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Abstract
The Integration Period (500/600-1532 C.E.) saw pre-Columbian society in the Quito Basin of
Ecuador develop more politically and socially complex chiefdoms focused around
agricultural production and trade. In this study, carbon, nitrogen and oxygen isotopic
analyses of bone and teeth from 115 individuals from the sites of Tajamar (n=73) and Nuevo
Aeropuerto Internacional de Quito (NAIQ) (n=42) were performed in order to reconstruct
short- and long-term dietary patterns, and residential mobility in the Quito Basin. Emphasis
was placed on how/if these large-scale societal changes in the region affected group dietary
patterns and individual choices and actions.
The isotopic analysis of adult bone demonstrated that the long-term average diet varied
substantially between the two sites. The diet at Tajamar consisted primarily of C4 plants
(maize) with protein derived largely from plants and some lower trophic level domestic
animal meat (likely guinea pigs [cuy]). At NAIQ, the diet was more generalized, having a
mixed C3/C4 plant base with greater reliance on C3 plants and the consumption of both wild
and domestic terrestrial animal protein. The differences between Tajamar and NAIQ are
likely the result of the populations living within and exploiting different ecological zones
within the environmentally diverse Quito Basin.
Childhood dietary variations were assessed through the isotopic analysis of early-and lateforming teeth as well as juvenile bone. For most individuals, breastfeeding ceased before 2
years of age. By late childhood, the diet was similar to adult patterns for each respective site,
with the possible exception of higher consumption of boiled/stewed beverages during later
childhood. The high intra-site isotopic variability in early and late childhood tissues
suggested the absence of a uniform nursing/weaning strategy. Individual actions also likely
played a large role in adult dietary practices.
The oxygen-isotope results for these Quito Basin human tissues and modern environmental
waters showed high intra-site variability and are suggestive of geographic mobility. When
combined with the carbon and nitrogen isotopic data, however, the results could also be
indicative of greater autonomy in dietary choices and animal management practices by
individuals at Tajamar and NAIQ.
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Chapter 1

1

Introduction

1.1 Research Context and Objectives
In this dissertation, stable isotope analyses of archaeological human and faunal tissues are
used to investigate palaeodiet and residential mobility from two Integration Period
(500/600 to 1530s C.E.) sites in the Quito Basin in Ecuador. By this time period, preColumbian groups in the Quito Basin had formed into chiefdoms – small collections of
agriculturally-based households and villages clustered around a central, ceremonially
important urban area where a noble ‘chief’ would live (Bray, 2008; Salomon, 1986).
Although largely economically self-sufficient, diverse links including long-distance
chief-sanctioned trade, short-distance exchange between households or villages,
extraterritorial sharecrop arrangements, intercommunal exogamy, the fostering of elite
children, extraterritorial residence for purposes of apprenticeship, dynastic ties, feasting
and military alliance connected these chiefdoms (Aguilera, 2007; Bray, 2008;
Domínguez, 2009; Meggers, 1966; Newson, 1995; Salomon, 1986). The role and impact
of these large social changes on pre-Columbian daily life in the Quito Basin and how
they affected group and individual actions and choices are examined through
investigation of within-lifetime palaeodiet and residential mobility at the sites of Tajamar
and Nuevo Aeropuerto Internacional de Quito (NAIQ). Throughout this dissertation,
focus is placed on how diet, health and residential mobility impacted the stable isotopic
compositions of preserved human tissues. This information is further examined within the
social and environmental context in which the populations at Tajamar and NAIQ lived
and died. The goals of this research are to: (1) establish local environmental isotopic
baselines, (2) reconstruct childhood and adult palaeodiet, (3) identify possible domestic
animal management strategies, (4) assess the impact of individual choices and actions on
sociocultural practices, and (5) reconstruct individual geographic origins and residential
mobility in the Quito Basin.
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This study generates important baseline carbon-, nitrogen- and oxygen-isotope data for
the Quito Basin using modern plant and archaeological faunal samples. Such information
is vital for interpreting archaeological human stable isotope data. Human bone and teeth
samples from multiple sites in the Ecuadorian highlands are analyzed for the first time,
providing new data on pre-Columbian dietary practices and residential mobility during
the Integration Period. The use of intra-individual sampling enables new insight into
dietary shifting and mobility over an individual’s lifetime.

1.2 Isotopic Approaches to Palaeodiet Reconstruction
Archaeological stable isotope analysis has become a well-established method for
reconstructing the dietary practices of past populations (Ambrose and Krigbaum, 2003;
Katzenberg, 2008). In the Andes, palaeodietary research using stable carbon and nitrogen
isotopic data has been used to assess status, gender and age differences, social practices
such as breastfeeding and weaning, socioeconomic networks, animal and crop
management strategies and subsistence practices from a variety of different
environmental and social contexts (Finucane, 2007; Finucane et al., 2006; Izeta et al.,
2009; Kellner and Schoeninger, 2008; Thornton et al., 2011; Ubelaker et al., 1995; van
der Merwe et al., 1993; Webb et al., 2010; 2013; Williams, 2005).
Dietary reconstruction using carbon- and nitrogen-isotope analysis is based on the
assumption that the isotopic compositions of an organism’s tissues reflect those of the
diet (Ambrose, 1993; Katzenberg, 2008). Systematic differences are present between the
isotopic compositions of consumed foods and an organism’s tissues, and among the
different tissues within the organism (Ambrose, 1993; DeNiro and Epstein, 1978; 1981;
Sealy et al., 1995; Tieszen and Fagre, 1993; van der Merwe and Vogel, 1978). These
diet-tissue and inter-tissue isotopic spacings result from fractionation, which is the
selection for or against one or more isotopes of an element (e.g., 12C, 13C) during
chemical and physical reactions. Such fractionation occurs because of slight mass
differences between the isotopes of the same element (Ambrose, 1993). Isotopic data are
used to assess the relative contributions of isotopically distinct foods to the diet (such as
C3 versus C4 plants) by comparing tissue isotopic compositions (adjusted to account for
fractionation) to a reconstructed local food web, which provides an understanding of the
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variability in isotopic compositions of local food resources (i.e., plant and faunal
remains).
Carbon in bone collagen and tooth dentin is largely derived from the protein portion of
the diet whereas structural carbonate carbon is derived from dietary protein, lipids and
carbohydrates and thus more closely reflects the whole diet (Ambrose and Norr, 1993;
Tieszen and Chapman, 1993). The primary source of variation in δ13C values comes from
the contribution of C3 (e.g., potatoes, quinoa, fruits and vegetables) versus C4 plants
(dominantly maize in this South American context) to the diet (Ambrose and Norr, 1993).
Nitrogen (δ15N) isotopic compositions are used to determine the trophic level of dietary
protein and to differentiate between the consumption of marine/coastal fauna and
terrestrial animals. Nitrogen isotopic compositions increase by ~+3 to 4‰ with every
move up the food chain, thus allowing consumer trophic levels to be established
(Chisholm et al., 1982; DeNiro and Epstein, 1981; Katzenberg, 2008). This trophic level
increase in δ15N values also occurs between breastfeeding infants and their mothers,
allowing for breastfeeding and weaning to be identified (Fogel and Tuross, 1989; Fuller
et al., 2004). Nitrogen isotopic compositions are also impacted by factors other than diet
and trophic level including environment (i.e., aridity), pathological conditions, and
physiological and metabolic stress (starvation, pregnancy, etc.) (Fuller et al., 2004;
Heaton et al., 1986; Hobson and Clark, 1992; Katzenberg and Lovell, 1999; Mekota et
al., 2006; Schwarcz et al., 1999; White and Armelagos, 1997).
Bone tissue (both collagen and structural carbonate) continuously remodels over time so
that its isotopic composition represents an average of dietary composition over a period
of 10 to 25 years (Libby et al., 1964; Manolagas, 2000). The enamel and dentin of
permanent teeth form during childhood and do not remodel after formation, resulting in
tooth isotopic compositions that represent the average diet during tooth growth
(Katzenberg, 2008). Comparing the isotopic compositions of bone and teeth tissues of the
same individual can reveal whether or not significant changes in diet occurred from
childhood to adulthood. Combining this intra-individual approach with a population
approach enables detailed analysis of population patterns as well as individual life
histories, and allows for more fine-scaled variations to be identified (Cox and Sealy,
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1997; Eerkens et al., 2011; Fuller et al., 2003; Richards et al., 2002; Sealy et al., 1995;
Wright and Schwarcz, 1999).

1.3 Isotopic Approaches to Reconstructing Residential
Mobility
Identifying residential mobility and geographic origins in the past using isotopic analysis
has become a substantial avenue of research due to the fact that the movement of people
relates not only to issues of politics and economics but also identity and ideology
(Anthony, 1990; Burmeister, 2000). This is particularly true in the Andes where mobility
was an important phenomenon in many societies (Buzon et al., 2011; Gil et al., 2011;
Henry, 2008; Knudson and Price, 2007; Knudson et al., 2012; Turner et al., 2009; Ugan
et al., 2012; Webb et al., 2011).
Oxygen-isotope analysis of archaeological human and faunal bone carbonate and enamel
are used to identify individuals who have relocated during their lifetimes. The δ18O
values of structural carbonate in bone and teeth reflect the isotopic composition of local
environmental water (δ18Ow), which is incorporated into an organism’s tissues during
formation via body water (Longinelli, 1984; Luz et al., 1984; Luz and Kolodny, 1985).
Environmental water oxygen-isotope compositions vary with geographic and climatic
factors such as distance from the sea, latitude, elevation, temperature, precipitation type,
humidity and season, thus causing regional differences (Clark and Fritz, 1997; Darling et
al., 2005; Gat, 1996; Stuart-Williams and Schwarcz, 1997). Accordingly, the
establishment of local ranges for δ18Ow values is essential for detecting residential
mobility within a population. While human oxygen isotopic compositions are largely
linked to local δ18Ow values, how this water is ingested also depends in part on cultural
practices, personal choice, and social rules and regulations (Brettell et al., 2012; Buzon et
al., 2011; Knudson et al., 2009). Thus, the oxygen isotopic data must be examined within
not only an ecological and geological context, but also within a cultural context.
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1.4 Research Sample
The archaeological human and bone samples from Tajamar and NAIQ were obtained
from the stored collections of the Instituto Nacional de Patrimonio Cultural del Ecuador
(INPC) in Quito. The Tajamar remains were obtained during extensive excavations at the
site under the supervision of Dr. Victoria Domínguez. These excavations were completed
in 2008. Over 100 tombs and numerous structures dating to the Integration Period
(500/600 to 1530s C.E.) occupation of the site were excavated. Detailed field reports
about the burials were available, though extensive analysis of the artifact and remains
from the site continues. The NAIQ samples were obtained from excavations conducted
by Dr. María Aguilera and Stefán Bohórquez from 2004 to 2006 (Aguilera, 2007).
Approximately 600 tombs presenting highly diverse burial patterns were excavated from
two large necropolises largely dating to the Early Integration Period (600 to 900 C.E.).
Although no habitation areas were found in connection with the burials, middens were
present that contained faunal remains. Legal difficulties have prevented the publication of
detailed field reports, but preliminary analyses of the excavated materials were available
(Aguilera, 2007; Bohórquez, per. comm.). For both sites, age and sex were determined
when possible using the methods described by Buikstra and Ubelaker (1994). Bone
(n=102) and tooth (n=128) samples were collected as available from 73 individuals from
Tajamar and 42 individuals from NAIQ. The majority of the human individuals are
represented by more than one tissue.
Faunal samples collected in the field were identified to Genus group using a comparative
faunal collection at the University of Western Ontario (Hodgetts, per comm.). Bone
samples (n=57) were obtained from wild and domestic faunal species excavated from
Tajamar and NAIQ and included deer, rodents/rabbits, camelids and canids. In addition,
modern wild indigenous plant samples (n=22) representing 12 plant species, were
collected from Parque Jerusalem with the help of Dr. Edi Guérron. Samples (n=15) of
agricultural plant species indigenous to the area were collected from local farmers in a
market in Quito.
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1.5 Organization of Dissertation
This dissertation is organized into papers destined for publication in peer-reviewed
journals. Each chapter within the main body is organized to investigate a specific
objective and include: (1) a review of the theoretical, methodological and interpretive
considerations needed to investigate the specific objective of the chapter, (2) a
description of the subsample analyzed, (3) details of the stable isotope analytical methods
used to generate data, and (4) interpretations of those data.
In Chapter 2, isotopic analyses of modern plants as well as archaeological wild faunal
bone samples are used to generate the local environmental carbon and nitrogen isotopic
baseline for the Quito Basin. Faunal bone collagen carbon- and nitrogen-isotope and bone
carbonate carbon-isotope analyses are then used to assess the feeding strategies of the
wild species. In Chapter 3, isotopic analyses of adult human and domestic faunal bone
collagen and carbonate samples are used to reconstruct dietary practices and animal
management strategies at Tajamar and NAIQ with the relative contributions of different
food sources to the diet at each site assessed using a stable isotope mixing model. The
results are compared to other Andean studies and the potential of carbon and nitrogen
isotopic analysis for identifying non-local individuals is assessed. In Chapter 4, the
isotopic compositions of juvenile bone and early- and late-forming teeth are analyzed in
order to investigate breastfeeding and weaning practices and late childhood diet. Isotopic
variations between paired juvenile bone and early-forming teeth provide evidence for
metabolic differences between the tissues, while the isotopic variations between paired
early-forming and late-forming teeth are used to track childhood dietary changes and
possible mobility. In Chapter 5, published δ18Ow values are used to establish the local
water baseline for the Quito Basin. The oxygen-isotope analysis of late-forming teeth and
adult human and faunal bone carbonate from both Tajamar and NAIQ are then used to
assess geographic origins, mobility and variation in animal-feeding strategies. Chapter 6
summarizes the research objectives, conclusions and future research avenues. Supporting
tables, data compilations, and a summary of the analyses performed are presented in the
appendices.
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Chapter 2

2

Reconstructing the Environmental Isotopic Baselines

2.1 Introduction
Reconstructing environmental baselines is a necessary part of all research on ancient diet.
In the Andes, there has been a strong focus on zooarchaeological and palynological
research in concert with ethnohistorical sources to determine local foodwebs (e.g., Gade,
1991; Miller and Gill, 1990; Pearsall, 2003; Reitz, 1988; Salomon, 1986; Stahl, 2005;
Stahl and Athens, 2001; Tene et al., 2007; Zarillo, 2012). Increasing use of stable isotope
analysis of faunal and plant tissues has provided more specific information regarding
plant availability and regional variation as well as faunal diet and faunal movement
(Boom et al., 2001; DeNiro, 1988; Tieszen and Chapman, 1995; van der Merwe et al.,
1993).
In Ecuador, particularly in the northern highlands, much of the available evidence for the
pre-Columbian environment is from early Spanish accounts, which give little indication
of the indigenous plants and animals (Salomon, 1986). The present study provides the
first detailed information about isotopic baselines for the Quito Basin through the
analysis of carbon- and nitrogen-isotope ratios of modern plant tissues and archaeological
faunal bone collagen from the Integration Period sites of Tajamar and NAIQ. Faunal
bone structural carbonate provides additional detailed information about dietary protein
sources and mobility. The goal of this paper is to reconstruct the local environmental
isotopic baseline and to identify and interpret dietary patterns of the wild fauna present in
the area.

2.2 Archaeological Background
2.2.1

The Quito Basin

Ecuador’s location amidst the lush tropical environments of Colombia and Brazil to the
north and east, the high, steep Peruvian Andes to the south, and the shifting ocean
currents and winds to the west results in a unique amalgamation of the numerous climates
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and ecosystems seen throughout South America (Sarmiento, G., 1986). This is
particularly true in the case of the Quito Basin, a large inter-Andean valley located in
northern Ecuador (Figure 2.1). The valley, where the capital city of Quito is located, is
mainly in the modern province of Pichincha and is enclosed to the east and west by the
parallel chains of the Andean Cordilleras and to the north and south by knots of smaller
mountain peaks. A number of mountain passes connect the Quito Basin to the western
coast and the eastern tropical region but the movement of animals, peoples and goods to
and from the valley favours the coast route due to the lower and narrower profile of the
western Cordillera compared to its eastern counterpart (Solís, 1962). A number of rivers
are found in the Quito Basin, but the Guayllabamba River and its tributaries form the axis
of the hydrographical system and provide the majority of the water in the region (Solís,
1962).

Figure 2.1 Map of Ecuador with Site Locations
Ecuador Province Shapefile, Marc Souris, IRD. Available:
http://www.rsgis.ait.ac.th/~souris/ecuador.htm#provinces (April 20, 2013)
Ecuador Water Shapefile, GADM. Available: http://www.gadm.org/ (April 20, 2013)
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Unlike the high arid inter-Andean valleys to the south, the Quito Basin is at a much lower
elevation (~2800 m.a.s.l.) and has a much greater annual rainfall with little pattern in its
seasonality (Sarmiento, G., 1986). Temperature generally varies little (rarely dropping
below 0˚C), resulting in frost not being a major concern, especially in the lower elevation
areas of the Quito Basin (Sarmiento, G., 1986). Although the Quito Basin can be
considered a single subregion, a number of distinct climatic and environmental niches are
found throughout the area. The southern area is characterized as more elevated, cold and
humid while the northerly parts are generally lower, hotter and often drier (Salomon,
1986). This variation is marked by a transition in both natural and cultivated vegetation
(Solís, 1962).

2.2.2

Plants

Palynological analysis and palaeoclimatic research suggests that much of the Quito Basin
was originally forested, but over time the region was severely affected by deforestation
caused by natural factors (e.g., lightning strikes) and human activities such as agriculture
(Gade, 1999; Sarmiento, F.O., 2002; Sarmiento, G., 1986; White and Maldonado, 1991).
By the time the Spaniards arrived, the valley was covered by shrubland, grasslands and
agricultural crops (Salomon, 1986). Today, continued deforestation and the introduction
of invasive non-indigenous species have reduced many indigenous plants to isolated
patches, often within protected reserves (Sarmiento, F.O., 2002). Native plant species in
the Quito Basin are dominated by C3 species, as C4 plant diversity in the Andes drops
dramatically at 2400 m.a.s.l., well below the valley’s elevation (Boom et al., 2001; Llano,
2009). However, in some of the more arid regions of the valley, some C4 and CAM
plants (i.e., succulents) are found (Guérron per. comm.).
Due to the high soil fertility in the valley, a huge variety of domesticated plants (many of
which are indigenous to the area) are cultivated, including fruits, tubers (potato, mashua,
etc.), quinoa, squash, beans and maize (Pearsall, 2003; Salomon, 1986; Zarillo, 2012).
Early Spanish records, such as Pedro de Cieza de Leon’s account in 1553, document the
diversity of agricultural products grown by the pre-Columbian groups in the Quito Basin,
often making note of the use of irrigation canals and raised fields (camellones) to increase
production (Bray, 2008; Cieza, [1553], 1969; Newson, 1995; Salomon, 1986). Although
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wild plant species do not make up a substantial portion of the indigenous diet,
ethnobotanical surveys show they are periodically consumed, often for medicinal
purposes (Tene et al., 2007). Indigenous wild plants such as Bidens andicola, Dodonea
viscosa and Minthostachys mollis are used to cure a variety of ailments including
stomach pain, inflammation and cough (Guérron per. comm.; Tene et al., 2007).

2.2.3

Wild Fauna

The diverse climate found in the Quito Basin results in an extensive variety of wild fauna
inhabiting the region. However, much like the plants, the number of indigenous faunal
species has been reduced due to human activity, particularly in the past few decades
(Gade, 1999; Sarmiento, F.O, 2002).
Zooarchaeological analyses and ethnohistorical accounts suggest that pre-Columbian
groups in the Quito Basin exploited the diverse habitats within the valley to obtain an
extensive variety of animals including birds, fish, reptiles, insects, rodents, and large
mammals (Cieza [1553], 1969; Miller and Gill, 1990; Newson, 1995; Reitz, 1988; Stahl,
2003; 2005; Stahl and Athens, 2001). However, most highland sites show a
predominance of terrestrial mammals, in particular white-tailed deer and rabbit, over
other species such as fish and birds (Miller and Gill, 1990; Reitz, 1988; Stahl, 2003;
2005; Stahl and Athens, 2001). In addition to locally available fauna, specialty resources
were also available, such as monkeys from the Amazon, dried fish from the coast and
domestic species such as camelids and cuy from Peru and Chile (Newson, 1995;
Salomon, 1986; Valdez, 2008).

2.3 Isotopic Approaches to Reconstructing Palaeodiet
The reconstruction of palaeodiet using stable isotope analysis is based on the assumption
that an organism’s tissues (leaves, bone, teeth, etc.) will retain the isotopic composition
of the organism’s diet, even after death (Ambrose, 1993; Katzenberg, 2008). This method
relies on systematic differences between the isotopic compositions of consumed foods
and an organism’s tissues, and among the different tissues within the organism (Ambrose,
1993; DeNiro and Epstein, 1978; 1981; Sealy et al., 1995; Tieszen and Fagre, 1993; van
der Merwe and Vogel, 1978). These separations (i.e., diet-tissue, inter-tissue) result from
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fractionation, which is the selection for or against one or more isotopes of an element
(e.g., 12C, 13C) during chemical and physical reactions due to slight mass differences
between the isotopes (Ambrose, 1993). In the case of animal bone collagen, the ∆13Cdietcol

and ∆15Ndiet-col separations are approximately −5‰ and −3.7‰ respectively (Ambrose

and Norr, 1993; Bocherens and Drucker, 2003; Katzenberg, 2008; Lyon and Baxter,
1978; Szpak et al., 2012b; Tieszen and Fagre, 1993).
To conduct archaeological stable isotope analysis, theoretical food web models based on
the variability in isotopic compositions of local food resources (i.e., plant and faunal
material) must first be created to act as a baseline. Isotopic data can then be used to assess
the relative contributions of isotopically distinct foods to the diet (such as C3 versus C4
plants) by comparing tissue isotopic compositions (adjusted to account for fractionation)
to the reconstructed food web. Collagen carbon isotopic compositions (δ13Ccol) primarily
reflect the protein portion of the diet, whereas structural carbonate carbon (δ13Csc) is
derived not only from dietary protein but also lipids and carbohydrates, thus reflecting the
whole diet (Ambrose and Norr, 1993; Tieszen and Chapman, 1993). The primary source
of variation in δ13C values comes from the contribution of C3 (e.g., potatoes, quinoa,
fruits, vegetables) versus C4 plants (e.g., maize) to the diet (Ambrose and Norr, 1993).
Collagen nitrogen isotopic compositions (δ15Ncol) assess the trophic level of dietary
protein and identify terrestrial versus marine resource consumption (Chisholm et al.,
1982). Nitrogen isotopic compositions also show a trophic level increase (~+3.7‰), with
consumers having higher δ15Ncol values than their ingested food (Chisholm et al., 1982;
DeNiro and Epstein, 1981; Minagawa and Wada, 1984). Environmental factors such as
aridity, physiological and/or metabolic stress (starvation, pregnancy, etc.) and
pathological conditions (disease) have also been shown to impact nitrogen isotopic
compositions (Fogel and Tuross, 1989; Fuller et al., 2004; Heaton et al., 1986; Hobson et
al., 1993; Katzenberg and Lovell, 1999; Mekota et al., 2006; Schwarcz et al., 1999;
White and Armelagos, 1997).
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2.4 Methods
2.4.1

Sampling

Twenty-two (22) wild plant samples representing 12 plant species were collected from
the Parque Jerusalem, a national dry forest reserve north of Quito, in August, 2010. Dr.
Edi Guérron, a resident biologist of the park, identified the plants as indigenous prior to
collection. A further 15 locally grown agricultural plant samples indigenous to the area
were collected from a farmer’s market in Quito. Bone samples from 25 wild fauna (10
deer and 15 rodents/rabbits) were collected from the Integration Period sites of Tajamar
1

and NAIQ. The Tajamar samples were from the 2008 excavations supervised by Dr.
Victoria Domínguez, while the NAIQ samples were from the 2006/2007 field season
directed by Dr. María Aguilera (Aguilera, 2007; Domínguez, 2009). Carbon- and
nitrogen-isotope analysis was performed on collagen and plant samples. Bone samples
were additionally analyzed for bone carbonate carbon-isotope compositions.

2.4.2

Laboratory Procedures

Plant materials were air-dried onsite in Ecuador at room temperature following sampling.
Once they reached the laboratory, each plant was separated into its different tissues (i.e.,
leaves, berries, branch, etc.) and the resulting tissues were then air-dried at 90˚C for at
least 72 hours. Following this, samples were ground using a Wig-L-Bug (Crescent) and
stored at room temperature in sealed glass vials.
Bone collagen was extracted from the faunal samples using a modified Longin (1971)
method. The surfaces of the bone samples, along with their trabecular bone, were
removed using a wire brush. For each individual, ~4.0mg of bone was ground, sieved and
then treated with a 2:1 chloroform:methanol solution to remove lipids. Once dry, samples
were demineralized in 0.25 to 0.5M hydrochloric acid at room temperature after which
organics and humic substances were removed by treatment with 0.1M sodium hydroxide.

