably the best-informed model for estimating true age-at-death based 

on macroscopic osteological features. While there is undoubtedly room for improvement 

in terms of sample size, representation of diverse geographic ancestry, and inclusion of 

additional age-related features in the transition analysis model, transition analysis is the 

first method of its kind to break free from immoveable predetermined age-at-death 

estimate intervals and eliminate estimate truncation in older age groups. This makes it an 
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unparalleled tool for any osteologist — especially one interested in bioarchaeological 

questions of survivorship. 

Age-at-death estimation is essential to understanding survivorship patterns, which 

can shed light on a variety of subjects that include ancient demography, health, 

epidemiology, and sociopolitical conditions such as marginalization or structural 

violence. However, in order to fully understand the implications of bioarchaeological 

survivorship patterns, quality age-at-death estimation must be coupled with a thorough 

understanding of skeletal stress indicators and the theoretical frameworks in which they 

can be interpreted. The following chapter will discuss foundational biological ideas 

regarding developmental plasticity, the long-term impact of early-life stress, and 

immunocompetence, as well as the osteological methods used to study these factors in the 

archaeological record.  
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CHAPTER THREE 

Some of the most important paradigms explored by bioarchaeology in recent years 

involve the developmental origins of health and disease (DOHaD) hypothesis and other 

adaptive and phenotypically plastic processes that occur in the human body as a result of 

biological stress. Morbidity and mortality outcomes are often tightly associated with 

biological stress experience, and investigation of this relationship in past populations can 

shed light on biocultural processes that have continued to affect modern people. Careful 

analysis of the ways in which early-life and adult stress indicators on bone are associated 

with age-at-death has the potential to enrich scientific understanding of human 

evolutionary biology as well as greatly inform perceptions of past people and lifeways. 

Naturally, these bioarchaeological investigations into morbidity and survivorship after 

stress are especially useful when historical records are sparse or biased, such as those that 

describe indigenous communities in the Americas during and after European 

colonization. 

Markers of biological stress in the ancient skeletal record are commonly 

documented, and they can reveal worlds of information about the wellbeing, ecology, and 

social structures that shaped the lives of past peoples and societies. In this chapter, the 

author will outline a number of stress-related irregularities in bones and teeth that are 

commonly used to make inferences about the lives of past peoples, including cribra 
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orbitalia, porotic hyperostosis, linear enamel hypoplasia, and periostosis. Elaboration on 

these skeletal stress markers will be embedded within a larger discussion regarding the 

interpretive frameworks frequently applied to stress and its long-term effects on human 

health, particularly those associated with the DOHaD hypothesis, as the DOHaD 

paradigm has extreme relevance to studies of long-term stress response and biocultural 

resiliency. 

A background on the DOHaD hypothesis 

Since the processual and postprocessual theoretical turns took root in archaeology 

during the later part of the 20th century, bioarchaeology has increasingly adopted highly 

contextual and nuanced interpretations of skeletal evidence. Supplemented by trends in 

biological anthropology that have moved away from typological frameworks and toward 

an emphasis on evolutionary processes, the context-heavy postprocessual philosophy has 

yielded a number of new theoretical lenses through which to view skeletal data. The 

DOHaD hypothesis is one of these lenses, providing a guiding light for revelatory studies 

in paleopathology and paleoepidemiology. 

The DOHaD hypothesis suggests that developmental conditions experienced by 

an individual in utero, infancy, and during early childhood can have a profound effect on 

the health and mortality outcomes they experience later in life. More specifically, it 

postulates that biological stress during the development of critical bodily systems will 

result in increased long-term morbidity due to substandard immune, cardiopulmonary, 

and other vital bodily functions. However, studies of the developmental origins of health 

and disease in any past or present population are necessarily more complex than a simple 
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association of cause and effect. It is almost impossible to isolate the effects of early-life 

stress from the effects of late-life stress, which may be correlated due to immediate 

sociocultural or economic circumstances. Additionally, interpretations of stress in the 

past are complicated by inaccurate conflations between osteological evidence of stress 

experience and the state of an individual’s overall health. Such evidential vagaries mean 

that the application of the DOHaD hypothesis in bioarchaeological contexts can 

sometimes be perilous, but it is nonetheless remains important from a biological and 

historical standpoint to address questions of stress, morbidity, and mortality in the ancient 

world. 

History of the DOHaD hypothesis 

The pioneering voice behind the DOHaD hypothesis was English physician and 

epidemiologist David J. P. Barker, who penned a short review of early-life conditions and 

their correlation with adult health outcomes in living populations almost three decades 

ago. This work (Barker, 1990) drew attention to various studies from North America and 

Europe that had found links between suboptimal conditions during the earliest periods of 

life — as indicated by data on family socioeconomic status, local maternal mortality 

rates, birth weight, placental weight, and terminal adult stature — and cardiovascular 

problems in adulthood (e.g., Forsdahl, 1977; Waaler, 1984; Notkola, 1985; Barker and 

Osmond, 1986; Barker et al., 1989; Barker et al., 1990a; Barker et al., 1990b; Kaplan and 

Salonan, 1990). Barker (1990) interpreted these studies as evidence that adverse early-life 

experiences biologically predisposed some individuals to conditions such as heart disease 

and high blood pressure later in life. Therefore, while previous interpretive frameworks 



	 42	

of adult degenerative disease considered the interaction between genetics and conditions 

experienced during adulthood, Barker (1990) advocated for a new focus on variables 

buried much deeper in an individual’s past. He claimed new models would “include 

programming by the environment in fetal and infant life” (Barker, 1990:1111). 

Barker’s (1990) hypothesis drew immediate criticism from researchers such as 

Bradley (1991), who said appropriate consideration had not been given to non-Western 

and non-contemporary contexts where no association between low birth weight and 

cardiovascular problems was apparent. Additionally, Barker (1990) had possibly failed to 

account for the possibility of heritable genetic affinity for low birth weight, which could 

make it a poor indicator of early-life stress in some circumstances. Although subsequent 

research helped to clarify some of the diverse and highly contextual effects of early-life 

stress, these caveats in Barker’s (1990) summary of existing literature exposed a weak 

point in the developmental origins theory. 

Criticisms of the original DOHaD hypothesis were supplemented by poignant 

commentary from Smith (1993) after Barker (1992) published an edited volume of work 

in support of the DOHaD hypothesis. Smith (1993) emphasized that any study of the 

relationship between early-life conditions and adult health outcomes must consider all 

lived experiences of an individual, as opposed maintaining an exclusive focus on the 

formative years. Substandard environment during fetal life, infancy and childhood are 

related to lifestyle variables in adulthood indirectly through circumstances such as 

systemic poverty, and it is therefore extremely difficult to isolate them from one another 

except in tightly controlled circumstances.  
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Early critiques of the DOHaD hypothesis were valid, and the perspectives 

expressed by Bradley (1991) and Smith (1993) continue to muddy the waters of early-life 

and adult stress interpretation in modern research. However, the ideological foundation of 

the DOHaD hypothesis (Barker, 1990; Barker, 1992) has resonated broadly with research 

and medical professionals since the time of its initial publication (Alberman, 1993; 

Williams, 1993). For better or for worse, the developmental origins of health and disease 

have increasingly become the subject of biomedical and other research since the 1990s. 

Applications of the DOHaD hypothesis in anthropology — and in bioarchaeology, 

specifically — have involved the synthesis of social theory, history, ecology, and human 

biology in order to buffer against inherent ambiguities and reach contextual conclusions 

regarding stress and stress response in various human populations 

Developmental plasticity 

The foundation upon which the DOHaD hypothesis operates is the concept of 

developmental plasticity, or the ability of an organism to adopt different phenotypes 

based on the environment in which they were raised. Similar to the psychological “nature 

or nurture” dilemma, which refers to the ambiguous effects of genetic inheritance and 

environmental factors on behavior phenotypes, developmental plasticity describes the 

ability of the human body to display different physical and functional phenotypes as the 

result biological stress in early life. Chronic or punctuated experience of biological stress 

during critical developmental phases can cause the body to grow in ways that modify 

long-term cardiovascular function, immune function, and endocrine function, sometimes 

increasing morbidity and decreasing fertility over the course of an individual’s lifespan. 
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In order to properly understand the concept of developmental plasticity, it is 

important to define the meaning of “stress” as it relates to the human body. Temple and 

Goodman (2014) point out that the word “stress” has become ubiquitous in the modern 

world. However, the term has evolved drastically from its original purpose as a measure 

of mechanical strain placed on an object. Although “strain” can be used as a synonym for 

“stress” in almost any context, modern colloquial usage of the word more closely follows 

the biological definition established by Selye (1936, 1956), who studied the production of 

stress-related hormones such as cortisol and adrenaline as endocrine responses to fear or 

anticipation. 

Selye’s (1936, 1956) work touches on just one dimension of the complex and 

multifaceted forces that characterize biological stress, but there are a host of other 

dimensions to consider as well. In bioarchaeology, it is important to consider all 

biological and mechanical forms of stress, as different stressors can affect the skeleton in 

an almost infinite number of ways. Mechanical loading of femora, for example, can result 

in increased diaphyseal robusticity, but skeletal plasticity in response nutritional or 

immune stress results in other modifications. 

Researchers studying the effects of the environment on the human skeleton tend 

to adopt the broad definition of stress used by Goodman et al. (1988), which includes 

environmental constraints, cultural systems, stress-induced homeostatic disruptions, and 

physiological responses. Figure 3.1 shows the complex relationship between ecology, 

culture, human biology, and stress as illustrated by Goodman and Armelagos (1989:226), 

revised from the classic work of Goodman et al. (1984) and Goodman et al. (1988).  
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FIGURE 3.1      Chart depicting the influence of environmental and cultural factors on 
human biology through stress and stress buffering (Goodman and Armelagos, 1989:226) 
 
 
 
As concisely framed by Temple (2014:538), Goodman and colleagues’ (1988) definition 

of stress broadly includes any “disruption of physiological homeostasis that exceeds the 

cultural buffering system of the individual and population.” In other words, 

environmental constraints, such as limited nutritional resources, and culturally induced 

stressors, such as population density and disease risk, are buffered by cultural systems in 

ways that mediate homeostatic disruption. However, disruptions to homeostasis are often 

inevitable. The physiological effects of these disruptions on biological systems can be 

referred to as stress. 

Homeostasis is the opposite of stress, as this condition describes a “normal” state 

of operations from which an individual deviates when subjected to certain physical, 

immunological, nutritional, or other pressures. Defined as a condition in which all bodily 

systems are in balance and supplied with adequate resources for uncompromised 

performance, homeostasis cedes to stress only when a body must somehow reallocate 

resources to meet the demands of a system in crisis. Therefore, although cultural 
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buffering systems are able to cushion the impacts of stressors to some degree, deviations 

from “normal” bodily function can result in an inhibited ability to form tissue, combat 

illness, metabolize food, and perform other vital tasks.  

There is general consensus in the scientific community regarding the definition of 

developmental plasticity, which can be described as the biological proclivity for 

phenotypic variation that results from corporal resource allocation during critical growth 

periods in the life of an organism. Such ideas regarding phenotypic flexibility have 

circulated through the anthropology community since Boas (1912) showed that the 

children of contemporary European immigrants to the United States displayed 

significantly different cranial morphology and body size than their parents, who were 

exposed to distinct social, ecological, and economic environments before leaving their 

country of birth. Although paradigmatic shifts in thought regarding human variation after 

Boas (1912) focused on morphological differences resulting from environmental 

conditions throughout the life course, more recent research has adopted a perspective that 

is more keenly focused on intrauterine and post-birth environments, which influence 

multiple critical periods of development. Studies published since the Barker (1990) 

hypothesis have exposed the functional consequences of developmental conditions with 

increasing detail. Nonetheless, there remains ambiguity regarding how plastic responses 

to environmental conditions should be interpreted. 

One of two competing (but not mutually exclusive) interpretive models that 

describe the biological roots of developmental plasticity is the medical model, which 

conceptualizes phenotypic variation based on developmental conditions as a reflection of 
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health (Schell, 1995; Agarwal and Beauchesne, 2011). This perspective on the biological 

significance of plasticity operates on the assumption that an individual will grow to their 

full potential if “ideal” developmental conditions are met. Any failures to fulfill 

predetermined genetic potential are therefore indicators of poor health during early years 

of life. Phenotypic modifications viewed through the lens of the medical model are 

devoid of evolutionary context and viewed as developmental shortcomings rather than 

dynamic responses to stimuli. While this interpretation of stress response is justifiable, it 

is also prone to underselling the complex operational system that is evolutionary biology.  

In contrast to the medical model, the human adaptability paradigm stresses the 

functional importance of morphological responses to stress (Schell, 1995; Agarwal and 

Beauchesne, 2011). Therefore, through this lens, the body becomes a more dynamic and 

invested actor in its own fate. While the medical model paints a picture of the human 

body as a victim of its environment, the human adaptability paradigm proposes that the 

way a body responds to stress is a buffer against similar environmental insults in the 

future. The ability to adapt to stress through plastic phenotypes has been conditioned 

through a long process of selection over the course of evolutionary history. 

A researcher who subscribes to the medical model might see the short stature of a 

childhood famine survivor as a failure to reach growth potential, but one who views 

plasticity through the human adaptability paradigm would instead see an adaptive 

strategy to meet future challenges. An individual whose growth is stunted due to famine 

in utero, during infancy, or during early childhood will have reduced consumption needs 

later in life, making them more fit in conditions where food is limited. However, caution 
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must be used to avoid the “vulgar adaptationism” that Goodman (1994) warns against, 

which can be described as reductionist or shortsighted use of the human adaptability 

paradigm. Regardless of interpretive model, plasticity is a biologically informed adaptive 

response that maximizes likelihood of survival in the immediate environment. 

In many ways, the interpretive frameworks behind the medical model and the 

human adaptability paradigm contrast with one another. Nonetheless, the tenants of both 

models are important to scientific understanding of stress response. Although 

developmental plasticity does afford an opportunity for humans to adapt to their 

environments, not all phenotypic variants appear to be associated with the potential for a 

long-term fitness advantage, especially when environmental conditions change over the 

lifecourse. Often, short-term survival strategies require prioritized resource allocation that 

negatively impacts development of bodily systems not immediately necessary for basic 

functions such as respiration and circulation. Relatively low prioritization of immune and 

endocrine system development results in long-term frailty — a biological trade-off that 

occurs as the result of “thrifty” phenotypic expression (Hale and Barker, 1991). 

Frailty can be described as an increased susceptibility to illness and death, and 

although many biological and non-biological factors contribute to the various expressions 

of frailty, it is interesting to establish the specific contributions of early-life stress to this 

condition. The study of stress and frailty can support a better understanding of robusticity 

and resiliency within populations, which might be affected by environmental interaction, 

economic circumstances, and sociopolitical variables. Further research on robusticity and 

resilience will shed new light on health and morbidity in ancient and modern contexts. 
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Epigenetics, health, and disease 

There is much to be discussed regarding the long-term biological consequences 

and theoretical underpinnings of developmental plasticity. However, the microbiological 

means by which same-genotype phenotypic variation is achieved are essential to its very 

existence. Epigenetic variation involves a host of control mechanism by which 

environmental factors or inherited non-genetic mechanisms can affect the expression of 

genes, and as such, it becomes the nexus of plasticity. Epigenetics should therefore be 

elaborated upon in some detail. 

Agarwal and Beauchesne (2011) describe two leading approaches to studying 

developmental plasticity. The first is the evolutionary developmental biology model 

(Roberts et al., 2001; Lovejoy et al., 2003), which emphasizes the impact of 

developmental circumstances in utero. The second involves “life course approaches,” 

which consider developmental environments more broadly (Griffiths and Gray, 1994; 

Oyama, 2000a; Oyama, 2000b; Oyama et al., 2001). These two models adopt slightly 

different foci with regard to the time frame in which stress is thought to affect phenotypic 

changes, but their common reliance on epigenetics as a purveyor of phenotype makes 

them highly compatible. The medical model maintains that most stress-related epigenetic 

modifications are inherited from parental experience or accrued during gestation, while 

the life course approaches remain open to epigenetic modification for years after birth. 

However, broad consensus regarding the biological basis for phenotype makes epigenetic 

factors a central component of any discussion regarding the plastic adaptive abilities of 

complex organisms. 
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The building blocks of life exist in the adenine, thymine, cytosine, and guanine 

molecules that compose DNA, but epigenetic variation is able to essentially change the 

expression of genes based on environmental stimulants. Epigenetic control is exerted 

through processes such as non-coding RNA, histone modification, and DNA methylation 

(Gluckman et al., 2008), which restrict transcription of RNA and therefore inhibit the 

assembly of proteins that are otherwise coded for. Although not the only vector of 

epigenetic control, the most thoroughly studied form of such transcription manipulation is 

methylation, which involves permanent or semi-permanent bonding of methyl groups to 

cytosine bases in certain circumstances. The presence of methyl groups bonded to 

cytosine in promoter regions of DNA prohibit the attachment of transcription factors, 

which would transcribe DNA code to messenger RNA under unmethylated conditions. 

Without properly transcribed messenger RNA, cells are left without instructions to 

manufacture select protein-forming polypeptide chains, and because protein formation is 

the basis for almost all bodily functions, molecular differences in methylation can have a 

huge impact on phenotype that is observable macroscopically. 

Recent research in epigenetics is gradually exposing a scientific frontier rich in 

information about the coded nature of developmental plasticity. Studies of rats have 

shown that specific stress-related methylation patterns occurred in offspring, for example, 

when mothers were fed imbalanced diets (Vehaskari, 2007). The observed methylation 

constellation resulted in up-regulated blood sodium transport that contributed to eventual 

hypertension in second-generation rats. Other groundbreaking studies push beyond 

laboratory walls and cross phylogenetic boundaries. A study presented at the 2019 
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meeting of the American Association of Physical Anthropologists shows that living 

individuals of Quechua descent in highland Peru show different patterns of methylation 

depending on whether they were born and raised in environments of high or low altitude 

(Childebayeva et al., 2019). Differences in methylation patterns between high- and low-

altitude Quechua people were found at loci known to be associated with hemoglobin 

production, oxygen-related pathways, and pulmonary hypertension, indicating that 

methylation contributed to environment-specific fitness in response to hypoxia. 

Although many regions of DNA can become methylated or unmethylated due to 

stress experience, it should be noted that methylation patterns have a broad range of 

causes and effects, and not all of them are associated with environmental stimuli. For 

example, methylation is the primary vector of cell differentiation within complex 

organisms, mandating the different appearances and functions of cells that otherwise 

contain the exact same DNA. Its patterning has both heritable and conditioned aspects, 

which makes it a simultaneously static and dynamic gatekeeper of phenotypic expression. 

However, Gowland (2015) notes that intergenerational transmission of plastic traits adds 

another layer to the complicated nature of epigenetically controlled phenotypes in the 

archaeological record. This can make it difficult for bioarchaeologists to distinguish 

differences between phenotypic plasticity caused by an individual’s own environment 

during early life and phenotypic plasticity that was caused by environmental variables 

that affected their parents. Klaus (2014) notes that, although epigenetic factors are often 

impossible to observe and the circumstances that manipulate them are difficult to 

untangle, their role in shaping skeletal phenotypes is undoubtedly real and relevant. 
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Osteological evidence of stress 

 Measurement of hormone production, sequencing of the epigenome, and 

longitudinal studies of life experience are valuable research tactics that can be used to 

study stress and its effects on phenotype in modern populations, but the study of plastic 

trends in ancient populations is more difficult. Studies of the dead provide a unique 

window into the politics, economics, and biology of long-term stress response. However, 

the techniques available to scientists who study stress in modern people are inapplicable 

to archaeological remains. Although epigenetic sequencing methods might hold promise 

for bioarchaeological research in the somewhat distant future, Klaus (2014) notes that 

epigenetic studies in past populations remain unfortunately out of reach. Preservation of 

DNA and epigenetic markers, current technology, and sequencing costs are barriers. 

