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ABSTRACT 

 

 

A juvenile’s dependency on their caregiver is significant to the overall development of 

nutritionally related pathological lesions. However, not all skeletal pathology is caused by 

nutritional stress; despite anemia being the usual inferred cause, the origin of Cribra Orbitalia 

(CO) – lesions on the orbital roofs of the cranium– is undetermined. The purpose of this research 

is to compare the reconstructed diets of juveniles with and without CO and explore connections 

to dietary patterns (inferred from stable isotope ratios of carbon and nitrogen). Rib bone samples 

of 79 juveniles with and without CO were sampled from the Kuelap archaeological site in 

Chachapoyas, Peru (AD 800–1532) – known for its archaeological diversity. Stable isotope 

analysis was conducted (δ13C and δ15N values) to statistically analyze each group’s values. 

Samples were further subdivided into age cohorts of infants (0–3 years), juveniles (4–11 years), 

and adolescents (12–18 years). The diets of juveniles with and without CO were determined to 

have no statistically significant difference between each other. However, a significant statistical 

difference did exist between the diets of the different juvenile age cohorts regardless of CO 

status, indicating that weaning and early dietary transitions through childhood affected the 

juvenile’s nutritional regime in the region. The research presented is the first study of the 

relationship between nutrition and CO from Kuelap; significantly, it further explores the lifestyle 

of past individuals in Chachapoyas through the understanding of childhood diets.  
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Chapter 1. INTRODUCTION 
 

Purpose of Research 

 

 The purpose of this research is to reconstruct the diets of juveniles from Kuelap, Peru 

using the stable isotope analysis of carbon and nitrogen to explore the relationship between 

pathology and nutrition. Regarding pathological conditions, the relationship of Cribra Orbitalia 

(CO) – a bony lesion identified on the orbital roofs of juveniles – and nutrition will be explored 

using stable isotope analysis of bone samples from 79 juveniles, ranging in age from 0 to 18 

years of age. The bone samples are divided into two groups: those with and without CO. The 

group samples consist of 14 juveniles with CO and 66 juveniles without CO. These skeletal 

remains were excavated from the pre-Hispanic archaeological site of Kuelap in the Chachapoyas 

region of Peru. The diets and lifestyle of juveniles are of interest to further understanding the 

lives and death of past individuals. 

 This thesis addresses two main questions:  

1. Is there a relationship between CO and nutrition? It could help determine the differences 

in the dietary patterns of the juveniles of the two groups and provide supplemental 

information on the impact and identification of disease in the past within the region. 

2.  Is there a relationship between diet and age of individuals? 

Addressing these questions using isotopic analyses may help determine whether nutrition 

is a factor of developing CO between the two groups of bone samples.  
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The Bioarchaeological Approach 

 According to Larsen (2015), skeletal remains are significant in archaeological research. 

These ancient skeletons create the foundation for understanding the past life of individuals for 

further analysis and comparison to life in that region today (Larsen, 2015; Sutton, 2020). They 

help in exploring questions about past lives: what were their lifestyles and nutritional regimes 

like and were they affected in any way by environmental or pathological factors? 

Bioarchaeological approaches are important in understanding these questions, especially in 

understanding three key components: diet, health, and lifestyle.  

 In relation to this research, the analysis of human skeletal remains is crucial to 

paleopathology (Ortner, 2011; Sutton, 2020). The soft tissues and bones can be analyzed for 

evidence of active or healed lesions indicative of metabolic or nutritional stress (Brickley, 2018; 

Nagaoka et al., 2017; Zarifa et al., 2016). The juvenile rib bone samples that were collected at 

Kuelap, Peru were previously analyzed for the presence of porotic lesions on the orbital roofs 

and other signs of trauma or disease prior to exporting the bone samples to the United States. 

Juveniles with CO were identified due to the presence of the active or healed cranial lesions, 

separating them from the individuals without it. Signs of pathological bone conditions are a 

depiction of the nutritional and social lifestyles of these individuals. They help bioarchaeologists 

understand patterns in disease conditions and how disease stress may have impacted past life and 

society (Ortner, 2011).   

 Juvenile skeletal remains also play a significant role in understanding paleopathology due 

to the presence of active lesions (Lewis, 2006; Bogin, 1997; Halcrow and Ward, 2018). As a 

result, juveniles are significant to addressing anthropological and bioarchaeological research 
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questions. In order to understand the change and pattern over the entire subadult period, infant, 

juvenile, and adolescent bone samples were analyzed as well.  

 In furthering the understanding of paleopathology and its connection to nutrition, which 

plays a factor, stable isotope analysis of skeletal remains can be used. It continues to answer 

those anthropological questions: what was their range in dietary variation? What does their diet 

say about nutrition and paleopathology? This thesis focuses on stable isotope analysis in further 

exploring the concepts in the research to compile a detailed analysis of life in the Chachapoyas 

region of Peru. 

 

Stable Isotope Analysis  

 To reconstruct the diet of past juveniles from Kuelap, stable isotope analysis was 

performed on archaeological human bone samples. Stable isotopes are the non-radioactive forms 

of an element with the same number of protons and different number of neutrons (Reitsema et 

al., 2018). The most common stable isotopes in bioarchaeology are carbon-13 (δ13C) and 

nitrogen-15 (δ15N) these forms will be the foci of the stable isotope analysis in this research 

(Reitsema et al., 2018). Stable isotopes are part of everything we drink and consume; these atoms 

will reside in the bones, making them useful to determine the dietary compositions of one’s diet 

through stable isotopic variations (Katzenberg, 2008).  

 Carbon originates from the macromolecules within the food that was consumed, while 

nitrogen originates from protein (Katzenberg and Lovell, 1999; Kusaka et al., 2010). Nitrogen 

determines one’s trophic level within the food chain, depending on the amount of consumed 

protein; additionally, its isotopic values can depict nutritional stress (Reitsema, 2013). The 

isotopic values of carbon and nitrogen are determined through collagen extraction from the 
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bones of human skeletal remains. Collagen extraction is important in the process of determining 

the stable isotope ratios; rib collagen can reflect the dietary patterns of the last three to five years 

of an individual before death (Gil et al., 2009). This protocol is significant in the study, as we can 

analyze the diets of many juveniles who died shortly after birth; this can help better understand 

the social developments of a child and their transitions through weaning. Stable isotope analysis 

is the main and crucial part of diet reconstruction of juveniles. 

 

 

Significance of Kuelap  

 Despite the increase in bioarchaeological studies in the Chachapoyas region of Peru, 

there have been few studies on juvenile skeletal remains; however, juvenile skeletal remains 

have generally popularized over the years in studies due to the identification of its importance to 

paleopathology and understanding past behaviors (Andrushko et al., 2011; Beauchesne and 

Agarwal, 2018). In terms of pathology, multiple studies have been conducted within the region, 

especially in Kuelap, on different types of paleopathological conditions and its relation to 

nutrition and lifestyle (Tran, 2016; Toyne, 2015; Toyne and Narváez, 2017; Toyne et al., 2020) . 

According to Van Valkenburgh and colleagues (2020), Kuelap is the most studied archaeological 

site in the region; its studies have varied from isotopic variation to architecture. Although, CO 

has only been minimally studied as the focus in studies done in the archaeological site, especially 

its connection to nutrition. 

 The lack of studies on this topic highlight the importance of new research being focused 

on juvenile skeletal remains and CO at the site. Previous research reconstructed the diet of adults 

and juveniles at Kuelap during the Inca period (Denierio, 2018); Toyne et al., 2020). From 

Kuelap, 79 rib bone samples from juveniles were used for stable isotope analysis. Of the total 
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sample, 14 rib bones were from juveniles identified to have CO present. Even though there is not 

an equal number of samples between the two groups, the CO samples will be used to address the 

research questions and test the statistical significance with the sample of juveniles with no orbital 

lesions. The research at Kuelap will provide information on aspects of paleopathology that were 

not previously studied at the site but also further the understanding of life in the Chachapoyas 

region of Peru. 

 

 

Hypotheses 

 

 For the research study, two research questions are being explored and the following 

hypotheses are tested:  

1. Is there a relationship between nutrition (as inferred from stable isotopes) and CO? 

Hypothesis tested: Are there differences in the stable isotope compositions of carbon and 

nitrogen of juveniles with and without orbital roof lesions? Since the juvenile skeletal 

remains were excavated from the archaeological site of Kuelap, there is a possibility of 

similarities in lifestyle, including diets, regardless of evidence of skeletal pathology.  

2. Is there a relationship between age and dietary patterns? Hypothesis tested: Are there 

differences in the stable isotope compositions of carbon and nitrogen in infants, juveniles, 

and adolescents? Due to the dependence of infants to their caregivers compared to 

juveniles and adolescents, there is a possibility of dietary variations.  