1

The deer sampled here were all identified as white-tailed deer, but other deer are known to inhabit the
Quito Basin.
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Once rinsed to neutrality, samples were solubilized in 0.001M hydrochloric acid at
~90˚C. Dried collagen was mechanically homogenized and weighed (500±20µg) into tin
capsules for isotopic analysis.
Carbon- and nitrogen-isotope ratios were obtained using a Costech elemental combustion
system (ECS4010) coupled to a Thermo-Finnigan DeltaPlusXL stable-isotope-ratio massspectrometer. The δ13Ccol values were calibrated to VPDB using IAEA-CH-6 and NBS22 and the δ15Ncol values were calibrated to AIR using IAEA-N2 and USGS-40. USGS40 (only for carbon), and USGS-41 (for both carbon and nitrogen) were analyzed as
unknowns in order to assess the accuracy and precision of measurements. USGS-40
(n=32) and USGS-41 (n=30) had average δ13Ccol values of −26.4±0.1‰ and
+37.8±0.4‰, which are in good agreement with their accepted values of −26.4‰ and
2

+37.6‰ (Coplen et al., 2006; Qi et al., 2003). USGS-41 (n=31) had average δ15Ncol
values of +47.4±0.6‰, close to its accepted value of +47.6‰ (Coplen et al., 2006; Qi et
al., 2003). An internal laboratory standard (keratin) (n=57) gave average δ13Ccol values of
−24.1±0.1‰ and average δ15Ncol values of +6.3±0.3‰ during plant and bone collagen
analyses respectively. These compositions are in good agreement with the accepted
values for keratin (δ13Ccol = −24.0‰, δ15Ncol = +6.4‰). Plant sample reproducibility was
±0.0‰ for δ13Ccol and ±0.1‰ for δ15Ncol (n=3) while faunal sample reproducibility was
3

±0.0‰ for δ13Ccol and ±0.1‰ for δ15Ncol (n=8). To assess methodological
reproducibility of bone collagen, extraction and analysis was duplicated for 10% of the
4

samples. For the faunal samples, the methodological reproducibility was ±0.1‰ for

δ13Ccol and ±0.2‰ for δ15Ncol (n=5).

2

With the exception of assessing sample integrity, all isotopic data presented as ±1SD.

3

Sample replicates represent separate isotopic analyses of the same previously prepared sample and were
replicated for roughly 10% of each sample group (e.g., plants, faunal)
4

Method replicates represent results for portions the original sample prepared independently of all stages
of the procedure (physical cleaning, chemical isolation and isotopic analyses).
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For bone carbonate isotopic analysis, ~2.8mg of sample was cleaned, ground and treated
with 2% reagent-grade bleach for roughly 72 hours at room temperature to remove
organic material. Samples were then rinsed to neutrality, and reacted with 0.1M acetic
acid for 4 hours to remove post-burial contaminants. Samples were again rinsed to
neutrality and then freeze-dried for at least 48 hours. The dried sample was weighed
(80±10µg) into glass vials, placed in a 60˚C oven for 24 hours and then capped and
sealed for analysis.
Structural carbonate carbon-isotope ratios were obtained using a Multiprep automated
sampling device coupled with a VG Optima IRMS in dual-inlet mode employing the
analytical protocol developed by Metcalfe et al. (2009). The δ13Csc values were calibrated
relative to VPDB using NBS-19 and Suprapur. Sample reproducibility was ±0.1‰ for

δ13Csc (n=3). The international standard NBS-18, analyzed as an unknown, had average
δ13Csc = −5.0±0.2‰ (n=24), which is in good agreement with its accepted values of
−5.0‰ (Coplen et al., 2006). The internal laboratory standard (WS-1) had average δ13Csc
= +0.7±0.1‰ (n=15), which is in good agreement with its accepted value of +0.8‰.
Method reproducibility was ±0.5‰ for δ13Csc (n=2).

2.4.3

5

Statistical Analyses

Statistical analyses were performed in SPSS 20. Homogeneity of variance was assessed
using Levene’s test. Comparison of means was analyzed using a student t-test if variance
was homoscedastic or a Mann-Whitney U-test if variance was not homoscedastic. A oneway analysis of variance (ANOVA) was used for comparison of variables. If variance
was equal, a post hoc Tukey’s honestly significant difference (HSD) statistic was applied.
If variance was not equal, a Dunnett’s T3 test statistic was used. For all statistical
analyses, a significance level of p<0.050 was used.

5

The limited number of method replicates reflects the loss of most of these samples during a failed
instrument session.
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2.5 Results
2.5.1

Sample Integrity

The wild faunal bone collagen samples were assessed for post-mortem alteration using
collagen abundance and C/N ratios. The mean collagen yield was 11.4% by weight.
Modern/fresh bone has a collagen yield of ~22% by weight and this percentage has been
noted to decrease after burial (DeNiro and Weiner, 1988). Most researchers agree that
collagen yields below 1% may contain contamination and should be rejected for stable
isotope analysis (DeNiro and Weiner, 1988; Thornton et al., 2011; White and Schwarcz,
1989). For the wild fauna, no samples had yields less than 1%. The mean C/N ratio was
3.2±0.1, which falls within the modern collagen C/N ratio range of 2.9 to 3.6 (Ambrose,
1993).
Untreated bone carbonate samples were assessed for post-mortem recrystallization of
bioapatite using Fourier Transform Infrared Spectroscopy (FTIR) and the associated
calculation of crystallinity index (CI) and carbonate/phosphate (C/P) ratios (Pucéat et al.,
2004; Surovell and Steiner, 2001; Weiner and Bar-Yosef, 1998). The mean CI was
2.8±0.2 and the C/P ratio was 0.5±0.2. Crystallinity indices for fresh modern untreated
bone typically range from 2.8 to 3.1 while unaltered archaeological samples can have CI
values up to 4.3 and values outside of these ranges suggest recrystallization and poor
bioapatite preservation (Nagy et al., 2008; Sponheimer and Lee-Thorp, 1999; Weiner and
Bar-Yosef, 1990). The C/P ratios of fresh bone average 0.4 but can range from 0.1 to 0.7
and archaeological bone typically has a C/P range similar to modern fresh bone (King et
al., 2011; Pucéat et al., 2004; Thompson et al., 2009). Out of all of the faunal bone
samples, only two individuals, FNCP09 and FNCP21, had higher C/P ratios (1.07, 1.58)
compared to the average FTIR results and their spectra contained a small calcite peak
around 711cm-1, suggesting the presence of secondary calcite. Due to the fact that
treatment with acetic acid has been shown to remove such secondary calcite (e.g., GarvieLok et al., 2003; Wright and Schwarcz, 1996), all samples were pretreated using acetic
acid according to the protocol outlined by Metcalfe et al. (2009) to reduce the possibility
of contamination by secondary carbonate. To assess if the secondary carbonate had in
fact been eliminated by treating with acetic acid, the samples FNCP09 and FNCP21,
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along with a subset of bone samples (wild faunal, domestic faunal species, and human)
that showed no unusual peaks were reanalyzed. Both FNCP09 and FNCP21 continued to
show a 711cm-1 calcite peak suggesting that in some cases, such treatment is not
sufficient to remove secondary calcite. These samples were thus eliminated from further
consideration.

2.5.2

Stable Isotope Results for Plants

The wild and domestic plant isotopic results are summarized in Table 2.1. Due to the fact
that modern plant samples are being compared to archaeological animals in this study, the
plant δ13C values were adjusted by +1.5‰ to correct for the decrease in atmospheric

δ13Ccol that occurred after the Industrial period (referred to as the Suess effect) (Marino
and McElroy, 1991). For the 11 wild C3 plants, the mean δ13Ccol value was −25.7±1.9‰
and the mean δ15Ncol value was +3.3±3.1‰. The lone wild C4 plant had a δ13Ccol value of
−11.1‰ and a δ15Ncol value of +4.9‰. The domestic C3 plants had a mean δ13Ccol value
of −24.5±1.4‰ and a mean δ15Ncol value of +3.0±3.6‰. Only one domesticated C4 plant
was sampled and had a δ13Ccol value of −10.2‰ and a δ15Ncol value of +4.8‰. No
statistically significant differences were present between the carbon-isotope (t-test,
p>0.050) or nitrogen-isotope (t-test, p>0.050) compositions of wild versus domestic C3
plants.

2.5.3

Stable Isotope Results for Deer
6

The deer isotopic results are summarized in Table 2.2. The 10 deer samples from
Tajamar and NAIQ had a mean bone collagen δ13Ccol value of −17.5±3.6‰ and a mean

δ15Ncol value of +4.4±2.0‰. The deer samples segregate into two discrete subgroups
according to δ13Ccol and δ15Ncol values. The first group, represented by samples FTCP06,
FNCP08, FNCP18, FNCP28, FNCP31, and FNCP34 had a mean δ13Ccol value of
−20.2±0.9‰ and a mean δ15Ncol value of +3.0±1.1‰, whereas the second group

6

Because the one deer from Tajamar (FTCP06) has δ13Ccol, δ15Ncol, and δ13Csc values within the range of
the nine NAIQ deer samples, the sites were combined for interpretation.
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Table 2.1 Modern Wild and Cultivated Ecuador Plant Stable Isotope Results
Plant

Tissue

δ13Ccol (‰, VPDB)1

C%

δ15Ncol (‰, AIR)

N%

PCP01

Alterranthera pungens

Stalks

−22.9

41.7

+1.9

1.9

PCP01

Alterranthera pungens

Seeds

−22.2

42.7

+4.4

2.0

PCP02

Atalpa micuna

Seeds

−24.6

42.5

+1.2

2.1

PCP03

Bidens andicola

Stalks

−27.5

42.6

+1.4

1.0

PCP03

Bidens andicola

Leaves

−27.7

43.9

+3.8

2.7

PCP04

Dodondea viscosa

Leaves

−23.8

47.4

+2.3

2.6

Sample ID
Wild C3

PCP04

Dodondea viscosa

Seeds

−25.9

42.7

+3.6

2.3

PCP05

Ephedra americana

Stalks

−23.9

44.3

+8.7

1.6

PCP07

Lycianthes lycioides

Stalks

−27.6

45.4

+2.4

1.0

PCP07

Lycianthes lycioides

Leaves

−27.5

39.6

+2.9

1.9

PCP07

Lycianthes lycioides

Berries

−26.1

47.8

+3.7

1.4

PCP08

Minthostachys mollis

Stalks

−25.3

44.4

−0.3

1.5

PCP08

Minthostachys mollis

Seeds

−26.9

46.1

+1.1

3.2

PCP09

Monnina salicifolia

Stalks

−27.9

47.4

+8.7

2.4

PCP09

Monnina salicifolia

Leaves

−27.8

47.2

+7.4

3.3

PCP09

Monnina salicifolia

Berries

−27.8

46.2

+8.3

1.6

PCP10

Muehlenbeckia tamnifolia

Stalks

−24.2

42.9

+4.5

1.6

PCP10

Muehlenbeckia tamnifolia

Leaves

−25.4

42.3

+5.9

3.2

PCP11

Pilea microphylla

Stalks

−26.8

38.5

−2.1

1.2

PCP11

Pilea microphylla

Seeds

−26.6

33.8

−1.6

1.5

PCP12

Puya aequatorialis

Leaves

−23.7

45.4

+1.0

0.9

Average

−25.7

43.6

+3.3

1.9

SD

1.9

3.4

3.1

0.7

Wild C4
PCP13

Setaria cernua

Stalks

−11.1

39.7

+4.9

1.6

PCP14

Arracacia xanthorrhiza

Tuber

−26.1

40.1

+3.7

0.3

PCP15

Chenopodium quinoa

Grain

−25.8

45.0

+3.1

2.0

PCP16

Ipomea batatas

Tuber

−25.5

41.3

+0.3

0.8

PCP17

Lupinus albus

Bean

−22.3

51.7

+0.3

8.3

PCP18

Manihot esculenta

Tuber

−25.2

40.8

+5.3

0.4

PCP19

Phaseolus vulgaris

Bean

−22.3

42.9

+1.1

3.6

PCP20

Physalia peruviana

Fruit

−23.9

48.6

+8.9

1.5

PCP21

Solanum betaceum

Fruit

−24.0

44.6





Cultivated
C3
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Sample ID

Plant

Tissue

δ13Ccol (‰, VPDB)1

C%

δ15Ncol (‰, AIR)

N%

PCP22

Solanum muricatum

Fruit

−23.9

43.3





PCP23

Solanum quitoense

Fruit

−25.6

44.1

+1.1

1.0

PCP24

Solanum tuberosum I

Tuber

−24.4

41.3

−0.7

1.4

PCP25

Solanum tuberosum II

Tuber

−23.4

40.5

+1.0

1.8

PCP26

Solanum tuberosum III

Tuber

−23.7

39.6

+10.7

0.9

PCP27

Trapaeolum tuberosum

Tuber

−27.2

40.9

+0.7

0.4

Average

−24.5

43.2

+3.0

1.9

SD

1.4

3.5

3.6

2.2

Cultivated
C4
PCP28
Zea mays
Grain
−10.2
40.9
+4.8
Plant samples δ13C adjusted by +1.5‰ to correct for the Suess effect (Marino and McElroy, 1991)
 Not analyzed in study
1

1.6

composed of samples FNCP11, FNCP15, FNCP21 and FNCP23 had mean δ13Ccol and

δ15Ncol values of −13.6±1.8‰ and +6.5±0.5‰. The differences in both the carbon- and
nitrogen-isotope compositions of the two groups are statistically significant (δ13Ccol t-test,
p<0.000, δ15Ncol t-test, p<0.001).
The 8 deer samples from which carbonate was extracted successfully (FNCP15 had
unusual values and was eliminated and FNCP21 failed) had a mean δ13Csc value of
−9.6±2.2‰. The bone carbonate samples separated into the same two subgroups as the
bone collagen samples based on distinct carbon-isotope separations between the groups.
The first had a mean δ13Csc value of −10.7±1.0‰ and the second group had a value of
−6.4±0.6‰. This difference was also statistically significant (δ13Csc t-test, p<0.001).

2.5.4

Stable Isotope Results for Rodents/Rabbits
7

The rodent/rabbit isotopic data are summarized in Table 2.3. For the 15 rodent/rabbit
samples from NAIQ, the mean bone collagen δ13Ccol value was −17.2±5.2‰ and the

7

Due to a lack of a comparative collection representative of the Quito Basin, the rodents were left largely
unidentified; however, a number were possibly identified as rabbits. The isotopic results provided a
possible method of further refining the species identification (see Section 2.6.5).
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Table 2.2 Pooled Tajamar and NAIQ Deer Bone Stable Isotope Results
Site

δ13Ccol (‰, VPDB)

δ15Ncol (‰, AIR)

δ13Csc (‰, VPDB)

Tajamar
NAIQ
NAIQ
NAIQ
NAIQ
NAIQ

−21.9
−19.8
−19.7
−19.2
−20.4
−20.1
−20.2
0.9

+3.4
+4.5
+2.7
+1.6
+2.0
+4.0
+3.0
1.1

−12.3
−10.9
−11.0
−9.9
−9.6
−10.5
−10.7
1.0

C3/C4 Diet
FNCP11
NAIQ
−12.6
FNCP15
NAIQ
−12.6
FNCP21
NAIQ
−12.8
FNCP23
NAIQ
−16.3
Average
−13.6
SD
1.8
 Insufficient collagen/carbonate for analysis

+6.8
+6.7
+6.7
+5.7
+6.5
0.5

−5.9


−6.8
−6.4
0.6

Sample ID
C3 Diet
FTCP06
FNCP08
FNCP18
FNCP28
FNCP31
FNCP34
Average
SD

mean δ15Ncol value was +4.0±2.0‰. The rodent/rabbit samples separated into three
distinct groups. The first group (FNCP03, FNCP04, FNCP09, FNCP19, FNCP25,
FNCP29, FNCP32, FNCP33 and FNCP38) had mean δ13Ccol and δ15Ncol values of
−20.7±1.6‰ and +2.8±1.1‰ respectively. The second group (FNCP12, FNCP20,
FNCP40) had a mean δ13Ccol value of −15.4±1.4‰ and a δ15Ncol value of +5.7±0.6‰
while the final group (FNCP14, FNCP17, FNCP26) had a mean δ13Ccol value of
−8.4±0.3‰ and a δ15Ncol value of +7.0±0.8‰ (Table 2.3). Each group is statistically
different from each other group, both for carbon and nitrogen isotopic compositions
(δ13Ccol Tukey, p<0.000, δ15Ncol Tukey, p<0.000).
Bone carbonate was successfully extracted from 10 samples, and had a mean δ13Csc value
of −8.7±3.2‰ (FNCP14, FNCP17, FNCP20, FNCP29 and FNCP40 were too small to be
analyzed). The first group had a mean δ13Csc value of −9.2±2.9‰. The second and third
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Table 2.3 NAIQ Rodent/Rabbit Bone Stable Isotope Results
Sample ID δ13Ccol (‰, VPDB) δ15Ncol (‰, AIR) δ13Csc (‰, VPDB)
C3 Diet
FNCP03
FNCP04
FNCP09
FNCP19
FNCP25
FNCP29
FNCP32
FNCP33
FNCP38
Average
SD

−20.8
−21.9
−18.9
−21.2
−20.6
−21.5
−22.4
−21.3
−17.4
−20.7
1.6

+3.6
+1.2
+3.0
+1.7
+4.5
+2.1
+2.8
+3.9
+2.8
+2.8
1.1

−9.7
−10.2
−5.5
−12.6
−10.6

−10.5
−10.1
−4.1
−9.2
2.9

C3/C4 Diet
FNCP12
FNCP20
FNCP40
Average
SD

−16.2
−16.3
−13.8
−15.4
1.4

+6.1
+5.9
+5.0
+5.7
0.6

−10.0


−10.0
N/D

C4 Diet
FNCP14
FNCP17
FNCP26
Average
SD

−8.1
−8.6
−8.6
−8.4
0.3

+7.5
+6.1
+7.3
+7.0
0.8



−3.3
−3.3
N/D

 Insufficient collagen/carbonate for analysis

groups were represented by one sample each, and had mean δ13Csc values of −10.0‰ and
−3.3‰, respectively. The three groups had very different δ13Csc isotopic compositions
suggesting that, like the δ13Ccol values, there likely is a significant difference between the
group bone carbonate values. However, the sample sets are too small to test these
differences statistically.
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2.6 Discussion
2.6.1

Wild and Cultivated Plants

The mean wild plant carbon and nitrogen isotopic compositions are consistent with those
reported for Peruvian terrestrial indigenous plants (Tieszen and Chapman, 1995;
Tomczak, 2003). When compared to Peruvian plants from a similar elevation (~25003000 m.a.s.l.), no statistical difference in δ13Ccol isotopic compositions is seen between
the Ecuadorian and Peruvian plant samples (ANOVA Dunnett’s T3, p<0.757) (Szpak et
al., 2013; Tieszen and Chapman, 1995). However, the Ecuadorian C3 plants do have
statistically higher δ13Ccol values compared to Colombian highland samples (ANOVA
8

Dunnett’s T3 p<0.010) (Boom, 2004). As local environmental variables such as light
exposure, water stress, soil nutrients and temperature can create intra-species variations,
particularly in C3 plants, it is possible that the Colombian region is sufficiently different
in rainfall, soil, and temperature to result in its plants having much lower δ13Ccol values
compared to plants found in Ecuador and Peru (Boom, 2004; Boom et al., 2001; DeNiro
and Hastorf, 1985; Schwarcz et al., 1999; Szpak et al., 2013; Tieszen and Chapman,
1995; Tomczak, 2003; White and Schwarcz, 1994).

2.6.2

9

Plant Interpretive Complications

In order to reconstruct the past environmental baseline, possible avenues of variation that
could affect modern plant isotopic compositions had to be evaluated, such as
environmental changes over time (e.g., increasing aridity), fertilizing and animal grazing
(Ambrose, 1991; Augustine and Frank, 2001; Schwarcz et al., 1999). In the case of the
wild samples, plants were collected from a remote section of a national park where
human activities such as farming, were unlikely to have occurred in recent decades. In
addition, plants close to animal trails were avoided due to the possibility of a grazing

8
9

No δ15Ncol values were available from Colombian plants for comparison.
See Appendix A for Table of comparative plant isotopic results.
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and/or fertilizing effect, both of which have been known to increase plant δ13Ccol and

δ15Ncol values (Augustine and Frank, 2001; Craine et al., 2009; Frank et al., 2000).
For the domestic crops, only plants grown locally were sampled in order to eliminate the
possibility of regional variations due to soil and climatic differences. No information was
available on the fertilization of these crops, however, ethnographic accounts of modern
indigenous farmers in the area suggest that fertilizer is seldom used but when it is, it is
generally organic (i.e., animal dung, green manure, night soil, etc.) due to its low cost
compared to artificial fertilizers (Knapp and Ryder, 1983; May and McLellan, 1974). If
this was true here, the domestic plant nitrogen isotopic compositions should be higher
than those known for non-fertilized domestic and wild plants from the same area, which
they are not (Ambrose, 1991; Bogaard et al., 2007; Szpak et al., 2012a; 2012b). The
results obtained in this study compare well with those reported in other Andean studies of
unfertilized domestic and wild plants (Szpak et al., 2013; Tieszen and Chapman, 1995;
Williams, 2005), suggesting that the modern cultivated plant isotopic compositions are
not showing a fertilizing effect.
Although modern samples appear to show no grazing or fertilizing effect, it is possible
that plants in the past were affected by such factors, particularly cultivated crops. To
increase crop production, pre-Columbian groups likely used some form of fertilization
(Knapp and Ryder, 1983). Unlike the Peruvian highlands where domestic animal herds
were plentiful and their waste (i.e., dung) was used extensively as a source of fertilizer,
domestic animals such as camelids and cuy were not ubiquitous in the Ecuadorian
highlands (Salomon, 1986; Stahl, 2003). Camelid herds were present in the Quito Basin
by the Integration Period but were used mostly as pack animals, thus providing no steady
source of dung for fertilizer (Salomon, 1986). It is possible that there was a system in
place for redistributing dung from corralling areas onto the fields but it is impossible to
know this for certain. There is little evidence of how cuy dung was used in preColumbian Ecuador, but it was likely similar to modern practices where it is used in
small garden plots (Archetti, 1997; Bolton, 1979; Morales, 1995). Although camelids and
cuy are present in large numbers at some sites, archaeological surveys and ethnohistorical
accounts suggest that pre-Columbian groups in the Quito Basin instead relied on crop
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irrigation, with many areas making use of camellones, or constructed raised fields with
irrigation ditches (Batchelor, 1980; Bouchard and Usselmann, 2006; Bray, 2008;
Denevan, 2001; 2006; de Fontainieu, 2006; Gondard and López, 2006; Knapp and Ryder,
1983). These fields help to reduce plant vulnerability to varying environmental conditions
while creating a ready source of fertile organic residue (in the form of dredged material
from the canals) to place on crops (Denevan, 2001; de Fontainieu, 2006; Gondard and
López, 2006; Knapp and Ryder, 1983). The fertilizing effect of the organic sediment
from the drainage ditches is difficult to determine. Studies of canal sediments from
experimental fields exhibit enhanced levels of nitrogen (primarily in the form of NH4+),
primarily due to the presence of N-fixing organisms within the canal systems (Biesboer et
al., 1999). It is likely that diazotrophic species (e.g., free-living cyanobacteria and
heterotrophic bacteria, and Anaebaena azollae, the cyanobacteria associated with the
water fern Azolla) in the canals of camellones contributed much of the nitrogen used by
the cropped plants either through irrigation or the direct deposit of aquatic plants/residues
onto the field themselves. Studies of similar species gathered along with sediment from a
Venezuelan floodplain reported low δ15Ncol values (+1.0 to +6.0‰), with samples
abundant in N-fixing cyanobacteria being most depleted of 15N (Hamilton and Lewis Jr.,
1992). It is possible that raised field systems would result in similarly low δ15Ncol values,
particularly if there was an abundance of N-fixing plants within the canals. If true, plants
cultivated on these fields might not show an extreme fertilizing effect and thus have
lower δ13Ccol and δ15Ncol values compared to plants fertilized with animal dung (Bogaard
et al., 2007; Szpak et al., 2012a, 2012b). The use of specialized agricultural practices
such as camellones would have also reduced the possibility of a grazing effect. The high
amount of maintenance needed to construct and maintain these fields, as well as the size
and shape the camellones, likely meant domestic animals were not allowed to forage in
the fields after harvesting, and thus grazing would not affect the soil or the plant isotopic
compositions (Craine et al., 2009; Knapp and Ryder, 1983).

2.6.3

Intra-Plant Variation

Intra-plant variation was also assessed for the 11 wild C3 plant samples (Table 2.1). The
assimilation, translocation and allocation of carbon and nitrogen into individual plant
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tissues can result in variations in the isotopic compositions beyond those seen due to
environmental factors (Evans, 2001; Marshall et al., 2008; Szpak et al., 2012b).
Intra-plant δ13Ccol variation ranged from ±0.0‰ (Monnina salicifolia) to ±1.4‰
(Dodondea viscosa) with the average variation for all wild C3 plants being ±0.5‰. Intraplant δ15Ncol variations were slightly larger, from ±0.4‰ (Pilea microphylla) to ±1.7‰
(Alterranthera pungens and Bidens anidcola), with the average difference being ±1.0‰.
The carbon- and nitrogen-isotope intra-plant variations are quite small compared to the
total wild C3 plant SDs (δ13Ccol = ±1.9‰, δ15Ncol = ±3.1‰). No patterning is seen
regarding which tissues have the highest or lowest δ13Ccol and δ15Ncol values, but this is
not unexpected due to the numerous environmental and physiological factors that can
affect tissue isotopic compositions (Choi et al., 2002; Evans, 2001; Handley and Raven,
1992; Postgate, 1998; Szpak et al., 2013).

2.6.4

Deer Diet

The divergence between the carbon and nitrogen isotopic compositions of the Quito
Basin deer likely reflects two distinct foraging/grazing patterns. The low δ13Ccol and

δ15Ncol values of the first group suggest that these deer were predominantly grazing on
wild C3 plants, which is corroborated by the position of these samples in the food web
model when the bone isotopic compositions are adjusted to reflect dietary values (Figure
2.2).