Nonetheless, early-life stress and its phenotypic consequences are not totally hidden from 

the view of bioarchaeologists. Skeletal stress indicators that emerge during early life, 

such as cribra orbitalia, porotic hyperostosis, and linear enamel hypoplasia (LEH), can be 

used in conjunction with evidence of adult survivorship, morbidity, and fertility to 

approximate stress landscapes and their affects on long-term health and morbidity. 

Cribra orbitalia and porotic hyperostosis 

 Cribra orbitalia (Figure 3.2) and porotic hyperostosis (Figure 3.3) are 

characterized by the appearance of abnormal porosity on the external table of the cranial 

vault and the appearance of abnormal porosity within the eye orbits. These conditions 

may occur as the result of low blood-iron levels or other nutritional deficiencies, such as 

chronic vitamin B deficiencies, metabolic disorders, or as the result of illness or trauma, 
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which can cause diploë expansion or the periosteal deposition of new bone (Polo-Cerdá 

et al., 2001; Ortner, 2003; Walker et al., 2009). Such diverse etiologies of these 

conditions make them very vague indicators of specific disease processes, and “porotic 

hyperostosis” and “cribra orbitalia” should therefore only be considered non-specific 

visual descriptors of various disease processes. In essence, these represent a 

morphological syndrome. Although careful observation of porotic lesions can sometimes 

yield more information about the specific biological processes that resulted in their 

appearance (Klaus, 2015; Brickley, 2018), and this information is highly valuable, the 

significance of porotic hyperostosis and cribra orbitalia as indicators of stress is generally 

limited to their imprecise signaling of chronic childhood nutritional deficiencies. 

 
 

FIGURE 3.2      Cribra orbitalia in the FIGURE 3.3      Healed porotic hyper-  
orbits of an individual from Mórrope ostosis on the cranium of an individual  
(Klaus and Tam, 2009:362) from Eten (Klaus and Alvarez-Calderón,  
 2017:109)  



	 54	

The same basic appearance characterizes both porotic hyperostosis and cribra 

orbitalia, and the two conditions are observationally distinguished primarily based on the 

locations in which they occur. When porosity is present in the orbits of the frontal bone, it 

is called cribra orbitalia. Meanwhile, porosity present on other parts of the cranium, such 

as the external vault, is referred to as porotic hyperostosis. Although sometimes described 

under the umbrella category of “cranial porotic lesions” or “cribra cranii” in older and 

European research (e.g., Stuart-Macadam, 1989; Salvadei et al., 2001; Facchini et al., 

2004; Gaudio et al., 2015; Tosi et al., 2017), many studies show preference for splitting 

the description of these lesions based on location (Wapler et al., 2004; Walker et al., 

2009; Rothschild, 2012; Rivera and Mirazón Lahr, 2017; Rinaldo et al., 2019), as this 

leaves room for the possibility that they have slightly different etiologies. Because very 

little research has been done on porotic hyperostosis and cribra orbitalia in living people, 

detailed differences in the origins of orbit and external vault porosity remain unclear. 

Evidence suggests that both are the result of anemic processes, but the existence of many 

types of anemias and anemia-like metabolic disorders obscures important details 

regarding the specific systemic origins of pathological cranial porosity in skeletonized 

remains. 

Porotic hyperostosis and cribra orbitalia are two of the most common pathological 

conditions found in the skeletal record, and both most frequently occur in children and 

infants due to the relatively delicate nature of their cortical bone and the increased 

energetic demands of growth and development. Because anemia affects red blood cells 

and therefore oxygen transportation, which is critical to energetic processes, the 
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erythrocyte-forming hematopoietic marrow stored in the diploë of the flat cranial bones 

in infants and young children must affectively go into overdrive during anemic episodes. 

This is evidenced by the expansion of cranial diploë as the body attempts to compensate 

for hematopoietic deficiency through the growth of critical erythrocyte production 

centers. As the cranial diploë expands, pressure on a bone’s outer table causes the 

compact bone to resorb and take on a porous appearance that exposes the hair-on-end 

nature of the expanding bone below. This process rarely results in the resorption of the 

cranial inner table due to the pressure this would put on the brain. However, in certain 

circumstances, external expansion of the diploë can result in significant protrusion from 

the normal outer table (Ortner, 2003). 

Diploë expansion and subsequent cranial thickening can occur on the cranial vault 

and in the superior orbits, but Rivera and Mirazón Lahr (2017) notably found that 

porosity of the orbital roof is actually associated with thicker lamellar bone than diploic 

bone in a sample of relatively recent human remains from the Duckworth collection. 

Although cribra orbitalia is still likely related to nutritional or metabolic deficiency, this 

indicates etiology that is probably separate from the etiology of porotic hyperostosis of 

the cranial vault. More research on these different (but similar) processes is needed. 

Historically, anemic processes in bone have been attributed to iron deficiency, 

and the appearance of porotic hyperostosis or cribra orbitalia was almost always 

associated with biological stress caused by iron-poor dietary intake. This interpretation of 

cranial porosity arose from the co-occurrence of porotic hyperostosis and iron-deficiency 

anemia in some clinical cases (Moseley, 1974), as well as high frequencies of iron-
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deficiency anemia in modern populations that corresponded with high frequencies of 

cranial porosity in the archaeological record. However, relatively recent research has 

found that the marrow hypertrophy characteristic of porotic hyperostosis and cribra 

orbitalia is actually more consistent with megaloblastic and hemolytic anemias (Walker 

et al., 2009). Unlike iron-deficiency anemia, these anemias are associated with genetic 

disorders, such as sickle-cell anemia and thalassemia, and insufficient dietary intake of 

other vitamins and minerals. Although iron-deficiency anemia cannot be unequivocally 

ruled out as a cause for cranial porosity, this pathological bone appearance might also be 

attributed to magnesium deficiency (Polo-Cerdá et al., 2001), vitamin B deficiency 

(Walker et al., 2009) or a number of other causes. 

 Bioarchaeologists must also be wary that anemic porotic hyperostosis and cribra 

orbitalia are not the only means by which the porosity can appear on the cranium. Other 

pathological conditions, such as scurvy, which results from vitamin C deficiency, can 

also result in apparent porosity. In contrast to anemias, scurvy results in chronic bleeding 

around the skull due to rupture of defective blood vessels, and this bleeding can produce 

the appearance of cranial porosity by activating the formation of periosteal bone on top of 

an intact external table. Porosity caused by scurvy is distinguishable from anemic 

porosity by the superficial nature of bone growth. Radiographically, an individual with 

scurvy would show no diploë expansion and thicker cortical presence. However, these 

differences can sometimes be difficult to assess without radiographic tools, especially 

because bone remodeling that occurs over time results in vascularization through the 

original cortex (Ortner, 2003; Klaus 2015). 
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 Although anemic cranial porosity sometimes requires skill to properly identify, it 

is a good indicator of chronic early-life stress. Porotic hyperostosis and cribra orbitalia 

cannot be mistaken for indicators of stress in adult life because the hematopoietic red 

marrow that expands during iron-deficient, megaloblastic, or hemolytic anemic 

conditions is only present in cranial bones during developmental years. After childhood, 

the erythrocyte-producing red marrow within young cranial bones converts to fat-rich 

yellow marrow, which does not have the same essential function as a red blood cell 

factory and therefore has no reason to expand when anemic conditions shift erythrocyte 

production into high gear. The limited window in which anemia-related cranial porosity 

can form makes it valuable as an indicator of early-life stress, and thus it becomes a tool 

for deciphering the later-in-life effects of developmental plasticity. Due to the possibility 

of anemia-skewed trends in energy and nutrient allocation that might have occurred over 

extended periods of time during developmental years, it becomes interesting to consider 

signs of frailty or robusticity that might have affected individuals as adults. 

Linear enamel hypoplasia 

Cribra orbitalia and porotic hyperostosis provide evidence of chronic nutritional 

deficiencies that affected individuals during early life. However, the study of LEH can 

shed light on more acute early-life stress experience. Temporary insult to growth and 

development processes via stress can result in the formation of enamel defects, which 

occur when insufficient energy is allocated to dental development during tooth crown 

formation and the enamel-forming function of ameloblasts is drastically decelerated for a 

period of time (Goodman et al., 1984; Goodman and Rose, 1990). When ameloblasts do 
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not receive adequate resources from energy networks within the body for a period of 

time, they lack the fuel to continue secreting enamel matrix at a consistent pace. This can 

result horizontal bands of decreased enamel thickness possibly visible to the naked eye. 

LEH appear macroscopically as horizontal defects in enamel thickness (Figure 

3.4) and, due to the inability of enamel to remodel and the highly conserved pace of tooth 

development within populations, they are often used to study the prevalence and 

approximate timing of early-life stress events in archaeological samples. Because the 

crowns of anterior permanent teeth where LEH are most frequently observed form before 

the approximate age of five years (Buikstra and Ubelaker, 1994), these defects can 

provide valuable information about non-specific stress events that affected infants and 

children. When considered in conjunction with information about adult life experience, 

such as age-at-death, LEH presence joins cranial porosity as an essential tool for studying 

stress and its relationship to developmental plasticity. 

Macroscopic observation of LEH is useful, time-efficient, and inexpensive, but 

microscopic observation of LEH can provide additional detail about stress events not 

visible on a macroscopic level (Hillson and Bond, 1997; Hassett, 2014; Temple et al., 

2014). Observation of dental microstructures (perikymata) can reveal not only the exact 

age at which a stress event occurred, but also the exact number of days that a stress event 

lasted. Because perikymata occur during tooth crown formation at regular intervals, they 

can be counted from the crown-end of an enamel defect to the base of its occlusal wall in 

order to determine the length of time a given individual suffered stress (Figure 3.5). 

Microscopy can also reveal hypoplasias not visible to the naked eye, as minor stress 
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events are sometimes indicated only by shallow impressions and increased spacing 

between perikymata. Recognition of these more subtle details can help investigators to 

more precisely answer questions of stress experience in a given individual or population, 

and this creates an opportunity to better understand developmental plasticity and long-

term resiliency (e.g., Temple, 2014). 

 
 

FIGURE 3.4      Linear enamel hypoplasia FIGURE 3.5      A microscopic view of   
on right maxillary canine of an individual perikymata within a hypoplastic defect, 
from Colonial Mórrope (Klaus and Tam, exemplified on the tooth of an individual 
2009:362) from Takasago, Japan (Temple, 2014:540) 
 
 
 

Macroscopic observation can provide only a partial picture of stress events in the 

lives of infants and children. However, the high-resolution image acquired through 

microscopic observation requires a greater time investment from researchers, as well as 

expensive equipment. For these reasons, microscopy is not always feasible in field 

contexts constrained by deadlines and limited resources. Macroscopic observation is the 
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best and only option for collecting LEH data in these circumstances. Although this 

technique can provide only simplified reconstructions of early-life stress, revelatory 

information regarding plasticity, biological “trade-offs,” and past lifeways can 

nonetheless be gleaned from analysis. 

Issues with interpreting stress in bioarchaeology 

The use of cribra orbitalia, porotic hyperostosis, and LEH as indicators of early-

life stress can provide rich information about life in the past. However, perception of 

these skeletal markers is fraught with vagaries about the specific conditions and contexts 

that might have caused their appearance in the osteological record, and their 

interpretation in the paradigm of the DOHaD hypothesis is doubly complicated by 

environmental variables that can affect individual health and morbidity after 

developmental periods. This calls for an approach to the study of DOHaD that is 

extremely nuanced and context-specific. 

Perhaps the most obvious issue that comes with the study of the DOHaD 

hypothesis in bioarchaeology is that it is impossible to isolate the biological 

consequences of early-life stress from the consequences of sociopolitical and economic 

variables that disproportionately affect certain groups of people. Although correlation 

between early-life stress and later health outcomes can imply a cause-and-effect 

dependency between the two variables, there remains an irrefutable possibility that early-

life stress is only indirectly related to morbidity and mortality through persistent 

environmental influencers. That is to say that factors such as low social mobility can 

cause some groups of people to experience stress disproportionately of the course of their 
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lifetimes, resulting in higher morbidity and mortality risk that is biologically — but not 

socially or economically — independent of early-life stress events. 

In order to address experiential ambiguities, the DOHaD hypothesis has evolved 

over the course of three decades into a dynamically applicable research paradigm that is 

as heavily context-dependent as it is tethered to the principles of biology and 

evolutionary theory. Nonetheless, there remain other uncertainties that accompany the 

study of plasticity and stress in the bioarchaeological record. Because only snippets of 

information about stress experience and phenotype can be gleaned from skeletons, 

researchers must use caution when drawing broad conclusions from skeletal 

morphological data. Bioarchaeologists need, first and foremost, to consider that the 

individuals they study are dead, and available information about stress and demography 

therefore cannot be accepted at face value. 

The osteological paradox (Wood et al., 1992) states that indicators of stress 

present on skeletal remains cannot be interpreted as indicators of relative health or illness 

because skeletal evidence of stress requires that an individual must endure disease or 

other stressful circumstances long enough for these factors to manifest in bone. This can 

take a considerable amount of time and requires that individuals develop a strong 

immune reaction. Therefore, more robust individuals will often survive to develop 

skeletal indicators of poor health, while less robust individuals affected by the same 

circumstances will die before the skeleton has the opportunity to show evidence of 

biological turmoil. This paradox casts doubt on the very meaning of osteological stress 

indicators as they relate to health. 
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While the presence of post-developmental stress indicators, such as periostosis, 

might indicate relatively poor health in a given individual, it is equally likely to indicate 

that the individual benefitted from good health over the course of their life and was thus 

able to survive systemic insult for an extended period of time. For example, higher 

prevalence of periosteal reaction in a sample of adults that show evidence of early-life 

stress, relative to a sample of adults that do not show evidence of early-life stress, might 

suggest that suboptimal conditions during development left individuals of a particular 

population more susceptible to later sickness. However, the same osteological evidence 

could also suggest that individuals who experienced early-life stress were more likely 

than their stress-free counterparts to survive later infection for extended periods of time.  

Temple and Goodman (2014) point out that bioarchaeologists often falsely 

conflate stress and health because they do not thoroughly consider the implications of the 

osteological paradox. However, they also address other tricks played by the appearance 

of bone in the archaeological record, arguing that “health” can be an unintentionally 

typological categorization that ignores cultural perception of health and other invisible 

data. Osteologists must grapple with the fact that many chronic and acute disease 

processes, as well as other aspects of health, leave absolutely no macroscopically 

observable evidence of their presence in the skeleton, regardless of individual robusticity 

and variation in hidden heterogeneity. 

Successful application of the DOHaD hypothesis in bioarchaeological research 

Cultural variables and invisible aspects of health can only be accounted for in 

studies of developmental plasticity through meticulous contextualization and a light dose 
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of postprocessual nihilism regarding the ability of archaeology to uncover unbiased truths 

about the past. However, issues with the osteological paradox are, to an extent, more 

scientifically approachable than other challenges to the bioarchaeological study of the 

DOHaD hypothesis. Although indicators of post-developmental stress, which can consist 

of non-specific periostosis or other apparent evidence of disease processes, are prone to 

misinterpretation with regard to an individual’s overall health status, mortality provides a 

somewhat less biased indicator of morbidity outcomes. Methodological approaches to 

understanding long-term stress response that use relative mortality risk models (e.g., 

Usher, 2000) or differential survivorship analyses, rather than adult disease prevalence, 

are less likely to be affected by ambiguities in the osteological embodiment of health 

because they provide concrete measurements of death risk — the very definition of 

morbidity. By calculating relative risk of death among individuals with and without 

early-life stress indicators, researchers are able to better illuminate differential patterns in 

morbidity that may be related to developmental plasticity. 

Modern applications of the DOHaD hypothesis in bioarchaeological research 

have increased in recent years, although explicit connections to Barker’s (1990) 

hypothesis or to “thrifty” phenotypes (Hale and Barker, 2001) have only rarely been 

made. Work by Sharon DeWitte and others has been noteworthy in establishing a shift in 

focus with regard to the study of stress and frailty in ancient populations. However, 

DeWitte and Wood’s (2008) very well-known Black Death work focuses on differential 

selectivity in epidemic and pre-epidemic contexts without making explicit theoretical 

connections to the DOHaD hypothesis. 
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DeWitte and others’ work on mortality risk during the Black Death in medieval 

Europe has found that the epidemic showed selective mortality preference for individuals 

that presented with indicators of early-life stress, including cribra orbitalia, porotic 

hyperostosis, LEH, and stunted femur length, although this selective mortality preference 

was not as strong as the preference calculated for individuals in a pre-Black Death 

attritional cemetery in Denmark (DeWitte and Wood, 2008; DeWitte and Hughes-Moray, 

2012; DeWitte, 2017). The first of these publications (DeWitte and Wood, 2008) 

illustrated differential mortality patterns through the use of a simplified version of 

Usher’s (2000) three-state model of morbidity and mortality, which the authors used to 

calculate relative risk of death based on presence or absence of stress indicators. Later 

investigations that considered early-life stress and its relationship to mortality patterns at 

the same sites (DeWitte and Hughes-Moray, 2012; DeWitte, 2017) adopted other tactics 

for quantifying this difference, including use of the Gompertz model and Kaplan-Meier 

survivorship analysis. These mortality analyses set new precedents for analyzing stress-

related morbidity and have since been cited in many similar bioarchaeological studies. 

DeWitte and colleagues’ work regarding selective mortality during the Black 

Death succeeds earlier work by bioarchaeologists such as Cook and Buikstra (1979), 

Goodman et al. (1980), Clark et al. (1986), Goodman and Armelagos (1988), and 

Simpson et al. (1990), who were among the first to report relationships between early-life 

stress and age-at-death in bioarchaeological contexts. Some of these earlier works even 

made connections to the larger themes of the DOHaD hypothesis. Duray’s (1996) work, 

for example, although it does not cite Barker’s (1990) hypothesis, connected lower 
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average age-at-death in individuals with enamel hypoplasias from the Libben population 

of pre-Columbian Ottowa County, Ohio, to the possibility that “early mortality of 

individuals with enamel defects may be related to biological damage to the immune 

system during prenatal or postnatal development” (Duray, 1996:275). However, 

investigations of developmental biological themes prior to the last decade were not 

deeply rooted in systems biology and did not use the same deliberate methodology that 

characterizes modern research on the subject. These works therefore only scratched the 

surface of what bioarchaeological studies can reveal with regard to the developmental 

origins of health and disease. 

More recent work (e.g., Temple, 2014; Watts, 2015; Yaussy et al., 2016) now 

establishes new associations between stress and age-at-death within the structure of the 

DOHaD hypothesis and discusses biological consequences of developmental trade-offs. 

Temple’s (2014) work is an especially notable example of this trend because he it draws 

very deeply from themes of plasticity and constraint as they relate to the DOHaD 

hypothesis. Temple (2014) used dental microstructure data to show that earlier age-at-

first-defect was associated with a greater quantity of defects formed at later ages, as well 

as with earlier age-at-death. These relationships were then interpreted as evidence of 

developmental trade-off between investment in short-term survival and investment in 

bodily systems that would have benefitted survival in the long term, such as the immune 

system. By supporting conclusions with strong biological and theoretical scaffolding, this 

work explores the potential of what thorough application of the DOHaD hypothesis in 

bioarchaeology can involve. 
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Stress experience in adulthood 

While phenotypic expression as a result of early-life stress is the primary focus of 

developmental plasticity theories, there is much to be learned from long-term response to 

stress that occurs in adulthood. While irrelevant to the DOHaD hypothesis, survivorship 

and mortality patterns associated with adult stress indicators can be very enlightening 

with regard to frailty, robusticity, and resilience. Survivorship in individuals with and 

without periostosis, for example, or in individuals with active and healed periostosis, 

might reveal interesting information about trained immune response and increased 

hardiness in the face of future health threats. 