 

 These hypotheses are being tested through statistical analysis of the two groups and the 

age ranges within the groups. In hypothesizing the presence or absence of statistical 

significance between the stable isotope ratios of the groups, a non-parametric Mann-Whitney 
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U Test will be used. The statistical test is significant in comparing independent samples that 

are not normally distributed; it determines whether the two groups could have derived from a 

single original population (Wayne, 2017).  

 If statistical significance is observed among the two groups, then the juveniles with and 

without CO would have similar dietary compositions. Therefore, a connection between 

nutrition and CO would not be present. In contrast, if no statistical significance is observed 

among the juveniles with and without CO, then the juveniles would have differing dietary 

compositions. This difference in diet could indicate that the presence of CO could be 

nutritionally-related. Nutritional deficiencies could play a factor in the development of the 

pathological lesion. However, other factors could be possible. In order to give the best 

interpretation of the results, a literature review follows to fully understand the significance of 

nutrition on paleopathology and stable isotope analysis, as well as the significance of 

juveniles in archaeological research.  
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CHAPTER 2. BACKGROUND 

 This chapter focuses on a literature review on the bioarchaeological approach to 

paleopathology and dietary patterns and the studies conducted on cribra orbitalia from human 

skeletal remains from archaeological contexts. It will help in further understanding the foci of the 

research leading up to the research questions addressed in this thesis.  

 

Bioarchaeology of Juveniles 

 Challenges arose with studying juvenile skeletal remains in the past due to the 

misinterpretation of what being a child characterized archaeologically. According to Perry 

(2008), age is based on skeletal development. Archaeologists have different definitions on the 

subcategories of age, but based on Lewis (2006), infants could be up to 5 years of age and 

juveniles are between 1 and 15 years of age; adolescences are between 15 and 17 years of age. 

The ages within these categories may vary with archaeologists but are important in the studies of 

juvenile skeletal remains. However, childhood is not solely based on age but is also based on 

social and cultural experiences (Lewis, 2006).  

According to Bogin (1997), juvenile skeletal remains are sensitive indicators to 

environmental change. As bioarchaeological studies have emerged, juveniles have become 

important due to the paleopathological information that could be interpreted from their remains. 

Skeletal lesions on juveniles are more apparent compared to adults as a result of a faster bone 

turnover rate (Lewis, 2006). With adults, bone remodels in a healing lesion, resulting in a change 

in the original surface morphology. Therefore, these active lesions could help archaeologists gain 

a further understanding on the biological and social context of the childhood past and associate 
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these behaviors with possible cause of dietary variation, disease, or stress (Beauchesne and 

Agarwal, 2018; Bogin, 1997; Lewis, 2006; Halcrow and Ward, 2018).  

Childhood is a social construct due to a child’s dependency on their caregiver. During 

infancy, the infant depends on their mother for nutrition through lactation. The nutrients in breast 

milk initially nourish the infant, but as the child develops, those nutrients are not sufficient for 

complete nourishment (Beauchesne and Agarwal, 2018). More energy is required for the child 

which solid foods could provide. As the infant stage ends and the juvenile stage begins, weaning 

– the shift to solid food – takes place. However, a child’s transition to the weaning stage depends 

on the resources available and their economic situation. Infants, who end the infancy stage at 3 

years of age, in low economically developed countries (LECs) must depend on lactation, 

potentially resulting in chronic nutritional deficiencies (Bogin, 1997). Overall, juveniles have 

some dependency on their caregivers as to the foods they eat; the foods eaten are the ones 

provided and accessible to them. The diet created for them or by them could have a pathological 

impact on their health or nutritional intake. 

 

Diet and Pathology of Stable Isotope Analysis 

 A child’s dependency on their caregiver gives them limited decision on their nutritional 

regime. Dependent on the food resources available per location or family based on 

socioeconomic standing, diets may vary per juvenile. This might result in diets with incomplete 

nourishment for a growing child. With the lack of nutrients consumed among juveniles or adults, 

metabolic and nutritional stress weigh on the body due to nutritional deficiencies. These 

deficiencies can produce chronic pathological conditions, such as scurvy (vitamin C deficiency) 

or anemia (iron deficiency), which can result in osteological markers (Snoddy et al., 2018).  
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 Various studies have been published on the association of diet and pathology (Koci, 

2021; Curto, 2019; Turner and Armelagos, 2012). Pathological lesions have become evident as 

possible markers for malnutrition and further understanding the nutrients and foods lacking in 

the diet. However, most osteological markers are non-specific and do not provide information to 

the general reconstruction of diets of past individuals. Instead, stable isotopic analysis of bone 

tissue could help provide information on the isotopic compositions, which can indicate a general 

class of foods included in the dietary regime.  

 Stable isotopes reflect on the idea that “you are what you eat,” as the foods consumed by 

an individual have different isotopic compositions for comparison of dietary variation (Curto, 

2019; Katzenberg and Waters-Rist, 2019). There are two types of carbon stable isotopes: δ12C 

and δ13C. These values represent the whole diet – carbohydrates, proteins, and lipids. However, 

the carbon isotopes differ in the photosynthetic plant pathways. CAM plants are usually 

succulents and cacti; depending on the environmental conditions of the past society, the  δ13C 

values will fall between the values for C3 and C4 plants. C4 plants (i.e. maize) belong in a hotter 

and drier climate; the range of δ13C values is –14‰ to –9‰ (Katzenberg, 2008). In comparison, 

C3 plants (i.e. shrubs) belong in temperate environments; the range of δ13C values are – 35‰ to –

20‰ (Katzenberg, 2011). These values could help determine the type of plants consumed in past 

societies. Due to fractionation, these values shift about 5‰. This causes an enrichment in bone 

collagen of 5.1‰, which reflects the dietary protein within the diet (Ambrose and Norr, 1993)  

 There are two types of stable isotopes for nitrogen: δ14N and δ15N. These isotopes reflect 

protein consumption, as nitrogen determines the trophic level of an individual within the food 

chain (Larsen, 2015). The higher an individual’s position within the food chain, the more protein 

the individual consumed. This is reflected in high 𝛿15N values, which can also be an indicator of 
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nutritional stress, based on a study of starving birds (Hobson et al., 1993). The information stable 

isotope analysis provides on the diet of past individuals could help determine the nutritional 

lifestyle in the past and its connection to pathologies.  

 

Cribra Orbitalia 

 In 1888, Welcker published a study on a porotic lesion discovered on the orbital roofs of 

the skull, known as cribra orbitalia (CO), through the analysis of skulls internationally (Welcker, 

1888). The connection between race and CO were analyzed by Welcker, but the notion was 

wrongly implied. However, the discovery of CO led to significant research on its connection to 

pathological and nutritional etiology.  

 CO is present on the superior wall of the eye orbit (pars orbitalis or orbital plate) near the 

lacrimal gland. With layers of bone forming, the blood vessels within the lacrimal gland appear 

with each layer of bone (Cole and Waldron, 2019). This causes marrow hyperplasia, which 

results in the expansion of the diploe – spongy trabecular bone in between the inner and outer 

cortical bone of the skull – and results in perforations of the cortical bone, and a porotic 

appearance of the orbital roofs (Steyn et al., 2016). Lesions that are active are more common in 

juveniles, as the remodeling of the cortical bone in adults results in healed and inactive lesions 

(Walker et al., 2009). Therefore, the skeletal remains of juveniles are significant within 

bioarchaeological research in providing information on past life. Figure 1 below shows a juvenile 

skull observed by Dr. Toyne at Kuelap archaeological site with evidence of CO.  
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Figure 1. A juvenile skull from Kuelap with evidence of CO (Courtesy of Dr. Toyne). 

 

 Some conditions have orbital lesions similar to CO, resulting in the misidentification of 

the type of condition, as well as misleading CO causes. These conditions are rickets, scurvy, 

leprosy, as well as trauma (Cole and Waldron, 2019; Zdilla et al., 2021; Steyn et al., 2016). 

Scurvy (vitamin C deficiency) and trauma can both induce subperiosteal bleeding, causing 

similar porotic lesions to CO; however, with trauma, the expansion of the diploe is not present 

(Ortner, 2003). Leprosy is a bacterial infection, which can affect the eyes and sometimes cause 

porosity within the orbital roofs. Rickets (vitamin D deficiency) produces similar lesions, but the 

porosity is thinner compared to CO (Steyn et al., 2016). All these nutritional pathologies have 

been associated with CO, but the cause of CO is unknown, although anemia is the theoretical 

cause. 