10

This dietary pattern is similar to that seen for Peruvian highland deer, suggesting

that white-tailed deer throughout the Andes were exploiting similar environments
(DeNiro, 1988).
The second grazing pattern, represented by the higher δ13Ccol and δ15Ncol values of the
second group of deer, shows some C4 plant contribution to the diet. Although wild C4
plants are available in the Quito Basin, they are sparse (Guérron per. comm.). It is more
likely the isotopic compositions measured for these animals reflect encroachment into

10

Food web model constructed using isotopic data from this study and comparative South American
studies. See Appendices A and B for the comparative data tables.
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Figure 2.2 Pooled Deer and NAIQ Rodent/Rabbit δ13Cdiet and δ15Ndiet Values

Faunal bone collagen isotope compositions adjusted to diet: δ13Ccol −5‰, δ15Ndiet −3.7‰ (Katzenberg,
2008; Szpak et al., 2012b).

into agricultural land and consumption C4 crops (i.e., maize).

11

White-tailed deer

(Odocoileus virginianus) thrive in edge environments and thus flourish in and around
areas cleared for crops and pastureland (Cormie and Schwarcz, 1994; Putman, 1988;
Stahl, 2003). Spanish accounts report that deer were extremely abundant throughout the
Quito Basin and many highland archaeological assemblages are dominated by deer
remains (Miller and Gill, 1990; Reitz, 1988; Salomon, 1986; Stahl and Athens, 2001).
The close proximity of deer populations near pre-Columbian settlements suggests that
there were ample opportunities for intrusion into crops. Numerous isotopic studies in
other regions of the world have investigated agricultural crop consumption by deer,

11

It is possible that the C4 signal represents crops other than maize. Studies on the Peruvian coast have
recently suggested that kiwicha, a C4 pseudo-cereal, might have also have contributed to pre-Columbian
diet (Cawallader et al., 2012). Although kiwicha was used extensively by the Inka, there is little evidence it
was cultivated/consumed on a regular basis in pre-Columbian Ecuador and so likely was not responsible for
the C4 signal in this case.
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suggesting it was a widespread phenomenon (e.g., Ketchum et al., 2009; Schwarcz et al.,
1985; White et al., 1993; White et al., 2001); however, there is very little previous
isotopic evidence of such behaviour in the Andean region (DeNiro, 1988; van der Merwe
et al., 1993).
In order to better examine the proportion of C3 versus C4 foods in the diet, the deer bone
collagen δ13Ccol values were plotted against the bone carbonate δ13Csc values (Figure 2.3).
The two groups have distinct differences in the patterning of their δ13Ccol and δ13Csc
values. The first group had δ13Ccol values ranging from −26.9 to −24.2‰ and δ13Csc
values from −12.3 to −9.6‰. The ranges for the first group are indicative of C3-based
diets, but whether they were consuming wild C3 plants or cultivated C3 plants is
unknown. The second group had δ13Ccol values ranging from −21.3 to −17.6‰ and δ13Csc
values from −6.8 to −6.1‰. Both the bone collagen and carbonate of the second group
show increased δ13C values indicating that C4 plants formed a significant portion of the
diet.
The fact that most deer did not show at least some maize consumption suggests that the
use of specialized cultivation practices such as camellones and the continual human
presence (and likely domestic dogs) in and around agricultural land could have limited
animal access to the crops. However, the variation in deer diet could also be suggestive of
these animals being obtained from different regions within the Quito Basin. Deer living
in the lower elevations where maize was the dominant cultivar might have been
consuming more maize compared to deer living in higher elevations where potatoes and
quinoa were grown more frequently.

2.6.5

Rodent/Rabbit Diet

As mentioned previously definitive identification of the rodent/rabbit remains was
difficult due to the lack of a comparative collection and the fact that many of the remains
were very similar. However, the isotopic compositions and thus the dietary patterns give
some indication as to what the species might be. The samples fall into three groups
representing three different dietary patterns. When adjusted to reflect δ13Cdiet and δ15Ndiet
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Figure 2.3 Pooled Deer and NAIQ Rodent/Rabbit Bone δ13Csc Versus δ13Ccol Values

In this model, placement on the δ13Csc axis denotes the ratio of C3 to C4 foods in the δ13Cdiet, and
positioning relative to the δ13Ccol axis denotes the ratio of C3 to C4 sources of protein (Froehle et al., 2012).

values, the bone isotopic compositions were compared to the hypothetical food web
model for the area (Figure 2.2). The first group is characterized by low δ13Ccol and δ15Ncol
values, suggestive of a C3 plant diet, while the second and third groups have higher
carbon isotopic compositions, suggesting the inclusion of C4 plants in their diets as well
as higher nitrogen isotopic compositions. When the rodent/rabbit δ13Ccol and δ13Csc
values are compared against one another, the separation between the three groups is less
distinct than the deer (Figure 2.3). This could be due to the proportion of C3 versus C4
foods in the diet being more varied in these animals, particularly those consuming a
mixed diet. The group consuming a primarily C4 diet however, has significantly higher

δ13Ccol values suggesting their diet was distinctly different from the other two groups.
The very low δ15Ncol values of the first group compared to other herbivores from the
same region (i.e., deer) suggests these samples represent rabbits. Rabbits often have
exceptionally low δ15Ncol values due to their specialized gut fermentation and the fact that
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rabbits eat their own faeces (Sponheimer et al., 2003; van Klinken et al., 2000). Early
Spanish documents and numerous zooarchaeological assemblages suggest that rabbits
were ubiquitous in the Quito Basin during the Integration Period suggesting the presence
of a number of rabbits at NAIQ is not unexpected (Miller and Gill, 1990; Newson, 1995;
Salomon, 1986; Stahl and Athens, 2001). Although it is likely that these samples were
rabbits, the lack of comparative collections from the area and other isotopic studies to
determine the environmental baseline for different fauna makes it impossible to know for
sure.
The second group of rodents/rabbits has higher δ13Ccol and δ15Ncol values compared to the
first group, suggestive of a mixed diet of C3 and C4 foods. The third group shows even
higher δ13Ccol and δ15Ncol values compared to the first and second groups, suggesting that
C4 foods (likely maize) make up a significantly bigger proportion of the diet for these
animals.
Interestingly, the isotopic compositions for the second and third groups are similar to
results reported for domestic cuy (guinea pig) in Peruvian isotopic studies (e.g., Finucane
et al., 2006; Williams, 2005).

12

A case could be made that the rodents in the second and

third groups are, in fact, cuy. Domestic cuy are fed on kitchen scraps (e.g., meat, bones,
etc.) and crop fodder, resulting in their isotopic compositions being enriched in 15N and
13

C relative to those seen for wild rodents, and in fact more similar to the humans caring

for them (Bolton, 1979; Finucane et al., 2006; Morales, 1995; Williams, 2005). Cuy have
been found in other archaeological sites in the Quito Basin and they are noted in Spanish
documents as a domestic animal that was raised, traded and consumed by pre-Columbian
groups in the area (Newson, 1995; Salomon, 1986; Stahl, 2005). The consumption of cuy
has had high ritual and cultural significance for indigenous groups throughout South
America for centuries (Bolton, 1979; Morales, 1995; Sandweiss and Wing, 1997; Stahl,
2003). Their presence at the site of NAIQ, which has been theorized to have been a
ceremonial centre used primarily for rituals and burial, would make sense (Aguilera,

12

See Appendices A and B for tables of comparative plant and faunal stable isotope data.
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2007). Although the second and third rodent groups show differences in the proportion of
C4 foods in their diet, this could be due to variation in diet by household or even possible
movement of these animals through trade. If the carbon and nitrogen isotopic
compositions of the second and third groups are in fact similar to humans living in the
Quito Basin, either at Tajamar or NAIQ, there is a strong likelihood that these animals
are locally raised domesticated cuy. In Chapter 3, I will discuss the possibility that these
rodents represent cuy.

2.6.6

Local Versus Non-Local

The relatively tight clustering of the carbon and nitrogen isotopic compositions of the
deer and rodent/rabbit groups in this study gives credence to the suggestion that they are
demonstrating regional dietary patterns. Deer can show wide variability in their δ13Ccol
and δ15Ncol values due to their high mobility and generalized diet (Cormie and Schwarcz,
1994; Putman, 1988). In the Quito Basin, the deer isotopic compositions at NAIQ and
Tajamar reflect two grazing patterns; a generalized dietary pattern (i.e., consuming a
variety of C3 wild plants) and a more mixed dietary pattern including some maize
consumption. When each of these grazing patterns is examined separately, very little
variability in carbon and nitrogen isotopic compositions is seen, suggesting these animals
are not highly mobile and are likely grazing within the Quito Basin. The lack of
substantial variations helps to reject the idea that trade brought some of these animals into
the Quito Basin. That hypothesis was an initial possibility, given that cuy, deer and rabbit
were documented as highly prized trade commodities throughout pre-Columbian
Ecuador, with cuy traded live in regional markets, and deer and rabbit meat often
transported over large distances in the form of chalona (sun-cured meat on bone)
(Salomon, 1986; Stahl, 2005). Analysis of bone structural carbonate δ18Osc values could
help to assess the possibility of migrating animals. This possibility will be examined in
Chapter 5.

2.7 Conclusion
The isotopic results presented here suggest that the Integration Period Quito Basin was
predominantly a C3 environment with wild animals generally having a C3 diet, similar to
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that seen elsewhere in the Andean region. The similarities among the modern plant
isotopic compositions (both wild and cultivated) suggest little if any variation due to
grazing or fertilizing. Archaeological plants in the Quito Basin likely had a similar
pattern due to the use of agricultural practices such as camellones, which would have
reduced the need for animal dung as a fertilizer. The results of this study demonstrate that
most deer were consuming C3 plants, but a small minority intruded into agricultural lands
and consumed maize. Although this practice has not been previously noted in isotopic
studies of South America, it is surprising that more deer have not been found consuming
maize, considering it was a, if not the, dominant crop throughout the Andean region
during this time period. Rodent/rabbit isotopic compositions also suggest differences in
dietary patterns. These differences possibly reveal a way to identify domestic species
such as cuy (which were consuming maize) from wild rodent/rabbit species (only eating
C3 plants) in the area based on their diet when comparative bone collections are not
available. The tight clustering of isotopic compositions for the wild fauna species within
the ranges measured for plants suggests that these animals were local to the Quito Basin
and confirms the robust nature of the food web model.
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Chapter 3

3

Reconstructing Domestic Faunal and Adult Human
Subsistence at Tajamar and NAIQ

3.1 Introduction
The main goal of this paper is to identify and interpret dietary patterns of the indigenous
groups that inhabited Tajamar and NAIQ and compare them to contemporaneous groups
in the Andean region. Bioarchaeology, and more specifically stable isotope analysis, have
become a vital avenue of study for many South American researchers trying to
reconstruct ancient diet (e.g., Finucane et al., 2006; Kellner and Schoeninger, 2008;
Knudson et al., 2012; Tomczak, 2003; Webb, 2010; Webb et al., 2013; White et al.,
2009; Williams, 2005). In Ecuador, however, little bioarchaeological research has been
undertaken, resulting in little being known about pre-Columbian life in the region. This
lack of research is particularly prevalent in the Quito Basin where the scarcity of sites, a
focus on exotic material objects, poor preservation due to acidic volcanic soils, the lack
of specialized researchers (e.g., bioarchaeologists), and the use of Spanish colonial
historical documents (written well after indigenous societies had been affected by the
arrival of the Inka and Spanish) to examine pre-Columbian life have resulted in very little
being known about highland indigenous daily life (Cieza [1553], 1969; Newson, 1995;
Salomon, 1986). Therefore, a secondary goal of this paper is to compare the results of the
present study with Spanish historical accounts detailing pre-Columbian life. This
comparison provides an opportunity to assess the validity of these documents for
examining how aboriginal groups lived before major outside influences affected them.
The present study is the first in-depth examination of pre-Columbian diet in the Quito
Basin during the Integration Period at multiple sites. First, carbon- and nitrogen-isotope
ratios of archaeological human and domestic faunal bone collagen from the sites of
Tajamar and NAIQ are used to reconstruct dietary patterns at each site. Second, carbonisotope ratios of structural carbonate are used to examine the protein portion of the diet in
more detail. Third, the relative contributions of various food resources in pre-Columbian
human diets are estimated using a stable isotope Bayesian mixing model SIAR (Stable
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Isotope Analysis in R). Finally, the isotopic results of the two sites are compared to other
Andean archaeological populations to assess regional differences.

3.2 Archaeological Background
3.2.1

Pre-Columbian Life in the Quito Basin

The Quito Basin has been occupied continuously for thousands of years, with sporadic
interruptions due to volcanic and seismic activity (Athens, 1998; Burger et al., 1994; Hall
and Mothes, 2008; Mayer-Oakes and Bell, 1960; Meggers, 1966; Myers, 1976; Valdez,
2008). Archaeological evidence suggests that during the Formative Period (3000 to 300
B.C.E.), the economy was largely based on hunting, fishing and gathering with some
preliminary agriculture (Meggers, 1966; Zarillo, 2012). Over time, this economic pattern
shifted to one focused more on agriculture with the latter part of the Regional
Development Period (300 B.C.E. to 500/600 C.E.) and the Integration Period (500/600 to
1532 C.E.) oflten dominated by the cultivation of maize (Meggers, 1966; Miller and Gill,
1990; Stahl, 2005).
This economic shift was associated with increasing urbanization, population size and
social and political complexity in many regions of the highlands, resulting in the
evolution of chiefdoms (Aguilera, 2007; Bray, 2008; Domínguez, 2009; Meggers, 1966;
Ubelaker and Newson, 2002; Valdez, 2008). These chiefdoms were generally made up of
small collections of households and villages (made up of ~70 to 400 people) clustered
around a central, ceremonially significant urban area where a noble ‘chief’ and his
dependents would live (Bray, 2008; Salomon, 1986). Archaeological and historical
evidence of differences in habitation, diet, health, occupation, access to sumptuary goods,
and mortuary practices suggests the existence of social status separation in these
chiefdoms (e.g., Ubelaker et al., 1995; Verano, 1995), but the definitive identification of
different social statuses (e.g., elites versus non-elites) has been difficult due to a lack of
identifiable patterns (Aguilera, 2007; Bray, 2008; Cuéllar, 2009; 2013; Domínguez,
2009).
Archaeological research throughout the region indicates maize was likely one of the
dominant crops after 500/600 C.E., but early Spanish accounts mention that a wide
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variety of cultivars were grown throughout the Quito Basin, including tubers, fruits,
vegetables, beans, and legumes, which is confirmed by starch residue and phytolith
analyses (Cieza, [1553], 1969; Newson, 1995; Salomon, 1986; Zarillo, 2012). This
agricultural diversity was particularly apparent in areas having camellones (i.e., raised
fields); the use of both the raised fields and flooded irrigation canals would have provided
a greater range of resources compared to other agricultural systems (Bray, 2008;
Caillavet, 2006; Knapp and Ryder, 1983).
Domestic animals such as camelids (specifically llamas), cuy, and dogs were present in
the Quito Basin before the Integration Period but only after 600 C.E. do these animals
(particularly camelids) dominate faunal assemblages at sites such as Cochasqui (Bonavia,
2008; Brotherston, 1989; Browman, 1989; Miller and Gill, 1990). Although Spanish
records mention the presence of large herds of llamas in the valley, these animals were
used more as pack animals than as a dietary item (Cieza, [1553], 1969; Salomon, 1986).
When llamas are mentioned in connection to human consumption, it is in the context of
feasting rituals, suggesting llamas might not have been part of the everyday indigenous
diet in the Quito Basin during the Integration Period (Salomon, 1986). It is not known
how camelids were managed by pre-Columbian groups in the Quito Basin, but animal
management strategies were likely similar to those in Peru where domestic camelids
(such as llamas) were grazed in C3 pastures, foddered on agricultural crops, and/or a
combination of the two (Bonavia, 2008; Finucane, 2007; Finucane et al., 2006; Izeta et
al., 2009; Thornton et al., 2011; Tieszen and Chapman, 1995). Cuy remains have been
found as early as the Formative period in the Quito Basin, but whether they were
consumed or not by pre-Columbian groups in the region is unknown (Stahl, 2003a). It is
possible that cuy played a similar role in the Integration Period indigenous society as they
do now, being raised in the house and only consumed during ceremonial feasts (Archetti,
1997; Bolton, 1979; Morales, 1995). Ethnohistorical and archaeological sources suggest
domestic dogs in the pre-Columbian Ecuadorian highlands were likely not consumed as
food, but instead played other roles, such as guard animals, hunting companions, and
status symbols (Salomon, 1986; Wing, 1989).
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Wild animal species were part of the indigenous diet right up to Spanish Contact
(Newson, 1995; Salomon, 1986; Stahl, 2003a, 2003b; Stahl and Athens, 2001). The
remains of numerous birds, small and large mammals, reptiles, fish, and molluscs are
found throughout highland zooarchaeological assemblages (Newson, 1995; Salomon,
1986; Stahl, 2003b; Stahl and Athens, 2001). Deer, rabbit and partridges were highly
prized as specialty dietary items, with access to these animals preferentially given to the
elites; however, commoners were not forbidden from hunting them (Salomon, 1986;
Super, 1988). It is likely that local resources made up the predominant portion of the
indigenous diet, but extensive trade routes existed throughout the Quito Basin enabling
access to non-local agricultural products such as salt, peppers, dried coastal fish, and
jungle animals from the Amazon such as tapirs and monkeys (Aguilera, 2007; Bray,
2008; Domínguez, 2009; Newson, 1995; Salomon, 1978; 1986; 1987; Stahl and Athens,
2001; Valdez, 2008).

3.2.2

Tajamar

The site of Tajamar is located in the northern outskirts of the capital city of Quito in the
Pomasqui valley. It lies at roughly 2200 to 2300 m.a.s.l. along the edge of the valley
overlooking the Rio Monjas, a tributary of the larger Rio Guayllabamba (Figure 2.1). The
area is high mountain dry forest with precipitation between 500 to 1000 mm/year and
annual temperatures ranging from 18 to 22°C during the day and falling to −2°C during
the night (Domínguez, 2009). Although rainfall is scarce for much of the year, the region
is seasonally green, with a variety of cultigens grown along the river valley using
irrigation (Salomon, 1986).
Extensive excavations under the supervision of Dr. Victoria Domínguez were conducted
at the site up to 2008. The site had two periods of occupation. The first occupation dated
to the Formative Period (3000 to 300 B.C.E.) and was characterized by a small village
(evidenced by small circular structures containing hearths and middens) occupying the
east side of the site. Remains of ceramic making, cooking, and stonework were found
associated with the houses. Analysis of starch residues from ceramics found evidence that
maize, legumes, potatoes, and oca were present at the site (Zarillo, 2012). These results
agree with palaeobotanical evidence from the other Formative Period sites, indicating that
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agriculture was well established in the region by this period (Bruhns, 2003; Zarillo,
2012). No burials were found associated with this occupation. The site then appeared to
have been abandoned following the eruption of the Pululagua volcano around 300 B.C.E.,
which deposited a layer of tephra almost 10 cm thick on the village (Domínguez, 2009).
The site was reoccupied early during the Integration Period (500/600 to 1530s C.E.) and
remained inhabited throughout this period. This occupation saw major expansion of the
site, with both domestic (middens, structures, hearths, etc.) and burial (tombs, associated
ceremonial structures, etc.) contexts identified. Over 100 Integration Period tombs were
excavated, showing wide diversity in tomb size, shape, burial position, number of
individuals and funerary offerings (Domínguez, 2009). The artifact assemblage is largely
made up of local ceramic, stoneware, and plant and faunal species, suggesting that
agriculture was the main occupation at the site for most individuals. However, the
presence of exotic goods such as Spondylus shell beads, obsidian flakes, and tumbaga
(gold-plated copper) ornaments in a number of the larger, more elaborate tombs suggests
possible differences in social/political status at the site, corresponding with evidence from
the nearby Regional Development period site of La Florida (Ubelaker et al., 1995). The
majority of the buried individuals were in a good state of preservation and individuals
from all age ranges and sexes were identified (Guevara, per. comm.). A number of
individuals exhibited signs of cranial modification, a practice more often found on the
Ecuadorian coast but not unheard of in the highlands (Munizaga, 1976; Ubelaker, 1981).

3.2.3

NAIQ

The site of Neuvo Aeropuerto Internacional de Quito (NAIQ), is located northeast of
Quito, near the village of Tababela (Figure 2.1). The region is lower, hotter and drier
compared to locations further south, with a combination of mixed desert and irrigable
river margins (Aguilera, 2007; Salomon, 1986). Native plants are often shrubs and small
trees, but around the rivers plants become more diverse, and the high fertility of the soil
along the water allows a wide variety of cultigens to be grown (Solís, 1962).
The site was first discovered during preliminary field surveys at the location for the new
Quito International Airport. First-stage excavations were conducted from 2004 to 2006
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under the supervision of Dr. María Aguilera and Stefán Bohórquez in order to remove
cultural remains from the construction site (Bohórquez, per. comm.). At least 7 different
burial areas were identified, clustered into two necropolises dating to the latter part of the
Regional Development Period (300 B.C.E. to 500/600 C.E.) and the Integration Period
(500/600 to 1530 C.E.). In total, over 600 tombs were excavated revealing a wide variety
of tomb patterns, grave goods (including ceramics, metal objects, shell and faunal
remains) and burial positions. A number of tombs held exotic goods such as mother-ofpearl, non-local pottery, and copper ornaments; their presence suggests that
social/political differences might have existed in society (Aguilera, 2007). Although a
number of structures were identified, all have been identified as ceremonial, similar to
those seen as La Florida (Aguilera, 2007). No habitation areas have been found in
connection with the cemeteries even with the commencement of new excavations at the
site in 2010 (Aguilera, 2007; Bohórquez, per. comm.). The large number of diverse
tombs and the lack of domestic structures has led researchers to theorize that NAIQ was
primarily a centralized ceremonial and burial centre for a group (or groups) living
elsewhere.

3.3 Isotopic Approaches to Reconstructing Human Diet
The reconstruction of palaeodiet in archaeological human populations is a wellestablished methodology requiring the same initial procedures as described in Section
2.3. Recently, O’Connell et al. (2012) have suggested that the ∆15Ncol-diet spacing in
humans is likely larger (conservatively −4.6‰) than typically assumed in the
archaeological literature (~−3.7‰), which was determined using faunal studies
(Bocherens and Drucker, 2003; Katzenberg, 2008; Szpak et al., 2012b). In this study, a
∆15Ncol-diet spacing of −4.6‰ is used for humans, a ∆15Ncol-diet spacing of −3.7‰ is used
for fauna, and ∆13Ccol-diet spacing of −5‰ is used for both humans and fauna. Unless
otherwise stated, the carbon and nitrogen isotopic compositions presented in the text
represent bone collagen δ13Ccol and δ15Ncol values.
Stable isotope mixing models (SIMMs) are gaining popularity among stable isotope
researchers for estimating the relative contributions of assimilated dietary sources to
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animal tissues (Arcini et al., 2012; Blumental et al., 2012; Bocherens et al., 2005;
Boecklen et al., 2011; Dodge et al., 2011; Fox-Dobbs et al., 2012; Hopkins and Ferguson,
2012; Inger et al., 2006; Mays and Beavan, 2012; Navarro et al., 2010; Newsome et al.,
13

2004). Bayesian SIMMs such as Stable Isotope Analysis in R (SIAR) address some
limitations of earlier models such as IsoSource. SIAR, for example, enables sources of
uncertainty and variability (such as trophic fractionation factors) and prior information to
be incorporated into the calculations and can allow multiple dietary sources to be
examined (Hopkins and Ferguson, 2012; Parnell et al., 2010; Phillips and Gregg, 2003).
Using consumer isotopic data and the information provided for possible diet sources,
SIAR presents the range of possibilities as probability distributions (Hopkins and
Ferguson, 2012; Parnell et al., 2010; Witteveen et al., 2012).
There are a number of caveats to keep in mind when using SIMMs such as SIAR. First,
although the model currently assumes that assimilated nutrients are completely
homogenized in the body of the consumer prior to tissue synthesis, this is not always the
case (Parnell et al., 2010). Carbon in bone collagen is largely derived from dietary protein
instead of the whole diet (protein, lipids and carbohydrates) (Ambrose, 1993; Jim et al.,
2004; van der Merwe and Vogel, 1978). In addition, the routing of assimilated nutrients
can vary depending on dietary quality, health of the consumer and tissue turnover rates
(e.g., in cases of low protein diets, bone collagen will derive carbon from other portions
of the diet such as lipids and carbohydrates, in addition to protein) (Ambrose and Norr,
1993; Codron et al., 2012; Jim et al., 2004; Krueger and Sullivan, 1984; Tieszen and
Fagre, 1993). Second, while SIAR can produce precise estimates, the underlying model
may remain undermined (i.e., the model does not take into account unknown sources)
(Parnell et al., 2010). This is a significant problem in archaeological research due to the
preferential preservation of certain sources such as large mammals over more delicate
sources such as fish, birds and insects (Reitz and Wing, 1999; Ugan and Coltrain, 2012).
Third, SIMMs are highly sensitive to variation in trophic enrichment factors (TEFs) with
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SIAR is a software package within R, which is a free software environment for statistical computing and
graphics (R Development Core Team, 2008).
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the estimated proportion of each diet component significantly affected through the use of
different TEFs (Bond and Diamond, 2011). Although this is potentially a major problem
for all researchers wanting to use SIMMs (e.g., Caut et al., 2009), it is particularly
problematic for archaeologists because there is no definitive consensus on the TEFs that
should be used for humans (please see above). Thus the determination of precise TEFs
and the consistent use of these specific TEFs are critical for accurate diet estimates and
for comparative purposes. Recognizing these complications and understanding the
limitations of SIMMs is vital for the results of these models to be interpreted wisely.
Finally, it must be understood that stable isotope analysis of archaeological humans must
not only take into account possible variations due to environmental, physiological,
metabolic and pathological factors, but also should understand how cultural practices,
individual actions and decisions and societal food norms and taboos might affect isotopic
compositions. The isotopic data need to be examined within specific cultural frameworks
identified through archaeological, ethnohistorical and previous isotopic research in order
to reconstruct ancient diet as accurately as possible (Bretall et al., 2012; Finucane et al.,
2006; Katzenberg, 2008; Müldner and Richards, 2007; White, 2005; White et al., 2001;
Wright et al., 2001; Yesner et al., 2003).