Periostosis as an indicator of adult stress 

There are many indicators of adult stress that can be used to study individuals and 

populations in archaeological contexts, including periodontal disease, osteoarthritis, and 

skeletal irregularities caused by a variety of chronic illnesses. However, periostosis is the 

most commonly referenced indicator of adult systemic stress in bioarachaeological 

research. Due to its high prevalence in the skeletal record and the fact that its appearance 

is not directly dependent upon age, periostosis presence is an especially easy-to-use 

dependent variable in studies of mortality and survivorship related to non-long-term 

stress response. 

Periostosis can be identified in a skeleton by the presence of abnormal 

proliferative reaction on the surface of any bone of the body, but like most other 

indicators of stress, it is not indicative of a specific disease process. Similar to “cribra 

orbitalia” or “porotic hyperostosis,” “periostosis” describes the basic nature of a bony 
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reaction without implying causation. Although commonly associated with systemic stress 

that results from long-lasting streptococcus and staphylococcus infections (Goodman and 

Martin, 2002; Ortner, 2003; Klaus, 2014), periostosis can occur for a wide variety of 

reasons, including chronic ulcer presence and localized infection as a result of trauma. It 

is therefore sometimes of ambiguous significance to bioarchaeological investigations. 

The porous, striated bony deposits that characterize active periostosis (Figure 3.6) 

occur when abnormal inflammation of the periosteum on a given bone catalyzes its 

osteogenic potential, and reactive new bone is subsequently laid down on top of intact 

cortical bone below (Goodman and Martin, 2002; Ortner, 2003; Klaus, 2014). The 

appearance of these deposits remodels and becomes smoother over time (Figure 3.7) as 

infection subsides, but evidence of previously active periostosis can remain visible nearly 

indefinitely. Healed or unhealed, bilateral evidence of bony reaction generally indicates 

systemic infection, while reactions related to local issues maintain a more precise focus. 

Interestingly, both systemic and localized periostosis are most commonly found 

on the tibia. Although systemic infection frequently manifests on this bone due to 

minimal vascular complexity in the human shin that causes slow immune reaction, the 

shin is also more vulnerable than other parts of the body to localized trauma such as cuts 

and hematomas. This is due to the anterior bone surface being more immediately 

subcutaneous. Because of this similarity in locational prevalence, bioarchaeologists and 

paleoepidemiologists interested in biocultural networks of pathogenic infection and 

immunity, as opposed to localized periosteal anomalies, must be privy to differences in 

periostosis dispersion.  
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FIGURE 3.6      Active periostosis on the FIGURE 3.7      Mixed active and healed  
distal left tibia of an individual from tibia periostosis in an individual from Eten 
Mórrope (Klaus and Tam, 2009:362) (Klaus and Alvarez-Calderón, 2017:109) 
 
 
 
Periostosis and long-term survivorship 

The studies that lay the groundwork for modern investigations into the 

developmental origins of health and disease often also consider the relationship of non-

specific adult stress indicators, such as periostosis presence, to mortality profiles 

(DeWitte and Wood, 2008; Yaussy et al., 2015). Despite the fact that the relationship of 

adult stress to age-at-death is not relevant to developmental plasticity, responses to both 

early-life and adult stress are united by common themes of frailty, robusticity, and 

resiliency. This makes the perspectives on stress during different periods in life 

complimentary to one another. 

DeWitte and Wood (2008) found that periosteal lesions were similar to markers of 

early-life stress in that their presence on a skeleton was associated with increased risk of 
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death. However, these findings were clarified in later work by DeWitte (2014), which 

found that periosteal lesions might actually have an opposite relationship with age-at-

death in some circumstances. Although DeWitte and Wood (2008) showed that 

individuals who developed periosteal lesions on their tibiae had higher mortality risk than 

those who did not, these results might have been skewed by high prevalence of active 

lesions relative to healed periosteal activity. When DeWitte (2014) differentiated between 

active and healed periostosis and re-analyzed survivorship at the same medieval 

cemeteries in England, she found that individuals with no periostosis lived longer than 

individuals with active periostosis, but individuals with healed periostosis lived 

significantly longer than both of these groups. DeWitte’s (2014) updated findings are 

more consistent with results produced by Grauer (1993), who found high prevalence of 

periostosis (not differentiated by activity at time of death) in older age groups at medieval 

cemeteries northern England. They are also consistent with later work by Yaussy et al. 

(2015), which again found that periostosis is associated with increased survivorship in 

medieval England, although this research did not consider activity of the lesions due to 

lack of data. 

 The studies like those by Grauer (1993), DeWitte (2014), and Yaussy (2015) 

show that surviving stress experience in adulthood, unlike surviving early-life stress 

experiences that are indicated by cranial porosity and LEH, could have a “positive” effect 

on long-term survivorship. This is a very interesting dichotomy to consider. Grauer 

(1993) suggests that increased prevalence of periostosis in older age cohorts is simply a 

side effect of aging, with the potential for non-lethal infections to increase as years 
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accumulate. However, while this is certainly a possibility, there are also other 

explanations for the trend in survivorship. The osteological paradox (Wood et al., 1992), 

for example, would suggest that healthier, more robust individuals are able to survive 

systemic infection long enough to develop skeletal evidence of it and sometimes long 

enough to heal infectious lesions entirely. Therefore, longevity and lesion presence could 

be indirectly related through individual robusticity (possibly associated with 

developmental conditions) as opposed to related directly as a product of cause and effect. 

Still, a direct cause-and-effect relationship remains a possible explanation for the 

commonly noted positive correlation between periostosis presence and age-at-death. Prior 

exposure to a particular pathogen can result in increased resistance during secondary 

exposures, thus decreasing later infection risk and associated morbidity. 

 Studies of long-term mortality and survivorship patterns that are associated with 

adult stress experience are important to understanding the full biocultural picture as it 

relates to stress and subsequent resiliency. However, in addition to dovetailing well with 

studies of early-life stress, studies of adult stress are important in their own right. The 

diverse ways in which individuals and populations react to biological stressors that they 

experience as adults can be very revealing with regard to ancient and modern biological 

processes. When studied in a comparative context, this relationship can also illuminate 

the diverse impacts of cultural, socioeconomic, and ecological variables on resilience. 

Conclusion 

As bioarchaeology continues to develop into a more contextual and evolutionarily 

grounded field of study, one of the most pressing questions that researchers must answer 
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is: How can skeletal and mortuary data from past populations be used to address 

biocultural questions in a way that is both revelatory from a historical standpoint and 

relevant to modern-day issues? Consideration of the DOHaD hypothesis and studies of 

adult stress and survivorship can help to answer this important question. The relationship 

between biological stress and survivorship are becoming increasingly popular fulcrums 

from which bioarchaeological investigations into the past are pulleyed, providing a 

unique window into events that might have occurred throughout the life courses of 

individual people. These studies are in many ways a “frontier” in bioarchaeology (Klaus, 

2014), but continued exploration of this area will shed important light on sociocultural 

circumstances as well as evolutionary and biological mechanisms that shaped the lives 

and deaths of past people. The next chapter will seek to connect these ideas to Colonial 

Period north coast Peru, specifically.  
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CHAPTER FOUR 

 The Colonial Period that immediately followed European contact in North and 

South America is arguably one of the most turbulent times in world history. However, 

relatively little is known about the precise impacts that colonization had on the health and 

wellbeing of native peoples. Historical records from this era are often sparse, and the 

records that do exist are almost always biased due to the European perspectives from 

which they were written. Even seemingly empirical documentation such as treasury 

accounts and trade records must be viewed with caution (Andrien, 2001; Klaus, 2008), as 

they are biased in both presentation and inclusion of information. These unfortunate 

shortcomings in the written history of the area make bioarchaeological research an 

especially important tool for understanding the dynamics of New World colonization and 

the embodied experiences of indigenous people. 

The unique window that bones and teeth offer into otherwise unrecorded past 

events and circumstances can alter or embellish established narratives about what life 

might have been like during almost any period in human history. However, gaping holes 

in the narrative of the postcontact New World present a particularly interesting 

opportunity for bioarchaeological study. Research on stress, health, and resiliency during 

this period of massive sociopolitical upheaval can illuminate the diverse experiences of 

oppressed people and return to them a voice that death silenced centuries ago. 
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The investigative purpose of this thesis is to shed additional light on the lived 

experiences of indigenous people who died during the Colonial Period (1532 – 1750) in 

north coastal Peru — specifically, residents of the contemporaneous colonial towns of 

Mórrope and Eten. These Spanish-ruled settlements were located approximately 50 

kilometers apart, near the modern-day metropolitan center of Chiclayo, but their colonial 

histories are distinguished by variation in ecogeographic influences, strategic importance 

to the colonial regime, resistance to imposed Spanish cultural traditions, and apparent 

biological stress experience. This chapter will establish the historical and 

bioarchaeological context needed to further expose the diverse experiences of individuals 

at Eten and Mórrope during the Colonial Period. 

Pre-Hispanic north coastal Peru 

  The Spanish arrived on the west coast of South America in the early 16th 

century, and shortly thereafter, they conquered the reigning Inka state to impose colonial 

rule. This political transition was a violent and extremely disruptive affair that lasted 

more than 200 years and had resounding human consequences. It resulted in a diminished 

quality of life for most indigenous Americans, who were culturally, politically, and 

economically oppressed under a stringent foreign regime and (for a period of time) even 

used as de facto slave labor by a ruling class eager to extract local resources (Klaus, 

2008). In consideration of these abusive conditions created by the conquistadores during 

the Colonial Period, it is not difficult to imagine that overall health among indigenous 

inhabitants of the region deteriorated after European contact. However, in order to fully 

understand the deleterious impact of colonization on native wellbeing, it is important to 
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first build a basic understanding of cultural traditions and lifeways that framed life in the 

Americas prior to Spanish arrival. 

 Long before Europeans arrived in the so-called New World, the Muchik ethnic 

group established themselves in north coastal region of Peru. As the name “Muchik” 

would suggest, the history of this ethnic group is essentially intertwined with the Moche 

culture (100 – 750 CE), which rooted itself deeply within the Lambayeque Valley 

Complex (Figure 4.1) during the Early Intermediate Period (Figure 4.2) (Klaus, 2008; 

Villacorta Ostolaza, 2012). Moche culture is one of the most fascinating and intensely 

studied pre-Hispanic cultures in the Americas due to its legacy of monumental 

architecture, rich artwork, and complex mythology that permeated regional culture for 

centuries thereafter. Subsequent societies, including the Sicán (750 – 1350 CE), Chimú 

(900 – 1476 CE), and Inka (1476 – 1532), built complex states and empires literally on 

top of Moche foundations. At least some aspects of Sicán and Chimú art integrated 

Moche traditions, and post-Moche cultures on the north coast continued to use Moche 

monumental and mortuary sites (Klaus, 2008; Villacorta Ostolaza, 2012). Other material, 

ritual, and symbolic features also indicate persistent Muchik ethnic identity in the 

Lambayeque Valley Complex since the 8th century (Klaus, 2008). Huaca-like structures 

that resemble Moche monuments can be found even in many Colonial Period Catholic 

churches, including Capilla San Pedro de Mórrope, which houses an altar in the shape of 

the traditional flat-topped stepped pyramid (Klaus, 2008). Such enduring pre-Hispanic 

influence in the region influenced Colonial Period adjustments to new Spanish authority 

and ultimately resulted in rich hybridized cultural traditions.  
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FIGURE 4.1      Expanded view of the Lambayeque Valley region in the northern coastal 
region of Peru, marked with the locations of Eten (blue) and Mórrope (green)  
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Figure 4.2      Cultural timeline of north coast Peru 
 
 
 
Peopling of the north coast and preceramic cultures 

 The first humans are thought to have migrated to the New World either along a 

coastal route (a boat-borne dispersal of marine hunters) or over a land bridge that 

connected northeast Asia to modern-day Alaska at the end the last glacial maximum, 

approximately 20,000 years ago. Between that time and the arrival of Europeans to the 

Americas in the late 15th century CE, diverse sequences of complex cultures were able to 

take root throughout the continents, totally independent of Old World influence (Figure 

4.2). Among these cultures on the Peruvian north coast, the Moche, Sicán, Chimú, and 

Inka are well known due to the richness of the archaeological records they left behind and 

some regional oral histories. However, the history of north coastal Peru can be traced 

back much farther than the dawn of Moche culture in approximately CE100. 

Comprehension of this deeper and more ancient indigenous American history can help to 

inform a fuller understanding of the social, cultural, and environmental factors that have 

shaped the lives of local people over the course of millennia, from the arrival of humans 

to the Americas to the present day. 
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 The north coast of Peru was initially colonized by humans around 14,500 years 

ago, either by land or coastal migration (Braje et al., 2017; Dillehay et al., 2012; Dillehay 

et al., 2004; Lynch, 1980; Rick, 1980). The earliest permanent settlers of the area are 

described as belonging to the Paiján culture, which seems to have established itself within 

the in the middle and upper valley region along the north coast between 8700 and 5900 

BCE (Becerra and Carcelén, 2004). The Paiján people left evidence of their existence in 

the form of lithic projectile points, and their location within a coastal-highland ecotone 

suggests they relied heavy on both terrestrial and marine resources (Dillehay et al., 2004). 

They likely maintained a nomadic hunter-gatherer-fisher lifestyle with high mobility 

between the Andean foothills and the Pacific coastline, although Klaus (2008) notes that 

many Paiján sites in the lower valley have been destroyed by both pre-Hispanic and 

modern agriculture and therefore will never be studied. 

Post-Paiján developments on the north coast of Peru are not well understood 

(Klaus, 2008), but over time, hunter-gather lifestyles gave way to sedentism as people 

learned to cultivate plants and eventually implement irrigation agriculture. Such events 

likely first occurred in river valleys before migration and communication helped the 

practice to diffuse into other areas (Dillehay et al., 2007; Dillehay et al., 2004). In 

conjunction with the domestication of animals, this set the stage for the eventual 

development of complex societies that built monumental platform mounds, ceremonial 

infrastructure, and permanent residential structures in the valleys of the north coast. 

The history of complex society in Peru as a whole might be traced back to the 

people who built Caral, located in the Supe valley on the central coast of Peru. This site, 
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although Preceramic in origin, was home to six large huacas and an amphitheater-like 

monumental plazas. The architecture of Caral would have required massive numbers of 

human laborers and some form of organizational power to build (Hass and Creamer, 

2006; Shady and Leyva, 2003; Villacorta Ostolaza, 2012), indicating existence of at least 

some powerful elite people at that time. Klaus (2008) states that the existence of Caral as 

a ceremonial or population center between roughly 3000 and 1800 BCE is anachronistic, 

as no similarly complex societies appear to have existed during this timeframe or for 

centuries later in the Andean region. Although monumental mound-building on the north 

coast of Peru began in approximately 1200 BCE, large-scale complex society does not 

emerge there until the genesis of Cupisnique culture (1500 – 700 BCE). 

Pre-Hispanic cultures on the north coast since the 14th century BCE 

 The Cupisnique culture set a precedent for the foundation for subsequent cultures 

in the north coastal region of Peru. Originating around 1500 BCE, the Formative Period 

Cupisnique chiefdoms stretched along a lengthy swath of land on the north coast of 

modern-day Peru, extending beyond Piura in the north and beyond Trujillo in the south. It 

was characterized by emerging precious metallurgy and a distinctive black and gray 

pottery style that incorporated representations of plants, animals, humans and 

supernatural figures, as well as stirrup-style spouts (Shimada et al., 1998). Based on their 

ceramic representation, feline figures and anthropomorphized arachnids might have been 

regarded as divine life-giving and life-taking entities. Such figures could have been 

associated with religious or spiritual traditions that united Cupisnique peoples through a 

centralized authority (Klaus, 2008).  
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 A centralized Cupisnique religious authority would have likely contributed to the 

emergence and development of broader social hierarchies, which are evidenced by 

differential burial treatment during this time. Additionally, centralized religious authority 

could offer an explanation for the widespread use of low-tiered pyramids and elaborate 

colonnades in Cupisnique contexts (Shimada, 1986). These examples of monumental 

architecture might have been used as sites of human sacrifice, as is evidenced by the 

presence of human remains at some huacas (Klaus, 2008). 

 The demise of Cupisnique culture is not well understood (Klaus, 2008), but the 

impact it had on the cultures that succeeded it is well known. Although contemporaneous 

Chavín culture in the northern highlands of Peru has long been regarded as the “mother 

culture” of subsequent Andean civilization, there is much evidence to suggest that 

Cupisnique culture had a large influence on Chavín traditions and iconography – not the 

other way around (Bischoff, 1994; Villacorta Ostolaza, 2012). It also had a massive 

influence on the cultures that succeeded it within the river valleys of north coast Peru. 

Salinar culture (300 BCE – CE 100) emerged along the Peruvian north coast in 

the Chicama, Moche, Virú, and Santa valleys after the Cupisnique culture had largely 

dissipated. This culture was characterized by a unique red glazed pottery style, likely the 

result of stylistic diffusion from the northern highlands where the ethnic group associated 

with Salinar culture is thought to have originated (Elera, 1998). However, despite 

apparent non-local origin, this immigrant culture absorbed some elements of Cupisnique 

ceramic style, including the stirrup-style spout. This is indicative that, at least in some 

ways, the Salinar people blended local north coast history and culture into their own. 
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Nonetheless, they seem to have conflicted with native Cupisnique descendants (Wilson, 

1988). Salinar settlements were located in defensible valley flank locations and were 

home to the first forms of defensive architecture in the region. This could very well 

reflect some degree of tension or conflict with indigenous Gallinazo. 

Gallinazo culture (200 BCE – CE 300) evolved locally among descendants of the 

Cupisnique, continuing their tradition of stirrup-spout vessel-making and surviving 

contemporaneously with the Salinar people. The primary difference between the 

Gallinazo- and Salinar-style vessels was that Gallinazo people maintained a 

comparatively simple aesthetic in their pottery, opting not to apply decorative slip to the 

exterior surface. They instead often decorated “neck face” jars with expressive human 

and animal faces (Shimada and Maguiña, 1994). Such differences in ceramic style are 

representative of distinct traditions in the two groups related to art and other factors. 

Like the Cupisnique and other earlier coastal societies, the Gallinazo continued to 

use monumental platform mounds, and they are known to have constructed adobe brick 

urban centers around these massive structures (Shimada and Maguiña, 1994). The social 

organization of Gallinazo society likely took the form of chiefdoms, and their economy 

might have been strongly associated with camelid pastoralism. Although often 

overlooked by historians and archaeologists, the Gallinazo people were part of an 

interesting transitional period in the history of north coastal Peru. 

Initial mtDNA studies indicate that the Gallinazo ethnic group is virtually 

indistinguishable biologically from Moche groups (CE 100 – 750) (Shimada, 2004). 

Essentially, the Gallinazo people were the Moche people, and the Gallinazo therefore 
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formed a sort of cultural and biological bridge between Cupisnique and Moche periods. A 

short overlap between the decline of Gallinazo traditions and the earliest expressions of 

Moche culture indicates the gradual development of Moche from Gallinazo. However, 

Gallinazo culture never truly became extinct. A host of Gallinazo stylistic conventions 

and ritual attributes were maintained within Moche culture and artwork, including adobe 

brick construction techniques and stylistic expression in murals and ceramics. 