 No specific cause of CO has been identified, although several hypothetical causes have 

been determined in various studies. Anemia has become the common theoretical cause due from 

iron deficiency in juveniles; some studies have supported the cause, while other studies have 

discarded it and connected CO to other nutritional deficiencies or parasitic infections (Facchini et 

al., 2004; Walker et al., 2009; Oxenham and Cavill, 2010). Zarifa et al. (2016) conducted a study 
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on the stable isotope analysis of juveniles in Latvia and identified a connection between CO and 

low iron levels, which was correlated to anemia. Unrelated to anemia, vitamin B-12 or vitamin C 

deficiency was a causal factor for CO for ancestral Puebloans due to unsanitary living conditions 

(Walker et al., 2009). These unsanitary conditions in past societies have been correlated with 

parasitic infections, as well as malaria, with evidence of lesions in juvenile remains (Cole and 

Waldron, 2019; Walker et al., 2009). Blom et al. (2005) concluded that in pre-contact South 

America, anemia was a main factor of CO, but it was caused by parasitic infections and 

malnutrition. This highlights that there could be many underlying factors to the main cause, 

which could be anemia or other nutritional or non-nutritional causes (Scaffidi, 2020). 

However, in a study regarding skeletal remains analyzed from Machu Picchu, Peru, 

researchers did not find a nutritional association to CO based on stable isotope analysis (Turner 

and Armelagos, 2012).  Due to the differences in analyses and conclusions related to the 

nutritional causes of CO from multiple studies, geographic origin or lifestyle could be possible 

major factors contributing to CO. 

  

Archaeology of Chachapoyas 

 The modern capital of the Amazonian region of Peru, Chachapoyas, lies 2,000 to 3,000 

meters above sea level within an array of high-altitude forests: tropical dry forests, deciduous 

forests, and the “lush cloud forest.” This region is known for its archaeological culture, 

“Chachapoya,” which existed (AD 900-1470) before the Inca conquest of the region in AD 1470. 

Among the cultural features are circular houses made of limestone between 5 to 8 cm in diameter 

located on mountaintops within a walled communal village (Guengerich, 2014). Within the 

Chachapoyas region, its culturalism and architectural style stood out due to the intricate designs 
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of the geometric and stone mosaic friezes that covered the circular houses (Von Hagen, 2002). 

Stone molding was applied to cornices around the houses to prevent flooding, while clay and 

stones were used to cover the floor to minimize humidity within the buildings (Von Hagen, 

2002). 

 Based on the Chachapoya culture, the Chachapoya people depended on cultivation of 

high and low elevation plants. Quinoa, potatoes, yuca, and maize were some of the plants 

consumed by past societies in the region (Michell, 2018; Toyne et al., 2016), although, maize 

was a major plant source. During the drier climates, cacti and succulents were plants that were 

grown. In relation to protein courses, hunting was a large part of the culture. Large domestic 

animals (camelids and deer), guinea pigs, rodents, and fish were of the many protein sources the 

people depended on (Michell, 2018; Toyne et al., 2020).  

One of the largest and most significant archaeological sites in the central region of 

Chachapoyas is Kuelap. Its attention comes from the architectural beauty of a large wall 

surrounding the site and settlements, making up about 450 hectares of land. The wall is made of 

cut limestone and has a height range of 10 to 20 meters (Church and Von Hagen, 2008). It has 

more than 400 circular houses and occupies 6 hectares of land, along with communal tombs. 

These houses are divided among high and lower sectors, which is indicative of social division 

amongst the Chachapoya people, according to Narváez (1988).  
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Figure 2. A map of the Chachapoyas region of Peru, including Kuelap, the study site. Adapted 

from Tibial Surgery in Ancient Peru (p. 30), by J. M. Toyne, 2015, International Journal of 

Paleopathology. Copyright 2014 by Elsevier Inc. 

 Kuelap is significant to this research, as juveniles played a major role in the Andes as 

social constructs. When they reached the weaning stage, dietary variations were possible, as their 

caregiver often changed to a grandparent or sibling (Baitzel, 2018). In addition, these children 

were raised to become less dependent at this stage, as they were responsible for carrying water or 

herding and helping in textile or ceramic production (Bolin, 2006).  

 Due to the role juveniles play in the Andes region, studies on the dietary patterns of 

individuals in relation to health and lifestyle have been important. This present research focuses 

on exploring the relationship of diet and pathology and determining whether CO may be 

nutritionally related. The next chapter focuses on the methodology used to obtain the necessary 

results to identify the diet-pathology relationship.  
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CHAPTER 3. MATERIALS AND METHODS 
  

This chapter presents the skeletal samples and methods used in this research. Relative to 

the research, the sample composition of the two groups of juveniles – with and without CO – will 

be defined, along with the different age groups. The scientific methodology of collagen 

extraction for stable isotope analysis of C and N values, as well as the statistical analysis 

performed are described. 

 

Skeletal Samples 

 At the Kuelap site, the skeletal remains of 613 individuals of all ages were analyzed by 

Dr. J. Marla Toyne. Out of the skeletal sample, 220 of them were juveniles under 18 years of 

age; statistically, 35.9% of the skeletal remains belonged to juveniles. For the purpose of this 

study, 79 juvenile skeletal remains were chosen for analysis and age groups are defined as 

infants (0-2 years), juveniles (3-10 years), and adolescents (11-18 years). The distribution of the 

total sample from Kuelap is presented in Table 1, while the study sample is presented in Table 2. 

 

Table 1. Distribution of the total samples from Kuelap. 

 Sample Distribution Statistical Distribution (%) 

Juveniles (< 18 years) 220 35.9 

Adults (18+) 393 64.1 

Individuals with CO 33 5.38 

Juveniles with CO (< 18 

years) 

26 4.24 

Total Sample 613 - 
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Table 2. Age group categorization of the total juvenile skeletal collection from Kuelap. 

Age Group Total 

Infants (0-2 years) 45 

Juveniles (3-10 years) 119 

Adolescents (11-18 years) 56 

Total 220 

  

Two groups of samples of juvenile skeletal remains were analyzed: those with and 

without CO. Out of the total of 613 individuals collected, 33 (5.38%) individuals had CO and 26 

(4.24%) of those individuals were juveniles under 18 years of age. Bone samples of 79 

individuals were chosen for this study (Table 3). Fourteen individuals with CO were used as 

samples for the stable isotope research. The sample with CO consisted of juveniles ranging from 

6 months to 13 years old; no adolescents had CO. Sixty-five individuals without CO were used 

as comparative samples for this research. The sample without CO consisted of juveniles ranging 

from 1 month to 18 years. Table 3 describes the number of juveniles in the different age 

categories for each group used in this research.  

 

Table 3. Age group categorization of the juvenile samples with and without CO. 

Age Group Sample Size Total 

 Without CO With CO  

Infants (0-2 years) 8 5 13 

Juveniles (3-10 years)     36 9 45 

Adolescents (11-18 

years) 

21 0 21 

Total 65 14 79 

 

 

 Juvenile samples were the focus due to paleopathological and stress indicators being 

more apparent on juvenile skeletal bones rather than on adults. Juveniles have a faster turnover 

rate, making them useful in studies of understanding life in the past (Lewis, 2006). Also, 
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comparing the different age groups will further the understanding of the comparison of study 

patterns between the different age groups.  

 For most of these samples, rib bones samples were used as part of the stable isotope 

analyses; however in some cases, rib bones were not available. In these cases, the fibula and 

cranial bones were used; the types of bones used and the ages of the juveniles are identified in 

Appendix A and B for each group.  

 

Methods 

 

Cribra Orbitalia Indication. In the Chachapoyas region of Peru, Dr. J. Marla Toyne 

conducted skeletal analyses of the human remains collected from the Kuelap archaeological site 

from 2004 to 2015. Osteological studies were performed, in which the skeletal remains for 

individuals were observed for any skeletal paleopathological or stress indicators. In indicating 

whether juveniles presented evidence for cribra orbitalia, lesions on the orbital roof of the 

cranium were identified. Observations for each individual indicated the location of the porosity 

(right, left, or both orbits), the categorical degree of affliction (minor, moderate, pronounced), 

area of orbital plate affected (small <1cm, moderate 1-2 cm, large >2cm), and activity (active, 

remodeling, or well-remodeled). For this study only presence or absence is used for comparison. 

Along with identifying any pathological indicators, the human remains were analyzed to estimate 

sex and age at death. After all the observations and notes were recorded, samples of juveniles 

with and without CO were obtained for collagen extraction and stable isotope analysis. Skeletal 

samples of the individuals selected for stable isotope analyses were packaged properly and 

exported to the U.S. for further analysis under the permit RVM No 095-2015 VMPCIC/MC from 

the Peruvian Ministry of Culture. Figure 2 shows the comparison between a juvenile with CO 

and without CO. 
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Figure 3. Juvenile skulls collected from Kuelap without (A) and with (B) signs of CO (courtesy 

of Dr. Toyne). 