3.3.1

Ancient Andean Diet: An Isotopic Overview

The lack of previous isotopic studies in Ecuador has made it difficult to identify and
compare local human dietary patterns. However, isotopic studies from different regions
of South America do give some indication of broad regional patterns. Maize was present
in the diet of all pre-Columbian groups in the highlands and on the coast, but the amount
consumed varied between and within groups, which some researchers have interpreted as
possible evidence of social status differences (Finucane et al., 2006; Kellner and
Schoeninger, 2008; Staller, 2006; Tykot et al., 2006; Ubelaker et al., 1995). Although
maize was ubiquitous, C3 plants such as potatoes and quinoa were also eaten, often
resulting in a mixed diet of C3 and C4 plant resources (Burger and van der Merwe, 1990;
Finucane, 2007; Finucane et al., 2006; Kellner and Schoeninger, 2008; Tomczak, 2003;
Ubelaker et al., 1995; van der Merwe et al., 1993; Webb, 2010; Webb et al., 2013;
Williams, 2005; Zarillo, 2012). At coastal sites, marine resources made up a large part of
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the diet (DeNiro, 1988; van der Merwe et al., 1993; White et al., 2009), but terrestrial
animals and plants were also consumed at some sites (Kellner and Schoeninger, 2008;
Slovak and Paytan, 2011; Webb, 2010; Webb et al., 2013; Williams, 2005). In the
highlands, marine resource use was not common. Instead, terrestrial species such as
camelids were the dominant source of animal protein at most sites, although the amount
of meat consumed varied by site, time period and/or in some instances, by social status
(Finucane, 2007; Finucane et al., 2006; Kellner and Schoeninger, 2008; Ubelaker et al.,
1995). The diets at Tajamar and NAIQ were likely similar to other highland sites in South
America; maize was consumed along with a variety of C3 plants, and wild animals in
addition to domestic species, provided readily available protein.

3.4 Methods
3.4.1

Sampling

Eighty-four (84) adult human bone samples (Tajamar n=53, NAIQ n=30), as well as 32
domestic fauna, representing 20 camelids and 12 canids, were collected with the generous
permission of the Instituto Nacional de Patrimonio Cultural (INPC) of Ecuador and the
cooperation of Stefán Bohórquez and Dr. Victoria Domínguez. The Tajamar samples all
dated to the Integration Period; 35 humans and all the fauna samples dated to the Early
Integration Period (600-900 C.E.) while 17 human samples dated to the Late Integration
Period (~1200 C.E.). All samples from NAIQ are contemporaneous with the Early
Integration Period Tajamar samples. Sampling preference was given to individuals who
were well-preserved and could be sexed and aged using methods described by Buikstra
and Ubelaker (1994). Preservation was problematic at NAIQ, where water had damaged a
number of burials and limited the number of individuals available for sampling
(Bohórquez, per. comm.). Carbon- and nitrogen-isotope analysis was performed on bone
collagen samples and carbon-isotope measurements were made for bone structural
carbonate.

3.4.2

Laboratory Procedures

Bone collagen and bone carbonate samples were prepared for isotopic analysis following
the procedures presented in Section 2.4.2.
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Carbon- and nitrogen-isotope ratios were obtained using a Costech elemental combustion
system (ECS4010) coupled to a Thermo-Finnigan DeltaPlusXL stable-isotope-ratio massspectrometer. The δ13Ccol values were calibrated to VPDB using IAEA-CH-6 and NBS22 and the δ15Ncol values were calibrated to AIR using IAEA-N2 and USGS-40. The
human samples had a reproducibility of ±0.1‰ for both δ13Ccol and δ15Ncol (n=8), while
14

the faunal sample reproducibility was ±0.0‰ for δ13Ccol and ±0.05‰ δ15Ncol (n=8).

Both international and internal standards were used to assess the accuracy and precision
of measurements. USGS-40 (only for carbon) and USGS-41 were analyzed as unknowns
in order to assess the accuracy and precision of measurements. USGS-40 (n=32) and
USGS-41 (n=30) had average δ13Ccol values of −26.4±0.1‰ and +37.8±0.4‰
respectively, which are in good agreement with their accepted values of −26.4‰ and
+37.6‰ (Coplen et al., 2006; Qi et al., 2003). USGS-41 (n=31) had an average δ15Ncol
value of +47.4±0.6‰, close to its accepted value of +47.6‰ (Coplen et al., 2006; Qi et
al., 2003). The internal laboratory standard (keratin) (n=57) gave average δ13Ccol and

δ15Ncol values of −24.1±0.1‰ and +6.3±0.3‰, which are in good agreement with its
accepted values (δ13Ccol = −24.0‰, δ15Ncol = +6.4‰). To assess methodological
reproducibility of bone collagen, extraction and analysis was duplicated for ~10% of the
15

faunal and human samples.

For the human samples, reproducibility was ±0.3‰ for

δ13Ccol and ±0.2‰ for δ15Ncol (n=7) and for faunal samples, reproducibility was ±0.1‰
for δ13Ccol and ±0.2‰ for δ15Ncol (n=5).
Structural carbonate carbon-isotope ratios (δ13Csc) were obtained using a Multiprep
automated sampling device coupled with a VG Optima IRMS in dual-inlet mode
employing the analytical protocol developed by Metcalfe et al. (2009). The δ13Csc values
were calibrated relative to VPDB using NBS-19 and Suprapur. Sample reproducibility
was ±0.1‰ and ±0.1‰ for δ13Csc for adult humans (n=7) and fauna (n=3), respectively.

14
15

All isotopic data presented as ±1SD.

Sample replicates represent separate isotopic analyses of the same previously prepared sample; method
replicates represent results for portions of the original sample that were prepared independently at all stages
of the procedure (physical cleaning, chemical isolation and isotopic analysis).
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The international standard NBS-18, analyzed as an unknown, had an average δ13Csc value
of −5.0±0.2‰ (n=24), which is in good agreement to its accepted value of −5.0‰
(Coplen et al., 2006). The internal laboratory standard (WS-1) had average δ13C =
+0.7±0.1‰ (n=15), matching its accepted value of +0.8‰. Sample method
reproducibility of δ13Csc for adult humans and fauna were ±0.2‰ (n=3) and ±0.5‰
(n=2), respectively.

3.4.3

16

Statistical Analyses

All statistical analyses were performed in SPSS 20. Homogeneity of variance was
assessed using Levene’s test. Comparison of means was analyzed using a student t-test if
variance was homoscedastic or a Mann-Whitney U-test if variance was not
homoscedastic. A one-way analysis of variance (ANOVA) was used for comparison of
variables. If variance was equal, a post hoc Tukey’s honestly significant difference
(HSD) statistic was applied. If variance was not equal, a Dunnett’s T3 test statistic was
used. For all statistical analyses, a significance level of p<0.050 was used.

3.5 Results
3.5.1

Sample Integrity

Bone collagen samples were assessed for post-mortem alteration using collagen
abundance and C/N ratios. The human mean collagen yield was 5.6% (by weight) with 29
samples (Tajamar n=11, NAIQ n=18) having yields less than 1% which was determined
17

to be the cutoff for acceptable values (DeNiro and Weiner, 1988).

When those samples
18

are removed from the analysis of the bone collagen, the mean yield increases to 7.7%.

16

The limited number of method replicates reflects the loss of most of these samples during a failed
instrumental session.
17

The high number of samples with low collagen yields at NAIQ was not unexpected as preservation at
the site was poorer than at Tajamar.
18

Only bone samples with unacceptable collagen and carbonate were completely eliminated from study. In
cases where the sample had either accepatable bone collagen or bone carbonate isotopic compositions, said
sample was kept for the analysis of the unaltered tissue.
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The human mean C/N ratio was 3.2±0.1, falling within the modern collagen C/N ratio
range of 2.9 to 3.6 (Ambrose, 1993). One sample (NPC10.1) had an extremely different
C/N ratio (4.2), suggesting post-mortem alteration, and its bone collagen was eliminated
from further consideration. The faunal mean collagen yield was 11.4% and the mean C/N
ratio was 3.2±0.1 with no samples with yields less than 1% and all C/N ratios were within
the accepted range.
Untreated bone carbonate samples were assessed for post-mortem recrystallization of
bioapatite using the crystallinity index (CI) and carbonate/phosphate (C/P) ratios, which
were calculated from data produced using Fourier Transform Infrared Spectroscopy
(FTIR) (Pucéat et al., 2004; Surovell and Stiner, 2001; Weiner and Bar-Yosef, 1998). For
the Tajamar adult human samples, the mean CI was 3.2±0.4 and the C/P ratio was
0.3±0.1, while the NAIQ adult human samples had a mean CI of 3.9±0.4 and a mean C/P
ratio of 0.2±0.0. The faunal mean CI was 2.8±0.2 and the C/P ratio was 0.5±0.2. The
Tajamar and faunal values are within the range of modern bone, which has CI values
ranging from 2.1 to 3.5 and C/P ratios of 0.2 to 0.7 (King et al., 2011; Nagy et al., 2008;
Pucéat et al., 2004; Sponheimer and Lee-Thorp, 1999; Stiner et al., 1995; Szostek et al.,
2011; Thompson et al., 2009; Weiner and Bar-Yosef, 1990; Yoder, 2012). Although the
NAIQ human bone samples fell outside the modern ranges, their CI and C/P ratios do fall
within the accepted range for preserved archaeological bone (CI = 2.8 to 4.0, C/P = 0.1 to
0.7), suggesting these samples still contain primary carbonate (Nagy et al., 2008;
Sponheimer and Lee-Thorp, 1999; Thompson et al., 2009). To further test the possibility
of post-mortem contamination, the human bone δ13Csc values at each site were compared
against the C/P ratios (Figures 3.1 and 3.2). Low C/P ratios have been related to high

δ13Csc values in some archaeological studies suggesting there is a weak correlation
between the two (Wright and Schwarcz, 1996). No correlation was present between the
human δ13Csc values and C/P ratios at NAIQ or Tajamar, suggesting that the bone
19

carbonate carbon isotopic compositions of both sites can be considered unaltered.

19

The human bone samples from both sites also had δ18Osc values that had no correlation between C/P
ratios and CI, which is another suggestion that the samples are largely unaffected by post-mortem alteration
(see Chapter 5 for more detail).
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Figure 3.1 Tajamar Human Bone δ13Csc Values Versus C/P Ratio

Figure 3.2 NAIQ Human Bone δ13Csc Values Versus C/P Ratio
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In addition to calculating CI and C/P ratios, the FTIR spectra for each sample were
examined to assess contamination on an individual level. The FTIR spectrum for one
human sample (TCP51) and one faunal sample (FNCP24) showed a small calcite peak
around 711cm-1, while a further 16 spectra showed a small francolite peak at 1096cm-1.
Treatment with acetic acid has been reported to remove secondary (i.e., post-mortem)
carbonate deposits from bioapatite (Garvie-Lok et al., 2003; Nagy et al., 2008; Wright
and Schwarcz, 1996). During sample preparation, all samples were pretreated using
acetic acid according to the protocol outlined by Metcalfe et al. (2009) to reduce the
possibility of contamination by secondary carbonate. After pretreatment, the potentially
contaminated samples identified above were reanalyzed along with a subset of samples
that did not show any unusual FTIR peaks to assess if the secondary carbonate had in fact
been eliminated. On average, the CI ratios of treated samples decreased by 0.7 while C/P
ratios increased by 0.4 compared to untreated samples. After re-analysis, FNCP24
continued to show a secondary calcite FTIR peak at 711cm-1 while only TCP60 and
NCP27 continued to have a distinct francolite peak at 1096cm-1 and therefore these three
samples were eliminated from further consideration.

3.5.2

Stable Isotope Results for Camelids

The camelid isotopic data are summarized in Table 3.1. The camelid carbon and nitrogen
isotopic compositions appear to be distinct between the sites (δ13Ccol t-test, p<0.003,

δ15Ncol t-test, p<0.018). The Tajamar samples (n=13) have a mean bone δ13Ccol value of
20

−14.9±1.9‰ and a mean bone δ15Ncol value of +7.0±0.9‰. The NAIQ samples (n=7)
have a mean bone δ13Ccol value of −12.2±0.8‰ and a mean δ15Ncol value of +8.2±1.2‰.
Like the bone collagen, the bone carbonate isotopic compositions show statistically
significant differences between the sites (δ13Csc Mann-Whitney U-test, p<0.024). The 12
Tajamar camelid samples have a mean bone carbonate δ13Csc value of −6.7±1.7‰ while
the 6 NAIQ samples have a mean δ13Csc value of −4.8±0.8‰.

20

Mean isotopic results presented with ±SD‰ here and elsewhere.
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Table 3.1 Tajamar and NAIQ Camelid Bone Stable Isotope Results

3.5.3

Sample ID

δ13Ccol (‰, VPDB)

δ15Ncol (‰, AIR)

δ13Csc (‰, VPDB)

Tajamar
FTCP01
FTCP05
FTCP07
FTCP09
FTCP10
FTCP11
FTCP13
FTCP14
FTCP21
FTCP23
FTCP26
FTCP27
FTCP30
Average
SD

−11.7
−15.4
−16.1
−14.9
−11.9
−14.0
−15.5
−15.9
−18.6
−12.8
−15.7
−15.9
−14.7
−14.9
1.9

+7.8
+7.8
+7.3
+6.0
+6.7
+6.4
+7.7
+6.6
+5.8
+8.2
+5.5
+8.0
+6.7
+7.0
0.9

−4.9
−7.6
−8.3
−6.0
−4.8
−5.1
−7.0
−8.0
−9.0
−5.9
−4.9
−9.2

−6.7
1.7

NAIQ
FNCP01
−11.5
+8.8
FNCP02
−13.8
+5.7
FNCP05
−12.3
+8.1
FNCP22
−12.1
+8.7
FNCP24
−12.5
+9.6
FNCP36
−11.5
+8.3
FNCP39
−12.0
+8.2
Average
−12.2
+8.2
SD
0.8
1.2
 Insufficient collagen/carbonate for analysis

−4.4
−6.0
−5.0
−5.2

−4.0
−4.0
−4.8
0.8

Stable Isotope Results for Canids

The canid isotopic data are summarized in Table 3.2. Only one canid (FNCP27) was
sampled from NAIQ and had bone collagen and bone carbonate isotopic compositions
falling within the range determined for the Tajamar canids. Accordingly, the canid
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Table 3.2 Tajamar and NAIQ Canid Bone Stable Isotope Results
Sample ID

δ13Ccol (‰, VPDB)

δ15Ncol (‰, AIR)

δ13Csc (‰, VPDB)

Tajamar
FTCP03
FTCP12
FTCP16
FTCP17
FTCP18
FTCP19
FTCP20
FTCP24
FTCP25
FTCP28
FTCP29
Average
SD

−10.8
−7.9
−11.9
−9.1
−8.4
−8.7
−8.1
−8.3
−8.8
−9.1
−7.3
−8.9
1.3

+8.7
+9.2
+7.2
+9.2
+8.2
+9.0
+9.2
+7.9
+7.3
+8.1
+9.9
+8.5
0.9

−4.9
−3.2
−6.1
−3.8
−2.9
−4.0
−3.1
−3.7
−4.1
−4.7
−2.6
−3.9
1.0

NAIQ
FNCP27

−8.3

+7.3

−3.6

samples were grouped together for future discussion. The 12 bone samples have mean

δ13Ccol, δ15Ncol and δ13Csc values of −8.9±1.3‰, +8.4±0.9‰ and −3.9±1.0‰ respectively.

3.5.4

Stable Isotope Results for Humans

The isotopic results for 52 human samples from Tajamar and 30 samples from NAIQ are
summarized in Table 3.3. Three individuals from Tajamar (TCP18, TCP25, TCP30) and
4 from NAIQ (NCP05, NCP06, NCP22, NCP24) had significantly different carbon
isotopic compositions compared to the other individuals at their respective sites. When
examined in more detail, the outliers from Tajamar resemble the results for the main
population at NAIQ, while the NAIQ outliers are comparative to the results for the
Tajamar population. Due to the possibility that these unusual samples might represent
non-local migrants (which could skew interpretation of general diet at each site), they
will be examined separately in Chapter 5 along with the bone and late-forming tooth

δ18Osc values. Once these samples were removed, the Tajamar group mean δ13Ccol, δ15Ncol

62

and δ13Csc values changed to −9.1±1.1‰, +8.6±1.1‰ and −4.4±1.1‰ respectively, while
the NAIQ values changed to −18.6±0.3‰, +8.0±0.7‰ and −11.9±0.6‰.
Table 3.3 Tajamar and NAIQ Adult Human Bone Stable Isotope Results
Time Range

Age

Sex

δ13Ccol
(‰, VPDB)

TCP01

Early Int.

Teen

F

−9.8

+7.9

−3.8

TCP02

Early Int.

Yng Ad.

F

−9.2

+7.6

−4.0

TCP05

Early Int.

Yng Ad.

N/D

−7.5

+9.2

−3.2

TCP06

Early Int.

Mid Ad.

M

−7.8

+9.5

−3.3

TCP07

Early Int.

Mid Ad.

M

−8.7

+8.9

−4.7

TCP09

Early Int.

Yng Ad.

F

−9.6

+7.1

−4.6

TCP10

Early Int.

Yng Ad.

M

−8.4

+8.5

−3.5

TCP11

Early Int.

Yng Ad.

F

−10.1

+7.7

−4.6

TCP12

Early Int.

Yng Ad.

M

−7.9

+8.6

−2.5

TCP14

Early Int.

Yng Ad.

M

−10.9

+8.0

−6.0

TCP15

Early Int.

Teen

M

−8.6

+8.5

−2.9

TCP17

Early Int.

Mid Ad.

F

−9.8

+8.5

−4.7

TCP18

Early Int.

Teen

M

−17.8

+7.7

−11.5

TCP19

Early Int.

Teen

N/D

−11.5

+5.6

−3.5

TCP20

Early Int.

Teen

F

−10.1

+7.2

−4.8

TCP21

Early Int.

Teen

F

−11.0

+6.7

−6.2

TCP22

Early Int.

Yng Ad.

F

−7.8

+8.4

−3.2

TCP24

Early Int.

Yng Ad.

F

−9.4

+8.3

−4.0

TCP25

Early Int.

Mid Ad.

M

−17.8

+10.1

−10.8

TCP26

Early Int.

Yng Ad.

F

−9.1

+8.7

−3.9

TCP28

Early Int.

Yng Ad.

F

−9.0

+9.0

−4.6

TCP29

Early Int.

Teen

M

−8.3

+11.0

−3.4

TCP30

Early Int.

Yng Ad.

M

−14.2

+9.5

−7.5

TCP32

Early Int.

Yng Ad.

M

−9.5

+8.2

−5.7

TCP47

Early Int.

Yng Ad.

F





−5.5

TCP48

Early Int.

Yng Ad.

M

−8.8

+10.2



TCP49

Early Int.

Yng Ad.

M

−10.4

+9.5

−5.7

TCP51

Early Int.

Yng Ad.

M

−7.5

+8.6

−4.4

TCP63

Early Int.

Mid Ad.

F

−9.1

+7.9

−4.6

TCP64

Early Int.

Yng Ad.

F

−8.9

+8.9

−4.3

TCP65

Early Int.

Mid Ad.

F

−10.9

+7.2

−5.5

TCP66

Early Int.

Yng Ad.

M

−8.8

+10.2

−4.4

TCP67

Early Int.

Yng Ad.

F





−4.3

Sample ID

δ15Ncol
(‰, AIR)

δ13Csc
(‰, VPDB)

Tajamar
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Sample ID

Time Range

Age

Sex

δ13Ccol
(‰, VPDB)

δ15Ncol
(‰, AIR)

δ13Csc
(‰, VPDB)

TCP71

Early Int.

Mid Ad.

F

−9.0

+9.4

−5.3

TCP73

Early Int.

Teen

N/D

−9.5

+9.0

−5.4

TCP34

Late Int.

Teen

N/D





−3.8

TCP35

Late Int.

Yng Ad.

N/D

−8.0

+9.8

−2.9

TCP37

Late Int.

Yng Ad.

N/D





−3.6

TCP38

Late Int.

Yng Ad.

N/D





−4.1

TCP39

Late Int.

Teen

N/D

−7.2

+9.6

−2.6

TCP40

Late Int.

Mid Ad.

N/D





−4.7

TCP41

Late Int.

Mid Ad.

M

−7.7

+10.4

−4.1

TCP42

Late Int.

Yng Ad.

N/D

−9.0

+8.7

−3.5

TCP43

Late Int.

Yng Ad.

N/D

−7.9

+9.8

−3.8

TCP45

Late Int.

Yng Ad.

M

−10.1

+8.6

−6.4

TCP52

Late Int.

Teen

N/D

−11.3

+7.3

−6.5

TCP55

Late Int.

Yng Ad.

M

−7.8

+9.6

−3.6

TCP56

Late Int.

Yng Ad.

M

−8.8

+7.7

−3.5

TCP57

Late Int.

Teen

N/D

−7.6

+8.5

−3.4

TCP58

Late Int.

Yng Ad.

M





−4.6

TCP59

Late Int.

Yng Ad.

N/D





−5.8

TCP61

Late Int.

Yng Ad.

F





−6.8

Average

−9.6

+8.6

−4.7

SD

2.3

1.1

1.7

NAIQ
NCP01

Early Int.

Mid Ad.

N/D





−12.2

NCP02

Early Int.

Teen

N/D

−19.0

+7.1

−11.1

NCP03

Early Int.

Mid Ad.

M

−18.7

+8.0

−11.3

NCP04

Early Int.

Mid Ad.

M

−18.7

+8.2

−11.5

NCP05

Early Int.

Teen

F





−4.6

NCP06

Early Int.

Yng Ad.

M

−12.6

+6.8

−4.4

NCP07

Early Int.

Teen

F

−18.3

+7.8

−12.3

NCP08

Early Int.

Mid Ad.

F

−18.8

+7.4

−13.1

NCP09

Early Int.

Yng Ad.

M





−12.2

NCP10

Early Int.

Yng Ad.

F





−11.8

NCP11

Early Int.

Mid Ad.

M





−12.5

NCP13

Early Int.

Mid Ad.

M





−12.8

NCP14

Early Int.

Yng Ad.

N/D





−12.0

NCP15

Early Int.

Yng Ad.

M





−12.2

NCP20

Early Int.

Mid Ad.

M

−19.0

+8.1

−11.9

NCP22

Early Int.

Mid Ad.

N/D

−8.1

+9.8

−3.1

64

Sample ID

Time Range

Age

Sex

δ13Ccol
(‰, VPDB)

NCP23

Early Int.

Mid Ad.

F

−18.6

+9.7

−11.5

NCP24

Early Int.

Yng Ad.

M





−3.9

NCP25

Early Int.

Yng Ad.

M





−10.5

NCP26

Early Int.

Mid Ad.

F





−11.8

NCP29

Early Int.

Mid Ad.

F





−12.1

NCP30

Early Int.

Yng Ad.

F

−18.3

+7.8

−11.6

NCP31

Early Int.

Yng Ad.

M





−11.5

NCP32

Early Int.

Yng Ad.

F





−11.5

NCP33

Early Int.

Yng Ad.

M

−17.9

+7.9

−11.9

NCP34

Early Int.

Mid Ad.

M





−12.5

NCP35

Early Int.

Yng Ad.

M

−18.6

+8.1

−12.5

NCP36

Early Int.

Yng Ad.

M

−18.8

+8.2

−11.4

NCP37

Early Int.

Mid Ad.

F





−12.5

−17.3

+8.1

−10.8

3.2

0.9

2.8

Average
SD
 Insufficient collagen/carbonate for analysis

δ15Ncol
(‰, AIR)

δ13Csc
(‰, VPDB)

With these outliers excluded, the two sites have statistically different carbon isotopic
compositions (δ13Ccol t-test, p<0.000, δ13Csc t-test, p<0.000), but no significant
differences exist between their δ15Ncol values (p>0.095).

3.6 Discussion
3.6.1

Domestic Fauna – Camelid Diet

When compared to the local food web model, the bone collagen carbon and nitrogen
isotopic compositions of camelids from Tajamar and NAIQ are consistent with a mixed
diet of C3 and C4 plant resources (Figure 3.3). However, the differences in bone collagen
isotopic compositions between the two camelid groups suggest different dietary
proportions of C3 versus C4 resources. The bone δ13Ccol values versus δ13Csc values of
Tajamar and NAIQ camelids are compared in Figure 3.4. Kellner and Schoeninger (2007)
created dietary protein model regression lines by plotting δ13Ccol values (which reflects
dietary protein carbon) versus δ13Csc values (which reflects carbon from the whole diet).
The position of an organism’s carbon isotopic compositions along these model regression
lines (or more recent ones developed by Froehle et al. [2010; 2012]) provides one way to
distinguish diets containing C3 protein versus those containing C4 protein. The higher
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Figure 3.3 Camelid and Canid δ13Cdiet and δ15Ndiet Values by Site

Faunal bone collagen isotope compositions adjusted to diet: δ13Ccol −5‰, δ15Ndiet −3.7‰ (Katzenberg,
2008; Szpak et al., 2012b).