In contrast to the Gallinazo, the Moche are one of the most studied pre-Hispanic 

peoples in the Americas (Klaus, 2008). Moche culture arose in the 2nd century CE and 

dominated the north coastal region of Peru for more than 600 years. Its influence 

extended from modern-day Piura in the north to the Culebras river valley in the south, 

uniting this expansive area under one religious power, a shared social structure, and 

similar artistic practices. 

Moche artistic expression in the northern and southern parts of the Moche world 

were diverse throughout the course of the group’s cultural and political dominance, with 

northern Moche ceramic artwork often displaying fine-line illustrations and southern 

Moche ceramic artwork frequently painted with negative images (Shimada, 1994b). 

These artistic differences evidence a cultural and political divide between the two halves 

of the Moche influential sphere. However, larger elite-affiliated religious and artistic 

themes in Moche artwork are largely the same between all Moche sites, regardless of 

region. The political structure of the Moche world was characterized by deep 

socioeconomic divides between elite and non-elite people, and there might have existed 

up to three or four tiers of social class rankings (Shimada, 1994a; Klaus, 2008).  
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Intimately related to socioeconomic and cultural divisions, religion was central to 

Moche culture and continued to revolve around the construction and use of large huacas 

where human sacrifice was performed. Two of the largest and most famous huacas in 

Peru are the Huaca del Sol and Huaca de la Luna, which were constructed near the 

middle of the Moche region, near modern-day Trujillo. The Huaca de la Luna pyramid 

contains well-preserved polychrome murals and other artworks that depict diverse 

animal-like supernatural figures and Moche religious themes (Shimada, 1994b; Villacorta 

Ostolaza, 2012). 

After hundreds of years of successful rulership and political expansion by a 

centralized religious power, unusually harsh El Niño events led to the demise of the 

southern half of the Moche domain in approximately CE 550, possibly due to common 

loss of faith in the politico-religious rulership’s ability to appease and communicate with 

malicious supernatural forces (Klaus, 2008). Soon afterward, by CE 750, the remnants of 

Moche power collapsed in the north (Shimada, 1994a). This collapse gave way to the rise 

of the Sicán culture in CE 800. 

After the Moche, the Sicán dominated the north coast of Peru from approximately 

CE 800 to 1375. The collapse of the late Moche Pampa Grande site in the middle of the 

8th century left a political vacuum in the north coastal region that the previously 

peripheral Sicán polity was able to fill (Klaus, 2008). The Sicán emerged as a cultural 

and political power in the Lambayeque Valley Complex, and it expanded over the course 

of almost 250 years to encompass a territory that stretched from modern-day Piura to the 

Chicama river valley. 
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Although Sicán sociopolitical influence covered a territory that was relatively half 

of that of the Moche, this culture is associated with a number of large sociopolitical 

changes along the north coast. After a period of establishment during the Early Sicán 

period, the Middle Sicán period leadership was extremely powerful. These elites were 

likely of non-local origin, as is indicated by genetic evidence (Shimada et al., 2004; 

Shimada et al., 2005; Klaus et al., 2017), and probably brought new religious and cultural 

traditions with them from coastal Ecuador that hybridized with local Muchik traditions in 

the Lambayeque Valley Complex. 

Shimada (2000) and Klaus (2008) compared Middle Sicán political power to that 

of the Vatican — a politically and economically powerful theocratic state. This theocracy 

popularized worship of the human-esque Sicán Deity while incorporating longstanding 

local traditions of huaca use. It functioned within a multi-tier hierarchical system in 

which a ethnically-separate and genetically isolated group formed the ruling class, while 

local people of Muchik identity were relegated to commoner status (Shimada et al., 2004; 

Shimada et al., 2005). Distinctions between class status can be bioarchaeologically 

inferred by the differential grave good presence of exquisite Sicán metalwork and foreign 

goods acquired through vast trade networks (Shimada, 2000; Klaus et al., 2017). People 

of lower-tier status had less access to “wealthy” grave goods and were probably subjected 

to labor taxation. 

Similarly to the Moche culture, the Middle Sicán state fell after intense El Niño 

floods that were followed by extreme drought (Shimada, 2000; Klaus, 2008). This led to 

a loss of legitimacy for the religious ruling class, and the once-omnipresent Sicán Deity 
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was promptly abandoned. As Middle Sicán dominance ended and the Late Sicán culture 

evolved, social and political power may have been reclaimed by local Muchik people, 

who re-established the Late Sicán capital in Túcume, placed renewed emphasis on the 

construction and use of massive platform mounds, and favored secondary icons over the 

Sicán Deity. 

The Late Sicán culture began to lose regional prominence near the year 1375, 

when the Chimú Kingdom (900 – 1460) took hold on the north coast. This initiated an era 

of swift imperial political disruptions prior to the arrival of the Spanish in South America. 

In an effort to expand a state that thrived off of complex networks of trade and 

redistribution (Klaus, 2008), the Chimú first expanded into the Lambayeque Valley 

Complex from the south. This enabled the kingdom to benefit from local farmland, 

existing Sicán trade networks, and local crafts people (Shimada, 2000). 

A relatively secular empire whose culture was characterized by practical rather 

than elaborate art forms, Chimú rule in the north coast region was not especially 

disruptive to local populations. The ruling class allowed imperial polities to maintain pre-

Chimú lifeways in exchange for labor taxes (Shimada, 2000; Klaus, 2008). Therefore, 

during this time period, existing political and ceremonial centers were expanded to 

accommodate Chimú governmental functions, and elements of once-fading Moche 

ceramic styles made a resurgence. 

The Inka, who arrived on the north coast of Peru less than a century after the 

Chimú had annexed the territory, maintained a similar political policy during their very 

brief time in power. Although it is the most widely recognized pre-Hispanic culture in 
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Andean South America, the Inka Empire existed for only a short time between the mid 

15th century and 1532. It was an abrupt blip in the long history of north coastal Peru in 

particular. After having taken root in the southern Peruvian Andes during the early or mid 

15th century (Villacorta Ostolaza, 2012), the Inka expanded outward from that point over 

the course of the century. They conquered the Chimú Kingdom via violent conflict in 

approximately 1460 (Cabello Balboa, 1586 [1951]). However, they were ultimately 

deposed less than a century later after the Spanish arrived and colonized the area. 

During the short time the Inka Empire lasted, centralized leadership in Cusco 

implemented a m’ita system of labor taxation and resettlement in annexed territories 

(similar in name, but not in methods or goals, to the system the Spanish implemented 

during the Colonial Period) (Ramirez, 1990). However, it is unclear whether or not this 

system would have been fully implemented in the Lambayeque Valley Complex before 

Spanish colonization due to the short time span of Inka presence in the region (Ramirez, 

1990; Klaus, 2008). This question has not been definitively answered, but Inka presence 

on the north coast was strong and established enough that a few structures with 

characteristic Inka stonework and many distinctly Inka patterned ceramics are present in 

the area. 

The colonial transition 

 The Spanish arrived to Peru in the early 1530s, and the impacts of this event on 

the north coast were profound. Despite some evidence of cultural continuity (Klaus, 

2008), Spanish conquest abruptly changed the expression of indigenous Muchik identity 

and subjected local people to new cultural and environmental stressors. Although the 
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ecogeographic environment on the north coast itself remained unchanged, new patterns of 

settlement, labor, and agriculture affected pre-Hispanic cultural buffering systems that 

had previously worked to mediate environmental hazards. Coupled with the introduction 

of foreign pathogens, such as smallpox (Cook, 1992; Klaus, 2008), and forced labor in 

service of the ruling class, these variables seem to have had a profound effect on 

biological stress experience in the populations of at least some Colonial Period sites. 

Research at Colonial Mórrope, specifically, has illuminated increases in skeletal stress 

indicators after contact in north coastal Peru. 

Klaus and Tam (2009) found that individuals buried at the Colonial Period church 

site of Capilla San Pedro de Mórrope experienced more porotic hyperostosis, periostosis, 

pre-adult growth faltering, and depressed female fertility relative to individuals who died 

during the late pre-Hispanic period. Klaus et al. (2009) also found that postcontact 

individuals — especially males — from Mórrope displayed increased degenerative joint 

disease. Such findings indicate increases in stress and systemic infection after Spanish 

arrival and support the notion that males and females (but especially males) conducted 

more manual labor in the Early and Middle Colonial Periods. In addition, Klaus and Tam 

(2010) found that oral health at Mórrope declined after contact, especially among women, 

likely due to increases in carbohydrate consumption after pre-Hispanic agricultural 

traditions were disrupted. 

Institution of Spanish rule and abusive colonial policies in north coast Peru 

 There are a host of factors that would have contributed to perceived deterioration 

of indigenous health after conquest. After the Americas we first “discovered” by 
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Christopher Columbus and his crew in the late 15th century, a race for territory ensued 

between a number of countries in Western Europe. Much of North America was 

dominated by British, Dutch, and French colonization that was entrepreneurially focused 

during the 16th, 17th, and 18th centuries. However, southern North America, Central 

America, and South America were dominated by Spanish colonization (Murphy and 

Klaus, 2017). Spanish colonization involved heavy labor exploitation and an intense 

agenda of Catholic conversion, presenting a context in which distinct indigenous health 

consequences might have arisen.  

When Francisco Pizarro and his crew of Spanish conquistadores arrived to Lima 

soon after 1530 and ultimately claimed Peru for Spain, their effect on local health had 

already begun (Cook, 1992; Klaus, 2008). Contact with indigenous people in Central 

America years earlier had resulted in a smallpox epidemic that swept southward via trade 

routes and devastated native populations with no inherent immunity to the sickness. 

However, the return of Pizarro and his people to the New World caused a new and 

bloodier wave of casualties. Violent conquest of the Inka lasted from approximately 1530 

to 1533, and Spanish victory gave way to new forms of physical and structural violence 

that affected native peoples for hundreds of years. 

Pizarro and his soldiers met Inka forces in a fate-sealing battle at Cajamarca in 

November of 1532, where a force of 187 Spaniards killed more than 6,000 Inka soldiers 

and captured the reigning Inka ruler, Atahualpa (MacQuarrie, 2007). Execution of 

Atahualpa and successful annexation of the Inka capital less than a year later relegated 

the fractured remnants of the once-powerful state to the highland territory of Vilcabamba, 
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where they remained until finally conquered in 1572. However, while the last vestiges of 

the Inka empire clung to life in the mountains, the Spanish consolidated their power 

elsewhere in Peru and put into place a system for labor exploitation and religious control 

that greatly affected indigenous groups. 

The encomienda system was established by the Spanish in order to define the 

legal and political status of native people during colonization, but this system was 

manufactured in the interest of the Spanish at the expense of indigenous communities. It 

ultimately justified the taxation of native people in return for military protection and 

services (whether they were desired or not) related to Catholic conversion. Payment of 

taxes to the new Spanish leadership took various forms, including unpaid labor, and led 

to inhumane treatment and subpar living conditions for indigenous inhabitants of the 

land. Although the use of native people as slave labor proved to be difficult due to 

repeated uprisings against colonial oppression, the practice continued throughout the 

Colonial Period, even as Bourbon reformers criticized corrupt officials, forced labor, and 

other abusive policies toward the end of this timeframe (Andrien, 2001; Klaus, 2008). 

The encomienda system itself was fragile and unstable, as it justified slave labor 

and other forms of indigenous taxation, coupled with initiatives of forced resettlement 

that began during the 1570s. As a response to difficulties in indigenous religious 

conversion, increasing expressions of organized rebellion against Spanish rule, and 

decreasing productivity of forced labor practices in the Early Colonial Period, more than 

1.5 million Andeans were forced to resettle in Spanish-style towns called reducciones 

over the duration of the colonial regime (Klaus, 2008). This initiative was part of a series 
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of Toledean reforms that intended (but generally failed) to bring order to the tenuous, 

corrupt, and unstable setting of early Colonial Peru. 

The construction of reducciones made governance and control of native people 

easier, as it was difficult to tax, convert, and manipulate the labor of people who were 

settled in spread-out hamlets in traditional pre-Hispanic style. However, the new 

townships further marginalized indigenous people by stifling their ability to maintain 

traditional lifeways and requiring that they live far away from their places of labor. 

Additionally, increased concentrations of people within reducciones created a paradise 

for infectious diseases to which indigenous Americans naturally had little resistance. 

Some estimates show that, while the population of pre-Hispanic Peru fell somewhere 

between 6 million and 9 million people before Spanish contact, poor living and 

socioeconomic conditions reduced the indigenous population of the region to 

approximately 610,000 by the 1620s (Cook, 1981). 

Aside from creating an incubator for epidemic disease, forced relocation of native 

people into population-dense townships also intensified the repression of pre-Hispanic 

subsistence activities such as farming, camelid husbandry, and traditional artisanship. 

Inhibition of these activities further damaged the social and economic fabric of 

indigenous Andean society, creating inconsistent access to appropriate nutritional 

resources and exacerbating declines in health and wellbeing among native people. 

Despite these consequences, the colonial establishment continued to assault pre-Hispanic 

Andean economies during the 17th century by forcing already marginalized native people 

to purchase goods on credit from Spanish merchants in order to advance the fiscal 
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interests of Spanish royalty (Burkholder and Johnson, 2018; Klaus, 2008). Thus, the 

disparity between European colonizers and indigenous groups grew larger. 

Colonial Eten and Mórrope 

 The Colonial Period towns of Eten and Mórrope can be studied as examples of 

colonial rule in north coastal Peru. Located only a short distance (approximately 50 

kilometers) apart from one another, these sites provide interesting windows into the 

experiences of local Muchik people who were directly affected by Spanish government 

policies between 1532 and approximately 1750. However, although these municipalities 

existed at the same time and in roughly the same place, bioarchaeological research has 

suggested that the populations of Eten and Mórrope might not have experienced the 

negative impacts of colonization in the same way or to the same degree. While people 

living in the colonial town of Mórrope seem to have borne a heavy burden of stress and 

illness throughout their lives, the population of Eten appears to have been far less 

affected by the biocultural stressors that accompanied colonization (Klaus and Alvarez-

Calderón, 2017). 

Some previous research has shown that the massive social, political, and 

demographic transitions catalyzed by European contact in the Americas did not 

homogenously affect all indigenous communities. For example, Cohen et al. (1994) and 

Harvey et al. (2017) showed that the Tipu Maya of Belize suffered relatively few health 

consequences after contact, attributing evident protection from biological stress to natural 

geographic buffering. Perceived good health outcomes at Eten could therefore be the 

product of similar circumstances, but apparent dichotomy in stress experience between 
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individuals at Eten and Mórrope is nonetheless unexpected. Because the sites are 

essentially identical in terms of temporal existence, regional location, experience of a 

common colonial policy, and ethnic identity of indigenous inhabitants, major differences 

in stress experience would by default be unexpected. 

 Differences in the natural environments that surround the colonial towns of Eten 

and Mórrope are perhaps the best explanation for observed inequalities in stress indicator 

presence between their populations (Klaus and Alvarez-Calderón, 2017), indicating that 

the Tipu Maya were not the only indigenous group that benefitted from location-specific 

ecology and geography. Although not isolated from Spanish colonial government by 

geographic barriers like the Tipu people (Cohen et al., 1994; Harvey et al., 2017), the 

location of Eten on a resource-rich ecotone likely provided a relative advantage over 

Mórrope in terms of ecogeographic buffering of colonial subsistence strategies that 

prioritized heavy labor and maize agriculture. Although this might not have been the only 

factor that influenced differential stress experience at the two sites, evidence suggests that 

it was of some importance. 

Eten (Figure 4.1) was located in an area of considerable ecogeographic diversity, 

positioned on the southern bank of the Reque River and little more than a stone’s throw 

from the Pacific Coast. This location would have afforded residents ample access to 

diverse nutritional resources from marine, coastal, river, and lagoon microenvironments 

(Klaus and Alvarez-Calderón, 2017), softening the impacts of a diet that might have 

otherwise been supplied mostly through traded goods or monocrop agriculture. Although 

frequent low rainfall on the north coast would have affected Eten as much as any other 
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site in the region, the Reque River north of the town would have also provided a close-by 

and consistent source of fresh water runoff from the highlands for drinking and irrigation. 

 In contrast to Eten, colonial Mórrope (Figure 4.1) was located at the edge of the 

Sechura Desert, in an area that did not have year-round access to mountain run-off and 

therefore was less suited to the large-scale hacienda agriculture instituted regionally by 

the Spanish (Klaus, 2008; Klaus and Alvarez-Calderón, 2017). Mórrope was also located 

more than 20 kilometers from the Pacific Ocean, leaving marine and coastal 

microenvironments that might have supplemented maize-based diets unfortunately out of 

reach. Although the site was established along an important trade route that connected 

Lambayeque to Piura (Klaus, 2008; Klaus and Alvarez-Calderón, 2017) and therefore 

would have theoretically been afforded second-hand access to non-local resources, the 

low socioeconomic standing of indigenous people and the disadvantage presented by 

Mórrope’s marginal ecogeographic location caused local Muchik people to suffer 

biological stress at disproportionately high rates relative to their more coastal neighbors. 

 Klaus and Alvarez-Calderón (2017) describe paleobotanical and ethnohistoric 

evidence of very different local economies at Eten and Mórrope, largely associated with 

their respective ecogeographic situations. Paleobotanical evidence shows that Eten 

residents had at least some access to maize, beans, peppers, oranges, bananas, gourds, 

squashes, potatoes, tomatoes, eggplants, and other diverse crops (Castillo, 2011) that 

were likely grown locally by Muchik workers (Klaus and Alvarez-Calderón, 2017). In 

combination with domestic animal products and wild foodstuffs sourced from rich nearby 

microenvironments, these crops would have provided Eten residents with relatively 
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bountiful and balanced diets. Meanwhile, the arid land and lack of stable water sources 

surrounding colonial Mórrope would have made the area unsuitable for growing, 

compounding issues of local food source scarcity and obligating residents to engage in 

labor activities unrelated to agriculture. Ethnohistoric records depict Colonial Mórrope as 

a neglected rural community whose Muchik residents worked as animal herders or miners 

of salt, gypsum and phosphorus (Modesto Rubiños y Andrade, 1936 [1782]; Klaus and 

Alvarez-Calderón, 2017). The work of miners, at least, would have undoubtedly been 

extremely physically strenuous. 

A considerable amount of research has been done to illuminate specific 

differences in the biocultural experiences of Muchik people at Mórrope and Eten. The 

skeletonized remains of individuals buried underneath Capilla del Niño Serranito in Eten 

(Figure 4.3), which were associated with the ruins of an earlier church used from 

approximately 1533 to the early 1600s (Klaus and Alvarez-Calderón, 2017), have 

provided valuable information about the lives of Muchik people who lived in Eten during 

the Colonial Period. The remains of individuals buried at Capilla San Pedro in Mórrope 

(Figure 4.4), which was used from 1536 until the middle or early 1700s (Modesto 

Rubiños y Andrade, 1936 [1782]; Klaus and Alvarez-Calderón, 2017), have also been 

carefully studied. Work by Haagen D. Klaus and others associated with the Lambayeque 

Valley Biohistory Project at these two sites has contributed to a better understanding of 

Colonial Period health and identity, among other variables. 