 

Collagen Yield. Collagen yield determines how well-preserved the sample is and whether 

it should remain within the data set for the research. It could be expressed as a weight percentage 

or weight ratio (Klinken, 1999). Relative to weight percentage, a sample with a collagen yield < 

1% would be poorly preserved and discarded as a sample due to a high possibility of 

contamination from other external sources (Ambrose, 1990). A sample with a collagen yield of > 

10% is well-preserved, but samples with a collagen yield of 1- 8% could still remain in the 

sample data set as sufficiently preserved (Ambrose, 1990). The equations used for the calculation 

of collagen yield is expressed: 

 

Collagen Yield (%) =
collagen weight (before chemical preparation)

dry collagen weight (after heated)
× 100 

 

A B 
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In addition to using this calculation, the C/N atomic ratios can evaluate the status of 

sample preservation. According to Ambrose (1990), if the atomic ratio is within the range of  

2.9-3.6, the sample is well-preserved. Another method of determining preservation is weight (wt) 

% C and wt % N. For carbon, the collagen is good if it has an approximate 35 wt %; the higher 

the percentage, the more organic carbon is present, while the lower the percentage, the more 

inorganic carbon is present (Klinken, 1999). For nitrogen, a range of 11-16 wt % will be 

indicative of good collagen bone (Klinken, 1999).  

Collagen Extraction. In analyzing the stable isotope ratios of the juvenile skeletal 

samples, collagen extraction took place using the modified Longin (1971) method. The process 

began by weighing an empty glass centrifuge tube. Then, the bone sample was cleaned by 

removing the trabecular bone from the collagen bone. Once cleaned, the bone sample was cut in 

approximately equal sized pieces and placed inside a centrifuge tube, which was weighed on an 

analytical balance. The goal weight of collagen bone sample was between 1 gram. After the 

sample was successfully prepared, distilled water was added into the sample-containing tube, 

which was placed in the ultrasonicator for 10 minutes to remove any dirt. The bone fragments 

were then soaked in about 4 mL of 0.25 M hydrochloric acid (HCl) for days up to weeks until the 

sample was fully demineralized. After the HCl solution was removed, 2 mL of 0.1 M sodium 

hydroxide (NaOH) were added into the demineralized sample to remove any humic and fulvic 

acids. To ensure the collagen sample had a neutral pH of 7, the sample was rinsed with distilled 

water a few times. About 2 mL of 0.25 M HCl were added again to the sample, which was 

placed in an oven at 90°C to dissolve. The HCl solution was removed, and the sample was 

placed back into the oven to dry to complete the collagen extraction. The collagen samples were 

taken out of the oven and weighed for collagen yield. 
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Stable Isotope Analysis. The extracted collagen samples were sent to the University of 

Florida Light Stable Isotope Mass Spec Laboratory in Gainesville, Florida for stable isotope 

analysis. The stable isotope analysis was achieved using an isotope-ratio mass spectrometer 

coupled with a carbon and nitrogen elemental analyzer (EA-IRMS). Within the IRMS process, 

the samples are sent into the elemental analyzer where after combustion, nitrogen (N2) and 

carbon dioxide (CO2) gases are separated; the N2 and CO2 ions are sent into the ion source of the 

IRMS where the mass to charge ratio (m/z) of the carbon and nitrogen components in the 

samples are measured (Ogawa et al., 2010). The isotopic ratios of δ13C and δ15N expressed as 

parts per mil (‰) were determined using a standardized equation (Ogawa et al., 2010; Kusaka et 

al., 2010): 

𝛿(‰) = (
Rsample

Rstandard
− 1) × 1000 

  According to Muccio and Jackson (2008), IRMS is used to measure the variations in 

isotopic ratios of light elements. In relation to the research, variations in δ13C and δ15N will be 

taken into account between the two groups of juveniles. The isotopic ratios are measured in 

comparison to a standard to reduce systematic error; the standard for carbon is Vienna Peedee 

Belemnite (VPDB), while the standard for nitrogen is typically air (Muccio and Jackson, 2009).  

 

Statistical Methods 

 

 Descriptive Statistics. Once the isotopic ratios of well-preserved collagen bone samples 

were measured, statistical calculations were conducted – average, range, and standard deviation 

– for each group of juveniles and their age groups. These calculations were used to indicate any 

direct observations between the isotopic variations of the two groups, as well as the age 

categories within each group.  
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Mann Whitney U Test. For an accurate analysis of comparative variation, a non-

parametric Mann Whitney U Test was used since the sample size was small and the data set did 

not represent a normal distribution (MacFarland and Yates, 2016). Within this test, the averages 

of the isotopic ratios between both groups were compared using a p-value of 0.05 to determine 

the status of statistical significance; a similar procedure occurred with the age groups to 

determine whether the diets between different age groups varied and how it has affected the 

group as a whole. In applying the test, the SPSS data editor (IBM SPSS Version 26) was used for 

all necessary calculations.  

 Statistical significance (p-value > 0.05) implies that the isotopic ratios between the 

juveniles with and without CO had distinct variation. In the case of this research, the diets of 

both groups of juveniles varied in nutritional content, so the possibility of diet being a factor of 

CO could be present. Different diets could indicate different lifestyles between the juveniles and 

further the understanding of this division. No statistical significance (p-value < 0.05), however, 

implies that the isotopic ratios are similar and variation is small. Relative to the research, the 

diets of juveniles with and without CO would be similar, so diet would not play a factor in CO.  

 Overall, the stable isotope methodology and use of descriptive statistics will obtain the 

necessary statistical findings to further understand the dietary variation present between juveniles 

with and without CO, as well as the different age cohorts. The following chapter will present 

these results. 
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CHAPTER 4. RESULTS 
 

 This chapter presents the statistical results between the δ13C and δ15N values of the 

isotopic diets of juveniles. Statistics are performed between juveniles with and without CO to 

determine whether there is a significant difference between their isotopic diets. To further 

understand CO and dietary composition, the isotopic values among age categories (infants, 

juveniles, and adolescents) are compared statistically. The original δ13C and δ15N stable isotope 

compositions obtained are found in Appendix C and D for juveniles separated by those with and 

without CO.  

 

Descriptive Statistics 

 Descriptive statistics were calculated to have a comparison between the average, range, 

and standard deviation of the isotopic values for the two groups of juveniles: with and without 

CO (Table 4). The standard deviations between the two juvenile groups are similar, even though 

the sample size between the two groups differ. Statistical comparisons were also conducted 

between age groups (infants, juveniles, and adolescents). A summary table for the age groups 

with CO are below in Table 5, while Table 6 is a summary table for those without CO. 

 

Table 4. Standard results (average, range, and standard deviation) of juveniles with and without 

CO. 

Juvenile Group Isotopic 

Variable 

Average (‰) Range Standard 

Deviation 

Without CO 

(n= 65) 

δ13C –12.85 7.15 1.33 

δ15N +7.90 6.71 1.39 

With CO 

(n= 14) 

δ13C –13.11 4.34 1.35 

δ15N +8.68 5.13 1.70 
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Table 5. Statistical results (average, range, and standard deviation) of age categories with CO. 

Age Categories 

(with CO) 

Isotopic 

Variable 

Average (‰) Range Standard 

Deviation 

Infants 

(n= 5) 

δ13C –13.26 3.54 1.46 

δ15N +10.43 0.39 0.94 

Juveniles 

(n= 9) 

δ13C –13.03 1.36 1.26 

δ15N +7.71 1.28 3.84 

Adolescents δ13C - - - 

δ15N - - - 

 

Table 6. Statistical results (average, range, and standard deviation) of age categories without 

CO. 

Age Categories 

(without CO) 

Isotopic 

Variable 

Average (‰) Range Standard 

Deviation 

Infants 

(n= 8) 

δ13C –12.04 4.68 1.73 

δ15N +9.38 2.72 0.93 

Juveniles 

(n= 36) 

δ13C –12.92 4.73 1.35 

δ15N +8.07 6.30 1.42 

Adolescents 

(n= 21) 

δ13C –13.05 4.26 1.04 

δ15N +7.04 3.33 0.84 

 

Box and Whisker Plots 

 For a visual understanding of statistical significance for the δ13C and δ15N values among 

the two groups of juveniles and the age cohorts, box and whisker plots were constructed. For an 

overall comparison of dietary composition, the isotopic values were compared between the 

general two groups of juveniles with and without CO with a box and whisker plot, as shown in 

Figure 4. Visually, the average nitrogen values are lower compared to the average carbon values; 

however, even though there is not an equivalent number of samples per group, the carbon values 

fell within the same range between the juveniles with and without CO, while the nitrogen 

samples for the juveniles with CO were lower on average than the juveniles without CO. 

 Box and whisker plots were constructed between different age groups from the juvenile 

groups with and without CO. Major differences were seen in some comparisons of the isotopic 
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values of the age cohorts, especially with the infants likely due to breastmilk consumption. 