δ13Ccol and δ13Csc values of the NAIQ camelids indicate that C4 plants (i.e., maize) made
a greater contribution to their diet compared to Tajamar.

21

Domestic camelid diet in the Andes likely depended largely on what animal management
strategy was practiced. Highland grassland grazing results in camelids with low δ13Ccol
values while foddering on maize produces much higher δ13Ccol values (Finucane et al.,
2007; Izeta et al., 2009; Thornton et al., 2011; Tieszen and Chapman, 1995). The camelid
isotopic compositions measured in this study suggest that a combination of the two

21

This study uses the regression lines developed by Froehle et al. (2012) in which the C4 protein line
represents not only C4 plants but also marine resource consumption. Due to the difficulty in transporting
marine resources into the Quito Basin during the Integration Period, marine resources such as fish probably
did not play a major dietary role for pre-Columbian highland groups (Newson, 1995). Thus an individual’s
position along the C4 protein line in this study is likely due to the consumption of maize or maizeconsuming animal protein.
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Figure 3.4 Tajamar and NAIQ Camelid and Canid Bone δ13Csc Versus δ13Ccol
Values

In this model, placement on the δ13Csc axis denotes the ratio of C3 to C4 foods in the δ13Cdiet, and
positioning relative to the regression line discriminates between C3 and C4 protein. Plotting closer to 100%
whole diet along the regression line indicates both protein and diet have same isotopic signatures (100% C3
or 100% C4). Plotting closer to 100% non-protein portion of diet indicates that protein and non-protein
portions carry opposite isotopic signatures (e.g., C3 protein with 100% C4 non-protein) (Froehle et al.,
2010; 2012).

strategies was used in the Quito Basin. This was not unexpected. Phytolith analysis of
residues on camelid teeth from the Formative Period highland site of Pirincay
corroborates that camelids in the Ecuadorian highlands were herded in a variety of
ecological zones, consuming both wild plants and agricultural crops (Bonavia, 2008;
Miller and Gill, 1990). However, the mixed C3/C4 consumption seen in these animals
could also be due to their use as pack animals along trade routes. Spanish records suggest
that camelids were often used more as pack animals than as a regular food source
(Salomon, 1986). Thus, the camelid isotopic compositions might be the result of
travelling through different ecological zones between trading locations rather than a
specific animal management strategy. If this did occur, you would expect much more
variation in the camelid carbon and nitrogen isotopic compositions, particularly if the
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camelids were travelling long distances between different ecological regions. The
analysis of camelid bone oxygen isotope values in Chapter 5 could help to differentiate
between animal management practices and trade.

3.6.2

Domestic Fauna – Canid Diet
The canid δ13Ccol values are significantly higher (by ~7‰) than wild terrestrial

fauna consuming C3 plants, falling instead within the range for C4 plants such as maize
(Figure 3.3). Only domestic dogs would have had regular access to maize or animals
22

consuming maize, suggesting these samples are likely not wild canids.

Although the

Quito Basin canid δ13Ccol values are similar to those of other terrestrial carnivores, their

δ15Ncol values are much lower, falling closer to the domestic camelids of this study.
Although their δ15Ncol values are as low as the camelids, when the canids δ13Csc and

δ13Ccol values are compared to the camelids (Figure 3.4), the results suggest that a greater
proportion of protein was consumed by the canids compared to the camelids. The canids,
in fact, have similar δ13Ccol and δ15Ncol values to the Tajamar humans, suggesting that the
canids and humans had a similar diet. This dietary similarity between domestic dogs and
their human counterparts was not unexpected. The mirroring of human subsistence in
domestic dogs has been documented by a number of isotopic studies, which suggest that
this similarity is the result of dogs being provisioned by their owners and/or scavenging
in kitchen middens/refuse heaps and consuming human/animal feces (Allitt et al., 2008;
Burleigh and Brothwell, 1978; Cannon et al., 1999; Rick et al., 2008; 2011). The fact that
Spanish records note that dogs were prized as hunting animals instead of food in the
Quito Basin during the Colonial periods, leading pampered lives and feeding on table
scraps (Newson, 1995; Salomon, 1986; Wing, 1989), could be an indication that the
canid samples here are in fact domestic dogs and that their isotopic compositions are
most likely reflecting human diet. Unexpectedly, the carbon and nitrogen isotopic
compositions of the NAIQ canid (FNCP27) do not match the human isotopic
compositions at its respective site but instead it is indistinguishable from the canids at

22

It is possible however that some of these animals are in fact foxes that were partially tamed. Thus, the
samples will continue to be identified as canids throughout this study (Stahl, 2012; Wing, 1989).
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Tajamar. Dogs were often traded between groups within the highlands and elsewhere
(Salomon, 1986), so it is possible that this dog was traded into NAIQ from somewhere
else within the Quito Basin or outside of the region. If this did occur, it would explain the
unusual isotopic compositions of FNCP27 compared to the NAIQ humans.

3.6.3

Human Diet at Tajamar and NAIQ

Compared to the food web model for the region, humans at Tajamar consistently appear
to have had a predominantly C4 diet, while at NAIQ humans were consuming mostly C3
resources (Figure 3.5). This behaviour is confirmed through comparison of the adult bone

δ13Csc and δ13Ccol values with protein-specific model regression lines described by
Froehle et al. (2010); the proportion of C3 versus C4 foods in the diet is distinctly
different between the two sites (Figure 3.6).

Figure 3.5 Human δ13Cdiet and δ15Ndiet Values by Site
Human isotope compositions adjusted to diet: δ13Ccol −5‰, δ15Ncol −4.6‰ (Katzenberg, 2008; O’Connell et
al., 2012).
Outliers removed.
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Figure 3.6 Tajamar and NAIQ Adult Bone δ13Csc Versus δ13Ccol Values
In this model, placement on the δ13Csc axis denotes the ratio of C3 to C4 foods in the δ13Cdiet, and
positioning relative to the regression line discriminates between C3 and C4 protein. Plotting closer to 100%
whole diet along the regression line indicates both protein and diet have same isotopic signatures (100% C3
or 100% C4). Plotting closer to 100% non-protein portion of diet indicates that protein and non-protein
portions carry opposite isotopic signatures (e.g., C3 protein with 100% C4 non-protein) (Froehle et al.,
2010; 2012).

At Tajamar and NAIQ, no intra-site dietary differences were observed between the two
time periods or adult age groups. Although no a sex-based differences were present at
NAIQ, at Tajamar males have statistically higher δ15Ncol values (p<0.013) compared to
females, suggesting that males were consuming more protein or perhaps protein from a
different source than females at the site. The identification of different mortuary
treatments, and the presence of exotic goods at both sites suggested the possible presence
of elites and non-elites at the site. Comparison of the stable isotopic signatures of
individuals with differential mortuary treatments has been used by archaeologists to
identify dietary distinctions between social statuses (e.g., Ambrose et al., 2003; Curet and
Pestle, 2010; Le Huray and Schutkowski, 2005), and has been shown to be a useful
marker for social status in the Quito Basin at other sites (Ubelaker et al., 1995). However,

70

at Tajamar and NAIQ, the mortuary practices were extremely variable, and suggesting
burial patterns were highly individualized (Domínguez, 2009). When the isotopic
compositions of each burial variable (i.e., burial type, burial position, tomb type, burial
goods) were examined, no statistical differences could be identified among the burial
types (ANOVA, p>0.050) at each site suggesting that burial was highly individualized.
The presence of modified crania at Tajamar could indicate that society did separate into
distinct groups. Intentional cranial modification in the Andes has often been documented
as a marker of identity, kinship or social status (Munizaga, 1976; Torres-Rouff, 2002,
2008; Ubelaker, 2000). However, there is a lack of evidence that these cranial
modifications were physical markers of identity and suggesst they are unintentional.
First, the cranial modifications were highly variable, with no specific patterning present
at the site. Second, individuals with modified skulls exhibited no differences in their
mortuary practices compared to the rest of the population and were found in tombs
throughout the site instead of limited to one specific area. Third, no patterning in the sex
ratio (i.e., proportion of males versus females), or isotopic compositions of modified
individuals compared to individuals without modifications were found. These factors
would seem to contradict the possibility that these individuals represent a distinct section
of society.
It is likely that many of the cases of cranial modification at Tajamar were the result of
habitual daily activities such as carrying heavy loads on the back supported by a band
around the forehead and/or different childcare practices (e.g., infants sleeping on hard
surfaces or in hammocks). The carrying of heavy goods using the support of a head-band
was/is a common transport method throughout the Andes, and can create depressions on
the cranial vault as well as pathological changes to the spinal column (Gerszten et al.,
2001; Molleson and Hodgson, 2001). A number of individuals with cranial modification
at Tajamar did exhibit signs of cervical and lumbar spinal changes, both locations which
are strongly affected by pressures from the carrying of heavy loads (Gerszten et al.,
2001). Different childcare practices such as the use of cradleboards, sleeping on hard
surfaces or sleeping in hammocks-like structures during infancy, can also cause cranial
deformation, (Clark et al., 2007; Munizaga, 1976). A number of Formative Period sites
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on the Ecuadorian coast have individuals with occipital (often asymmetrical) deformation
of skulls with no signs of strong counterpressure in the frontal regions, which is
suggested to result from infants being tightly wrapped into hammocks (Munizaga, 1976).
A number of the Tajamar skulls have similar deformation pattern to the one present on
the coast, which could suggest a similar practice occurred in the highlands.
Unfortunately, very little is known about pre-Columbian child-rearing in the Ecuadorian
highlands, and it is impossible at this time to definitively identify any specific practice.
Although there is high intra-site variability in the human bone collagen carbon and
nitrogen and bone carbonate carbon isotopic compositions at Tajamar and NAIQ, it
appears there are no variations between the different ages, sexes, mortuary patterns and
cranial modifications present at either site. However, the lack of patterning could be the
result(s) of: (1) the small sample set skewing results, (2) age, sex and/or social status
differences were not expressed in terms of differential access to different food items but
instead related to differential access to the same food items, (3) if it was expressed in
access to different food items, they were isotopically similar resources and thus cannot be
differentiated and/or (4) that individual choices and actions might have affected dietary
patterns (Cuéllar, 2009; 2013; Curet and Pestle, 2010; Pearsall, 2007; Twiss, 2012;
Ubelaker et al., 1995). Further sampling at both sites, and comprehensive sampling of the
plant and fauna available in the Quito Basin could help to determine if the minimal
variations at both sites is correct or if the patterns identified in this study are artificial.

3.6.4

SIAR Model

The relative dietary contributions of potential food sources were determined using the
Bayesian stable isotope mixing model, SIAR, which uses the isotopic compositions of
consumers (in this case, humans), food sources, isotopic trophic enrichment factors (TEF,
∆), and source elemental concentrations (%C and %N) as model inputs (Parnell et al.,
2008; 2010). Bone collagen δ13Ccol and δ15Ncol values were entered for each adult human
while food source isotopic compositions were entered as means and SDs for each
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group.23 Five sources were used: cultivated C3 plants, maize, camelids, wild terrestrial
mammals, and cuy (Table 3.4).24 To avoid the model preferentially choosing one source
over an isotopically similar one when determining dietary contributions, sources with
similar δ13Ccol and δ15Ncol values (wild deer and wild rodents/rabbits) and groups of the
same species (camelids) were combined.

25

To mitigate the problem that sources can have

dramatically different elemental concentrations (e.g., terrestrial plants generally have low
N relative to C) and thus may make dissimilar proportional contributions to the
consumer’s diet (Parnell et al., 2008; 2010), the mean and SDs were calculated for %C
and %N for each source and included in the model (Table 3.4). TEFs used in the analysis
were ∆13Chuman-source = +1.0±0.5‰ and ∆15Nhuman-source = +4.6±1.0‰, based on the
evidence for metabolic enrichment in 13C and 15N from diet to consumer in breastfeeding
children and nursing women, and in controlled human dietary studies (Fuller et al., 2006;
Mays and Beavan, 2012; O’Connell et al., 2012; Richards et al., 2002). Potential dietary
compositions are presented as true probability distributions and these results are
presented as 95% credibility intervals (Bayesian confidence interval) (Witteveen et al.,
2011).
Table 3.4 Food Source Group Means and SDs
Source

δ13Ccol (‰, VPDB)

δ15Ncol (‰, AIR)

%C

%N

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Cultivated C3

−24.6

1.5

43.1

3.7

+3.0

3.6

1.9

2.2

Maize

−10.2

0.0

40.9

0.0

+4.8

0.0

1.6

0.0

Camelids

−13.9

2.0

44.1

3.5

+7.4

1.2

16.1

1.4

Wild Terrestrial Mammals

−18.5

3.3

44.9

2.0

+3.9

1.8

16.4

1.1

Cuy

−8.4

0.3

39.5

5.9

+7.0

0.8

14.1

2.0

23

Individuals identified as possible outliers were not included in the model.

24

It was unlikely humans were consuming large portions of wild plants and thus only cultivated plant
isotopic compositions were used. Due to the fact there is little evidence canids were consumed by preColumbian groups in the Quito Basin, they were completely removed from the model in order to avoid
skewing the results (Section 3.6.2).
25

T-tests of the δ13Ccol and δ15Ncol values of the wild deer and wild rodents were conducted to determine if
they really were isotopically similar (t-tests, p>0.050).
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Figure 3.7 Proportion of Food Sources to Tajamar Adult Human Diet
Box plot created using the SIAR mixing model showing the relative proportions of each food source with
95% (darkest grey), 75%, 25% and 5% (lightest grey) credibility intervals.

The results of the model suggest that at Tajamar, the diet was predominantly made up of
maize (mean: 96%, 95% credibility interval). The remaining food sources had small
contribution ranges (means: ~0-1%), with the exception of wild terrestrial mammals
(mean: 2.1%) (Figure 3.7). The results of the model suggest that pre-Columbian diet at
Tajamar was focused on C4 resources such as maize with some minimal consumption of
wild animals. However, there is some uncertainty about the model’s conclusions. A 96%
maize diet would be nutritionally inadequate due to its low protein content and low levels
of some of the essential amino acids and would result in high frequencies of diet-related
skeletal pathological conditions including dental caries, porotic hyperostosis and cribra
orbitalia being present at Tajamar (Ambrose et al., 2003; Roberts and Manchester, 2007).
However, very few instances of these pathological conditions were identified at Tajamar,
suggesting most individuals were not affected by malnutrition and therefore could not
have been consumed predominantly maize. These results indicate not only the danger of
using stable isotope mixing models without cultural and nutritional context but also
highlight the inherent difficulty of using these models for archaeological work. Stable
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Figure 3.8 Proportion of Food Sources to Tajamar Adult Female Diet
Box plot created using the SIAR mixing model showing the relative proportions of each food source with
95% (darkest grey), 75%, 25% and 5% (lightest grey) credibility intervals.

Figure 3.9 Proportion of Food Sources to Tajamar Adult Male Diet
Box plot created using the SIAR mixing model showing the relative proportions of each food source with
95% (darkest grey), 75%, 25% and 5% (lightest grey) credibility intervals.
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isotope mixing models do not take into account unknown food sources (Parnell et al.,
2010). Unfortunately due to preferential preservation of certain materials over others, the
possibility of unknown food sources is extremely high in archaeological research, which
can result in the underlying model being undermined (Parnell et al., 2010).
The first SIAR model did not take into account intra-site differences based on sex at
Tajamar. Accordingly, a second mixing model was tested where Tajamar individuals
were separated into definitively identified adult human males, females, as well as the
unidentified adult humans, with all other model inputs remaining the same (Figures 3.8
and 3.9). The results of the second model indicated that maize continued to be the
dominant food resource, and the amount consumed varied between males and females
(Males: 94.5%, Females: 92%). Like the first model, C3 crops, camelids and cuy
continued to play little role in the diet at Tajamar for either sex (means: <1%), but the
consumption of wild terrestrial animals did vary (Males: ~1%, Females: 4.5%). This
second model confirms that there were dietary differences between males and females at
Tajamar, however, the small variations between the sexes in maize and wild terrestrial
animal consumption (~3%) and the high credibility interval ranges in Figures 3.8 and 3.9,
which suggest the results of the models might be slightly skewed, could indicate that the
main dietary variation between the two sexes might not solely be the result of differential
consumption of maize and/or wild terrestrial animals.
The lack of camelid consumption in both models at Tajamar was unexpected due to the
fact that the faunal assemblages contained numerous camelid remains, many showing cut
marks and evidence of burning. It is possible camelids were not consumed on a regular
basis at the site and thus would not be detected in a model based on bulk tissue isotopic
compositions. Historical Spanish documents report camelids were prized as pack animals
or as specialty goods and only consumed on specific occasions such as ritual festivities
(Newson, 1995; Salomon, 1986), however, this practice might be a reflection of life after
the Inka and Spanish colonization of the area and not before.
At NAIQ, the diet appears to have been much more generalized (Figure 3.10). Cultivated
C3 crops were the predominant food source (mean: 53.5%), but maize (24.5%) also
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Figure 3.10 Proportion of Food Sources to NAIQ Adult Human Diet
Box plot created using the SIAR mixing model showing the relative proportions of each food source with
95% (darkest grey), 75%, 25% and 5% (lightest grey) credibility intervals.

contributed to the diet. Domestic animals such as camelids and cuy did not appear to
contribute to the diet (less than 1%), but wild animals (15.5%) seemed to have a
dominant role in the diet at NAIQ. These results suggest that the diet at NAIQ was very
generalized with C3 crops being the main dietary component, and maize as well as large
amounts of animal protein from wild species supplementing the diet. These results match
Spanish historical documents and archaeological evidence that suggest that Indian diets
were, traditionally (i.e., before the formation of chiefdoms), very diverse (Salomon,
1986; Super, 1988; Zarillo, 2012).
The extreme dietary differences between Tajamar and NAIQ were unexpected,
particularly the predominance of C3 resources over maize at NAIQ. The sites are located
very close together (within 40 km), at the same elevation and in a similar environment
and historical and archaeological records indicate that maize was an integral dietary
component for pre-Columbian groups in the Quito Basin (Newson, 1995; Salomon,

77

1986). Maize has been documented to be so essential to social and political structure in
the Quito Basin that a chief’s ability to provide processed maize (in the form of chicha)
to commoners under his control during feasts became a symbol of his all-encompassing
power and helped to affirm mutual obligations within the group (Dillehay, 1995;
Salomon, 1986).
It is possible that individuals at NAIQ originate from a different area within the Quito
Basin, with the site itself used only as a ceremonial centre and cemetery. This is not
unheard of in the northern Ecuadorian highlands. Numerous mound sites, such as
Cochasqui, have been suggested to be limited-use centralized ceremonial and burial
grounds, rather than habitation sites (Bray, 2008). No habitation sites have been found at
NAIQ, despite intensive surveying and excavation giving credence to the idea of a
different geographic origin (Aguilera, 2007; Bohórquez, per. comm.). If the individuals at
NAIQ were in fact from a different area within the Quito Basin that was ecologically
different from Tajamar, it could explain why the dietary patterns were so different
between the sites. Palaeobotanical studies of the Quijos chiefdoms, located in the Quito
Basin along the Eastern Cordillera, have suggested that these indigenous groups tended to
focus their agricultural practices on cultivating crops well suited to local growing
conditions (Cuéllar, 2009). Due to the fact that the Quito Basin is regionally diverse with
a variety of ecological zones found within a relatively small area (Miller, 1959;
Sarmiento, 1986; Solís, 1962). It is plausible that individuals at NAIQ could have been
living nearby but within a different ecological zone compared to Tajamar where growing
conditions were optimal for C3 crops (Cuéllar, 2013). Oxygen-isotope analysis could help
to determine if individuals at NAIQ originated in a different region compared to Tajamar.
This possibility is examined in Chapter 5.

3.6.5

Comparison to Other South American Archaeological
Isotopic Studies

When the human isotopic data from Tajamar and NAIQ are compared to other
archaeological isotopic studies from South America, the δ13Ccol values at Tajamar are
similar to other highland populations where maize was the dominant dietary resource
(Table 3.5). In particular, the human isotopic data from Tajamar most closely resemble
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Table 3.5 Comparative Adult Human Stable Isotope Results
References

Williams, 2005
Ubelaker
et al., 1995
Ubelaker
et al., 1995
Verano
and DeNiro, 1993
Verano
and DeNiro, 1993
van der Merwe
et al., 1993
van der Merwe
et al., 1993
Finucane,
2007
Kellner and
Schoeninger, 2008
Finucane
et al., 2006
Webb et al.,
2013

Location

Coastal
Peru
Highland
Ecuador
Highland
Ecuador
Coastal
Peru
Coastal
Peru
Coastal
Ecuador
Coastal
Ecuador
Highland
Peru
Coastal
Peru
Highland
Peru
Coastal
Peru

Time
Period

# of
Ind

δ13Ccol
(‰, VPDB)

δ15Ncol
(‰, AIR)

δ13Csc
(‰, VPDB)

Mean±SD

Mean±SD

Mean±SD

Diet

14761532 C.E.

48

−11.0±1.0

+10.6±1.2

−5.8±1.1

Mixed C3/C4,
marine protein

100450 C.E.

9

−10.3±1.0

+8.8±0.5

−4.2±1.0

Maize dominant
(high status)

100450 C.E.

23

−11.6±1.5

+8.5±1.1

−6.2±1.5

Maize dependent
(low status)

450750 C.E.

8

−11.9±0.7

+10.2±1.3

Mixed C3/C4,
marine protein

9001100 C.E.

10

−11.2±1.3

+11.7±1.6

Mixed C3/C4,
marine protein

300BC100 C.E.

7

−8.0±0.9

+14.4±0.8

Maize,
marine protein

14701580 C.E.

8

−9.0±1.3

+14.0±0.8

Maize,
marine protein

14901640 C.E.

6

−11.5±1.4

+11.1±0.7

Fertilized maize/ maize
& animal protein

7501000 C.E.

38

−13.0±1.1

+8.8±1.2

Mixed C3/C4,
terrestrial animal protein

5501000 C.E.

21

−10.6±1.2

+10.7±1.2

Maize,
terrestrial animal protein

7501000 C.E.

26

−13.3±1.0

+9.5±1.7

Mixed C3/C4,
terrestrial animal protein

This study

Tajamar

6001200 C.E.

52

−9.1±1.1

+8.6±1.1

−4.4±1.1

Maize dependent,
little/no animal protein

This study

NAIQ

600900 C.E.

30

−18.6±0.3

+8.0±0.7

−11.9±0.6

Generalized C3 diet,
with some maize

individuals from the nearby Regional Development Period site of La Florida (Ubelaker et
al., 1995) (Figure 3.11). La Florida contained both high-status individuals (distinguished
by burial bundles laden with artifacts of metal and marine shell and accompanied by
separate offerings of wild and domestic animals and ceramic vessels) and low-status
individuals (many appear to have been buried alive while others were decapitated)
(Ubelaker, 2000; Ubelaker et al., 1995). When the remains were tested isotopically,
maize was the staple food for both high- and low-status individuals, with higher-status
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Figure 3.11 Comparison of Tajamar to La Florida δ13Ccol and δ15Ncol Values
La Florida isotopic compositions (Ubelaker et al., 1995).

individuals consuming slightly more. Uexpectedly, neither group consumed meat
regularly, even though historical records did suggest the elite had preferential access
(Newson, 1995; Salomon, 1986). This is a similar dietary pattern to Tajamar in which
maize was the dominant dietary component and there was a lack of animal protein.
Intriguingly, although NAIQ humans have similar δ15Ncol values compared to the other
studies, their δ13Ccol and δ13Csc values are ~5‰ lower when compared to the next lowest
carbon isotopic compositions (Webb, 2010; Webb et al., 2013). When measured against
only the highland sites, the NAIQ sample carbon isotopic compositions were more than
7‰ lower, which could suggest that C3 resources played a much larger role in the diet at
NAIQ than at other Andean sites (Finucane, 2007). It is possible that some of the
difference in δ13Ccol values between the Ecuadorian and Peruvian highland sites stems
from varying regional plant values, which would affect the isotopic compositions of the
organisms consuming them. However, no statistical differences were found between
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modern Ecuadorian and Peruvian plant samples (see Chapter 2), suggesting this was
likely not a major factor behind the variation.