 
 



	 94	

 
FIGURE 4.3      The ruins of Capilla del Niño Serranito, under which an Early Colonial 
Period church and associated burials (approx. 1533 – 1600) were hidden (photo courtesy 
of Viridiana M. Garcia) 
 
 
 

 
FIGURE 4.4      Ruins of Capilla San Pedro de Mórrope (approx. 1536 – 1750) (photo 
courtesy of Viridiana M. Garcia)  
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 Skeletal data have supported ethnohistoric accounts, paleobotanical evidence, and 

ecogeographic assumptions regarding the Colonial Period lifeways and health patterns 

characteristic of Eten and Mórrope. Comparison of oral health data reveals that 

individuals at Mórrope had more carious lesions and antemortem tooth loss, indicating 

that dietary composition at that site was indeed more heavily reliant on carbohydrate-rich 

foods such as maize (Klaus and Alvarez-Calderón, 2017). In addition, degenerative joint 

disease (DJD) at Mórrope was more common than DJD at Eten in virtually every joint 

except for joints of the foot. This supports the conclusion that individuals at Mórrope 

engaged in more physically strenuous labor than individuals at Eten over long periods of 

time. 

The disparities in apparent biological stress experience at Eten and Mórrope are 

large, with individuals buried at Capilla San Pedro de Mórrope showing significantly 

higher prevalence of stress indicators such as cribra orbitalia, porotic hyperostosis, and 

periostosis relative to individuals from Eten (Klaus and Alvarez-Calderón, 2017). These 

skeletal markers serve as evidence that individuals at Mórrope likely experienced more 

biological stress during early life as the result of nutritional deficiencies, food shortages, 

or other factors. They also likely experienced higher rates of systemic infection during 

adulthood. Although LEH was insignificantly more prevalent at Eten than at Mórrope, 

this anomaly is probably a product of lower infant mortality rates at the more costal site, 

which might have resulted in more infants and children surviving biological insults to 

show dental evidence of developmentally disruptive stress events later in life (Klaus and 

Alvarez-Calderón, 2017). 
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Conclusion 

 Spanish colonization of the Americas seems to have had a near-universal negative 

effect on the health and wellbeing of native peoples. However, it would appear that the 

severity of these effects were more heterogeneous in northern Peru. While the population 

of Mórrope shows increased bioarchaeological evidence of stress in postcontact periods 

(Klaus and Tam, 2009; Klaus et al., 2010), the population of Eten seems to have evaded 

— at least to some degree — many of the consequences of colonization that plagued its 

neighbor (Klaus and Alvarez-Calderón, 2017). Despite the ruthlessness of Spanish efforts 

to efficiently exploit colonized territories, osteological evidence suggests that indigenous 

people at Eten faired relatively well. This is most likely due to the unique richness of 

Eten’s ecogeographic environment and local labor specializations. 

While written and oral accounts of the past should play a central role in framing 

historical events, research at Colonial Period Eten and Mórrope (Klaus, 2008; Klaus and 

Tam, 2009; Klaus et al., 2009; Klaus and Tam, 2010; Klaus and Alvarez-Calderón, 2017) 

has shown that bioarchaeology has the potential to fill critical gaps in the existing record. 

Studies of osteological stress indicators, for example, can add to knowledge regarding 

population health when contextualized within a broader biocultural scheme. Although 

understandings of stress in the bioarchaeological record can be vague as the result of 

invisible health conditions and interpretive complications such as the osteological 

paradox, new approaches to the study of stress indicators that emphasize associated 

survivorship patterns help researchers to clarify “health” through consideration of 

morbidity and resiliency. The following chapter will outline the materials, methods, and 
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procedures used to address new bioarchaeological questions regarding stress and 

survivorship in the north coastal region of colonial Peru.  
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CHAPTER FIVE 

Variation in stress indicator presence on the bones and teeth of individuals buried 

at Capilla del Niño Serranito de Eten and Capilla San Pedro de Mórrope indicate site-

specific biocultural health patterns that affected indigenous Muchik people during the 

Colonial Period (1532 – 1750) in the north coastal region of Peru (Klaus and Alvarez-

Calderón, 2017). While individuals at Mórrope, who lived in a relatively arid inland 

environment marginalized by the Spanish government, seem to have experienced high 

rates of early-life stress and adult systemic infection relative to late pre-Hispanic 

communities (Klaus and Tam, 2009), the biological costs of colonization at Eten were 

comparatively low — apparently buffered by the town’s location within a resource-rich 

coastal ecotone conducive to both farming and foraging (Klaus and Alvarez-Calderón, 

2017). Careful consideration of the dichotomies in stress indicator presence at Eten and 

Mórrope has helped to illuminate the diverse experiences of native people under Spanish 

rule. However, existing research has in many ways only scratched the surface of what can 

be learned from stress indicators in the skeletal record. 

Past research at Eten and Mórrope conducted by Klaus and Alvarez-Calderón 

(2017) has focused on comparing the age-adjusted prevalence of cribra orbitalia, porotic 

hyperostosis, LEH, and periostosis at each site. Although these comparisons have led to 

the discovery of interesting dichotomies, recent research on medieval English cemeteries 
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(Yaussy et al., 2016; DeWitte, 2017) and Jomon hunter-gatherers from Japan (Temple, 

2014) has shown that the study of long-term stress-related survivorship can clarify 

scientific understandings of plasticity, immunology, and epidemiology. Such research can 

also help to combat interpretive vagaries of the osteological paradox and promote a 

deeper awareness of stress landscapes in ancient times. 

Prior to this thesis research, stress-related survivorship had not been studied in 

colonial North Coast Peru. The author therefore decided to explore the topic in her 

research. She addressed the following research questions regarding the experiences of 

North Coast indigenous people during the Colonial Period: (1) How was experience of 

early-life stress associated with age-at-death at Eten and Mórrope? (2) How was systemic 

infection associated with age-at-death at Eten and Mórrope? (3) Are there differences in 

long-term stress response between sites that could be the result of ecogeographic, 

sociopolitical, or other variables? The author hypothesized that all early-life stress 

markers would be associated with decreased survivorship regardless of site or sex, that 

periostosis would be associated with increased survivorship regardless of site or sex, and 

that Eten would show generally higher survivorship relative to Mórrope, its more 

marginalized neighbor. Failure to reject or successful rejection of these hypotheses could 

reveal much about the diverse effects of effects of environment and lifestyle factors on 

the health and wellbeing of Eten and Mórrope residents. 

This chapter will very briefly outline the procedures used to answer the 

aforementioned research questions. Discussed in the order they were preformed by the 

author, these procedures include construction of age-at-death estimates for all observable 
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adult individuals in the compared samples, collection of presence-absence binary data 

regarding skeletal stress indicators from archived notes, and the construction of 

differential survivorship curves for groups of individuals variously defined by site, sex, 

and stress experience. 

Age-at-death estimation 

 During the summer of 2018, the author of this thesis studied the remains of 70 

adult individuals excavated from Capilla del Niño Serranito de Eten and 59 adult 

individuals excavated from Capilla San Pedro de Mórrope. Access to these collections 

was generously granted by the Museo Nacional Sicán in Ferreñafe, Peru, and by the 

Museo de Arqueología y Etnografía Hans Heinrich Brüning de Lambayeque, where they 

are stored. Although the remains had been excavated and thoroughly analyzed over the 

course of the last 15 years by Haagen D. Klaus and student members of the Lambayeque 

Valley Biohistory Project, estimates of age-at-death had previously been informed using 

traditional age-at-death estimation methods in Standards (Buikstra and Ubelaker, 1994) 

and “eyeball estimates” that might have misrepresented true age at death. 

In order to perform the most accurate possible assessments of survivorship and 

establish a more reliable link between stress and age-at-death, the author re-estimated 

age-at-death for each individual in the samples over the age of approximately 15 years 

(indicated by closure of the spheno-occipital synchondrosis or at least partial fusion of 

the iliac crest) using transition analysis (Boldsen et al., 2012). This required careful 

observation of individual crania and ossa coxae in order to record maximum information 

about five cranial sure loci, five age-related features of the pubic symphysis, and nine 
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age-related features of the iliac auricular surface. Although this vast suite of joint features 

was not observable in entirety on every individual scored due to pathological or 

taphonomic reasons, the ADBOU computer software associated with transition analysis 

enabled production of age-at-death estimates (albeit broad ones) even when only some 

criteria were observable. 

The unique ability of transition analysis (Boldsen et al., 2002) to generate age-at-

death estimates based on limited criteria, as well as its ability to provide reliable 

maximum-likelihood point estimates of age-at-death, made it a natural choice to achieve 

the purposes of this research. Because the goal of this thesis is to assess survivorship in 

relation to stress experience, informed individual maximum-likelihood point estimates 

are needed in order to seriate individuals based on age and construct survivorship curves. 

While traditional methods of age-at-death estimation (for example: Todd, 1920; Todd, 

1921; McKern and Stewart, 1957; Lovejoy et al., 1985; Buckberry and Chamberlain, 

2002; others) can help osteologists to broadly distinguish between young, middle, and old 

adults, they impede precise seriation due to the obligatory use of a limited number of 

predetermined confidence intervals. Survivorship curves made using traditional age-at-

death estimates, therefore, would lack the high degree of resolution transition analysis 

affords to age-at-death distributions. 

Considering the large benefits of using transition analysis for age-at-death 

estimation in contexts where seriation is important, previously generated traditional 

estimates of age-at-death at Eten and Mórrope were replaced with new, more refined 

numbers. In order to obtain the most representative estimates, the scoring data for all 
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individuals in the samples were input into the ADBOU program under “unknown” 

ancestry and the archaeological hazard model. “Unknown” was chosen because the 

individuals were of indigenous Muchik descent and would not have been well 

represented by the “white” or “black” reference samples used to build the program. The 

archaeological hazard model was chosen instead of the forensic hazard model because the 

age-at-death distribution in the assessed Colonial Period cemeteries would have 

resembled a natural attritional distribution more than a uniform distribution. Therefore, it 

would be more desirable for transition analysis age-at-death outputs to mimic that 

attritional distribution rather than a line of equal mortality across all age groups. 

Sex estimation played an important role in the age-at-death estimation process as 

well, as transition analysis is able to generate sex-specific estimates of age-at-death based 

on the different sex-associated senescence patterns observed within its reference sample. 

Klaus and his students involved in the Lambayeque Valley Biohistory Project had 

estimated sex for all observable adult individuals in the Eten and Mórrope samples prior 

to the beginning of this thesis research via standard methods (Buikstra and Ubelaker, 

1994), which call for consideration of various features of the pubic bone, ilium, cranium, 

and mandible in order to assess probability of male or female biological sex. The author 

did not deliberately re-assess pelvic and cranial features to estimate sex independently, 

but casual observation led to the discovery of no apparent mismatches between previous 

estimates and the available skeletal evidence. Although preservation issues occasionally 

made sex estimation impossible, all individuals who presented with sufficiently intact 

remains were assessed using an appropriate male or female mortality profile in the 
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ADBOU program. Those who did not present with sexually dimorphic features were not 

assessed using a sex-specific mortality profile and classified as “unknown” sex in the 

ADBOU program. 

Elimination of cranial suture data 

Before recording final ADBOU-generated transition analysis estimates of age-at-

death, the author made the decision to remove cranial suture data from consideration by 

the ADBOU program in an attempt to maximize accuracy of program outputs. Because 

cranial sutures are known to be very unreliable indicators of age-at-death estimation 

(Masset 1989; Buikstra and Ubelaker 1994; Boldsen et al., 2002), data on suture closure 

can be vague and disruptive to the interpretation of age-related changes of the pubic 

symphysis and auricular surface. In fact, Boldsen et al. (2002:74) claim that they include 

suture closure in their method solely because “isolated crania are often found in forensic 

and archaeological work, and we must do something with them” despite their 

questionable value. Because there were a sufficient number of individuals in the Eten and 

Mórrope samples not represented by isolated crania, cranial suture data was not of dire 

importance to the present investigation and the author thus opted to eliminate it from 

consideration. 

The educated decision to exclude cranial suture data from the ADBOU 

calculations eliminated all age-related data for a small number of individuals that were 

not associated with intact or partial pelvic joint surfaces, and observable sample size was 

subsequently reduced to 62 adult individuals from Eten and 53 adult individuals from 

Mórrope. However, although reduction in sample size was not ideal, the cancellation of 
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cranial suture data probably improved the accuracy and precision of age-at-death 

estimates generated for individuals with observable postcranial features, thereby 

improving the differential survivorship curves they were used to construct. 

Recording of stress indicator data 

After age-at-death was estimated using transition analysis for all observable adults 

and the samples were culled of individuals whose age-at-death was based only on cranial 

suture closure, maximum-likelihood age-at-death point estimates were associated with 

pre-recorded data on the presence or absence of cribra orbitalia, porotic hyperostosis, 

LEH, and periostosis. Although this data was not collected by the author herself, it is 

used with confidence of accuracy, as it was recorded by Klaus and his undergraduate and 

graduate students over the course of the Lambayeque Valley Biohistory Project. For the 

purposes of this thesis, their previously recorded data on skeletal stress indicator presence 

were extracted from a comprehensive spreadsheet that contained a series of indicator 

presence-absence binaries for each adequately observable skeleton. 

Klaus and the students who worked on the Lambayeque Valley Biohistory Project 

initially used the skeletal pathology code described in Standards (Buikstra and Ubelaker, 

1994) to describe the pathological lesions and enamel defects present on the bones and 

teeth of those individuals excavated from Eten and Mórrope. With regard to cranial 

porosities, the Standards system emphasizes degree of expression, location, and activity. 

Various codes specified by Buikstra and Ubelaker (1994) are assigned to different 

expressions of cribra orbitalia and porotic hyperostosis based on the location in which 

porosity exists (i.e., within the orbits or on one or more bones of the cranial vault), the 
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appearance of porous lesions in terms of pore coalescence and cranial bone thickness, and 

the extent to which bony remodeling had or had not occurred at time of death. This 

approach to lesion recording results in a relatively detailed standard description of 

pathological porosity. 

Such attention to detail is also found in the Standards method for recording 

periostosis. Under the category of “abnormal bone formation,” analysts are supplied with 

a framework for scoring a variety of proliferative bony reactions. Related to periostosis 

description, specifically, scores can be given to “woven” and sclerotic appearance of 

lamellar bone on the periosteal surface. “Extent of involvement,” which categorizes the 

coverage of an affected unit by abnormal bone formation into three progressive 

categories, can also be used to describe periosteal lesion appearance. These descriptors 

provide a means of analyzing pathological patterns in a way that extends beyond a simple 

presence-absence binary. The same is true for the Standards method of recording LEH, 

which involves scoring enamel defects based on their macroscopic appearance (linear 

horizontal depressions being scored as “1”), and noting their location in millimeters from 

the cementum-enamel junction. 

The presence-absence binary with which cribra orbitalia, porotic hyperostosis, 

LEH, and periostosis experience were described in the spreadsheet referenced by the 

author could be critiqued as an oversimplification of complex biological processes related 

to stress. However, while this does disguise variation of expression, there are a number of 

benefits to using such a simplified model. First, it is not as prone to inter-observer error 
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as ranked expressions. Secondly, in a context where sample sizes are already somewhat 

small, it allows for more robust comparisons between expression groups. 

Construction and analysis of survivorship curves 

Multi-way comparisons between “absent” and “present” groups were executed in 

SPSS using Mantel-Cox log rank tests that compared survivorship of indicator-absent 

individuals at Eten, indicator-present individuals at Eten, indicator-absent individuals at 

Mórrope, and indicator-present groups at Mórrope with regard to all four considered 

stress indicators. These comparisons were first made with sex-blind samples and then 

subsequently re-run in consideration of reorganized, sex-segregated groups. Indicator-

absent males at Eten, indicator-present males at Eten, indicator-absent females at Eten, 

indicator-present females at Eten, indicator-absent males at Mórrope, indicator-present 

males at Mórrope, indicator absent females at Mórrope, and indicator-present females at 

Mórrope were all compared to one another in a systematic pairwise fashion that yielded 

chi-squared and p values describing the significance of every possible difference. A 

threshold of α = 0.05 was the predetermined threshold of significance, indicating that a 

given difference could have occurred only < 5 percent of the time in a random sample of 

n individuals from a population whose survivorship trends were the same. 

Mantel-Cox pairwise tests for significance of difference were supplemented with 

additional operations in SPSS to better describe differences between compared groups. 

These operations include generation of Kaplan-Meier survivorship curves, which help to 

visualize disparities in survivorship trends by site, sex, and stress experience by plotting 

the proportion of surviving individuals at progressively older ages. They also include 
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calculation of descriptive statistics to quantify survivorship differences between groups. 

Descriptive statistics included estimated population mean, standard error of the mean, 95-

percent confidence range of the mean, estimated population median, standard error of the 

median, and 95-percent confidence range of the median. Although these statistics 

themselves are not good representations of survivorship over time, they do provide a 

quantifiable means of describing a population- or sample-specific “normal.” This proves 

valuable then comparing survivorship distributions that are otherwise not easily 

described. 

All of these operations — Mantel-Cox log rank tests, Kaplan-Meier survival 

curve generation, and calculation of descriptive statistics — were preformed separately 

with relation to cribra orbitalia, porotic hyperostosis, LEH, and periostosis experience in 

site- and sex-specific samples. However, before stress-related survivorship was assessed, 

preliminary analyses were applied to male and female samples from Eten and Mórrope 

with no consideration of the aforementioned indicators. These preliminary analyses 

established baseline differences in site- and sex-related survivorship that clarified 

statistical results after stress indicator presence was factored in as a tertiary variable. 

Conclusion 

The results obtained through these research procedures are capable of revealing 

much information about different health and mortality outcomes among individuals with 

and without cribra orbitalia, porotic hyperostosis, LEH, and periostosis at Eten and 

Mórrope. Such information can be extremely useful in reconstructing the human past and 

even understanding modern biological stress landscapes. However, this thesis research 
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focuses acutely on contextual stress outcomes in colonial north coastal Peru. The 

following chapter will present the results of the Mantel-Cox log rank tests, Kaplan-Meier 

survivorship curves, and descriptive statistics used to describe the relationship between 

stress indicator presence and age-at-death in Colonial Eten and Mórrope.  
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CHAPTER SIX 

This chapter describes the descriptive statistics, Mantel-Cox log rank test results, 

and Kaplan-Meier survivorship curves generated in SPSS with the purpose of 

illuminating differences in long-term survivorship related to stress experience. The 

dependent variable studied through these tests was estimated age-at-death, while 

influencing independent variables included sex, site, and presence or absence of various 

stress indicators. Through thorough statistical analysis, the author sought to assess the 

validity of a null hypothesis that males and females from Mórrope and Eten lived the 

same number of years, regardless of whether or not their skeletons presented with stress 

indicators such as cribra orbitalia, porotic hyperostosis, linear enamel hypoplasia (LEH), 

and periostosis. 

Trends in survivorship by site and sex 

 The goal of this research is not just to distinguish differences in survivorship that 

are exclusively related to sex, but analyses of stress and survivorship must begin with the 

performance of a stress-exclusionary Kaplan-Meier survivorship analysis. Overarching 

differences in longevity between males and females at Eten and Mórrope should be noted 

before making interpretations of more complex data that consider sex simultaneously 

with the presence or absence of stress indicators (referred to periodically throughout the 

following chapters as “experience” variables).  
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TABLE 6.1      Sample sizes by site and sex 

 
 
 
 
TABLE 6.2      Descriptive statistics of site and sex subsamples 

 
 
 
 
TABLE 6.3      Pairwise log rank comparisons of males and females from Capilla del 
Niño Serranito de Eten and Capilla San Pedro de Mórrope† 

 
†Significant differences highlighted in yellow  
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FIGURE 6.1      Kaplan-Meier survival curves for males and females from 
Capilla del Niño Serranito de Eten and Capilla San Pedro de Mórrope 
 
 
 
 Table 6.1 shows the distribution of males and females at Mórrope and Eten, while 

Table 6.2 shows descriptive statistics corresponding to sex groups sampled from each 

site. Table 6.3 illustrates the statistical significance of pairwise log rank comparisons 

between the Kaplan-Meier survival curves illustrated in Figure 6.1. The Mantel-Cox log 

rank tests in Table 6.3 show that some differences in survivorship are statistically 

significant between sites and sexes. 