Figure 4 to 10 display the plots for each of the comparisons (infants vs. infants, juveniles vs. 

juveniles, infants vs. juveniles, infants vs. adolescents, and juveniles vs. adolescents). No 

comparisons between adolescents with and without CO were made due to the absence of 

adolescents within the sample set of juveniles with CO. 

 

           

Figure 4. Box and whisker plots for A. δ13C and B. δ15N for all age groups without (1) and with 

CO (2). 
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Figure 5. Box and whisker plots for the A. δ13C and B. δ15N values for infants without (1) and 

with CO (2). 

 

 

            

Figure 6. Box and whisker plots for the A. δ13C and B. δ15N values for juveniles without (1) and 

with CO (2). 
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Figure 7. Box and whisker plots for the A. δ13C and B. δ15N values for infants (Inf) and 

juveniles (Juv) with CO. 

 

          

Figure 8. Box and whisker plots for the A. δ13C and B. δ15N values for infants (Inf) and 

juveniles (Juv) without CO. 
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Figure 9. Box and whisker plots for the A. δ13C and B. δ15N for infants (Inf) and adolescents 

(Ado) without CO. 

 

            

Figure 10. Box and whisker plots for the A. δ13C and B. δ15N for juveniles (Juv) and adolescents 

(Ado) without CO. 

 

Bi-plots 

 To directly visualize the pattern between the isotopic values of juveniles with and without 

CO, a bi-plot in Figure 11 was constructed. Due to limited sample size of juveniles with CO, 
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there were less samples to compare with the ones without CO; however, the bi-plot can 

physically show similarities within the values, including any individuals who may be outliers to 

the general pattern. Figure 12 and 13 are additional bi-plots comparing the isotopic values of the 

age categories between the juveniles with and without CO to observe any patterns.  

 

Figure 11. Bi-plot between δ13C and δ15N values of all juveniles with and without CO. 
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Figure 12. Bi-plot between δ13C and δ15N values of age categories without CO. 

 

 

Figure 13. Bi-plot between δ13C and δ15N values of infants and juveniles with CO. 
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Statistical Analysis 

 In further determining whether diet is a factor of CO, a non-parametric statistical test was 

performed to compare the isotopic values of the juveniles. The Mann-Whitney U Test produced 

statistical values of significance for δ13C and δ15N isotopic values for juveniles with and without 

CO, which are summarized within Table 7. The δ13C of the juvenile’s diet is the same between 

the groups with and without CO, as the p-value was at a value of 0.572, greater than 0.05. 

However, the δ15N isotopic values were significantly different between both groups as the p-

value was less than 0.05. To develop a better understanding of the dietary variations of the 

juveniles, a Mann-Whitney U Test was performed to compare significance among the age groups 

(infants vs. infants, juveniles vs. juveniles, infants vs. juveniles, juveniles vs. adolescents, and 

infants vs. adolescents). Summary tables for all age groups are below in Tables 8 to 13.  

  

Table 7. Summary table of δ13C and δ15N distribution between all age groups (infants, juveniles, 

and adolescents) with and without CO. 

Distribution between with CO 

vs. Without CO 

Mann-Whitney U Test 

Value of Significance 

P-Value 

δ13C 0.319 0.572 

δ15N 3.027 0.082 

 

For the infants with and without CO (Table 8), the p-value for the δ13C of both groups 

was 0.222, which indicates the δ13C of both diets are not statistically significant. The δ15N of 

both diets are not statistically significant based on the p-value of 0.065. No statistical 

significance was also observed for the δ13C and δ15N of the diets of juveniles with and without 

CO; according to Table 9, the p-values of δ13C and δ15N between both groups were 0.856 and 

0.727. The same age groups (infants vs. infants and juveniles vs. juveniles) with and without CO 

had no statistical significance between their diets when compared.  



39 

 

 

Table 8. Summary table of δ13C and δ15N distribution among infants with and without CO. 

Distribution between 

Infants with and without 

CO 

Mann-Whitney U Test 

Value of Significance 

P-Value 

δ13C 11.000 0.222 

δ15N 33.00 0.065 

 

Table 9. Summary table of δ13C and δ15N distribution among juveniles with and without CO. 

Distribution between 

Juveniles with and without 

CO 

Mann-Whitney U Test 

Value of Significance 

P-Value 

δ13C 155.500 0.856 

δ15N 149.00 0.727 

 

There was statistical significance observed in the δ15N of the diets when the different age 

groups were compared among each other. Table 10 had p-values of 0.699 and <0.001 for the 

δ13C and δ15N of the diets of infants and juveniles with CO. Since the p-value of δ15N was less 

than 0.005, that portion of the diet for both groups were significantly different. Infants and 

juveniles without CO (Table 11) had a similar p-value of 0.699 for the δ13C values of the diet but 

a p-value of 0.004 for δ15N, which indicated statistical significance. For Table 12, no statistical 

significance was observed among the δ13C of the diets of infants and adolescents without CO, as 

the p-value was 0.103. A p-value of <0.001 for the δ15N of the diet of both groups indicate 

statistical significance. Lastly, with the diets of juveniles and adolescents without CO being 

compared in Table 13, the p-values of δ13C were 0.568, indicating no statistical significance. The 

p-value of δ15N was 0.005, which is equivalent to the p-value threshold for statistical 

significance.  
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Table 10. Summary table of δ13C and δ15N distribution among infants and juveniles with CO. 

Distribution between Infants 

and Juveniles with CO 

Mann-Whitney U Test Value 

of Significance 

P-Value 

δ13C 26.000 0.699 

δ15N 0.000 <0.001 

 

Table 11. Summary table of δ13C and δ15N distribution among infants and juveniles without CO. 

Distribution between Infants 

and Juveniles without CO 

Mann-Whitney U Test Value 

of Significance 

P-Value 

δ13C 26.000 0.699 

δ15N 52.000 0.004 

 

Table 12. Summary table of δ13C and δ15N distribution among infants and adolescents without 

CO. 

Distribution between Infants 

and Adolescents without CO 

Mann-Whitney U Test 

Value of Significance 

P-Value 

δ13C 50.000 0.103 

δ15N 3.000 <0.001 

 

Table 13. Summary table of δ13C and δ15N distribution among juveniles and adolescents without 

CO. 

Distribution between 

Juveniles and Adolescents 

without CO 

Mann-Whitney U Test 

Value of Significance 

P-Value 

δ13C 343.500 0.568 

δ15N 206.500 0.005 

 

 To explore the multiple anthropological questions on the origin or patterns of CO, critical 

analyses of the results need to take place. Therefore, the following chapter will discuss the 

significant interpretation of the results and what the overall interpretation signifies towards the 

relationship between CO and nutrition. 
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CHAPTER 5. DISCUSSION 
 

 This chapter discusses and interprets the results obtained through stable isotope analysis 

and statistical tests in relation to diet and health. In comparing the stable isotopic ratios for 

juveniles with and without CO, the relationship of nutrition to CO could be determined and 

examined further. In addition, the determination of dietary variation based on stable isotope 

values amongst the age cohorts (infants, juveniles, and adolescents) could develop a greater 

understanding between the stable isotopic compositions in each age group and its relation to 

pathology. 

 

1) Stable isotope Variation of All Juveniles With and Without Cribra Orbitalia 

One possible cause of CO is anemia, an iron deficiency; however, its true origin is 

unknown. What are possible factors resulting in these pathological lesions? Since various studies 

have linked CO to nutritional deviancies, nutrition could be a possible factor. In identifying any 

nutritional relation to CO, stable isotope analyses were conducted between juveniles samples 

with and without CO.  

 These stable isotopic values were initially analyzed through descriptive statistics 

(average, standard deviation, and range). Table 4 compares the statistical findings between 

juveniles with and without CO. In general, the bone samples of juveniles without CO obtained an 

average δ13C value of –12.85‰ and average δ15N value of +7.90‰. For juveniles with CO, the 

δ13C value was –13.11‰ and average δ15N value was +8.86‰. The average of the carbon 

isotopic values for both groups were similar, which can be seen in the box and whisker plot in 

Figure 4. The range in variation was larger for the juveniles with CO compared to the range of 

variation for juveniles without CO within the box and whisker plot.  
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An outlier is observed within the bone samples of juveniles with CO; the outlier was K-

442 with a δ13C value of –15.60‰, which was beyond the range of variation. With juveniles 

without CO, the average carbon values reflected a diet composed of a mix of C3 and C4 plants; 

however, the juvenile (K-442) had a carbon value reflecting a diet composed of a higher 

proportion of C3 plants, which have δ13C values between –15‰ and –18‰ (Szpak et al., 2013). 