3.7 Conclusion
This paper reports nitrogen and carbon isotopic dietary profiles of adult humans and
domestic animals at the sites of Tajamar and NAIQ based on the results for bone collagen
and structural carbonate. Domestic camelid isotopic compositions suggest a mixed
animal management system of C3 grazing and C4 foddering. Canids had a similar diet to
the Tajamar humans, including the individual from NAIQ, raising the possibility that
canids had importance as a trade good in the region. The human dietary patterns at
Tajamar and NAIQ were assessed using a comparison to the local foodweb and the
Bayesian mixing model SIAR. The results suggest that the diet at Tajamar is focused
predominantly around C4 resources, whereas the diet at NAIQ is more generalized with a
focus on more C3 resources but still contained some C4 resources such as maize. Both
sites exhibit high intra-site variability. The dietary pattern observed for NAIQ is very
different from that observed in other Andean isotopic studies. The identification of
possible non-local migrants at both sites, if it can be verified by other techniques,
suggests that social contact between groups in the Quito Basin was extensive.
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Chapter 4

4

Childhood Diet at Tajamar and NAIQ

4.1 Introduction
The purpose of this chapter is to reconstruct early and late childhood diets at the sites of
Tajamar and NAIQ using stable isotope analysis. The goal is to identify individual and
population childhood dietary patterns and interpret cultural beliefs and ideas regarding
child-feeding practices in Integration Period Ecuador. Reconstructing childhood diet has
become a major research interest for bioarchaeologists (Beaumont et al., 2012; Clayton et
al., 2006; Eerkins et al., 2011; Fuller et al., 2003; 2006b; Herring et al., 1998; Lewis,
2007; Richards et al., 2002; Schurr and Powell, 2005; Turner et al., 2010; Wright and
Schwarcz, 1998; 1999). The early years of childhood have been of particular interest due
to the fact that breastfeeding provides an infant with not only nutrition, but also with
immunological benefits affecting health, growth and survivorship (Lewis, 2007; StuartMacadam, 1995a). Less recognized in the bioarchaeological literature is the fact that the
dietary composition of the post-weaning period can have large effects on morbidity,
mortality and health (Berti et al., 1998; Greene, 1976; Leonard et al., 1995; Leonard et
al., 2000; Turner et al., 2007). Thus, reconstructing diet among both younger and older
juveniles in archaeological populations provides information on childhood diet and health
patterns and how these patterns were affected by resource access, social status, cultural
customs and beliefs, and individual choices.
In the Andean region, investigation of ancient childhood diets has been sporadic (e.g.,
Finucane et al., 2006; Webb, 2010; Webb et al., 2013; Williams, 2005), resulting in a
limited understanding of pre-Columbian infant and juvenile feeding practices. This is
particularly true for Ecuador. The present study provides the first information about
Integration Period childhood diet in the Quito Basin using stable isotope analysis of
juvenile bone collagen and structural carbonate in addition to juvenile and adult tooth
dentin and enamel. Possible avenues of complications such as intra-individual tissue
variability, childhood survivability, and the presence of non-local individuals will also be

94

assessed, resulting in the study having both archaeological and methodological
importance.

4.2 Reconstructing Archaeological Nursing and Weaning
Practices
Investigating ancient infant feeding practices often focuses on direct sources (e.g.,
osteological markers of stress and malnutrition, stable isotope analysis of human tissues)
in combination with indirect sources (e.g., artifacts, art works, historical records)
(Herring et al., 1998; Prowse et al., 2008; Stuart-Macadam, 1995b). Weaning is
frequently a period of ill health, and high frequencies of stress and malnutrition indicators
(e.g., Harris lines, dental enamel hypoplasias, cribra orbitalia, porotic hyperostosis) in
young children have traditionally been related to weaning stress. However, determining
the aetiology of these lesions and the timing of these events is complex (Lewis, 2007).
Indirect evidence of infant feeding practices such as archaeological artifacts (e.g., images
of breastfeeding, baby bottles) and historical records have been used in the literature, but
often are not available or are biased towards idealized feeding practices (Fildes, 1986;
Herring et al., 1998; Katzenberg and Pfeiffer, 1995). Stable isotope analysis, which
reconstructs ancient childhood diets using the isotopic compositions of human tissues, not
only provides direct evidence of nursing and weaning but also can be used to investigate
the cultural, individual and familial customs, beliefs and choices that affect these
practices (e.g., Choy et al., 2010; Dupras et al., 2001; Prowse et al., 2008; Schurr and
Powell, 2005; Sellen and Smay, 2001; Stuart-Macadam, 1995a; White and Schwarcz,
1994; Williams, 2005).
The only detailed information available on indigenous childhood diet in highland
Ecuador comes from modern ethnographic research, which suggests that highland
indigenous children are breastfed exclusively until supplemental foods such as potatoes,
maize, cereal grains and milk are introduced around 6 months of age and that the
complete cessation of breastfeeding is often before the age of 2 years (Berti and Leonard,
1998; Leonard et al., 2000; May and McLellan, 1974; Sellen, 2001). In the highlands, it
appears weaning foods are not supplementing breastmilk, but in fact replacing it in infant
diets, which could result in children losing the immunological benefit provided by
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continued nursing and thereby compromising growth (Greene, 1976). After breastfeeding
completion, the children consume a similar diet to the adults, which contains enough
calories to limit nutritional stress but lacks adequate amounts of animal protein and fat,
leading to growth faltering (Berti et al., 1998; Greene, 1976; Leonard et al., 1995).
Interestingly, skeletal analyses of Ecuadorian highland archaeological groups have found
very little osteological evidence for stress or malnutrition (Ubelaker, 1984; 1992;
Ubelaker and Newson, 2002). Although this could suggest that the diet was nutritionally
adequate, when coupled with the modern evidence, it could also indicate that nutritional
stress was present but it was not enough to cause changes in the bones and teeth.
The modern evidence concerning Ecuadorian indigenous nursing practices matches well
with stable isotopic research on archaeological Peruvian samples where infant nursing is
hypothesized to stop before 3 years of age (Finucane et al., 2006; Webb, 2010; Williams,
2005). Using the modern ethnographic information and archaeological health patterns
from Ecuador and the isotopic results from Peru, a hypothesis about ancient Ecuadorian
indigenous infant feeding practices can be constructed. Infants at Tajamar and NAIQ
were likely exclusively breastfed until they were weaned onto a C3 plant- and/or maizebased diet. Weaning was probably completed before 3 years of age. Post-weaning,
children’s diets were likely similar to those of adults, with some individuals possibly
showing osteological indicators of nutritional stress (e.g., porotic hyperostosis, cribra
orbitalia, etc.).

4.3 Isotopic Approaches to Reconstructing Childhood Diet
The usefulness of stable isotope analysis to investigate childhood diet was first proposed
by Fogel et al. (1989) who discovered that breastfeeding infants had body tissue δ15Ncol
values +2-3‰ higher than their mothers, resulting from the trophic level effect. As
infants are weaned (i.e., begin to consume supplementary foods), their δ15Ncol values
decline until, with the completion of weaning, they reach the level of their mothers’
nitrogen isotopic compositions (Choy et al., 2010; Clayton et al., 2006; Dupras et al.,
2001; Fuller et al., 2003; 2006a; 2006b; Katzenberg and Pfeiffer, 1995; Mays et al., 2002;
Richards et al., 2002; Schurr, 1998; White et al., 2004). In many cases, infants also have
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higher δ13Ccol (by ~1‰) compared to their mothers’ tissues, but the patterning is much
more variable compared to nitrogen (Dupras and Tocheri, 2007; Fogel et al., 1989; Fuller
et al., 2003; 2006a; Katzenberg, 2008; Williams, 2005). Further breastfeeding studies
determined a variation between infant and adult female tissue δ18O values (Roberts et al.,
1988). Oxygen isotopic compositions within an individual largely reflect ingested water
source, with a slight increase in body water δ18O values over ingested water oxygenisotope values due to preferential expiration of 16O in water vapour (Katzenberg, 2008;
Roberts et al., 1988; White et al., 2004; Wright, 1998; Wright and Schwarcz, 1998).
Breastfed infants, in essence, drink from their mother’s body water pool, resulting in
higher δ18O values in these infants compared to their mothers. Weaning, which
introduces food and water other than breastmilk, results in infant δ18O values decreasing
until they become comparable to adults once weaning is completed (Katzenberg, 2008;
Lewis, 2007; White et al., 2004; Wright and Schwarcz, 1999).
More recent stable isotopic weaning and breastfeeding studies have focused on multitissue analysis of both adults and juveniles (e.g., Dupras and Tocheri, 2007; Richards et
al., 2002; Wright and Schwarcz, 1999). The main advantage to this approach is the
opportunity to assess possible interpretive complications including tissue remodeling
rates that mask short-term dietary changes and possible dietary differences due to
survivability (i.e., individuals who die during childhood might have had a different diet or
been affected by illness or stress compared to those who survived) (Fuller et al., 2003;
Hobson et al., 1993; Katzenberg, 2008; Katzenberg and Pfeiffer, 1995; Lewis, 2007;
Richards et al., 2002; Schurr, 1997; Waters-Rist and Katzenberg, 2009; Wright and
Schwarcz, 1998; 1999).
Combining an intra-individual approach with the more traditional population approach
(i.e., examining stable isotopic compositions of multiple individuals) enables the detailed
analysis of not only population patterns but also of the life histories of individuals,
allowing for more fine-scaled variations (e.g., sex, social status differences) to be seen
(Cox and Sealy, 1997; Eerkens et al., 2011; Fuller et al., 2003; Richards et al., 2002;
Sealy et al., 1995; Wright and Schwarcz, 1999).
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4.3.1

Isotopic Variations in Bone and Teeth

Bone tissue (both collagen and structural carbonate) remodels over time resulting in its
isotopic composition representing the average diet over the period of bone turnover
(Ambrose, 1993; Katzenberg, 2008). The rate of turnover is not standard and varies by
hormonal influences, age, nutrition and health status (Garnero et al., 1996; Walsh et al.,
2010). In adults, complete turnover of bone tissue has been estimated to take between 10
to 25 years, but for skeletal elements with higher proportions of cancellous bone (i.e.,
ribs) the turnover rate might be faster (Libby et al., 1964; Manolagas, 2000; Stenhouse
and Baxter, 1977). There is even less information on bone remodeling rates for infants
and children. However, due to the fact that childhood is a period of rapid growth, it is
likely that turnover is much more rapid compared to adults (Parfitt et al., 2000).
Tooth enamel and dentin form during childhood and for the most part do not undergo
subsequent remodeling. Secondary dentin (around the edges of the pulp cavity) and
tertiary dentin (responding to injury or decay) can be deposited after the initial formation
period; however, the impact of these deposits on dentin collagen isotopic compositions is
likely very minor (Beaumont et al., 2012; Eerkins et al., 2011; Hillson, 1996). Like bone,
a tooth’s dentin and enamel isotopic compositions reflect the average diet during its
formation (Katzenberg, 2008). Unlike bone, tooth development rates are fairly well
known because teeth are less affected by external factors, allowing tooth formation and
eruption patterns to be used as standard methods of age estimation in archaeological
populations (Buikstra and Ubelaker, 1994; Hillson, 1996; Moorrees et al., 1963;
Saunders, 2008; Smith, 1991).
Although the chemical compositions of bones and teeth reflect similar dietary
information, a number of studies have noticed spacing between bulk bone collagen and
tooth dentin forming at the same time (France and Owsley, in press; Fuller et al., 2003;
Metcalfe et al., 2010; Richards et al., 2002; Sealy et al., 1995; Wright and Schwarcz,
1999). In addition, Warinner and Tuross (2009) found consistent spacings of (~+2.3‰)
between enamel and bone δ13Csc values and (~+1.7‰) between enamel and bone δ18Osc
values. Recently, Loftus and Sealy (2012) and France and Owsley (in press) have
investigated the spacing of isotope values between different components of human bones
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and teeth. In both studies, no consistent spacings were found between dentin and bone

δ13Ccol and δ15Ncol values and enamel and bone δ13Csc and δ18Osc values. Whether these
teeth-bone differences: (a) reflect metabolic differences between the two tissues, (b) are
the result of external factors such as health, and nutrition, (c) the result of post-mortem
alteration affecting one tissue or both, or (d) a combination of the three is still unknown.

4.4 Methods
4.4.1

Sampling

In total, 19 juvenile bone samples (Tajamar n=11, NAIQ n=8) were collected for
26

analysis. One hundred and twenty-eight (128) early-forming and late-forming tooth

samples representing juveniles and adults were also collected from each site: 72 from
Tajamar and 56 from NAIQ. The samples were collected with the generous permission of
the Instituto Nacional de Patrimonio Cultural (INPC) of Ecuador and the cooperation of
Stefán Bohórquez and Dr. Victoria Domínguez. Only individuals who could be aged (and
sexed if possible) using methods laid out by Buikstra and Ubelaker (1994) were collected
for study. To assess early childhood diet, permanent 1st molars (M1) were preferentially
gathered for study, as they form largely between birth and 4 years of age, thus
27

representing the time period where nursing and weaning typically occurs (Smith, 1991).
When 1st permanent molars were unavailable, permanent teeth in which 25% of their

development occurred before 2 years of age (i.e., I1, I2, C) were obtained (Smith, 1991).
For very young individuals, deciduous 1st molars (m1) were also collected to examine the
utero environment. To assess diet in later childhood, permanent 3rd molars (M3) were
collected as they form roughly between the ages of 9 to 20 years, representing diet during
late childhood and the teen years (Smith, 1991). When M3s were not available,
permanent teeth in which most of their development occurred after 2 years of age (i.e.,
P1, P2, M2) were obtained (Smith, 1991). In many cases, teeth were not in occlusion, and

26

Teeth formed during early childhood will henceforth be referred to as ‘early-forming teeth’ (EFT), while
those formed later on will be referred to as ‘late-forming teeth’ (LFT).
27

I, i = incisor, C, c = canine, M, m = molar; uppercase letters = permanent dentition, lowercase letters =
deciduous dentition; number denotes tooth’s position (Hillson, 1996).
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thus it was not possible to obtain the teeth from the same side of the mouth or obtain
samples representing only maxillary or mandibular teeth for every individual. However,
isotopic differences between maxillary and mandibular teeth are likely to be small
considering the coeval development times for these teeth, and so the use of different teeth
is not considered a major source of variability (Smith, 1991; Wright and Schwarcz,
1998). Carbon- and nitrogen-isotope analysis was performed on bone collagen and tooth
dentin samples, while the bone and enamel bioapatite samples were analyzed for their
structural carbonate carbon- and oxygen-isotope compositions.

4.4.2

Laboratory Procedures

Bone collagen and bone carbonate sample preparations follow the procedures presented
in Section 2.4.2. The tooth samples were cleaned of any surface contaminants using a
toothbrush and distilled water and then allowed to air dry. Each tooth was then fractured
using a mortar and pestle and the dentin and enamel separated from each other under a
microscope using tweezers. Tooth dentin samples were prepared in the same manner as
the bone collagen samples. Tooth enamel sample preparation followed similar procedures
to the bone sample preparation for structural carbonate analysis with the exception of pretreatment. For tooth enamel, ~2.8mg of sample was ground and treated with 2% reagentgrade bleach for ~24 hours at room temperature, instead of the 72 hours recommended
for bone carbonate due to the fact that enamel has little organic material compared to
bone and thus less time is necessary for its removal from enamel (Koch et al., 1997).
Carbon- and nitrogen-isotope ratios were obtained using a Costech elemental combustion
system (ECS4010) coupled with a Thermo-Finnigan DeltaPlusXL stable-isotope-ratio
mass-spectrometer (IRMS) in continuous flow mode. The δ13Ccol values were calibrated
to VPDB using IAEA-CH-6 and NBS-22 and the δ15Ncol values were calibrated to AIR
using IAEA-N2 and USGS-40. Human bone collagen sample reproducibility was ±0.1‰
for both δ13Ccol and δ15Ncol (n=8) while the human dentin samples had a reproducibility
of ±0.0‰ for both δ13Ccol and δ15Ncol (n=11).

28

28

USGS-40 (only for carbon) and USGS-41

With the exception of assessing sample integrity, all isotopic data presented as ±1SD.
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were analyzed as unknowns in order to assess the accuracy and precision of
measurements. USGS-40 (n=32) and USGS-41 (n=30) had average δ13Ccol values of
−26.4±0.1‰ and +37.8±0.4‰, which are in good agreement with their accepted values
of −26.4‰ and +37.6‰ (Coplen et al., 2006; Qi et al., 2003). USGS-41 (n=31) had an
average δ15Ncol value of +47.4±0.6‰, close to its accepted value of +47.6‰ (Coplen et
al., 2006; Qi et al., 2003). The internal laboratory standard (keratin) (n=57) had an
average δ13Ccol value of −24.1±0.1‰ and an average δ15Ncol value of +6.3±0.3‰,
matching well with its accepted values (δ13Ccol = −24.0‰, δ15Ncol = +6.4‰). Bone
collagen (n=7) methodological reproducibility was ±0.3‰ for δ13Ccol and ±0.2‰ for

δ15Ncol, while for dentin (n=8), methodological reproducibility was ±0.1‰ for δ13Ccol and
±0.1‰ for δ15Ncol.

29

Carbonate carbon- and oxygen-isotope ratios were obtained using a Multiprep automated
sampling device coupled with a VG Optima IRMS in dual-inlet mode employing the
analytical protocol developed by Metcalfe et al. (2009). The δ13Csc values were calibrated
relative to VPDB using NBS-19 and Suprapur and δ18Osc values were calibrated relative
to VSMOW using NBS-19 and NBS-18. Sample reproducibility was ±0.1‰ and ±0.0‰
for δ13Csc and ±0.4‰ and ±0.1‰ for δ18Osc for bone carbonate (n=7) and enamel (n=8),
respectively. The international standard NBS-18 had an average δ13Csc value of
−5.0±0.2‰ (n=24) while Suprapur had an average δ18Osc value of +13.2±0.2‰ (n=26),
both of which are in good agreement to their accepted values of −5.0‰ and +13.2‰
(Coplen et al., 2006).

30

The internal laboratory standard (WS-1) (n=15) had average

values of δ13Csc = +0.7±0.1‰ and δ18Osc = +26.2±0.2‰, which are in good agreement
with its accepted values of +0.8‰ and +26.2‰. Sample method reproducibility was
±0.2‰ and ±0.0‰ for δ13Csc and ±0.5‰ and ±0.1‰ for δ18Osc for the bone carbonate
(n=3) and enamel (n=2) respectively.

29

Sample replicates represent separate isotopic analyses of the same previously prepared sample; method
replicates represent results for portions the original sample that were prepared independently of all stages of
the procedure (physical cleaning, chemical isolation and isotopic analyses).
30

Both international standards were analyzed as unknowns.
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4.4.3

Statistical Analyses

Statistical analyses were performed in SPSS 20. Homogeneity of variance was assessed
using Levene’s test. Comparison of means was analyzed using a student t-test if variance
was homoscedastic or a Mann-Whitney U-test if variance was not homoscedastic. A oneway analysis of variance (ANOVA) was used for comparison of variables. If variance
was equal, a post hoc Tukey’s honestly significant difference (HSD) statistic was applied.
If variance was not equal, a Dunnett’s T3 test statistic was used. For all statistical
analyses, a significance level of p<0.050 was used.

4.5 Results
4.5.1

Sample Integrity

Collagen yield and C/N ratios were used to assess if the bone collagen and dentin
samples had been affected by post-mortem alteration. The bone collagen results are
presented in Section 3.5.1. The mean dentin yield was 8.3% with 21 samples having
yields less than 1%, which was determined to be the accepted cutoff point (DeNiro and
Weiner, 1988). When those samples are eliminated, the mean yield increases to 9.6%.
The human mean C/N ratio was 3.2±0.0, falling within the modern collagen C/N ratio
range of 2.9 to 3.6 (Ambrose, 1993).
Untreated bone carbonate and enamel samples were assessed for post-mortem
recrystallization of bioapatite using Fourier Transform Infrared Spectroscopy (FTIR) and
the crystallinity indices (CI) and carbonate/phosphate (C/P) ratios derived from those
spectra (Greene et al., 2004; Pucéat et al., 2004; Shemesh, 1990; Surovell and Steiner,
31

2001; Szostek et al., 2011; Weiner and Bar-Yosef, 1998). Enamel mean CI was 3.5±0.5
and the C/P ratio was 0.3±0.1, falling within the range of modern enamel. No samples
32

showed any unusual peaks that would suggest post-mortem alteration.

31
32

The bone carbonate results are presented in Section 3.5.1.

The enamel of two individuals, TCP10 and NCP16, did have somewhat high CI values compared to the
rest of the teeth (~2.4). Their C/P ratios, yield, C/N ratios, and δ13Csc and δ18Osc values were similar to the
other samples from their respective sites however, and so they were retained in the study.
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4.5.2

Stable Isotope Results for Tajamar and NAIQ

The juvenile bone, EFT and LFT stable isotope data for both sites are summarized in
Table 4.1. At Tajamar, collagen was successfully extracted from 9 juvenile bones, 36
early-forming teeth (EFT) and 28 late-forming teeth (LFT). The bone collagen samples
have a mean δ13Ccol value of −10.3±1.3‰ and a δ15Ncol value of +8.9±1.5‰. The EFT
and LFT samples had mean δ13Ccol values of −9.4±1.2‰ and −9.3±1.3‰ and δ15Ncol
values of +9.9±1.5‰ and +9.0±1.1‰ respectively.
At NAIQ, 7 juvenile bone collagen samples were successfully extracted and had mean

δ13Ccol and δ15Ncol values of −13.8±4.1‰ and +9.6±1.9‰ respectively. The 31 EFT
samples had a mean dentin δ13Ccol value of −16.1±3.8‰ and a δ15Ncol value of
+10.2±1.7‰ while the 20 LFT samples have mean dentin δ13Ccol and δ15Ncol values of
−17.1±3.3‰ and +9.3±1.2‰ respectively. At NAIQ, 4 bone samples (NCP39, NCP40,
NCP41, NCP42), 7 EFT samples (NCP06 NCP24, NCP38, NCP39, NCP40, NCP41,
NCP42) and 2 LFT samples (NCP05, NCP24) have significantly higher δ13Ccol values
(by ~+9‰) compared to the other NAIQ bone and teeth samples, suggesting two distinct
groupings at the site. This was confirmed statistically (bone δ13Ccol t-tests p<0.000, EFT
and LFT δ13Ccol Mann-Whitney U-tests, p<0.000). Due to the possibility these
individuals might represent non-local individuals (similar to those identified in Chapter
3), they will examined in more detail separately. When data for these individuals are
removed, the NAIQ bone collagen, EFT and LFT samples have mean δ13Ccol values of
−18.1±0.6‰, −18.2±0.4‰ and −18.3±0.3‰ respectively, while their mean δ15Ncol values
are +8.2±1.2‰, +9.8±1.3‰ and +9.0±1.0‰ respectively. At Tajamar, 11 bone, 19 EFT
and 11 LFT samples were analyzed for their structural carbonate carbon- and
oxygen-isotope compositions. The bone samples have a mean δ13Csc value of −5.0±1.4‰
and a mean δ18Osc value of +20.3±1.8‰. Concerning the teeth, the EFT have a mean
enamel δ13Csc value of −2.9±1.3‰ and a mean δ18Osc value of +23.7±0.7‰ while the 11
LFT have a mean δ13Csc value of −2.0±1.3‰ and a mean δ18Osc value of +23.2±0.8‰.
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Table 4.1 Tajamar and NAIQ EFT, LFT and Juvenile Bone Stable Isotope Results
Sample
ID

Age

δ 13Ccol
(‰, VPDB)

Sex

δ15Ncol
(‰, AIR)

δ13Csc
(‰, VPDB)

δ18Osc
(‰, VSMOW)

EFT

LFT

Bone

EFT

LFT

Bone

EFT

LFT

Bone

EFT

LFT

Bone

Tajamar
TCP01

Teen

F

−8.6

−8.1



+9.8

+9.6















TCP02

Yng Ad.

F

−8.4

−9.1



+9.4

+9.4















TCP03

8 yrs

Juv

−8.8





+9.3





−2.3





+24.1





TCP04

Yng Ad.

M

−9.4

−11.9



+8.5

+8.3















TCP05

Yng Ad.

N/D

−8.7

−8.5



+9.3

+9.2



−1.3

−1.3



+22.1

+22.1



TCP07

Mid Ad.

M

−9.6

−8.7



+9.9

+9.4















TCP08

5 yrs

Juv

−9.4





+12.3





−2.8



−2.8

+24.0



+19.7

TCP10

Yng Ad.

M



−7.7





+8.7





−0.8





+22.7



TCP12

Yng Ad.

M



−8.5





+8.9















TCP13

7 yrs

Juv

−8.6



−9.9

+9.8



+8.4

−2.7



−4.8

+23.5



+21.0

TCP15

Teen

M

−9.3

−9.4



+8.3

+9.1













TCP16

12 yrs

N/D

−8.6



−9.2

+9.9



+9.0

−2.2



−4.2

+23.9



+21.8

TCP17

Mid Ad.

F

-9.1

−9.9



+10.4

+10.5















TCP19

Teen

N/D

−13.3

−12.0



+7.3

+7.5















TCP20

Teen

F

−10.5

−10.9



+7.8

+9.9















+9.9

+7.3















TCP21

Teen

F

−8.8

−10.7



TCP22

Yng Ad.

F

−9.5

−9.6



+9.7

+9.3















TCP23

7 yrs

Juv

−10.4



−11.1

+9.0



+7.3

−1.8



−5.6

+23.0



+19.6

TCP24

Yng Ad.

F

−8.3

−9.0



+9.6

+9.8





−0.9





+23.5



TCP26

Yng Ad.

F

−10.6

−10.0



+8.6

+8.7















TCP27

0.8 yrs

Juv

−11.2



−11.3

+10.0



+9.9

−5.2



−7.5

+24.5



+22.8

TCP28

Yng Ad.

F

−10.4

−10.2



+10.2

+8.5















TCP29

Teen

M



−7.1





+9.9





−0.5





+22.6



TCP31

6-11 yrs

Juv





−13.1





+6.2





−7.6





+20.9

TCP33

5 yrs

Juv

−9.2



−9.9

+10.2



+8.7

−1.8



−4.7

+24.4



+17.4

TCP36

1 yr

Juv

−6.8





+14.3

















TCP38

Yng Ad.

N/D















−2.1





+23.4



TCP39

Teen

N/D

−8.0





+11.7





−2.1





+23.5





TCP42

Yng Ad.