Significant differences (α ≤ 0.05) between males and females at the same site 

indicate broad survivorship differences that are attributable to sex. Meanwhile, significant 

differences between individuals of the same sex at different sites suggest overarching 

trends in survivorship that cannot be associated with sex or with the presence of any 

single stress indicator. Uneven ratios of males and females at each site prevent reliable 

comparison of mixed-sex samples from Eten and Mórrope, as females appear to live 
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longer than males at these sites, and this would surely bias the outcomes of statistical 

comparisons. 

The estimated mean age-at-death of females at Eten (n = 26, µ = 44.119, σ = 

4.787) is higher than the estimated mean age of males at Eten (n = 27, µ = 31.315, σ = 

2.596), and a Mantel-Cox log rank comparison shows that the differences observed in 

overall survivorship trends between these two groups (Figure 6.1) are statistically 

significant (χ2 = 9.679, p = 0.002). In contrast, differences between the male (n = 30, µ = 

38.617, σ = 3.364) and female (n = 18, µ = 42.544, σ = 5.638) samples from Mórrope 

show only slight differences, and these differences do not approach an acceptable 

threshold of statistical significance (χ2 = 0.060, p = 0.806). While broad sex-related 

trends in survivorship seem to appear at Eten, skeletal evidence does not support the 

existence of the same trends at Mórrope. 

No statistically significant differences were found to exist between sites in groups 

of the same sex, and the null hypothesis that there is no difference in overall survivorship 

between Mórrope and Eten must therefore be maintained. However, Table 6.3 shows that 

females at Mórrope (n = 18, µ = 42.544, σ = 5.638) lived significantly longer (χ2 = 4.635, 

p = 0.031) than males at Eten (n = 27, µ = 31.315, σ = 2.596). Because neither site nor 

sex is constant in this comparison, the difference in survivorship cannot be credited to 

either of these factors. The information gleaned from this particular Mantel-Cox 

comparison is vague, but it is nonetheless useful for informing interpretations of 

experience-dependent differences in long-term survivorship between females at Mórrope 

and males at Eten. 
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Cribra orbitalia 

 Data on cribra orbitalia presence was not available for individuals excavated at 

Capilla San Pedro de Mórrope. Therefore, survivorship comparisons could not be made 

between sites. The following tables show sample size (Table 6.4), descriptive statistics 

(Table 6.5), and an intra-site Mantel-Cox log rank comparison (Table 6.6) of cribra-

absent and cribra-present groups at Eten only. Figure 6.2 illustrates relevant Kaplan-

Meier survival curves. 

 
 
TABLE 6.4      Sample sizes by presence and 
absence on cribra orbitalia at Capilla del Niño 
Serranito de Eten 

 
 
 
 
TABLE 6.5      Descriptive statistics of samples with and without cribra orbitalia from 
Capilla del Niño Serranito de Eten 

 
 
 
 
TABLE 6.6      Simple paired comparison of samples with and 
without cribra orbitalia from Capilla del Niño Serranito de Eten† 

 
†Significant differences highlighted in yellow 
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FIGURE 6.2      Kaplan-Meier survival curves for individuals with and without 
cribra orbitalia in a mixed-sex sample from Capilla del Niño Serranito de Eten  
 
 
 

There is no statistically significant difference (χ2 = 0.111, p = 0.739) between the 

survivorship trends in individuals with cribra orbitalia at Eten (n = 7, µ = 34.343, σ = 

8.228) and without cribra orbitalia at Eten (n = 47, µ = 38.213, σ = 3.004) when the 

experience samples are not subdivided by sex. However, a deceptive difference does arise 

between cribra-absent males and cribra-absent females when sex-homogenous 

subsamples are compared. Details of this difference can be found in the tables that 

immediately follow. Table 6.7 contains information on sample size by sex and cribra 

orbitalia presence, while Table 6.8 shows descriptive statistics regarding age-at-death in 

each sample. Table 6.9 shows all possible pairwise log rank comparisons of survivorship, 

and Kaplan-Meier curves are depicted for each sex and experience group in Figure 6.3. 
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TABLE 6.7      Sample sizes by sex and cribra 
orbitalia presence at Capilla del Niño Serranito 
de Eten 

 
 
 
 
TABLE 6.8      Descriptive statistics of male and female samples with and without cribra 
orbitalia from Capilla del Niño Serranito de Eten 

 
 
 
 
TABLE 6.9      Pairwise log rank comparisons of male and female samples with and 
without cribra orbitalia from Capilla del Niño Serranito de Eten† 

 
†Significant differences highlighted in yellow 
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FIGURE 6.3      Kaplan-Meier survival curves for males and females from 
Capilla del Niño Serranito de Eten with and without cribra orbitalia  
 
 
 

There is a significant difference in survivorship (χ2 = 6.409, p = 0.011) between 

males without cribra orbitalia (n = 21, µ = 32.248, σ = 3.211) and females without cribra 

orbitalia (n = 20, µ = 43.625, σ = 5.379) at Eten. However, this is almost certainly a 

reflection of overarching trends in sex-correlated survivorship that are unrelated to the 

development of cribra orbitalia. Overall comparisons of male and female samples from 

Eten show that females lived significantly longer than males (χ2 = 9.679, p = 0.002) 

regardless of any stress indicator presence (Table 6.3), and a sex-blind Mantel-Cox test 

applied to individuals with and without cribra orbitalia at Eten (Table 6.6) found no 

significant relationship between experience and survivorship.  

The lack of sufficient representation in the male (n = 4, µ = 28.25, σ = 4.824) and 

female (n = 3, µ = 42.467, σ = 19.224) cribra-present groups at Eten makes any 

conclusions that could be drawn from their comparison statistically insignificant (χ2 = 
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0.623, p = 0.430). Nevertheless, summary statistics (Table 6.8) and graphed Kaplan-

Meier survivorship curves in Figure 6.3 show that similar conclusions regarding sex-

specific life length might have been drawn for cribra-present groups had sample size been 

larger. In light of this information, it would be unwise to attribute differences in 

survivorship to both sex and cribra orbitalia presence, as opposed to sex alone. 

Porotic hyperostosis 

 No statistically significant differences were found between survivorship trends in 

mixed-sex groups with and without porotic hyperostosis at Eten and Mórrope. This lack 

of evidence for population-level dissimilarities in experience-related survivorship is 

detailed in the following tables, which outline sample size (Table 6.10), descriptive 

statistics of age-at-death by site and experience group (Table 6.11), and pairwise log rank 

comparisons of survivorship trends (Table 6.12). 

Although the Kaplan-Meier survivorship curves for each group (Figure 6.4) 

would seem to suggest a large difference between hyperostosis-present individuals at 

Eten (n = 8, µ = 28.963, σ = 3.099) and hyperostosis-present individuals at Mórrope (n = 

20, µ = 43.160, σ = 4.890), the hyperostosis-present group at Eten is small, and the 

difference between the two groups is not large enough to be calculated as statistically 

significant (χ2 = 3.114, p = 0.078) in Table 6.12. The null hypothesis that there is no 

difference in survivorship between any of the compared experience groups at Eten and 

Mórrope can therefore not be rejected.  
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TABLE 6.10      Sample sizes associated with 
the presence and absence of porotic hyperostosis 
at Capilla del Niño Serranito de Eten and 
Capilla San Pedro de Mórrope 

 
 
 
 
TABLE 6.11      Descriptive statistics of samples with and without porotic hyperostosis 
from Capilla del Niño Serranito de Eten and Capilla San Pedro de Mórrope 

 
 
 
 
TABLE 6.12      Pairwise log rank comparisons of site-specific mixed-sex samples with 
and without porotic hyperostosis† 

 
†Significant differences highlighted in yellow 
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FIGURE 6.4      Kaplan-Meier survival curves for individuals with and without 
porotic hyperostosis in mixed-sex samples from Capilla del Niño Serranito de 
Eten and Capilla San Pedro de Mórrope 
 
 
 
 In addition to sex-blind comparisons of survivorship by site and porotic 

hyperostosis experience, sex-segregated comparisons were performed in order to better 

understand the different ways in which stress-related frailty might affect males and 

females. Because no females at Eten presented with evidence of porotic hyperostosis, 

however, a Kaplan-Meier survivorship curve could not be calculated for these 

individuals, and they could not be considered in any pairwise comparisons with other 

groups. Hyperostosis-present females at Eten are therefore not considered in the 

following paragraphs and are absent from relevant graphs and figures where they would 

otherwise have been included.  
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TABLE 6.13      Sample sizes associated with 
the presence and absence of porotic hyperostosis 
in males and females at Capilla del Niño 
Serranito de Eten and Capilla San Pedro de 
Mórrope 

 
 
 
 
TABLE 6.14      Descriptive statistics of sex-specific samples with and without porotic 
hyperostosis from Capilla del Niño Serranito de Eten and Capilla San Pedro de Mórrope 

 
 
 
 
TABLE 6.15      Pairwise log rank comparisons of site-specific male and female samples 
with and without porotic hyperostosis† 

 
†Significant differences highlighted in yellow 
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FIGURE 6.5      Kaplan-Meier survival curves for males and females with and 
without porotic hyperostosis from Capilla del Niño Serranito de Eten and Capilla 
San Pedro de Mórrope 
 
 
 

Table 6.13 shows the number of individuals in each represented sample as defined 

by site, sex, and presence of porotic hyperostosis. Table 6.14 shows descriptive statistics 

of age-at-death in these samples, and Table 6.15 notes the statistical significance of all 

possible pairwise comparison of survivorship between groups. Kaplan-Meier 

survivorship curves are illustrated in Figure 6.5. 

Although no statistically significant differences in survivorship between 

experience groups or site groups were calculated before the data was segregated by sex 

(Table 6.12), several significant differences were illuminated after sex was added as an 

independent variable that could affect survivorship in tandem with site and porotic 

hyperostosis presence. Table 6.15 and Figure 6.5 highlight these differences, including a 

significant survivorship disparity (χ2 = 6.463, p = 0.011) between hyperostosis-absent 
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males (n = 18, µ = 31.861, σ = 3.768) and hyperostosis-absent females (n = 23, µ = 

43.474, σ = 5.111) at Eten. However, this difference is likely illusory. 

The fact that females without porotic hyperostosis were found to survive 

significantly longer than males without porotic hyperostosis at Eten is likely attributable 

to the same calculation ambiguity that created a significant difference between the 

survivorship patterns of males and females without cribra orbitalia at Eten (discussed 

previously). Because significant differences in survivorship have been found between 

males and females at Eten regardless of stress indicator presence, the difference in 

survivorship is probably tied to sex alone, as opposed to a sex-experience interaction. 

A second and slightly more probable survivorship disparity was found between 

hyperostosis-absent females at Eten (n = 23, µ = 43.474, σ = 5.111) and hyperostosis-

absent females at Mórrope (n = 6, µ = 26.683, σ = 3.511). Although it should be noted 

that the sample size of hyperostosis-absent females at Mórrope is small, the Mantel-Cox 

log rank test shows that differences in survivorship are statistically significant (χ2 = 

4.458, p = 0.035). Because broader comparisons of survivorship by site and sex (Table 

6.3) do not show a significant difference in female survivorship between Eten and 

Mórrope (χ2 = 0.733, p = 0.392), it is possible that the significant difference in 

survivorship between hyperostosis-absent females arose as a direct result of interaction 

between sex, site, and experience variables. 

Females unaffected by porotic hyperostosis at Mórrope seem to have an 

exceptionally steep survivorship curve (Figure 6.5), with the entire 6-person sample 

dying before the approximate age of 40 years. Although the limited sample size of this 
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group makes good comparison with other groups difficult, and only one observed 

difference reaches a level of acceptable statistical significance (α = 0.05), the 

survivorship disparity that exists between hyperostosis-absent females at Mórrope and 

other groups depicted in the graph is notable. 

The groups that show the most gradual decline in survivorship and the highest 

average age-at-death estimates are hyperostosis-absent females at Eten (n = 23, µ = 

43.474, σ = 5.111) and hyperostosis-present females at Mórrope (n = 6, µ = 48.900, σ = 

11.474). Groups that share steep survivorship trajectories more similar to the one 

displayed by hyperostosis-absent females at Mórrope include hyperostosis-present (µ = 

30.957, σ = 2.738) and hyperostosis-absent (µ = 31.861, σ = 3.768) males at Eten. 

Differences in survivorship between hyperostosis-present females at Mórrope and 

hyperostosis-absent males at Eten (χ2 = 3.620, p = 0.057), as well as between 

hyperostosis-absent females and hyperostosis-present males at Eten  (χ 2 = 3.580, p = 

0.058), approach statistical significance but fall just short. 

Linear enamel hypoplasia 

 As with cribra orbitalia and porotic hyperostosis presence, the presence of LEH 

does not seem to affect survivorship in comparisons between mixed-sex samples at Eten 

and Mórrope. Although mixed-sex sample sizes of individuals with and without LEH at 

each site (Table 6.16) are relatively large and would be more conducive than smaller sex-

segregated subsamples to the illumination of population-level differences in survivorship, 

there is little to no evidence that any differences exist. All sample means fall within a 

narrow eight-year range, and confidence intervals for estimated population-level means 
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broadly overlap (Table 6.17). Table 6.18 shows that the statistical significances of all 

pairwise differences in survivorship fall below a level of 95-percent confidence (α ≤ 

0.05), and Figure 6.6 provides visual evidence of survivorship patterns that are not very 

different between hypoplasia-absent and hypoplasia-present groups at Eten and Mórrope. 

 
 
TABLE 6.16      Sample sizes associated with 
the presence and absence of linear enamel 
hypoplasia at Capilla del Niño Serranito de Eten 
and Capilla San Pedro de Mórrope 

 
 
 
 
TABLE 6.17      Descriptive statistics of samples with and without linear enamel 
hypoplasia from Capilla del Niño Serranito de Eten and Capilla San Pedro de Mórrope 

 
 
 
 
TABLE 6.18      Pairwise log rank comparisons of site-specific mixed-sex samples with 
and without linear enamel hypoplasia† 

 
†Significant differences highlighted in yellow 
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FIGURE 6.6      Kaplan-Meier survival curves for individuals with and without 
linear enamel hypoplasia in mixed-sex samples from Capilla del Niño Serranito 
de Eten and Capilla San Pedro de Mórrope 
 
 
 
 Despite the lack of significant experience-related survivorship differences in 

mixed-sex samples from Eten and Mórrope, evidence for population-level differences in 

survivorship related to LEH presence surfaces when sex is considered as a possibly 

affective independent variable. The following tables provide numeric support for this 

statement in terms of sample size (Table 6.19), age-at-death descriptive statistics (Table 

6.20), and pairwise log rank comparisons (Table 6.21) of Kaplan-Meier survivorship 

curves, which are pictured in Figure 6.7. Special attention might be directed to the 

comparatively short mean life length and cliff-like survivorship curve associated with 

males who experienced LEH at Eten, as this group is involved in every pairwise 

comparison of survivorship that yields a statistically significant result. 
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TABLE 6.19      Sample sizes associated with 
sex-specific presence and absence of linear 
enamel hypoplasia at Capilla del Niño Serranito 
de Eten and Capilla San Pedro de Mórrope 

 
 
 
 
TABLE 6.20      Descriptive statistics of male and female samples with and without 
linear enamel hypoplasia from each site 
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TABLE 6.21      Pairwise log rank comparisons of site-specific male and female samples 
with and without linear enamel hypoplasia† 

 
†Significant differences highlighted in yellow 
 
 
 

 
FIGURE 6.7      Kaplan-Meier survival curves for males and females with and 
without linear enamel hypoplasia from Capilla del Niño Serranito de Eten and 
Capilla San Pedro de Mórrope 
 
 
 

Males that present with LEH at Eten (n = 11) have a short estimated mean life length 

(µ = 24.655, σ = 2.070), noted in Table 6.20, and a visibly steep survivorship curve 

(Figure 6.7). Unsurprisingly, Mantel-Cox log rank tests (Table 6.21) show that the 
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Kaplan-Meier survivorship curve for hypoplasia-present males at Eten is significantly 

different from the survivorship curves for a number of other groups. Hypoplasia-present 

males at Eten lived shorter lives in all comparisons, as seen in the following instances: 

• Hypoplasia-absent males at Eten (n = 11, µ = 37.818, σ = 5.368) lived 

significantly longer (χ2 = 8.335, p = 0.004) than hypoplasia-present males at Eten. 

• Hypoplasia-absent females at Eten (n = 8, µ = 41.713, σ = 8.454) lived 

significantly longer (χ2 = 8.379, p = 0.004) than hypoplasia-present males at Eten. 

• Hypoplasia-present females (n = 14, µ = 41.793, σ = 6.519) lived significantly 

longer (χ2 = 6.077, p = 0.014) than hypoplasia-present males at Eten.  

• Hypoplasia-present males at Mórrope (n = 13, µ = 33.215, σ = 3.906) lived 

significantly longer (χ2 = 5.286, p = 0.021) than hypoplasia-present males at Eten. 

• Hypoplasia-absent females at Mórrope (n = 5, µ = 38.300, σ = 8.621) lived 

significantly longer (χ2 = 5.913, p = 0.015) than hypoplasia-present males at Eten. 

There were only two groups that did not show significant survivorship differences in 

comparison to hypoplasia-present males at Eten. Hypoplasia-absent males at Mórrope (n 

= 5, µ = 29.900, σ = 2.252) showed no significant difference (χ2 = 0.124, p = 0.725), and 

hypoplasia-present females at Mórrope (n = 5, µ = 42.940, σ = 13.714) showed no 

significant difference (χ2 = 1.189, p = 0.276). 

There were no statistically significant differences in survivorship calculated for 

any pairwise comparisons that did not involve hypoplasia-present males at Eten as one of 

the compared parties. The null hypothesis that no differences exist between other groups 

therefore cannot be disproven. However, the null hypothesis can also not be 
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unequivocally proven. Many of the compared samples (Table 6.19) were small, and this 

likely had a damaging effect on the statistical significance of some differences that might 

have otherwise been calculated. 

Periostosis 

 Periostosis is the only observed stress indicator whose presence is significantly 

associated with survival before site samples are subdivided by sex. The data that 

demonstrate periostosis-related survivorship differences can be found in Table 6.22, 

which records compared sample sizes, Table 6.23, which contains descriptive statistics of 

site- and experience-specific age-at-death, and Table 6.24, which shows all possible 

pairwise log rank comparisons between periostosis-absent and periostosis-present groups 

at Eten and Mórrope. Figure 6.8 supplements the information in these tables by providing 

a visual representation of site-specific survivorship trends according to periostosis 

experience. 

 
 
TABLE 6.22      Sample sizes associated with 
the presence and absence of periostosis at 
Capilla del Niño Serranito de Eten and Capilla 
San Pedro de Mórrope 
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TABLE 6.23      Descriptive statistics of samples with and without periostosis from 
Capilla del Niño Serranito de Eten and Capilla San Pedro de Mórrope 

 
 
 
 
TABLE 6.24      Pairwise log rank comparisons of site-specific mixed-sex samples with 
and without periostosis† 

 
†Significant differences highlighted in yellow 
 
 
 

 
FIGURE 6.8      Kaplan-Meier survival curves for individuals with and without 
periostosis in mixed-sex samples from Capilla del Niño Serranito de Eten and 
Capilla San Pedro de Mórrope  
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At Mórrope, individuals with periostosis lived longer than individuals without 

periostosis. The difference in survivorship was statistically significant at the 95-percent 

level (χ2 = 5.116, p = 0.024), with estimated mean longevity of the periostosis-absent (n = 

25, µ = 33.616, σ = 3.151) and periostosis-present (n = 25, µ = 47.272, σ = 4.413) groups 

separated by nearly 15 years. This difference is illustrated by the relatively wide space 

that separates the Kaplan-Meier survivorship curves from periostosis-absent and 

periostosis-present individuals from Mórrope in Figure 6.8, especially after the age of 

approximately 40 years.  