Visual differences can be observed in Figure 4 between both groups, as the average of δ15N 

values for juveniles with CO was lower than the average for juveniles without CO. Unlike the 

ranges for the carbon isotopic values, the δ15N values for both groups fell within the same range 

of +6‰ and +11‰. 

 The bi-plot in Figure 11 visualizes the dietary patterns among the two groups. A few data 

points of juveniles with CO had δ13C values within a range of –11‰ and –12‰, but the rest of 

the data points scattered towards more negative carbon isotopic values. For juveniles without 

CO, the data points were evenly distributed within a range of –10‰ and –15‰. Overall, the 

carbon isotopic values represent those of C4 plants, which fall within a range of –8‰ and –15‰ 

for plants in the Andes (Toyne et al., 2020). This diet could include some portion of kiwicha and 

maize, which are the main domesticated C4 plant sources in the Chachapoyas region of Peru 

(Michell, 2018; Toyne et al., 2020; Toyne et al., 2016).  

For the groups with and without CO, the δ15N values were evenly distributed and overlap. 

Nitrogen isotopic values reflect protein consumption within a diet, and the nitrogen isotopic 

values could indicate a slightly higher protein consumption for the juveniles with CO. 

Nutritional, physiological, and biological stress are reflective of enriched nitrogen values. Based 

on a study conducted by Deschner et al. (2011), δ15N values of nutritionally stressed bonobos 

within a controlled feeding environment were higher. Even though there was no major difference 
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among the δ15N values between all the juveniles, juveniles with CO had slightly higher δ15N 

values, which can be a result of nutritional or biological stress (Toyne and Turner, 2020). 

 In determining whether there is any statistical difference between the diets of the isotopic 

compositions, a Kruskal-Wallis Test was performed. The p-value for significance for δ13C values 

was 0.572, while the value for δ15N values was 0.082, as shown in Table 4. Thus, no statistical 

difference was observed among the diets of juveniles with and without CO, indicating there is no 

nutritional relation to CO. However, the sample size for juveniles with CO is smaller compared 

to those without CO, which might be a factor affecting statistical results. Therefore, dietary 

variation was compared within the age groups to observe any major differences that could have 

affected the general isotopic values. 

 

Relationship of Nutrition to Cribra Orbitalia 

 After interpretation of the statistical analyses obtained, nutrition does not play a factor in 

relation to the presence or absence of CO. Theoretically, the cause of CO has commonly been 

thought to be anemia, but the true cause of CO is unknown. Some studies have correlated CO to 

anemia, but others have linked it to other nutritional deficiencies such as vitamin B or C 

deficiency (Zarifa et al., 2016; Klaus, 2020;Walker et al., 2009). However, there are studies 

linking CO to a non-nutritional factor, such as geography (Scaffidi, 2020).   

CO is a pathological bone condition, in which children with it might be ill and not feeling 

as well as a healthy child. With sickness, the diet changes to relieve any symptoms and make one 

feel better, but no statistical dietary variation existed in the research. This relates to the 

Osteological Paradox, which indicates that an ill individual may not survive for long enough for 

a pathological lesion to form, whereas individuals who actually survive and have skeletal lesions 
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were healthier (Wood et al., 1992). Many of the bone samples with CO were of juveniles that 

died at a different stage of their life; one juvenile (K-442) died between 10 to 13 years of age. 

They underwent adaptive plasticity, according to McFadden and Oxenham (2020); these ill 

individuals were able to adapt to the stressors surrounding their illness to survive. Relative to the 

research and the results, even though some of the juveniles had CO, through diet and stable 

isotope analysis, it was challenging to spot major dietary variations between juveniles without 

CO. 

As previously mentioned in the literature review, Turner and Armelagos (2012) 

conducted a study on the association of CO and SI within a population of skeletal remains in 

Macchu Picchu, Peru. Unlike the current research presented with the use of δ13C and δ15N 

isotopic values, their study focused on a multi-isotope analysis of Strontium (δ87Sr/ δ86Sr), 

Oxygen (δ18O), and lead (δ20nPb/ δ204Pb) to identify nonspecific factors of porotic hyperostosis 

(PH) and CO. Not only did their study determine whether there was a relationship between CO 

and nutrition, but it also identified any association with residential etiologies. Using the Kruskall 

Wallis Test and other statistical parameters, the researchers concluded that there was a 

relationship between the residential origin of an individual rather than diet. The research 

presented in this paper had a similar conclusion between the association of CO and diet; 

however, other isotopic variables were not used to determine residential association, which could 

be part of a future direction.  

   

Stable Isotope Variation Among the Age Groups 

In comparing the dietary compositions between the different age cohorts, the transitions 

of diets through each age group could statistically and visually be observed from breastfeeding to 
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weaning and childhood dietary regimes. It was established with the first research question that 

there is no association between CO and SI. Since CO is not a factor in diet, could age be one? To 

determine the relation between age and dietary patterns, a comparison between the stable 

isotopic composition of the three age groups – infants, juveniles, and adolescents – of children 

without CO will be conducted. Now, what happens when age and CO together are compared? 

Since there was not a relationship between CO and nutrition, could there be one between CO and 

age? In finding these answers, the three age groups of children with CO will be compared and 

compared as well to the children without to determine if CO is perhaps a major factor.   

 

2) Age Groups and Dietary Patterns 

All Age Groups without CO 

 The δ13C values for all age groups without CO were similar and statistically not 

significant. The average δ13C value for infants without CO was –11.5‰. Even though infants 

were not consuming solid foods at that stage, their mother’s nutrition contributes to the nutrition 

they were receiving. The carbon isotopic values fall within the source of C4 plants between  

–15‰ to –8‰, which typically included maize, potatoes, yuca, kiwicha, quechua, and other 

types of tropical grasses (Michell, 2018; Toyne et al., 2016; Szpak et al., 2013). Some outliers 

existed for the carbon and nitrogen values of juveniles without CO. Juvenile sample K-299 had a 

δ13C value of  –17.17‰, while the average carbon value for the entire sample of juveniles 

without CO was –12.92‰, as shown in Table 6. The carbon value reflects that of higher 

contributions of C3 plants (succulents and cacti), which have a range between –-18‰ to –15‰ 

(Toyne et al., 2020); marine sources have carbon values near that of C4 plants (Larsen, 2015). 

However, the δ15N values differed between the age groups without CO.  
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During the infancy period, infants consume all their nutrients from that of their mother. 

As breastfeeding continues, the infants are higher on the food chain at a trophic level above their 

mothers, resulting in higher δ15N values (Fuller et al., 2006). These nitrogen isotopic values 

reflect protein consumption, which infants were directly getting from their diet from consuming 

their mother’s tissues when being breasted, therefore, elevating their protein intake (Fuller et al., 

2006). When infants move into the weaning stage as juveniles, the δ15N values begin to decline 

due to the introduction of solid foods. Within this stage, the isotopic values can be seen in Figure 

8 to shift among juveniles without CO, as their diets are dependent on resources available, as 

well as nutritional choices made by their caregivers.  

 A dietary pattern of lower δ15N values was observed among the age groups without CO 

(infants, juveniles, and adolescents), which may be relative to the decreased dependency of a 

child to their caregiver, as well as the food choices made available to the Chachapoya people. 

Chachapoyas focused on subsistence practice relative to hunting and tending domesticated 

animals (guinea pigs and camelids) for protein source, as well as cultivation of grains and C3 and 

C4 plants (Church and Von Hagen, 2008). As children transition into the adolescent stage, more 

dietary freedom on supplementary foods may be available. According to Turner and colleagues 

(2017), the introduction of solid foods and the end of breastfeeding causes a decrease in δ15N 

values as the diet becomes that similar to adults and late juveniles and adolescents. This is 

indicated in Figure 12, as the majority of juveniles and adolescents have δ15N values that fall 

within the range of +6‰ and +8‰, while infants are observed having δ15N values averaging 

above +8‰. 

 A commonality between juveniles and adolescents is that solid foods are assumed to be 

part of their diets. A slight difference, however, is that adolescents may have had more freedom 
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in regards to their diet compared to juveniles. Juveniles are still young, so they have some 

dependence on their caregivers and the food the caregivers provide for them. The δ15N values 

based on the bi-plot in Figure 9 are quite similar, inferring that the juveniles and adolescents had 

similar plant and animal resources available to them, especially with cultivated techniques and 

hunting in Chachapoyas (Michell, 2018).  

The δ15N values of adolescents were lower than those of juveniles. The diet of juveniles 

evolve as new foods and beverages are introduced as they become older. With these new foods, 

microbes are introduced to the body, causing biological stress on the body, including potentially 

elevating δ15N values (Toyne and Turner, 2020). Based on the Mann-Whitney U Test, a 

statistical value of 0.005 was obtained for the δ15N values, indicating a statistical difference for 

the nitrogen isotopic values of juveniles and adolescents without CO. The protein portion of the 

diet might possibly have differed between juveniles and adolescents, but there is also a 

possibility that the diets were similar and the environmental stresses encountered were differed. 