N/D



−9.1





+10.2





−1.9





+22.9



TCP44

6 yrs

Juv

−10,0



−10.0

+10.7



+9.0

−3.1



−4.7

+24.2



+21.2

TCP46

9-10 yrs

Juv

−10.2





+9.9





−4.6



−4.3

+23.8



+20.1

+11.2

+10.4



−3.2





+22.7





TCP47

Yng Ad.

F

−9.2

−9.5



TCP50

Yng Ad.

F

−10.0

−9.4



+8.1

+8.0















TCP52

Teen

N/D













−6.7





+24.6





TCP53

2-5 yrs

Juv





−9.2





+10.1





−4.5





+21.6

TCP54

Teen

N/D

−8.0





+13.4





−1.9





+24.3
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Sample
ID

Age

δ 13Ccol
(‰, VPDB)

Sex

δ15Ncol
(‰, AIR)

δ13Csc
(‰, VPDB)

δ18Osc
(‰, VSMOW)

EFT

LFT

Bone

EFT

LFT

Bone

EFT

LFT

Bone

EFT

LFT

Bone

TCP56

Yng Ad.

M

−8.2

−7.8



+7.7

+7.8





−2.2





+23.4



TCP57

Teen

N/D

−7.2





+9.1





−1.7





+24.4





TCP58

Yng Ad.

M



−9.2





+9.7





−3.4





+22.5



TCP60

Teen

M















−4.9





+23.6



TCP62

3-4 yrs

Juv

−8.7





+11.8





−3.2





+23.3





TCP64

Yng Ad.

F

−9.1





+10.3





−3.1





+23.2





TCP65

Mid Ad.

F

−11.6

−11.3



+7.8

+7.7















TCP66

Yng Ad.

M

−9.9

−8.3



+9.9

+10.6















TCP67

Yng Ad.

F



−8.6





+11.4





−2.7





+23.5



TCP68

8-9 yrs

Juv

−10.0





+10.4





−3,0





+24.2





TCP69

3-4 yrs

Juv





−9.4





+11.3





−4.3





+17.0

TCP70

Mid Ad.

N/D



−8.2





+7.2





−1.7





+25.1



TCP73

Teen

N/D

−9.6





+10.4





−3.1





+22.9





NCP01

Mid Ad.

N/D

−18.2

−18.2



+10.4

+10.3















NCP02

Teen

N/D

−19.3

−18.9



+7.8

+8.4



−13.2





+25.1





NCP03

Mid Ad.

M

−18,0





+8.7

















NCP05

Teen

F



−9.1





+11.9



−11.3

−1.8



+25.3

+23.8



NCP06

Yng Ad.

M

−9.2





+11.3





−2.6





+24.1





NCP08

Mid Ad.

F

−18.3

−18.1



+8.2

+8.4



−11.9





+24.7





NCP09

Yng Ad.

M



−17.9





+8.1





−11.3





+24.3



NCP10

Yng Ad.

F

−17.9





+8.9







−11.5





+23.8



NCP12

5 yrs

Juv

−18,0



−17.7

+9.8



+9.5













NCP13

Mid Ad.

M

−18.2

−18.2



+10.7

+10.3





−11.7





+24.8



NCP14

Yng Ad.

N/D

−18.1





+10.2





−11.5





+25.5





NCP15

Yng Ad.

M

−17.7

−18.2



+10.7

+9.6





−11.8





+25.3



NCP16

7 yrs

Juv

−18.1





+12.0





−12.4





+26.5





NCP17

Teen

N/D

−17.8

−18.0



+9.5

+9.0





−11.9





+23.0







+21.1

NAIQ

NCP18

7 yrs

Juv

−18.0

−18.0

−17.7

+10.1

+10.5

+7.8



−11.1



NCP19

5 yrs

Juv

−17.9





+11.5





−11.9





+26.1





NCP20

Mid Ad.

M



−18.0





+9.5





−11.2





+24.1



NCP21

9 yrs

Juv

−18.1





+11.3





−12.0



−11.7

+27.8



+24.2

NCP22

Mid Ad.

N/D













−11.9





+26.1





NCP23

Mid Ad.

F



−18.2





+11.3





−11.6





+26.2



NCP24

Yng Ad.

M

−9.5

−8.0



+9.0

+10.7





−2.3





+23.3



NCP25

Yng Ad.

M

−18.2

−18.5



+8.5

+8.0















NCP26

Mid Ad.

F

−18.3

−18.3



+11.9

+9.2
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Sample
ID

Age

δ 13Ccol
(‰, VPDB)

Sex

δ15Ncol
(‰, AIR)

δ13Csc
(‰, VPDB)

δ18Osc
(‰, VSMOW)

EFT

LFT

Bone

EFT

LFT

Bone

EFT

LFT

Bone

EFT

LFT

Bone

NCP28

9-10 yrs

Juv

−18.9



−18.8

+8.9



+7.2

−13.0



−12.6

+25.2



+20.1

NCP29

Mid Ad.

F















−10.9





+25.6



NCP31

Yng Ad.

M













−11.1

−11.0



+25.5

+24.1



NCP32

Yng Ad.

F

−17.8





+9.6





−11.4





+27.6





NCP33

Yng Ad.

M

−18.5





+8.6





−11.8





+25.8





NCP34

Mid Ad.

M



−18.2





+7.8





−10.7





+25.7



NCP35

Yng Ad.

M



−18.8





+9.2





−11.6





+25.9



NCP37

Mid Ad.

F

−18.4

−18.3



+7.5

+8.0



−11.3





+24.9





NCP38

Yng Ad.

N/D

−7.4

−18.4



+15.2

+8.3



−2.5

−11.7



+24.8

+24.3



NCP39

4-5 yrs

Juv

−10.6



−10.7

+11.0



+10.1

−3.8



−5.4

+23.8



+21.4

NCP40

6-7 yrs
0.9-1
yrs

Juv

−11.4



−11.6

+9.5



+8.7

−4.8



−5.4

+23.3



+21.3

Juv

−11.1



−10.5

+12.4



+12.8

−4.4



−5.0

+24.6



+22.1


NCP42
4-5 yrs
Juv
−9.5
 Insufficient collagen/carbonate for analysis
Outliers included

−9.8

+11.5



+10.8

−3.6



−4.5

+24.2



+22.9

NCP41

At NAIQ, 7 bone, 20 EFT and 14 LFT samples were analyzed for their δ13Csc and δ18Osc
values. When results for the possible non-local individuals are removed, the mean δ13Csc
values for the bone, EFT and LFT samples are −11.8±0.8‰, −11.9±0.6‰ and
−11.4±0.4‰, respectively, while the mean δ18Osc values are +21.8±2.1‰, +25.8±1.0‰
and +24.7±1.0‰, respectively.
Statistically significant differences in δ13Ccol and δ13Csc values are present between
Tajamar and NAIQ bone (δ13Ccol and δ13Csc t-tests, p<0.000), EFT (δ13Ccol MannWhitney U-test, p<0.000, δ13Csc t-test, p<0.000) and LFT samples (δ13Ccol and δ13Csc ttests, p<0.000). The EFT and LFT samples also show differences in δ18Osc values (δ18Osc
t-test, p<0.000) between the sites, but none are seen between the bone samples (δ18Osc ttest, p>0.050).

4.6 Discussion
4.6.1

Early Childhood – Juvenile Bone and Early-Forming Teeth

In order to identify the presence of breastfeeding, the Tajamar and NAIQ juvenile bone
and EFT isotopic compositions are compared with adult female bone samples in Figures
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4.1 to 4.4.33 With the exception of slightly higher δ15Ncol values in the juvenile bone
samples at each site (which is not statistically significant: δ15Ncol t-tests, p>0.050), there
is very little difference between juvenile and adult female bone isotopic compositions
(δ13Ccol, δ13Csc and δ18Osc t-tests, p>0.050). To eliminate the possibility that high
variability in the adult female isotopic compositions is masking a nursing signal in the
juveniles, the Tajamar and NAIQ juvenile bone samples were compared with the mean
adult female isotopic compositions from their respective sites (Table 4.2). Only samples
TCP27, TCP53, TCP69 and NCP12 have higher bone δ15Ncol values than the adult female
means, and only TCP27 and NCP21 have higher δ18Osc values, which would indicate a
34

breastfeeding effect.

The relative lack of a nursing/weaning signal in the majority of the

juvenile bone samples could suggest that the duration of breastfeeding at both sites was
limited with infants weaned quickly onto a diet similar to the adults, thus limiting the
nursing effect in forming bone tissue. However, it is possible a nursing signal is present
at both sites, but the high variability of the juvenile and female isotopic compositions
makes it impossible to identify. Although care was taken to remove all obvious potential
non-local individuals (e.g., individuals who had large variations in their δ13Ccol, δ15Ncol
and δ18Osc values compared to the general site populations) from the adult/juvenile
cohorts, the high variability in the isotopic ratios at Tajamar and NAIQ may suggest
some still are present (Turner et al., 2007). Although this variability could also be due to
bone turnover rates varying between individuals as well as between adults and juveniles
(Garnero et al., 1996; Parfitt et al., 2000), it is difficult to determine how much of an
effect this would have on interpretation.
Before examining EFT isotopic compositions, the possible complication of survivability
was assessed. A number of studies have suggested EFT isotopic compositions of

33

Tajamar and NAIQ female bone δ13Ccol, δ15Ncol and δ13Csc values presented are listed Chapter 3. Female
bone δ18Osc values are listed in Chapter 5.
34

The interpretation of TCP27 should be undertaken with caution due to the fact this infant’s tissues likely
reflect the diet of the mother as well as the infant.
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Figure 4.1 Tajamar Adult Female and Juvenile Bone and EFT δ13Ccol and δ15Ncol
Values

Figure 4.2 NAIQ Adult Female and Juvenile Bone and EFT δ13Ccol and δ15Ncol
Values
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Figure 4.3 Tajamar Adult Female and Juvenile Bone and EFT δ13Csc and δ18Osc
Values

Figure 4.4 NAIQ Adult Female and Juvenile Bone and EFT δ13Csc and δ18Osc Values
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deceased children may not be representative of the diets of surviving infants (e.g., Fuller
et al., 2003; Hobson et al., 1993; Katzenberg, 2008; Katzenberg and Pfeiffer, 1995;
Lewis, 2007; Richards et al., 2002; Schurr, 1997; Waters-Rist and Katzenberg, 2009;
Wright and Schwarcz, 1998; 1999). Accordingly, the juvenile EFT sample isotopic
compositions were statistically tested against adult EFT isotopic compositions. At both
sites, no statistical differences between juvenile and adult EFT isotopic compositions
were found (t-tests, p>0.050), suggesting that survivability did not affect early childhood
diets.
At Tajamar, t-tests demonstrated that EFT δ15Ncol, δ13Csc and δ18Osc values were
statistically higher (all values, p<0.000) than those of female bone samples; at NAIQ,
EFT δ15Ncol and δ18Osc values were higher than those of female bone samples (δ15Ncol,
35

p<0.032, δ18Osc, p<0.000). The EFT δ15Ncol values at both sites are ~+1.5‰ higher than
the mean compositions for adult female bone collagen, likely largely due to the effect of
breastfeeding. Wright and Schwarcz (1999) suggest that this increase is due to proteins in
solid foods replacing milk proteins before EFT formation is complete. EFT δ18Osc values
also show consistent and significant elevations (~+3-6‰) over female bone.
Breastfeeding and/or the consumption of boiled beverages/mashes with high δ18O values
during weaning could be partly responsible for the higher EFT oxygen isotopic
compositions (Brettell et al., 2012). Modern Ecuadorian ethnographic accounts of
indigenous highland communities corroborate the idea of extremely early weaning; the
introduction of supplemental foods is documented at 6 months of age and the completion
of nursing before 2 years of age (Berti and Leonard, 1998; Leonard et al., 2000; Sellen,
2001). Although it is likely the EFT samples isotopic compositions are reflecting a
nursing signal, it must be remembered that bones and teeth are two distinct tissues with
varying turnover/remodeling rates, which, in turn, often vary by individual due to health,
nutrition, stress, and other factors (Garnero et al., 1996; Hillson, 1996; Katzenberg and

35

The m1 tooth samples (which could also reflect the mother’s isotopic ratios) show no major differences
from the EFT samples; however, to eliminate the possibility that their isotopic compositions represent the
diet of both the infants and their mothers, they were excluded from the statistical tests.
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Table 4.2 Tajamar and NAIQ Juvenile Bone Versus Adult Female Bone Stable
Isotope Compositions
Age

Sex

δ13Ccol
(‰, VPDB)

TCP08

5 yrs

N/D Juv





−2.8

+19.7

TCP13

7 yrs

N/D Juv

−9.9

+8.4

−4.8

+21.0

TCP16

12 yrs

N/D

−9.2

+9.0

−4.2

+21.8

TCP23

7 yrs

N/D Juv

−11.1

+7.3

−5.6

+19.6

TCP27

0.8 yrs

N/D Juv

−11.3

+9.9

−7.5

+22.8

TCP31

6-11 yrs

N/D Juv

−13.1

+6.2

−7.6

+20.9

TCP33

5 yrs

N/D Juv

−9.9

+8.7

−4.7

+17.4

TCP44

6 yrs

N/D Juv

−10.0

+9.0

−4.7

+21.2

TCP46

9-10 yrs

N/D Juv





−4.3

+20.1

TCP53

2-5 yrs

N/D Juv

−9.2

+10.1

−4.5

+21.6

TCP69

3-4 yrs

N/D Juv

−9.4

+11.3

−4.3

+17.0

Tajamar

Adult

F

Average

−9.5

+8.0

−4.7

+20.8

SD

0.8

0.8

0.9

1.0

Sample ID

δ15Ncol
(‰, AIR)

δ13Csc
(‰, VPDB)

δ18Osc
(‰, VSMOW)

Tajamar

NAIQ
NCP12

5 yrs

N/D Juv

−17.7

+9.5





NCP18

7 yrs

N/D Juv

−17.7

+7.8

−11.1

+21.1

NCP21

9 yrs

N/D Juv





−11.7

+24.2

NCP28

9-10 yrs

N/D Juv

−18.8

+7.2

−12.6

+20.1

NAIQ

Adult

F
−18.5

+8.2

−12.0

+20.2

SD
0.2
 Insufficient collagen/carbonate for analysis
Outliers excluded

1.1

0.5

1.7

Average

Lovell, 1999; Parfitt et al., 2000; Smith, 1991). It is possible that variations between the
EFT teeth and adult female bones could be affecting (at least in part) the interpretation of
early childhood diet at Tajamar and NAIQ.
The clustering of juvenile bone and EFT isotopic compositions suggests that
breastfeeding ended well before 3 years of age; however, within each tissue group the
isotopic compositions varied widely. Sex-based differences in nursing/weaning practices
were ruled out as a possible factor behind the variation (δ13Ccol, δ15Ncol, δ13Csc, δ18Osc t-
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tests, p>0.050). Due to the fact that EFT teeth generally have higher δ13Ccol, δ15Ncol and

δ18Osc values closer to the crown compared to the root, theorized to reflect the gradual
supplementation of breastmilk with solid foods over the development of the tooth (Fuller
et al., 2003), wear on these teeth could potentially destroy the earlier formed tissue
present in the tooth crown, resulting in the tooth’s nursing signal being masked or
destroyed altogether. Thus, dental wear was also examined as a possible source of
variation. Tajamar EFT δ15Ncol values show statistical differences between those with no
wear and those with slight wear (ANOVA, p<0.027), but no differences between these
two dental wear groups and moderate/extreme wear. This test seems to suggest that
dental wear could affect isotopic composition, but the more likely scenario affecting the
results is the inclusion of incomplete juvenile EFT in the sample. Incomplete juvenile
EFT samples (i.e., roots are still forming) likely have higher bulk δ15Ncol values
compared to adult EFT samples, as the former largely reflect only the nursing period. The
juvenile teeth had little time for dental wear to affect them; thus, they make up a
significant portion of the ‘no wear’ samples. When the statistical tests were run again
with the juvenile EFT samples removed, no significant differences were seen between the

δ15Ncol values of the different dental wear patterns (ANOVA, p>0.050). These results
suggest the variations in juvenile bone and EFT δ15Ncol values are likely caused by a
combination of cultural and physiological effects including: (1) the populations engaged
a number of nursing/weaning practices rather than one uniform standard due to
differences in resource access, the economic importance of the mother (i.e., her labour
was needed elsewhere), and/or individual/familial beliefs and customs, (2) individual
physiological differences affected metabolism and growth and (3) variations in maternal
dietary intake due to social status, season and illness. All three factors likely played an
indirect role in the isotopic variation of juvenile bone and EFT (Turner et al., 2007;
Wright and Schwarcz, 1999).

4.6.2

Early to Late Childhood – Early-Forming Versus LateForming Teeth

LFT δ15Ncol values at Tajamar and LFT δ13Csc and δ18Osc values at NAIQ are consistently
lower compared to EFT values at each site (t-tests, δ15Ncol, p<0.021, δ13Csc, p<0.031,
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δ18Osc, p<0.010), suggesting a decrease in the consumption of 15N- and 18O-enriched
breastmilk over time and the possible increased consumption of specialized weaning
foods with lower δ-values (Fuller et al., 2003; Wright and Schwarcz, 1998; 1999).
However, the differences in δ15Ncol and δ18Osc values between the EFT and LFT are
minimal (<1‰) compared to the variations within each tissue group, which could suggest
that any statistical trends might be misleading. Sex-based differences were not
36

statistically significant as a cause of variation in the LFT values (t-tests, p>0.050).

Twenty-eight (28) individuals for whom both EFT and LFT δ13Ccol and δ15Ncol values
were available were used to investigate whether dietary changes could be indentified on
an individual level. At both sites (Table 4.1), no differences were found between
individual’s EFT and LFT δ13Ccol or δ15Ncol values (t-tests, p>0.050). The lack of
enrichment in EFT δ13Ccol values over LFT values is expected, as 13C enrichment
associated with breastfeeding tends to disappear rapidly with the introduction of weaning
foods (Fuller et al., 2006a; Wright and Schwarcz, 1999). In fact, the δ13Ccol values show
the most intra-individual variability between EFT and LFT, with some individuals
(TCP19, TCP66, NCP24) having lower EFT δ13Ccol values (by ~+1‰) and others
(TCP04, TCP64, TCP21) being enriched in 13C by ~+2‰ compared to their LFT
compositions. The lower EFT δ13Ccol values could reflect specialized weaning diets
higher in C3 resources (e.g., potatoes) compared to the adult diet. While the higher δ13Ccol
values could represent a breastfeeding effect, they could also result from weaning onto
greater amounts of C4 foods (i.e., maize gruel) compared to adults. The lack of
differences between EFT and LFT δ15Ncol values is also unsurprising, in light of the
minimal variations among EFT, juvenile bone and adult female bone nitrogen isotopic
compositions (Figures 4.1 and 4.2). The small spacings between EFT and LFT δ15Ncol
values are similar to the results of Wright and Schwarcz (1999) who suggested these
minimal spacings might be due to proteins from solid foods with lower δ15Ncol values
replacing milk proteins with higher δ15Ncol values before EFT formation is complete.

36

No differences were found between LFT and EFT δ13Ccol values at either site and the Tajamar samples
had no statistical differences present between LFT and EFT sample δ13Ccol values.
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However, for the individuals TCP21, TCP28 and NCP26 who have EFT δ15Ncol values
that are ~+1‰ higher than their LFT values, breastfeeding might have occurred for a
longer period of time. This is particularly true for TCP21, who also has higher δ13Ccol
values. The small variations observed in the nitrogen and carbon isotopic compositions of
paired EFT and LFT are highly suggestive that nursing as a whole was very short-term.
However, the fact that there was no consistent pattern suggests that individual actions
played a role in determining the timing and duration of nursing and the choice of weaning
diet.

4.6.3

Late Childhood – Late-Forming Teeth Versus Adult Bone

The δ15Ncol and δ13Ccol values for Tajamar and NAIQ LFT dentin samples and adult bone
37

collagen are compared in Figure 4.5.

At Tajamar, adult bone collagen and LFT dentin

δ13Ccol and δ15Ncol values cluster together (t-tests, p>0.050), suggesting older children and
adults were consuming a similar diet, predominantly made up of C4 resources. A more
generalized dietary pattern was present at NAIQ for both LFT and adult bone samples.

38

However NAIQ LFT dentin isotopic compositions are higher than adult bone collagen
(δ13Ccol p<0.011, δ15Ncol, p<0.009) suggesting older children were possibly consuming
different food resources with higher δ13C values but similar δ15N values compared to the
adults.

39

The adult bone carbonate and LFT enamel δ18Osc and δ13Csc values are illustrated in
Figure 4.6. At both sites, LFT enamel samples have significantly higher oxygen and
carbon isotopic compositions compared to the adult bone carbonate (Tajamar δ13Csc,

δ18Osc t-tests, p<0.000, NAIQ δ13Csc, p<0.007, δ18Osc, p<0.000). The higher LFT δ18Osc

37

Tajamar and NAIQ adult bone δ13Ccol, δ15Ncol and δ13Csc values are presented in more detail in Chapter
3. Adult bone δ18Osc values are presented in Chapter 5.
38
39

Please see Chapter 3 for more detail about the adult diet at NAIQ and Tajamar.

The difference between LFT and adult bone δ13Ccol values is less clear in Figure 4.5 due to the very
small range in δ13Ccol values at NAIQ for all samples. This statistical significance is likely the result of a
small sample effect and thus is misleading.
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Figure 4.5 Tajamar and NAIQ Adult Bone and LFT δ13Ccol and δ15Ncol Values
values seem to indicate that older children were imbibing 18O-enriched water sources
compared to the adults, perhaps in the form of soups or juices that contain boiled water.
This is not an unlikely suggestion, as soups, stews and juice make up a significant portion
of the modern indigenous diet (Berti and Leonard, 1998; Greene, 1976). The higher LFT

δ13Csc values could be suggestive of a possible difference in the whole diet between older
children and adults. As bone collagen and structural carbonate carbon isotopic
compositions reflect different portions of the diet, inter-bone variability in these tissues
can be used to examine dietary changes (Balasse et al., 1999). To test the possibility of
dietary differences between older children and adults, LFT and adult bone δ13Ccol and

δ13Csc values were compared to the model protein-specific regression lines developed by
Froehle et al. (2010) (Figure 4.7). Older children at Tajamar plot closer to 100% C4 diet
compared to the adults, suggesting that older children at Tajamar consumed a diet similar
to the adults, with perhaps the addition of slightly more C4 protein. When the δ13Csc
values of the older children and adults at NAIQ are compared, both plot along near
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Figure 4.6 Tajamar and NAIQ Adult Bone and LFT δ13Csc and δ18Osc Values
the centre of the C3 protein line, suggesting that C3 resources were the dominant source of
protein for both age groups but that C4 sources were part of the non-protein portion of the
diet. Although this result would suggest the diet of the older children and adults at NAIQ
was similar, the higher LFT dentin δ15Ncol values imply the diet did vary slightly in the
protein portion between older children and adults (Figure 4.5). As discussed in Chapter 3,
the diet at NAIQ was very generalized, made up of both C3 and C4 sources and thus it is
not unreasonable that older children and adults were consuming different sources of
protein which had different δ15N values but similar δ13C values.

4.6.4

Intra-Individual Variation

A number of studies have noted spacing in carbon and nitrogen isotopic compositions
between dentin and bone collagen forming at the same time (Fuller et al., 2003; Metcalfe
et al., 2010; Richards et al., 2002; Sealy et al., 1995; Wright and Schwarcz, 1999), and
recently there has been some indication that structural carbonate shows a similar pattern,
with enamel δ13Csc and δ18Osc values being ~+2.3‰ and +1.7‰ higher than bone
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Figure 4.7 Tajamar and NAIQ LFT and Adult Bone δ13Csc Versus δ13Ccol Values
In this model, placement on the δ13Csc axis denotes the ratio of C3 to C4 foods in the δ13Cdiet, and
positioning relative to the regression lines discriminates between C3 and C4 protein. Plotting closer to 100%
whole diet along the regression line indicates both protein and non-protein portion of the diet have same
isotopic signatures (100% C3 or 100% C4). Plotting closer to 100% non-protein portion of diet indicates
that protein and non-protein portions carry opposite isotopic signatures (e.g., C3 protein with 100% C4 nonprotein) (Froehle et al., 2010; 2012). Outliers removed.

forming at the same time (Warinner and Tuross, 2009). Paired EFT and bone samples for
12 juveniles and paired LFT and bone samples for 7 teens allowed these possibilities
(i.e.,average ∆EFT-bone or ∆LFT-bone values) to be investigated statistically and graphically
40

(Table 4.3, Figures 4.8 to 4.11).

The Tajamar juvenile paired EFT-bone ∆13Ccol, ∆15Ncol,

∆13Csc, and ∆18Osc values showed statistically significant differences (∆13Ccol, p<0.032,
∆15Ncol, p<0.005, ∆13Csc, p<0.003, ∆18Osc, p<0.002), while the juveniles from NAIQ had
no significant differences between the paired EFT-bone samples. Only teen paired LFT-

40

The teen bone isotope compositions are examined in more detail in Chapter 3.