An experience-dependent pattern in survivorship does not seem to exist among 

individuals with and without periostosis at Eten. While the graph in Figure 6.8 appears to 

show longer-lived periostosis-present individuals at Eten prior the age of approximately 

40 years, pairwise Mantel-Cox tests show that the difference in survivorship between 

groups with and without periostosis at this site is far from statistically significant  (χ2 = 

0.096, p = 0.756). Additionally, the estimated mean longevity of individuals with 

periostosis at Eten (n = 11, µ = 39.718, σ = 5.442) is only slightly higher than mean 

estimated longevity of those without (n = 47, µ = 36.549, σ = 3.185). 

 For a higher degree of specificity regarding the relationship of periostosis 

experience to survivorship, a second round of calculations were executed that considered 

sex as an additional independent variable. Table 6.25 shows the sizes of samples used in 

these calculations by site, sex, and periostosis experience. After, Table 6.26 shows 

descriptive statistics regarding age-at-death in each site- and sex-specific experience 

group. Table 6.27 notes the statistical significance of all possible pairwise log rank 
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survivorship comparisons, and Figure 6.9 provides a graphic depiction of compared 

Kaplan-Meier survivorship curves. 

 
 
TABLE 6.25      Sample sizes associated with 
sex-specific presence and absence of periostosis 
at Capilla del Niño Serranito de Eten and 
Capilla San Pedro de Mórrope 

 
 
 
 
TABLE 6.26      Descriptive statistics of male and female samples with and without 
periostosis at Capilla del Niño Serranito de Eten and Capilla San Pedro de Mórrope 
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TABLE 6.27      Pairwise log rank comparisons of site-specific male and female samples 
with and without periostosis † 

 
†Significant differences highlighted in yellow 
 
 
 

 
FIGURE 6.9      Kaplan-Meier survival curves for males and females presenting 
with and without periostosis from Capilla del Niño Serranito de Eten and Capilla 
San Pedro de Mórrope 
 
 
 

Table 6.27 shows that the relationship between periostosis presence and 

survivorship at Eten remains unclear when the site-specific samples are divided by sex 

and again analyzed in multiple pairwise log rank survivorship comparisons. Although 

there seem to be some statistically significant differences between periostosis-absent 
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males at Eten (n = 21, µ = 31.248, σ = 3.333) and female groups at Eten and Mórrope, 

these differences likely appear as a result of overarching trends in sex-related 

survivorship that are totally unrelated to stress experience (Table 6.3). Periostosis-absent 

females at Eten (n = 20, µ = 41.975, σ = 5.779), periostosis-present females at Eten (n = 

5, µ = 50.740, σ = 9.480), and periostosis-present females at Mórrope (n = 8, µ = 51.788, 

σ = 9.080) all live significantly longer than periostosis-absent males at Eten (χ2 = 5.678, p 

= 0.017; χ2 = 0.3.944, p = 0.0.047; χ2 = 6.487, p = 0.011), reflecting a general pattern that 

can be observed in Figure 6.1. However, it should be noted that periostosis-absent 

females at Mórrope (n = 8, µ = 30.513, σ = 6.294) seem to live exceptionally short lives 

and do not display any significant differences from periostosis-absent males at Eten in 

terms of survivorship. 

Despite the presence of significant experience-related differences in survivorship 

at Mórrope prior to sex segregation (Table 6.24), no significant differences were 

calculated between periostosis-absent and periostosis-present males or between 

periostosis-absent and periostosis-present females at this site. Although the difference in 

survivorship (Figure 6.9) between females with periostosis at Mórrope (n = 8, µ = 51.787, 

σ = 9.080) and females without periostosis at Mórrope (n = 8, µ = 30.513, σ = 6.294) is 

large and approaches an acceptable level of significance (χ2 = 3.720, p = 0.054), it 

remains just below 95-percent confidence (α = 0.05). This is due to small sample sizes 

(Table 6.25). 

The difference between Mórrope males with (n = 15, µ = 43.340, σ = 5.317) and 

without (n = 14, µ = 35.243, σ = 3.963) periostosis also fails to reach a level of statistical 
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significance, although male sample sizes are almost twice as large as the female sample 

sizes at Mórrope. The significance level of the survivorship difference between 

periostosis-present and periostosis-absent Mórrope males (χ2 = 0.745, p = 0.388) is much 

lower than the statistical significance of the survivorship disparity calculated for 

periostosis-present and periostosis-absent Mórrope females  (χ2 = 3.720, p = 0.054). This 

would seem to indicate that the statistical significance of sex-blind differences in 

periostosis-related survivorship at Mórrope is largely due to the influence of a relatively 

small number of females. 

Conclusion 

The data presented in this chapter show that a number of statistically significant 

differences can be calculated to describe divergent survivorship trends in groups of 

individuals variously defined by burial site, sex and presence of skeletal stress indicators. 

However, only a small number of these differences are especially noteworthy. Because 

statistically significant differences in survivorship were calculated between males and 

females at Eten regardless of the presence of stress indicators (Table 6.3), any results that 

show a similar difference in sex-associated survival patterns while simultaneously 

considering stress indicator presence are attributable to sex and not differences in stress 

experience. 

Overarching trends in sex-specific survivorship invalidate conclusions that might 

otherwise be drawn from the significant survivorship difference between males and 

females without cribra orbitalia at Eten (Table 6.12), or from the significant survivorship 

difference between males and females without porotic hyperostosis at Eten (Table 6.18). 
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It also casts a shadow of doubt over comparisons that showed statistically significant 

differences in survivorship associated with LEH or periostosis presence when 

comparisons involved samples of opposite sex. 

That being said, it is worth noting that males at Eten with LEH seem to be 

especially prone to low survivorship relative to multiple comparable groups of male and 

female sex. Males at Eten with LEH lived significantly shorter lives than males at Eten 

without LEH, females at Eten without LEH, females at Eten with LEH, males at Mórrope 

with LEH, and females at Mórrope without LEH (Table 6.21). The biocultural 

significance of these results will be discussed in the following chapter, along with other 

significant survivorship differences that show individuals with periostosis lived longer 

than individuals without periostosis at Mórrope (Table 6.24).  
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CHAPTER SEVEN 

The previous chapter discerned a number of relationships between stress 

indicators and age-at-death during the Colonial Period (1532 – 1750) at Eten and 

Mórrope. This chapter will strive to contextualize and interpret the results derived from 

Kaplan-Meier survivorship analyses and log rank tests. As is widely acknowledged 

among bioarchaeologists who embrace modern postprocessual approaches to evidentiary 

interpretation, the description of quantifiable trends in skeletal and mortuary data is 

largely meaningless unless placed appropriately within a broader scheme that considers 

ecogeographic environment, socioeconomic systems, dynamic sociopolitical 

relationships, and other important historical details. Contextualization of stress and 

survivorship data at Eten and Mórrope reveals new information about the effects of 

biological sex, ecogeographic variation, sociopolitical marginalization, and economy on 

indigenous resilience in Colonial north coast Peru. 

While the results of this study do not demonstrate significant differences in 

survivorship between sites when controlling for variables such as sex and stress 

experience, there do appear to be unique intra-site patterns in long-term stress responses. 

At Eten, male individuals who developed LEH as the result of early-life stress showed 

reduced survivorship in relation to males who did not develop LEH. At Mórrope, 

individuals who were effected by periostosis experienced increased survivorship relative 
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to those who did not — a dichotomy that is especially notable among females. Such site-

specific patterns in survivorship, in addition to many instances of inter-site homogeneity, 

show that local comestible resource availability, labor exploitation, and infectious disease 

prevalence had tangible effects on resilience and longevity after stress experience. 

Differences between sites 

As demonstrated by Klaus and Alvarez-Calderón (2017), there were differences 

in raw prevalence of various stress indicators among individuals who lived in Colonial 

Eten and Mórrope. Therefore, one of the primary goals of this work was to illuminate 

inter-site differences in stress-related resilience. The author’s first hypothesis in Chapter 

One was that individuals buried at Mórrope would have experienced reduced 

survivorship relative to individuals buried at Eten when variables of sex and stress 

indicator presence were constant. However, this research detected no explicit inter-site 

survivorship differences. While some site-specific anomalies in survivorship occurred 

with relation to LEH and periostosis presence, no statistically significant differences in 

survivorship were found between the residents of Eten and Mórrope when variables of 

sex and stress experience were the same. Individuals of the same sex who had similar 

stress experiences likely lived for similar lengths of time, regardless of where they spent 

their lives. 

The dichotomies in stress experience observed via stress indicator prevalence data 

(Klaus and Alvarez-Calderón, 2017) are not reflected in long-term stress response at Eten 

and Mórrope. Although exposure to stress events and chronically stressful circumstances 

seems to have been more frequent at Mórrope, it would appear that the long-term 
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biological consequences of these stressors were largely the same across sites. This new 

information improves previous understandings of the health and wellbeing of colonized 

Muchik people in north coastal Peru because it shows that, despite differences in stress 

prevalence, underlying biological processes related to recovery and resilience after stress 

were not drastically affected by local socioeconomic, political, or environmental 

variation. According to these data, generalized homogeneity in long-term stress-related 

survivorship is questionable only in very specific circumstances related to early-life stress 

that disrupted amelogenesis in males at Eten and systemic infection that resulted in adult 

periosteal reaction at Mórrope. Thus, the second through fifth hypotheses presented in 

Chapter One, which predicted that early-life stress indicator presence would be associated 

with decreased survivorship and periostosis would be associated with increased 

survivorship, are not strongly supported. 

Cranial porosity: unrelated to survivorship 

In order to illuminate site-specific trends that distinguished the stress landscapes 

of Colonial Eten and Mórrope, consideration of intra-site survivorship differences was as 

important as consideration of inter-site survivorship differences. However, only a few 

comparisons between individuals buried at the same site with and without stress indictors 

revealed survivorship dichotomies. For example, while analysis of LEH- and periostosis-

related survivorship exposed unique patterns in probable long-term morbidity after stress 

within sites, this research found no association between cranial porosity (cribra orbitalia 

or porotic hyperostosis) and survivorship at either Mórrope or Eten. Presence and 

absence of cribra orbitalia was not recorded at Mórrope, but differences in the 
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survivorship of individuals with and without porotic hyperostosis at the site were not 

statistically significant. Data on both cribra orbitalia and porotic hyperostosis presence at 

Eten also did not correspond with significant survivorship differences. 

The lack of association between cranial porosity and survivorship found in this 

study contrasts with the results of other published work that considers early-life stress 

and age-at-death, including the well-known work of DeWitte and Wood (2008), which 

found that individuals with cribra orbitalia and porotic hyperostosis in medieval England 

were more frail and therefore died at younger ages both in regular attritional contexts 

prior to the Black Plague and in epidemic contexts during the Black Plague. Because 

cribra orbitalia and porotic hyperostosis are generally indicative of various anemias, 

vitamin B deficiency (Walker et al., 2009), or magnesium deficiency (Polo-Cerdá et al., 

2001), DeWitte and Wood’s (2008) work indicates that nutritional deficiencies inhibiting 

red blood cell production during early life might affect development of the immune 

system or other important bodily systems in a way that affects later morbidity. However, 

work by Yaussy et al. (2016) found that cranial porosity might not be as indicative of 

frailty as other osteological stress indicators. 

Yaussy and colleagues (2016) found that, in contrast to LEH and periostosis 

presence, cribra orbitalia presence was not strongly associated with survivorship during 

severe famine in medieval England. The results of this research contrast with DeWitte 

and Wood’s (2008) work, but they prove that different stress-related survivorship 

outcomes can occur in different contexts. The context of north coastal Peru during the 

Colonial Period, with regard to chronic early-life nutritional deficiencies and subsequent 
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biocultural influences on survivorship, might have been more similar to famine-ravaged 

medieval England than to “normal” medieval England or medieval England when 

affected by the Black Death. 

In terms of demographic decline, population data indicate that Spanish 

colonization of Peru and other regions of the New World was even more catastrophic 

than the Black Death in Europe. Estimates suggest that violent conquest, marginalization 

of indigenous communities, and the spread of new infectious diseases eliminated up to 95 

percent of the indigenous population in most parts of Peru less than a century after 

conquest (Cook, 1981; Klaus, 2008). However, because Spanish colonization took such a 

massive toll on indigenous populations over an extended period of time, the Black Death 

presented a more concentrated blow to population size. A large number of deaths 

occurred within a smaller timeframe, and plague conditions were less selective than non-

plague conditions with regard to preexisting frailty (DeWitte and Wood, 2008). 

In contrast to plague conditions, famine conditions would have likely presented 

stressful circumstances more similar to the indigenous repression and infection caused by 

Spanish presence in Peru, particularly because most deaths that occur during famines are 

the result of inhibited immune response to common infectious diseases (Scrimshaw, 

1987; Walter and Schofield, 1989; Ó Gráda, 2007). Poor diet and systemic infection 

would have been very present in the lives of Colonial north coast Peruvians. As is noted 

by Klaus and Alvarez-Calderón (2017), higher rates of nutrition-related cranial porosity 

especially affected individuals at Mórrope due to the arid ecogeographic landscape of the 

site, which would have been prone to drought and not conducive to agriculture. High 
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incidence of periostosis at Mórrope indicates that infectious disease was a very persistent 

issue there as well. Both cranial porosity and periostosis are also present at Eten in lower 

quantities. 

LEH: related to survivorship among males at Eten 

The result of Kaplan-Meir survivorship analyses and Mantel-Cox log rank tests 

seem to show that, like cranial porosity, there is also no significant relationship between 

LEH presence and survivorship. However, an exception to this generalization exists 

among estimated male individuals who were excavated from the Capilla del Niño 

Serranito de Eten. Several studies have shown that individuals with enamel defects 

experience higher morbidity and mortality later in life (for example: Duray, 1996; 

Boldsen, 2007; DeWitte and Wood, 2008; Yaussy et al., 2016), but the fact that this 

relationship appears to be present only in males at Eten in north coastal Peru during the 

Colonial Period is of note. There does not seem to be a relationship between LEH and 

reduced age-at-death in females from Eten, or in males or females from Mórrope. 

Although this lack of statistical significance is affected by small sample size (< 10 

individuals) in hypoplasia-absent females from Eten, hypoplasia-absent males from 

Mórrope, and hypoplasia-present and hypoplasia-absent females from Mórrope, the 

estimated population mean for age-at-death in nearly every compared experience binary 

is separated by only relatively small margins (< 5 years). This could indicate that no 

significant differences in survivorship would have been calculated even if sample sizes 

had been larger. Notably, the difference between estimated mean age-at-death for 
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hypoplasia-absent (µ = 37.818) and hypoplasia-present (µ = 24.655) males at Eten is 

separated by approximately 13 years. 

Cribra orbitalia, porotic hyperostosis, and LEH are all indicators of early-life 

stress, so it is interesting that LEH is the only one of these irregularities whose presence 

seems to be associated with reduced adult survivorship in any subset of the Eten or 

Mórrope populations. The distinction in the types and timing of stress events that would 

have caused LEH, as opposed to the types of stress events that would have caused cranial 

porosity, might be responsible for these observed diverse survivorship outcomes. While 

cribra orbitalia and porotic hyperostosis result from chronic nutritional deficiencies 

(Polo-Cerdá et al., 2001; Ortner, 2003; Walker at al., 2009; Rivera and Mirazón Lahr, 

2017), LEH occurs when enamel deposition is temporarily arrested by a more acute stress 

event (Goodman et al., 1984; Goodman and Rose, 1990), possibly related to food 

shortage or illness. The relationship of LEH, but not cranial porosity, to survivorship in 

males at Eten would therefore indicate that individuals of this group who survived 

chronic early-life nutritional deficiencies were not more frail, but individuals who 

experienced and survived more acute stress events were. Much research (e.g., DeWitte 

and Wood, 2008; Temple, 2014; Yaussy et al., 2016) has attributed increased morbidity 

of individuals with LEH to stunted immune system development, as early life is a 

critically important time for the growth and maturation of this system. Temple (2014) 

showed that LEH closer to the occlusal surface or incisive edge of a tooth were more 

strongly associated with reduced age-at-death, possibly indicating a strong relationship 

between the timing of early-life stress and immunity and survivorship consequences. 
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A larger question to address, in addition to why certain types of early-life stress 

might have affected survivorship while others did not, is why LEH seems to be 

associated with survivorship in males from Eten but not in males from Mórrope or in 

females from either site. Previous research by Klaus and Alvarez-Calderón (2017) found 

that the prevalence of LEH at Eten was higher than the prevalence of LEH at Mórrope, 

perhaps as a result of differences in the modes of infant mortality between the two sites. 

The concept espoused by Klaus and Tam (2009) tied a lower LEH frequency to an 

epidemiological environment that killed more children before they could form LEH in the 

first place. If correct, this could be a factor that contributed to the survivorship 

association in males at Eten. 

Higher infant death rates at Mórrope would have resulted in higher selective 

mortality than existed at Eten, and proportionally fewer infants would have survived 

LEH-inducing stress events due to a relative paucity if environmental buffering factors 

such as access to diverse and nutritious foods. Therefore, infants and young children that 

did survive LEH-inducing stress events at Mórrope would have been more inherently 

robust than LEH-present individuals at Eten and generally much more inherently robust 

than individuals not exposed to LEH-inducing stressors at Mórrope. This means that they 

were ultimately better able to meet future biological challenges. 

Generally higher infant survival rates at Eten would have failed to cull the site’s 

most frail individuals during LEH-inducing stress events. The inherently impeded ability 

of these frail individuals to respond to environmental stressors would have been 

compounded in adult life by developmental trade-offs in the development of immune or 
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other important systems, thereby resulting in reduced survivorship. This explanation has 

interesting implications for the DOHaD hypothesis, as it would suggest diverse 

interactions between inherited frailty and frailty caused by environmental conditions 

during developmental years. 

Infant mortality patterns could explain why LEH-associated survivorship is seen 

at Eten and not at Mórrope. However, at Eten, a variety of factors could be responsible 

for the fact that differential adult survivorship related to LEH presence is only seen in 

males. For example, the fact that estrogen relates to increased immune system function 

(Klein, 2000; Zuk and Stoehr, 2010; Klein et al., 2011; Fischer et al., 2015) could have 

resulted in females experiencing reduced biological burdens related to infection during 

their adult lives. Yaussy et al. (2016) used evidence of superior female immune response 

to explain the higher prevalence of periosteal lesions in males in their sample of famine-

affected individuals from medieval London, and a similar explanation could be used to 

explain the fact that females with LEH did not seem to experience the same early-life 

stress consequences as males at Eten. Although there is no obvious sex-related dichotomy 

in LEH prevalence or the prevalence of other stress indicators at Eten or Mórrope, more 

active immune response could have helped to counteract development-related frailty.  

More than likely, the post-LEH survivorship difference in males is also related to 

the biological tax of Colonial Period Spanish labor systems (Larsen, 2001; Klaus et al., 

2009) in which males were typically more burdened than females. Although there is no 

published data regarding male and female prevalence of DJD at Eten, Klaus et al. (2009) 

showed that rates of DJD at Mórrope were higher in males than in females, indicating 
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that males likely had to endure different types of stress than females at that site. If sexual 

division of labor at Eten was similar to sexual division of labor at Mórrope, then more 

physically strenuous workloads experienced by males could have interacted with the 

biological effects of early-life stress in a way that compounded morbidity. 