Biological stress contributes to the introduction of microbes within new supplementary foods 

within the diets of juveniles and children, causing an enrichment in δ15N values, which is 

represented in Figure 10 with juvenile δ15N values being higher than that of adolescents (Toyne 

and Turner, 2020).  

Similar to that of juveniles, adolescents have more dietary variation compared to infants. 

With this, the diets of infants and adolescents without CO were different statistically with a 

statistical value of <0.001, specifically in their δ15N values. The average δ15N value of 

adolescents was lower than that of infants; this can be explained from the higher trophic level of 

infants from breastfeeding and the possible reduction in protein intake of adolescents due their 

growth and development (Williams et al., 2007; Fuller et al., 2006). Another outlier was juvenile 
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sample K-282 with a δ15N value of +12.40‰; the average δ15N value was +8.07‰. The 

possibility of the high nitrogen values could be due to nutritional or pathophysiological stress; 

even though, the juvenile did not have CO, the juvenile could have possibly been ill and suffer 

from a different pathological condition. Also, environmental stress is another possible factor of 

enriched nitrogen values; coastal regions have higher values. Therefore, K-282 could have 

relocated to Kuelap from living at a coastal region just before death (Scaffidi, 2020). 

 

3) Age Groups and CO Status 

Infants and Juveniles with CO 

 Due to the dietary and social transitions from infancy to the juvenile stage, the δ13C and 

δ15N values between infants and juvenile with CO are significantly different. The δ13C values for 

the juveniles with CO were higher than for the infants with CO, which is reflective of the 

introduction to solid foods. More plant and nutritional sources are part of the nutritional regimes 

for juveniles compared to that of infants. Juveniles with CO may have had a diet slightly 

different from a healthy child, as more nutritional and medicinal food (i.e., soup) could have 

been offered in the diet for an ill child. After comparative analysis through Mann-Whitney U 

test, the δ13C values between infants and juveniles with CO were not distinct, despite some visual 

differences in the values with the box and whisker plots in Figure 6.  

 In comparing the δ15N values, the Mann-Whitney U Test produced a test value of 0.001, 

which is indicative of a statistical difference between the infants and juveniles with CO. The 

infants with CO had higher δ15N values compared to the juveniles with CO. Lactation is the main 

contributing factor to these values, but nutritional or other types of stress, as mentioned before, 

are also possible. With juveniles consuming solid food, many choices could be made relative to 
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the food’s nutritional value to the body. In addition, rapid growth of a child from infancy to the 

juvenile stage could result in lower δ15N values, as consumed protein will be used in tissue 

building (Williams et al., 2007). Therefore, the significant difference in N conforms to 

expectations. 

 

All Age Groups Regardless of CO  

If stable isotopes are assumed to reflect only dietary resources, then the age groups of all 

samples show that infants have a different diet compared to juveniles and adolescents likely due 

to breastfeeding from their mothers. Broadly, age did differentiate SI. Very specifically,  infants 

with CO were distinct isotopically from all other groups. This is dietary but also perhaps linked 

to elevated stress associated with the unknown casual factor for CO and infant physiology. The 

same was not seen when comparing with all juveniles with and without CO. So a clear dietary 

variation existed when comparing the age groups to infants, but juveniles and adolescents, 

regardless of CO, had similar dietary compositions. Therefore, when age and CO are combined 

relative to diet, the infants with CO have elevated δ13C and δ15N values compared to infants and 

the other age groups without it.  
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CHAPTER 6. CONCLUSION 

 The aim of this research was to explore the relationship between CO and nutrition, as 

well as age and dietary patterns through the stable isotope analysis of bone samples collected 

from Kuelap, Peru of juveniles with and without CO. The relationship was explored through the 

comparison of isotopic compositions of the different age cohorts (infants, juveniles, and 

adolescents). The anthropological questions were explored based on the results obtained from the 

research. Overall, this thesis was organized to answer the question that many anthropologists 

have attempted to find through their studies: does CO impact nutritional variation? However, it 

was determined that nutrition does not influence dietary stable isotope values, relative to the 

Osteological Paradox. 

  Since CO lesions are active in juveniles, bone samples of juveniles with and without CO 

were used for this research. Stable isotope analysis of the bone samples was conducted to 

reconstruct their diets and explore if there was a nutritionally related relationship. In statistically 

and visually comparing the two groups using the Mann-Whitney U Test and bi-plots, the δ13C 

and δ15N were similar, demonstrating there is no dietary variation between all juvenile samples 

with and without CO. This comparison alone indicates dietary sources does not play a strong 

role, but a dietary comparison between the different age cohorts indicates nutrition changes 

during early life. Based on the nitrogen isotopic values of infants, dietary variation existed in 

comparison to juveniles and adolescents due to breastfeeding being a major part of an infant’s 

nutritional regime. Higher protein intake was a result of breastfeeding; however, with the 

introduction of supplementary foods after breastfeeding is complete, the protein intake decreases, 

resulting in lower nitrogen values for juveniles and adolescents. Additional reasons for higher 

isotopic values for infants could have been resulted from stress (nutritional, metabolic, 
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physiological, or environmental), especially with infants with CO. Carbon values among the age 

groups were not statistically significant, aside from outliers reflective of a coastal diet. Overall, 

nutrition is an underlying factor in isotopic variation as expected, but other factors are possible 

and could be determined. 

 

Limitations 

 This research was successful. Improvements within the research could have been made 

for a better conclusive determination of the research questions and hypotheses tested. 

 

Sample Size 

 Within the research study, a total of 79 juvenile bone samples were used, which is a 

sufficient sample; however, there was an inequivalent sample between juveniles with and 

without CO. A total of 65 bone samples of juveniles without CO were used to compare its 

isotopic variations with 14 bone samples of juveniles with CO. A larger sample size of juveniles 

with CO would possibly greatly define the statistical significance between the isotopic 

compositions of carbon and nitrogen of juveniles without CO. It would provide a better 

representation of juveniles with CO and their dietary variations compared to those without. Since 

CO lesions are rare at Kuelap, the bone sample of juveniles could also be reduced for a more 

equivalent comparison and representation. In addition, adolescents with CO were not present 

within the isotope sample set, so no comparison of dietary variation was able to be made with 

adolescents without CO for a better understanding of the role diet played in children with CO.  

Due to selective sampling, Dr. Toyne did not collect bone samples for all individuals with CO. It 
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is possible that there were adolescents with CO who could have been included within the isotope 

data set to further understand the relationship between dietary variation and age.  

 

Type of Bone 

 In analyzing the stable isotope composition of juveniles with CO, rib bone samples were 

mostly used. However, CO is identified on the orbital roofs of the crania. Using a piece of the 

orbital roof in which the porotic lesion is visually present could possibly give a better 

representation of dietary reconstruction of juveniles with CO. In determining whether a 

difference in the stable isotope composition is obtained, a rib bone and orbital roof bone sample 

could be used from the same juvenile and the results could be compared (Fahy et al. 2017). Rib 

bones are the most common type of bone used in archaeological studies due to the higher 

frequency of them present in the human body.  

  

CO Lesions 

 Porotic lesions on the orbital roofs of skeletal samples is a primary indication of CO; 

however, there are two possible reasons that could cause misclassification of skeletal samples as 

having CO. Since orbital roof bones are not always found during excavation for certain juvenile 

samples, the archaeologists will not be able to classify them as to having CO. Additionally, the 

lesions could have been healed or active at the time of death. These possibilities will prevent 

there from being a more accurate representation of statistical frequency of CO in Kuelap for 

juveniles and adults.  
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Future Directions 

 This research focused on identifying if there is a relationship between nutrition and CO 

through stable isotope analysis of juvenile bone samples from Kuelap, Peru. Even though 

nutrition did play a role in CO based on the dietary variation of infants between juveniles and 

adolescents, no statistical significance was observed among juveniles and adolescents, as well as 

the groups of juveniles with and without CO. In this case, there are other plausible factors in the 

production of CO lesions in children that work independently or with nutritional deficiencies.  

According to Scaffidi (2020), CO is more prevalent in coastal regions and is linked to 

climatic and geographic variables. After determining CO’s relationship with nutrition, more 

research could be conducted in determining the relationship of CO with geography within 

Kuelap, Peru. In doing so, stable isotope analysis could be conducted with other isotopic 

variables (strontium and oxygen) that might help determine if CO has any 

residential/environmental etiologies rather than nutritional. To determine the stable isotope 

compositions of the skeletal samples, tooth and hair samples could be used. These samples have 

geographical trace, which can further validate the residential etiologies of juveniles with CO by 

comparing them with juveniles without. 