The appearance of a survivorship dichotomy only in males who did and did not 

present with LEH at Eten is evidence of complex interaction between environmental, 

cultural, and biological variables that contribute to survivorship and resiliency after stress 

experience. These interactions are not easy to define given the limited information 

available in the bioarchaeological and historical records. However, even the general 

conclusions drawn from skeletal and contextual clues can benefit understanding of the 

DOHaD hypothesis and its effects on the lives of indigenous people of Colonial north 

coast Peru. 

Periostosis: related to survivorship at Mórrope 

In addition to illuminating differences in male survivorship based on experience 

of LEH, this research shows that individuals with periostosis lived longer than 

individuals without periostosis at Mórrope during the Colonial Period. This result 

contrasts with the results of DeWitte and Woods’s (2008) study, which found that 

presence of periostosis on the tibia was associated with younger age-at-death before and 

during the Black Plague in medieval London. However, the positive association between 

periostosis presence and age-at-death in colonial Mórrope is not altogether surprising. In 

some circumstances, and depending on the state of healing of periostosis, it can be 

associated with apparently higher robusticity. 
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Building upon DeWitte and Wood’s (2008) research, DeWitte (2014) showed that 

individuals with active periostosis at time of death experienced decreased survivorship 

relative individuals with no periostosis. However, individuals with healed periostosis 

lived longer than individuals with no or active periosteal lesions. She attributed this 

association between healed periostosis and increased longevity to the osteological 

paradox (Wood et al., 1992), citing the notion that individuals who were able to 

successfully overcome systemic infection were more robust and therefore able to survive 

for longer periods of time. Meanwhile, individuals who died while periosteal lesions were 

in a state of active proliferation evidently lacked the circumstantial ability to overcome 

illness and died earlier. In other words, periostosis-generating systemic infection was 

likely related to a selective agent or selective agents that functioned to cull frailer 

individuals from the population before they reached old age. 

DeWitte’s (2014) study proves the importance of differentiating between active 

and healed periostosis for analytical purposes. However, due to limitations of the pre-

collected data used to construct differential survivorship curves during this study, such a 

distinction could not be made among the individuals who presented with periostosis at 

Eten and Mórrope. Instead, active and healed periostosis were lumped into a compound 

“present” category that constituted one half of a present-absent comparative binary. 

Although this strategy could be critiqued as reductionist, similar approaches have been 

adopted elsewhere when reliable data on periostosis activity was unavailable (e.g., 

Yaussy et al., 2016). Distinction between active and healed periostosis and subsequent re-

analysis of periostosis-related survivorship at Eten at Mórrope presents an opportunity for 
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future research, but until a future date, mixed active and healed periosteal lesions are the 

only option for comparing periostosis to survivorship at either site. 

Whether the periosteal lesions observed on the bones of Colonial north coast 

Peruvians were mostly healed, mostly active, or evenly mixed, the fact that periostosis 

presence is associated with increased survivorship at Mórrope suggests the osteological 

paradox at work. There is a good possibility that more robust individuals were the ones 

who survived to develop skeletal evidence of systemic infection. Yet the osteological 

paradox is not necessarily the only explanation for increased survivorship of periostosis-

present individuals at Mórrope. As is discussed in Chapter Three, there are a number of 

potential circumstances that could lead to older individuals presenting with high 

prevalence of bony infection.  

Grauer (1993) notes the possibility that more lived years present more 

opportunities for illness, and thus older individuals are more likely to have experienced 

systemic infection that affected their skeletons at some point in their lives. Because 

overall prevalence of periostosis was higher at Mórrope than at Eten (Klaus and Alvarez-

Calderón, 2017), indicating more rampant infectious disease, this cumulative risk 

hypothesis could help to explain why relatively fewer older individuals presented with 

periostosis at Eten (sensu Klaus, 2014). Lower risk of contracting infection throughout 

life could have resulted in survivorship curves for individuals with and without 

periostosis at that site were not significantly different. 

Another possible explanation can be extrapolated from the work of Stelekati and 

Wherry (2012), which found that “bystander” (chronic) infections could create an 



	 149	

immunological environment better prepared to respond to new and repeated pathogenic 

threats. This theory is strengthened by a recent experiment by Crespo et al. (2016), which 

found that peripheral blood mononuclear cells exposed to leprosy and tuberculosis 

bacterial lysates experienced an “inflammatory shift” that affected the way they 

responded when subsequently exposed to gingivitis bacteria lysates. Such research 

suggests that inflammatory responses conjured by the immune system (possibly resulting 

in a greater propensity to produce periosteal reactions) after preliminary exposure to a 

pathogen could contribute to increased immunocompetence in combatting that pathogen 

and other unrelated pathogens. Increased immunocompetence, or a more “educated” 

response by the immune system to pathogens, could result in substantially increased 

lifespans, especially in environments like Mórrope, where high prevalence of periostosis 

indicates common affliction by viruses or bacterial infections such as streptococcus and 

staphylococcus. This is a very intriguing idea. 

Sex and periostosis-related survivorship 

When studying possible causation of long-term survivorship patterns related to 

stress response, the demographic composition of the group affected and the affects of sex 

on survivorship should be considered. It is important to note, therefore, that while a 

statistically significant difference (α ≤ 0.05) in survivorship between individuals with and 

without periostosis was only found when mixed-sex “present” and “absent” groups from 

Mórrope were compared, the weight of this significant difference seems to be carried for 

the most part by a relatively small subsample of females. While the estimated mean age-

at-death for periostosis-absent males (µ = 35.243) and the estimated mean age-at-death 
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for periostosis-present males (µ = 43.340) were separated by only approximately 8 years, 

the estimated population means for age-at-death in Mórrope females with (µ = 30.513) 

and without (µ = 51.788) periostosis were separated by a gap of more than 20 years. 

Although the sample sizes of females with (n = 8) and without (n = 8) periostosis were 

little more than half the size of the male sample, the p value of their survivorship 

difference (p = 0.054) stood just shy of significant (α ≤ 0.05). Meanwhile, the statistical 

significance of the male difference (p = 0.388) was very low. 

These statistics could be interpreted in two different ways. The first possibility is 

that females at Mórrope might have needed to be drastically more robust in order to 

survive stress events related to systemic infection. However, this is unlikely due to the 

fact that periostosis-absent and periostosis-present females exist in roughly equal 

quantities, reflecting the same pattern seen in the male sample from Mórrope. The second 

possibility is that females experienced drastically different long-term improvements to 

immune response after infectious disease experience. This hypothesis would be 

hypothetically supported by the research of Stelekati and Wherry (2012) and Crespo et al. 

(2017), who noted that exposure to infectious disease can benefit immunocompetence 

and increase a body’s ability to respond to future pathogen exposure, especially because 

estrogen strengthens immune response (Klein, 2000; Zuk and Stoehr, 2010; Klein et al., 

2011; Fischer et al., 2015). In addition, biological differences between males and females 

might have been supplemented by cultural factors such as differential participation in 

hard manual labor, which is evidenced by sex-specific DJD prevalence (Klaus et al., 

2009). Physically strenuous work in mines or other contexts could have contributed to a 
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reduced ability to respond to secondary infectious disease exposure in males by 

compounding disease-related biological stress. 

In summary, the unique pattern of survivorship related to periostosis at Mórrope 

can be described as a trend in increased survivorship that affects females more than 

males. This phenomenon likely occurred as a result of learned immune response after 

primary infectious disease exposure (Stelekati and Wherry, 2012; Crespo et al., 2017), 

which might occur more strongly in females in males due to cultural variables and the 

positive effects of estrogen on immune function (Klein, 2000; Zuk and Stoehr, 2010; 

Klein et al., 2011; Fischer et al., 2015). Although the same pattern in sex-related 

survivorship after periostosis development do not seem to affect individuals at Eten, this 

is possibly due to lower infectious disease load at that site, indicated by lower prevalence 

of periosteal lesions (Klaus and Alvarez-Calderón, 2017). 

Conclusion 

When sex and stress experience variables were held constant, this study did not 

find any significant differences in survivorship between individuals buried at Capilla del 

Niño Serranito de Eten and individuals buried at Capilla San Pedro de Mórrope. 

However, the appearance of site-specific trends in stress-dependent survivorship help to 

illustrate diverse biological outcomes resulting from varying stress landscapes in Colonial 

north coast Peru. When considered in tandem with information about relative prevalence 

of stress indicators in these two Colonial Period cemeteries and their specific historic and 

environmental contexts, studies of long-term survival after stress better define intra-site 

health differences and the biocultural circumstances that contributed to them. 
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This research suggests that the differences in comestible resource availability at 

Eten and Mórrope resulted in differential experiences of chronic nutritional deficiencies 

indicated by cribra orbitalia and porotic hyperostosis, but that these nutritional 

deficiencies did not have a tangible effect on the long-term survivorship of individuals 

they affected. Therefore, while the position of Mórrope as a marginalized reducción 

along a trade route in the desert likely contributed to increased experience of nutrition-

related biological stress among the indigenous people of the town, it did not result in 

decreased longevity or survivorship after chronic early-life stress that resulted in cranial 

porosity. This conclusion is complemented by information gleaned from the study of 

other stress indicators, including LEH and periostosis. 

Experience of LEH and periostosis also had little effect on long-term 

survivorship, except in very select circumstances: Individuals — and especially female 

individuals — who were affected by periostosis at Mórrope lived longer than individuals 

without periostosis at Mórrope, indicating occurrence of a acquired immune response that 

might have been supplemented by reaction-strengthening estrogen levels and greater 

participation in hard manual labor among males. Additionally, males who presented with 

LEH at Eten lived significantly shorter lives than males without LEH at Eten, indicating 

possible selective trends in infant mortality that would have culled inherently frail 

individuals from the population in Mórrope, but not in Eten. The resulting higher rates of 

preexisting frailty at the economically and ecogeographically advantaged site would have 

been compounded by the effects of early-life stress on the development of bodily systems 

(according to the DOHaD hypothesis) and indigenous manual labor obligations for adult 
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males during the Colonial Period, adding another layer to the proverbial onion of stress 

experience and survivorship in a context characterized by poverty and abuse of power. 

In many ways, the data produced in this thesis research reveal more about the 

biology of stress and its affects on survivorship than the specific lifeways of people in 

Colonial north coast Peru. However, although this research does much to illuminate 

nuanced real-life consequences of the DOHaD hypothesis and immunocompetence in 

ways that are revelatory beyond the scope of this particular context, it also uses these 

scientific lenses as a way to highlight aspects of the colonial indigenous experience in 

north coast Peru that were previously not understood. Through better understanding of 

stress and survivorship after stress, it is possible to paint a more detailed picture of life, 

health, resilience, robusticity, and frailty in this region of South America during the 

Colonial Period.  
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CHAPTER EIGHT 

The opening four chapters of this thesis sought to provide a comprehensive 

overview of the scientific foundation, theoretical frameworks, and contextual background 

that would support a bioarchaeological investigation into the relationship between 

biological stress experience and survivorship in the north coastal region of Peru during 

the Colonial Period. The remaining chapters provided a summary of the methods used to 

conduct such an investigation, followed by detailed results and interpretation of findings. 

To conclude, this chapter presents a final summation the findings and their significance, 

in addition to a discussion of directions for future research. 

Summary of findings 

The primary purpose of this thesis research was to study the skeletal assemblages 

excavated from Capilla del Niño Serranito de Eten and Capilla San Pedro de Mórrope in 

order to assess the validity of five research hypotheses outlined in Chapter One: (1) 

Individuals buried at Mórrope will have experienced reduced survivorship relative to 

individuals buried at Eten when variables of sex and stress indicator presence were 

constant, (2) cribra orbitalia presence will be associated with decreased survivorship in 

males and females at both Eten and Mórrope, (3) porotic hyperostosis presence will be 

associated with decreased survivorship in males and females at both Eten and Mórrope, 

(4) LEH presence will be associated with decreased survivorship in males and females at 
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both Eten and Mórrope, and (5) periostosis presence will be associated with increased 

survivorship in males and females at both Eten and Mórrope. Thorough analysis of cribra 

orbitalia, porotic hyperostosis, LEH, and periostosis presence in relation to age-at-death 

point estimates calculated using transition analysis revealed inconsistent support for these 

hypotheses. The first, second, and third hypotheses are rejected in favor of the null, which 

predicts homogeneity of survivorship trends. However, the fourth and fifth hypotheses 

are partially validated. 

While there was no apparent association between cribra orbitalia or porotic 

hyperostosis and survivorship at either Eten or Mórrope, the difference in survivorship 

between males with and without LEH at Eten was significant. The difference in 

survivorship between individuals with and without periostosis at Mórrope — particularly 

among individuals estimated to be female — was also significant. Such site-specific 

anomalies in survivorship patterns contrasted with an overarching similarity in inter-site 

survivorship between individuals of the same sex and experience category, revealing that 

site-specific ecogeography and socioeconomic position indeed affected health and 

survivorship outcomes. 

Looking at the results of this thesis research holistically and contextually, a more 

complete picture of life in Colonial north coast Peru emerges, and differences in 

indigenous experience based on residency become more apparent. In Eten, it is a 

possibility that greater availability of diverse food resources resulted in lower infant 

mortality and generally less biological stress (Klaus and Alvarez-Calderón, 2017), but 

males who were able to survive severe early-life health insults (evidenced by LEH) by 
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the grace of these resources experienced increased frailty later in life and died at younger 

ages. The decreased survivorship of males with LEH relative to males without LEH at 

Eten provides support for the DOHaD hypothesis by implying that early-life stress 

affected the morbidity of adult individuals, but it also suggests that other factors 

contributed to morbidity in males specifically. Participation in more intense, physically 

strenuous labor might have resulted in compound morbidity for males who survived 

early-life stress, as evidence of DJD at neighboring Mórrope (Klaus and Tam, 2009) 

suggests a sex-based division of labor in which females did not participate in the same 

osteoarthritis-inducing activities. 

At Mórrope, in contrast to Eten, infant mortality might have been higher (Klaus 

and Alvarez-Calderón, 2017), and it seems possible that only more inherently robust 

individuals survived LEH-inducing stress early in life. No association was found between 

LEH presence and survivorship in either males or females, even though it is clear that 

males participated more consistently in strenuous physical activity based on DJD patterns 

(Klaus and Tam, 2009). Also unlike Eten, higher rates of cribra orbitalia and porotic 

hyperostosis and more arid ecogeographic environment suggest that food insecurity and 

poor diet characterized Colonial Mórrope (Klaus and Tam, 2009). Probably at least 

partially because nutritional deficiency and insufficient consumption of energy-supplying 

food can result in reduced immune capacity (Scrimshaw, 1987; Walter and Schofield, 

1989; O Gráda, 2007), individuals at Mórrope who did not have access to the same range 

of comestible resources as individuals at Eten were more susceptible to systemic 

infections that caused periostosis. Resulting high prevalence of periostosis at Mórrope 
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(Klaus and Tam, 2009; Klaus and Alvarez-Calderón, 2017) seems to have created an 

environment in which “bystander” infectious reactions (Stelekati and Wherry, 2012) and 

“inflammatory shift” responses (Crespo et al., 2017) were highly beneficial, and thus 

individuals at Mórrope with periostosis experienced increased survivorship relative to 

those in their community without periosteal reaction. This was particularly true for 

females, who might have experienced stronger immune response related to estrogen 

levels and reduced participation in physically demanding work due to sexual division of 

encomienda labor. 

The differences in survivorship that characterized colonial Eten and Mórrope 

represent embodiments of lived experiences at these sites, and the inferred cause-and-

effect relationships between various aspects of site-specific stress landscapes, evidenced 

by skeletal stress indicator prevalence, survivorship, and contextual clues, provide a fresh 

glimpse of stressor networks that affected the lives of colonized Muchik in the north 

coastal region of Peru. The research presented in this thesis provides more and valuable 

pieces to a complex puzzle of how stress affected health and wellbeing of native people. 

Nonetheless, there is ample opportunity for further investigation. 

Directions for future research 

Although this research was revealing with regard to the diverse, bioculturally 

dependent experiences of indigenous people during the Colonial Period in north coast 

Peru, it leaves a number of issues unanswered and presents a series of new questions. As 

is the nature of scientific research, the limits of time and available data preclude full 

exploration of any topic in a single project. Therefore, there are a number of next-step 
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research topics begging to be explored regarding the complex and multi-faceted topic of 

colonial Muchik stress and survivorship. 

There are a number of opportunities to improve upon the methods used in this 

study and re-apply them to the same samples from Eten and Mórrope. For example, the 

most obvious next step in building upon this master’s thesis research would be to expand 

upon the study of periostosis at Mórrope and Eten by differentiating between active and 

healed periosteal lesions. DeWitte (2014) shows that active and healed periostosis can be 

associated with very different survivorship outcomes, and this might help to clarify 

conclusions reached regarding immunocompetence and the osteological paradox that 

were discussed in the previous chapter. There is also an opportunity for greater resolution 

of LEH study at these sites. In the vein of Temple’s (2014) work, dental microstructure 

data could be used to identify macroscopically invisible LEH and assess the effects of 

stress event timing on adult survivorship. 

Refined approaches to understanding stress experience might impact survivorship 

analyses even more drastically if used in combination with new and improved age-at-

death estimation methods. Although transition analysis is the best currently available 

method for estimating age-at-death, it is still questionable in terms of accuracy (Bethard, 

2005; Milner and Boldsen, 2012). A revised and supposedly more precise version of the 

method based on whole-body skeletal indicators of age, along with updated 

accompanying computational software, is rumored to be released before the end of 2019. 

Other opportunities to build upon this thesis research could include totally 

different methods of assessing stress experience, such as measurement of vertebral neural 
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canal size (Clark et al., 1986; Watts, 2011). Although some research has shown that 

femoral growth stunting can also indicate early-life stress (i.e., DeWitte and Hughes-

Morey, 2012), exploratory data manipulation has revealed that only a very small number 

of individuals were of a stature that fell two or more standard deviations below the mean. 

This indicated that there was very little growth stunting within the populations of north 

coast Peru, and the measure could not be used in differential survivorship analyses due to 

small or nonexistent stunting-present sample sizes. 

Finally, perhaps the most intriguing way to continue the research initiated in this 

thesis would be to expand bioarchaeological investigation of stress-related survivorship 

to other sites in Andean South America. In light of the massive diachronic changes in 

stress prevalence found between late pre-Hispanic populations and Colonial Mórrope by 

Klaus and Tam (2009), future research might consider stress-related survivorship patterns 

in late pre-Hispanic Peru. It would also be enlightening to explore the effects of early-life 

and adult stress on survivorship at other Colonial Period sites in order compare more 

ecogeographic, regional and even native ethnic differences in stress response. 

Conclusion 

This thesis research opened the door to studies of stress-related survivorship 

during the Colonial Period in the north coastal region of Peru, building off previous work 

of the Lambayeque Valley Biohistory Project that focused on differential prevalence of 

stress indicators in the region. However, while the door to a more long-term 

understanding of regional stress is now open, only a few small steps have been taken 

outside of it. This thesis revealed interesting new information regarding the similarities 
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and differences in long-term stress response between two ecogeographically and 

sociopolitically diverse colonial towns, and in doing so, it shed new light on the lives of 

people whose individual and contextual stories have been largely ignored for hundreds of 

years. Nonetheless, infinite questions about the indigenous experience in Colonial north 

coast Peru (and Colonial Latin America in general) remain unanswered. Future research 

will explore the realm of survivorship and resilience after stress experience in this area 

using new stress indicators, continually improving methods of age-at-death estimation, 

and different local populations.  
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