 Rib bones were used in determining the anthropological questions of the study, but if 

bones with lesions were used, there might have been different results. Even though CO lesions 

are present on the orbital roofs of the crania, rib bone samples of juveniles with CO were used 

within the research due to a faster analysis and preparation time. However, it is a possibility that 

the use of the orbital roof bone where the CO lesion appeared could result in slightly different 

results of isotopic composition. In future research, the orbital roofs bones could be used in 

undergoing stable isotope analysis, and the stable isotopic compositions and statistical 
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significances could be compared with the present research. This could determine if any differing 

results will occur and help archaeologists develop a better understanding of the types of bone 

samples used and its effect on testing the research questions and hypotheses. It will further the 

idea of the relationship of CO with nutrition and with other possible factors.  

 Overall, this research was conducted to explore the relationship between nutrition and 

pathology. Despite CO being hypothetically caused by nutrition, SI analysis was used on skeletal 

samples of juveniles to determine the correlation between diet and CO. This research helped to 

either validate or refute the hypothetical cause and raise questions as to other possible factors. 

CO was determined to not be differentiated by SI, but age was tested as well to identify its 

relationship to diet. After the interpretation of the results of both research questions, it can be 

concluded that nutrition is not related to CO and that the diet of infants differ from juveniles and 

adolescents due to infant physiology and their nutritional regime. More specifically, SI and CO 

patterns are complicated, especially when combined; however, testing skeletal bone samples 

begins to clarify any archaeological questions researchers have.  
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APPENDICES 
 

Appendix A: Sample List of Juveniles without CO including Age Estimate and Type of 

Bone 

 

Sample ID Age Categories Estimated Age Bone 

K-07 INF 6 mos rib 

K-11 JUV 8-10 yrs cranium 

K-13 JUV 4-6 yrs rib 

K-15 ADO 12-15 yrs cranium 

K-28 JUV 6-8 yrs tibia fragment 

K-29 JUV 6-8 yrs rib 

K-31 JUV 4-5 yrs cranium 

K-32 INF 9 +-3mos rib 

K-39 JUV 9 +-3 yrs rib 

K-54 JUV 3 +/-1 yrs rib 

K-59 ADO 15 +/-3 yrs cranium 

K-65 JUV 2 yrs +/-8mos rib 

K-79 JUV 5 +/-1.5yrs rad 

K-80 JUV 8 +/-2 yrs rib 

K-101 ADO 10-15 yrs rib 

K-105 INF 18 +/-6mos rib 

K-109 JUV 4 +/- 1yr rib 

K-115 ADO 14-16 yrs rib 

K-122 INF 9 +-3 mos rib 

K-124 JUV 9 +- 3 yrs rib 

K-128a JUV 8-10 yrs rib 

Kue-75 JUV 8-10 yrs fibula 

K-130 JUV 2 +/-8mos rib 

K-133 ADO 14-16 yrs rib 

K-135 INF 1 +/-4 mos rib 

K-145 JUV - rib 

K-148 ADO 13-16 yrs rib 

K-228 INF NB-6mos humerus 

K-253 JUV 7-9 yrs radial fragment 

K-255 JUV 5-7 yrs rib  

K-257 ADO 10-12 yrs rib 

K-259 JUV 2-4 yrs rib 

K-261 ADO 8-10 yrs rib 

K-263 ADO 10-12 yrs rib 

K-265 ADO 11-13 yrs rib  

K-267 ADO 16-18 yrs rib  

K-269 JUV 6-9 yrs rib 

K-271 JUV 2-4 yrs rib 

K-282 JUV Juvenile rib 
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K-289 INF Infant maxilla fragment 

K-290 JUV Juvenile rib 

K-296 JUV Juvenile maxilla fragment 

K-299 JUV Juvenile mandible fragment 

K-308 JUV Juvenile rib 

K-309a INF Infant rib 

K-366 JUV 2-4 yrs rib  

K-368 JUV 2-3 yrs rib 

K-376 JUV 6-8 yrs rib  

K-378 JUV 5-7 yrs rib  

K-384 ADO 11-13 yrs rib  

K-388 JUV 7-9 yrs rib  

K-390 ADO 10-12 yrs rib  

K-402 ADO 13-15yrs rib 

K-406 JUV 8-10 yrs rib  

K-410 ADO 11-13 yrs rib  

K-416 ADO 14-16 yrs rib  

K-421 ADO 14-17 yrs rib  

K-423 ADO 12-15 yrs rib  

K-425 JUV 7-10 yrs rib  

K-428 ADO 8-12 yrs rib  

K-430 JUV 8-11 yrs rib  

K-433 JUV 7-10 yrs rib  

K-434 JUV 6-8 yrs rib  

K-440 ADO 8-11 yrs rib  

K-442 ADO 10-13 yrs rib  
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Appendix B: Sample List of Juveniles with CO including Age Estimate and Type of Bone  

Sample ID Age Categories Age Bone 

K-425 JUV 7-10 yrs rib 

K-440 JUV 8-11 yrs rib 

K-442 JUV 10-13 yrs rib 

K-280 INF 3-9 mos rib 

K-23 JUV 6-8 yrs rib 

K-25 JUV 2-4 yrs cranium 

K-47 JUV 3-5 yrs rib 

K-79 JUV 5 +/-1.5yrs radius fragment 

K-80 JUV 8 +/-2 yrs rib 

K-105 INF 18 +/-6mos rib 

K-135 INF 1 +/-4 mos rib 

K-130 INF 2 +/-8mos rib 

K-145 JUV 2-4 yrs rib 

K-146 INF 6 mos rib 
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Appendix C: Stable Isotope δ13C and δ15N values for Juveniles without CO 

Sample ID δ13Ccoll (‰, VPBD) δ15N (‰, AIR) 

K-07 –11.19 +9.16 

K-11 –12.12 +8.14 

K-13 –11.10 +8.02 

K-15 –11.34 +6.11 

K-28 –11.52 +8.89 

K-29 –12.08 +8.14 

K-31 –14.95 +8.96 

K-32 –10.18 +9.34 

K-39 –12.78 +6.10 

K-54 –11.71 +10.28 

K-59 –13.49 +8.15 

K-65 –12.26 +10.70 

K-79 –12.17 +9.13 

K-80 –12.26 +8.19 

K-101 –12.10 +7.75 

K-105 –13.18 +10.19 

K-109 –12.05 +8.83 

K-115 –12.55 +6.27 

K-122 –14.70 +9.98 

K-124 –12.83 +7.31 

K-128a –10.75 +7.36 

Kue-75 –11.49 +7.91 

K-130 –14.98 +10.70 

K-133 –12.85 +9.01 

K-135 –11.44 +10.81 

K-145 –14.34 +6.90 

K-148 –11.86 +7.47 

K-228 –10.02 +8.29 

K-253 –13.06 +7.39 

K-255 –13.26 +7.79 

K-257 –12.41 +7.15 

K-259 –14.96 +7.72 

K-261 –14.96 +7.72 

K-263 –12.09 +7.86 

K-265 –12.54 +6.31 

K-267 –13.50 +6.77 

K-269 –14.16 +6.43 

K-271 –13.62 +8.14 

K-282 –13.99 +12.40 

K-289 –11.63 +8.09 

K-290 –13.18 +10.57 

K-296 –13.48 +7.79 

K-299 –17.17 +8.54 

K-308 –13.41 +8.30 

K-309a –13.97 +9.18 

K-366 –13.13 +6.21 

K-368 –12.15 +7.43 

K-376 –13.15 +6.99 

K-378 –12.25 +6.44 

K-384 –13.41 +6.42 
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K-388 –12.57 +7.05 

K-390 –14.08 +6.35 

K-402 –13.61 +6.87 

K-406 –10.23 +7.40 

K-410 –12.46 +7.63 

K-416 –12.08 +7.56 

K-421 –13.72 +6.25 

K-423 –12.52 +7.56 

K-425 –12.41 +7.23 

K-428 –13.25 +6.55 

K-430 –13.98 +7.29 

K-433 –13.28 +6.76 

K-434 –12.46 +7.00 

K-440 –13.54 +6.32 

K-442 –15.60 +5.68 
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Appendix D: δ13C and δ15N values for juveniles with CO 

Sample ID δ13Ccoll (‰, VPBD) δ15N (‰, AIR) 

K-425 –12.41 +7.23 

K-440 –13.54 +6.32 

K-442 –15.60 +5.68 

K-280 –14.42 +10.56 

K-23 –12.01 +8.46 

K-25 –11.26 +7.93 

K-47 –13.65 +9.52 

K-79 –12.17 +9.13 

K-80 –12.26 +8.19 

K-105 –13.18 +10.19 

K-135 –11.44 +10.81 

K-130 –14.98 +10.70 

K-145 –14.34 +6.90 

K-146 –12.29 +9.87 
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