117

bone ∆13Ccol, ∆15Ncol, ∆13Csc, and ∆18Osc values from Tajamar could be tested statistically
and were found to be not statistically different.
These results were not unexpected. Although consistent ∆teeth-bone spacings have been
reported in the literature for animals in controlled feeding studies (e.g., Warinner and
Tuross, 2009), previous studies of human ∆teeth-bone spacings suggest that if these spacings
exist in humans, they are minimal and inconsistent (France and Owsley, in press; Loftus
and Sealy, 2012), similar to the result found in this study. Loftus and Sealy (2012)
suggest that the lack of a consistent offset between enamel and bone structural carbonate

δ13C and δ18O values could be due to residual post-mortem alteration affecting the bone
samples, even after they have been treated in order to remove said contamination.
Although this could be the case for some of the bone samples, the majority had CIs and
C/P ratios within the range for modern unaltered bone, suggesting that they had not been
altered post-mortem (Section 4.5.1). Instead, it is likely that the highly variable nature of
bone and tooth formation and remodeling in humans is in part responsible for the lack of
consistent ∆teeth-bone spacings. Unlike tooth formation, which is finite and the rate of
development is generally stable (Buikstra and Ubelaker, 1994; Hillson, 1996; Moorrees
et al., 1962; Smith, 1991), bones continuously remodel over time, and turnover rates vary
depending on the type of bone (cortical or cancellous), the proportion of cortical versus
Table 4.3 Paired Juvenile/Teen EFT and Bone Stable Isotope Compositions
Sample
ID

Age
(Yrs)
5

Tissue

δ13Ccol
(‰, VPDB)

δ15Ncol
(‰, AIR)

δ13Csc
(‰, VPDB)

δ18Osc
(‰, VSMOW)

EFT

−9.4

+12.3

−2.8

+24.0

Bone





−2.8

+19.7

Tajamar
TCP08
TCP13
TCP16
TCP23
TCP27
TCP33

7
12
7
0.8
5

EFT

−8.6

+9.8

−2.7

+23.5

Bone

−9.9

+8.4

−4.8

+21.0

EFT

−8.6

+9.9

−2.2

+23.9

Bone

−9.2

+9.0

−4.2

+21.8

EFT

−10.4

+9.0

−1.8

+23.0

Bone

−11.1

+7.3

−5.6

+19.6

EFT

-11.2

+10.0

−5.2

+24.5

Bone

−11.3

+9.9

−7.5

+22.8

EFT

−9.2

+10.2

−1.8

+24.4

Bone

−9.9

+8.7

−4.7

+17.4
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Sample
ID

Age
(Yrs)

TCP44

6

TCP01
TCP15

17-19
17-19

Tissue

δ13Ccol
(‰, VPDB)

δ15Ncol
(‰, AIR)

δ13Csc
(‰, VPDB)

δ18Osc
(‰, VSMOW)

EFT

−10.0

+10.7

−3.1

+24.2

Bone

−10.0

+9.0

−4.7

+21.2

LFT

−8.1

+9.6





Bone

−9.8

+7.9

−3.8

+21.5

LFT

−9.4

+9.1





Bone

−8.6

+8.5

−2.9

+19.7

LFT

−12.0

+7.5





Bone

−11.5

+5.6

−3.5

+21.0

LFT

−10.9

+7.8





Bone

−10.1

+7.2

−4.8

+19.7

LFT

−10.7

+7.3





Bone

−11.0

+6.7

−6.2

+22.6

LFT

−7.1

+9.9

−0.5

+22.6

Bone

−9.3

+11.0

−3.4

+20.3

EFT

−18.0

+9.8





Bone

−17.4

+9.5





EFT

−18.0

+10.1





Bone

−17.7

+7.8

−11.1

+21.1

EFT

−18.1

+11.3

−12.0

+27.8

Bone





−11.7

+24.2

EFT

−18.9

+11.3

−12.0

+27.8

Bone

−18.8

+7.2

−12.6

+20.1

LFT

−18.9

+8.4





Bone
−19.0
 Insufficient collagen/carbonate for analysis
m1s, outliers removed

+7.1

−11.1

+15.4

TCP19
TCP20
TCP21
TCP29

15-21
15-21
15-19
16-23

NAIQ
NCP12
NCP18
NCP21
NCP28
NCP02

5
7
9
9-10
12-15

cancellous bone (e.g., ribs with thin cortical bone remodel faster than thicker femurs),
hormonal influences, age and health (Garnero et al., 1996; Libby et al., 1964; Manolagas,
2000; Walsh et al., 2010).

41

Bone growth and remodeling rates are also affected much

more easily than teeth by external factors such as nutritional stress, health and diet
(Buikstra and Ubelaker, 1994; Hillson, 1996). Thus, bone formation and remodeling

41

Ribs were preferentially chosen for study to try to minimize the effect of different formation rates in
different bony elements, however when they were not available, other bones with thin cortical bones (e.g.,
phalanges) which likely had similar remodeling rates to the ribs were sampled.
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Figure 4.8 Tajamar Δ13Ccol and Δ15Ncol Differences Between Paired Teeth and Bone
Plotted Against Age at Death

Figure 4.9 NAIQ Δ13Ccol and Δ15Ncol Differences Between Paired Teeth and Bone
Plotted Against Age at Death
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Figure 4.10 Tajamar Δ13Csc and Δ18Osc Differences Between Paired Teeth and Bone
Plotted Against Age at Death

Figure 4.11 NAIQ Δ13Csc and Δ18Osc Differences Between Paired Teeth and Bone
Plotted Against Age at Death
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rates are likely very individualized, compared to the more stable formation rates of teeth,
resulting in the varied spacing between the isotopic compositions of teeth and bones
supposedly forming at the same time.

4.6.5

The Possibility of Childhood Mobility

At NAIQ, 4 juvenile bone, 6 EFT and 2 LFT samples had significantly different isotopic
compositions compared to the general population at the site, suggesting they might be
non-local individuals. The EFT and LFT samples from adult individuals are discussed in
Chapter 5; therefore, only the bone and EFT samples from juveniles will be discussed
here. Four juveniles from NAIQ (NCP39, NCP40, NCP41, NCP42) had bone and EFT
samples with carbon isotopic compositions reflecting a predominantly C4 diet which is
very different from the generalized C3 diet of the rest of the population at the site (Table
4.1). The lack of variation between the EFT and bone δ13Ccol, δ15Ncol, δ13Csc and δ18Osc
values of these possible non-local individuals suggests that these children were still
consuming a C4 diet shortly before they died.
The isotopic compositions of the possible non-local individual could be reflecting
individual dietary choices or the presence of multiple groups at NAIQ. However, the lack
of any other evidence for intra-site dietary variation (i.e., no variations based on age, sex,
burial patterns, cranial modifications, etc.), and the fact that these possible non-local
individuals are buried throughout the site, often in tombs of individuals with isotopic
compositions similar to the main NAIQ population, suggests these scenarios are unlikely.
The disparity between the isotopic compositions of these four juveniles and the rest of the
NAIQ population is more likely due to these individuals being non-local.
Pre-Columbian groups in the Quito Basin were inter-connected through a number of
practices, including long-distance chiefdom-sanctioned trade, short-distance exchange
between households or villages, extraterritorial sharecrop arrangements, intercommunal
exogamy, the fostering of elite children, extraterritorial residence for purposes of
apprenticeship, dynastic ties and military alliance (Salomon, 1986). Although it is
difficult to determine exactly why NCP39, NCP40, NCP41 and NCP42 moved to NAIQ,
the fact that these individuals are juveniles could be indicative of child fostering from

122

some other region. Child fostering was documented by the Spanish as a way for
chiefdoms to establish ties with each other (Bray, 2008; Newson, 1995; Salomon, 1986).
It is also possible these individuals are (indirectly) evidence of exogamous marriages
between different groups. Women marrying into NAIQ from a region with a
predominantly C4 diet could have brought children with them or possibly given birth
shortly after arriving, resulting in their children having tissue isotopic compositions
reflecting the C4 dietary pattern from the original region and not the NAIQ C3 dietary
signal.

4.7 Conclusion
This study reports nitrogen, carbon and oxygen isotopic dietary profiles of childhood for
the populations of Tajamar and NAIQ using juvenile bone collagen and structural
carbonate, and EFT and LFT dentin and enamel. The results indicate that children of both
sexes at Tajamar and NAIQ were breastfed for a very limited time (under 3 years) and
were quickly weaned onto a diet similar to that of the adults at each site. This pattern of
behaviour correlates closely with modern ethnographic research from the Ecuadorian
highlands and previous South American archaeological isotopic studies of infant feeding
practices. While there was a generalized trend towards early weaning, intra-individual
variation in juvenile bone, EFT and LFT isotopic compositions at each site suggests the
absence of a uniform nursing/weaning strategy and that individual actions played a large
role in childhood diet. Possible avenues of complications such as intra-individual tissue
variability and childhood survivability were also investigated. Paired bone and teeth were
highly variable in their isotopic composition spacings resulting in large part from the
effect of internal (age, metabolism) and external (health, dietary choice) factors on bone
and teeth formation and remodeling rates. Variables such as survivability and dental wear
were shown to not be major factors of deviation.
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Chapter 5

5

Human and Animal Mobility in the Quito Basin

5.1 Introduction
Residential mobility has been of substantial interest in archaeological research for
decades. This is due to the fact that the movement of people relates not only to issues of
politics and economics but also identity and ideology (Anthony, 1990; Burmeister, 2000).
Unfortunately, the identification of individual mobility or immigration in the
archaeological record remains difficult due to the indirect nature of much of the data
(Bader, 2012; Chapman and Dulukhanov, 1992). The difficulty in identifying non-local
individuals is particularly troubling for bioarchaeologists. The presence of unidentified
non-local individuals within a skeletal population can have profound effects for
determining subsistence and health patterns, identifying social status, and the
interpretation of palaeodemographic characteristics. Oxygen-isotope analysis of
archaeological human/animal tissues provides a method for assessing mobility in ancient
populations, using individuals as the units of analysis within an ecological, geological
and cultural context. This method has become particularly important in the Andes, where
mobility was an important phenomenon in many societies (Buzon et al., 2011; Gil et al.,
2011; Henry, 2008; Knudson and Price, 2007; Knudson et al., 2012; Turner et al., 2009;
42

Ugan et al. 2012; Webb et al., 2011).

The goal of this paper is to assess the potential of oxygen-isotope analysis of bone and
tooth enamel carbonate to identify human and animal mobility within the Quito Basin.
This study takes a combined approach to examining human (and animal) mobility in the
Integration Period of the Quito Basin. First, the oxygen isotopic compositions of drinking
water are calculated from enamel structural carbonate (δ18Osc) compositions and
compared to modern regional water (δ18Ow) compositions to establish local baselines.
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In many of these studies, oxygen-isotope analysis is often coupled with the analysis of 87Sr/86Sr ratios
(Knudson and Price, 2007; Knudson et al., 2012; Turner et al., 2009; Webb et al., 2011).
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The enamel and bone δ18Osc values are then used as a regional dataset for the Quito
Basin, against which other data (e.g., archaeological evidence, ethnohistorical accounts,
previous isotopic studies) are compared. This will enable possible hypotheses about preColumbian mobility during an individual’s lifetime and on a larger population scale to be
tested. Wild and domestic faunal bone δ18Osc values are also measured to reconstruct
animal mobility as well as to assess their potential as secondary evidentiary sources for
human mobility. Finally, the difficulties of using oxygen-isotope analysis in the Andean
region are discussed with particular emphasis on the necessity of multiple lines of
evidence as well as a strong understanding of local environmental oxygen isotopic
baselines and the impact of cultural practices on human tissue isotopic compositions.

5.2 Isotopic Background for Geographic Origin Studies
5.2.1

Oxygen Isotopic Compositions of Environmental Water

Oxygen-isotope analysis of bioapatite to determine geographic origins is based on the
principle that bone and enamel compositions primarily reflect the oxygen isotopic
composition of drinking water, which, in turn, reflects that of environmental water (Luz
43

and Kolodny, 1985; Stuart-Williams and Schwarcz, 1997).

The oxygen isotopic

composition of environmental water reflects that of its origins, which include meteoric
water (precipitation), surface water (e.g., rivers, lakes, glaciers, reservoirs, and irrigation
canals) and groundwater (e.g., springs and wells) (Clark and Fritz, 1997; Darling et al.,
2005, Gat, 1996). The oxygen isotopic compositions of meteoric water is controlled by
both regional processes and local conditions, including temperature, distance from the
ocean, topography and altitude, relative humidity, source of the air mass, and amount and
type of precipitation (Clark and Fritz, 1997; Gat, 1996; Stuart-Williams and Schwarcz,
1997). Surface water oxygen isotopic compositions are influenced not only by
groundwater contributions and the sources and amounts of precipitation but also by
evaporation, which in some regions, especially those characterized by lower humidity,

43

Although bone and enamel oxygen isotopic compositions do reflect δ18Odw values, they are not a direct
reflection (Kohn and Cerling, 2002). The complex relationship between drinking water and tissue oxygen
isotopic compositions is examined in Section 5.2.2.
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can have a significant impact (Clark and Fritz, 1997; Gat, 1996). Groundwater oxygen
isotopic compositions largely reflect the δ18O values of precipitation in the recharge area;
however, water from deep aquifers can also contribute. In addition, the recharge area for
a specific region could be located some distance away and could include meteoric water
from higher altitudes. Aquifers can also contain water from more than one recharge area.
The result is that groundwater can have different oxygen isotopic compositions than local
meteoric and surface waters (Clark and Fritz, 1997; Sharp, 2007).
For the purpose of archaeological oxygen-isotope analyses, an additional factor must be
taken into account – the possibility of temporal variation. In regions such as the
Ecuadorian Andes, significant climate change has occurred over the past few centuries
(Buytaert et al., 2006; Sarmiento, F., 2002; Vuille et al., 2008; White and Maldonado,
1991). The δ18Oice values from ice cores of the Chimborazo glacier in Ecuador were
found to range by as much as 9‰ during the past 100 years due to the high sensitivity of
the glacier to slight climatic changes (Scotterer et al., 2003). However, the results of a
number of other South American glacial ice core studies indicate δ18Oice values reflect a
less than 4‰ range over the last millennium, with much of the variation occurring after
the Industrial Revolution (Scotterer et al., 2003; Thompson et al., 2000; 2003). These
climatic changes may have affected the amount and oxygen isotopic compositions of the
water resources for which environmental water δ18O values were obtained, resulting in
modern water oxygen isotopic baselines not being an entirely true reflection of historical
compositions. In summary, because environmental water can be affected by so many
variables, establishing local oxygen isotopic ranges for environmental water and having
some understanding about a region’s climatic history are essential for interpreting the
results of oxygen-isotope analysis for archaeological materials.

5.2.2

Oxygen Isotopic Compositions of Bone and Teeth Bioapatite

Bioapatite is the mineral fraction of bone and teeth. It generally has the chemical formula
of Ca10(PO4)6(OH)2, although chemical substitutions can occur in the calcium, phosphate
or hydroxyl positions (Katzenberg, 2008). For example, carbonate ions can substitute in
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place of phosphate, thus permitting the analysis of both carbon- and oxygen-isotope
44

compositions in structural carbonate (Lee-Thorp, 2002).

The oxygen isotopic composition of bone and enamel bioapatite is determined by the
oxygen isotopic composition of body water (δ18Obw), which in turn reflects the oxygen
isotopic composition of drinking water (δ18Odw). For animals with constant body
temperatures (such as mammals), bioapatite δ18O values are determined by input
(drinking water, food, air) and output (breath, urine, water vapour); the contribution of
these different components to δ18Obw in turn varies depending on the animal’s body size,
metabolism, water requirements and water conservation (Bryant and Froelich, 1995;
Kohn and Cerling, 2002; Luz et al., 1984). In humans, bioapatite oxygen isotopic
compositions primarily reflect drinking water δ18Odw values (and thus environmental
water). Within-population variability of low-mobility samples has been found to be low,
1-2‰ for humans (White et al., 1998; 2000) and wild fauna (Longinelli, 1984; Luz et al.,
1990).
Using juvenile pigs as an experimental model, Warinner and Tuross (2009) suggested
that δ18Osc of enamel are consistently offset by 1.7‰ versus bone bioapatite growing at
the same time. Although some spacing between human enamel and bone δ18Osc values
has been reported in other studies (Chapter 4, this study; White et al., 2004), in many of
these cases, residual breastfeeding effects in the teeth versus the bone or the differential
effects of internal (age, metabolism) and external (health, dietary choices) factors on bone
and teeth might be causing the variation. As of the writing of this paper, a consistent
enamel-bone offset in δ18Osc values has not been conclusively documented for humans.
Phosphate oxygen isotopic compositions (δ18Op) are derived directly from body water,
whereas δ18Osc is derived from blood bicarbonate, which is isotopically equilibrated with
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Oxygen in bone bioapatite, particularly in carbonate, can be susceptible to post-mortem isotopic
alteration, but the use of carbonate contamination checks such as FTIR analysis have been shown to help
identify potentially altered samples (Bryant et al., 1996; Henry, 2008; Iacumin et al., 1996; Kohn and
Cerling, 2002; Zazzo et al., 2004).
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body water (Kirsanow and Tuross, 2011; Podlesak et al., 2008). Structural carbonate and
phosphate also follow different biochemical paths as they are incorporated into
bioapatite. These differences result in bioapatite structural carbonate and phosphate
having different oxygen isotopic compositions. Faunal studies have found a more or less
constant spacing among δ18Osc, δ18Op and δ18Obw values (Kohn and Cerling, 2002). This
feature has been used by many researchers (e.g., Iacumin et al., 1996) to recalculate

δ18Osc values to equivalent δ18Op values (e.g., Dupras and Schwarcz, 2001; Turner et al.,
2009; Webb et al., 2013).
Recently, this approach has been called into question. France and Owsley (in press)
found that human-specific correlations for the relationship between δ18Osc and δ18Op
varied depending on the tissue analyzed, being strongest for tooth enamel but only
moderate for bone and dentin. France and Owsley (in press) suggest that the poorer
correlation between the isotopic compositions of the two oxygen fractions in bone and
dentin could stem from fractionation of oxygen isotopes in blood bicarbonate during
collagen formation that occurred prior to incorporation of blood biocarbonate into
bioapatite. Accordingly, only enamel δ18Osc values, specifically those for late-forming
teeth have been recalculated to δ18Op values in this study using the enamel-specific linear
regression-based equation of France and Owsley (in press):
Enamel
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δ18Op (VMSOW) = (δ18Osc (VSMOW) – 14.9)/0.63
[Equation 5.1]

Recalculation of δ18Osc values to δ18Op values is a necessary step in order to compare
bioapatite compositions to those of drinking water. Phosphate-oxygen in bioapatite
undergoes metabolic fractionation, necessitating the need for a correction for this effect
in order to relate δ18Op to δ18Odw. Several equations that model this correction are
available in the literature (Chenery et al., 2012; Levinson et al., 1987; Longinelli, 1984;
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Early-forming teeth have been used by other researchers but their δ18Op values must be corrected for the
nursing/weaning effect, generally by −0.7‰ (White et al., 2000; 2004; Wright and Schwarcz, 1998). To
avoid this complexity, only late-forming tooth enamel samples were analyzed in this study.
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Luz et al., 1984), but there is no universal agreement as to the preferred model. By
compiling previously published and new data, Daux et al. (2008) developed a model that
facilitates a more accurate (±0.5‰) prediction of δ18Odw values over a large range of δvalues compared to the older equations. Daux et al.’s equation 6 (2008, p. 1143) has been
used in several studies (e.g., Mitchell and Millard, 2009; Smits et al., 2010; Webb, 2010),
and is adopted here:

δ18Odw (VSMOW) = 1.54* δ18Op (VSMOW) – 33.72
[Equation 5.2]
All that being said, the usefulness of oxygen-isotope phosphate-water equations has also
been questioned. Pollard et al. (2011) compared four widely used regression equations
(including Daux et al.’s equation 6) and determined that the smallest amount of error can
still be greater than ±1‰ and even as large as ±3.5‰. They suggested that due to the
inherent error propagation involved in regression analysis, the development of δ18Op
datasets for specific regions against which other data can be compared might be more
useful.
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This approach has been used by a number of recent studies (e.g., Gil et al.,

2011; Laffoon et al., 2012; Müldner et al., 2010), and is partially adopted here. More
generally, however, δ18Odw values provide the only method for relating measured oxygen
isotopic compositions to geographic regions until comprehensive δ18Op datasets are
developed.
There are some additional complications to be considered. While the various regression
equations described above demonstrate strong linear relationships between the oxygen
isotopic compositions of precipitation/surface water and body water in a particular
region, the relationship is not exact. This is particularly true for humans. Although the
presence of widespread food-derived biases is often incorporated into oxygen-isotope
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The development of oxygen-isotope carbonate-water equations and δ18Osc datasets for specific regions
might also be useful future alternative. Analyzing structural carbonate is a much simpler process compared
to phosphate (Henry, 2008), and the refinement of carbonate contamination detection methods (e.g., FTIR)
can help to identify potentially altered samples (Nagy et al., 2008; Sponheimer and Lee-Thorp, 1999a).
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phosphate water equations such as Daux et al. (2008), culturally mediated practices can
have significant effects on the oxygen isotopic composition of drinking water and thus on
human bioapatite oxygen-isotope compositions (Brettell et al., 2012; Buzon et al., 2011;
Knudson et al., 2009; Stuart-Williams et al., 1996). Brettell et al. (2012) showed that
brewing (and fermentation) can increase the δ18O value of alcoholic drinks (ale, in the
study) by +1.3‰ over that of the initial water used, boiling water for hot drinks can raise
the δ18O of the liquid consumed by ~+0.4‰ and stewing can result in an increase in the
oxygen isotopic composition of the ‘stew’ by an average of +10.2‰ after 3 hours of
cooking. Humans consuming food habitually prepared using these practices, particularly
boiled and fermented drinks could therefore have higher oxygen isotopic compositions
than the rest of the population and could be incorrectly interpreted as a non-local
individuals. Thus, while human oxygen isotopic compositions are largely linked to local
drinking water oxygen isotopic compositions, how this water is ingested depends in part
on cultural practices, personal choice, and social rules and regulations.

5.3 Integration Period Mobility in the Quito Basin
Human (and animal) mobility in the Quito Basin was likely much more common than the
archaeological evidence and Spanish documents suggest. A diverse range of climatic and
environmental niches are found throughout the Quito Basin, but none offered all the
products that archaeological evidence and Spanish documents record as necessary items
required by the pre-Columbians (Salomon, 1986). Instead, indigenous groups in the Quito
Basin likely built diverse links with the surrounding niches. These links included longdistance chiefdom-sanctioned trade, short-distance exchange between households or
villages, extraterritorial sharecrop arrangements, intercommunal exogamy, the fostering
of elite children, extraterritorial residence for purposes of apprenticeship, dynastic ties
and military alliance (Salomon, 1986).
Trade has often been mentioned in the archaeological literature as a major source of
human movement in the Quito Basin with trade routes in the Integration Period extending
west to the coast and east into the Amazon, and to the north and south through the interAndean valleys to Colombia and Chile (Bray, 2008; Newson, 1995; Salomon, 1986;
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Valdez, 2008). Long trains of llamas and human porters carrying goods between the
different regions provided access to non-local agricultural products such as salt, peppers,
cotton and chalona (sun-dried meat), as well as specialty goods such as Spondylus, gold,
hunting dogs and ceramics (Aguilera, 2007; Bray, 2008; Domínguez, 2009; Newson,
1995; Salomon, 1978; 1986; Valdez, 2008). Specialty goods were principally for the elite
but because there were no specific rules regarding control and access, these goods could
be freely traded in the local markets (Salomon, 1986).
Although long-distance exchange played a huge role in the political organization of the
Quito Basin, it is likely the other factors linking pre-Columbian groups provided greater
contributions to human movement in the region (Salomon, 1986). These short-distance
movements likely have smaller carbon-, nitrogen-, and oxygen-isotope variations
compared to more long-distance exchange, making it difficult to differentiate between the
types of movement or in some cases, even identify them. The lack of direct
archaeological evidence for these diverse links has made it difficult to quantify how
frequent these events actually were and how much of an effect they had on preColumbian societies. However, by combining the isotopic evidence with osteological and
cultural evidence, it might be possible to first identify mobility and second, determine the
type of movement. For example, children (or tissues formed during childhood) with
unusual carbon-, nitrogen- and/or oxygen-isotope values compared to the site group
average might suggest the presence of child fostering or depending on how old the child
is, perhaps extraterritorial residence for apprenticeship. Or, if adult women with different
oxygen-isotope values compared to the site mean are present, it could indicate
exogamous marriages were occurring.

5.4 Environmental Water Oxygen-Isotope Compositions in
the Quito Basin
Measurements of meteoric, surface water and groundwater δ18Ow values in the Quito
Basin are limited; however, climatic data as well the isotopic literature does allow an
approximation of the water oxygen-isotope compositions in the Quito Basin to be made.
Intra-annual precipitation in Ecuador is largely controlled by both the marine seasonal
displacement of the Inter Tropical Convergence Zone (ITCZ) and the South Atlantic
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Convergence Zone (SACZ). These changes cause the Quito Basin to have a bimodal
precipitation distribution with two main periods of precipitation, one from March-April
with rains coming from the Pacific lowlands and the second from October-December
with rains coming from the Amazon basin (Buytaert et al., 2006; García et al. 1998;
Pourrut, 1995; Zambrano-Barragán et al., 2010). Modern precipitation (specifically rain)

δ18Ow values in the Quito Basin reflects the bimodal precipitation distribution with the
periods of high rains (March to April and October to December) having δ18Ow values
around −15.0 to −14.0‰, compared to the rest of the year, when precipitation has a δ18Ow
value of −7.5‰ (IAEA/WMO, 2006). However, this pattern is not consistent. A large
amount of precipitation can occur outside of the two high rains periods, reducing the
seasonality pattern. On average, modern annual precipitation δ18Ow values in the Quito
Basin have a mean of −11.0±1.7‰, regardless of the collection station’s location or
elevation (IAEA/WMO, 2006) (Figure 5.1). Temperature also shows a lack of
seasonality. The average temperature is ~+14˚C with the summer period daytime extreme
rarely exceeding +28˚C and during the winter period never falling below +2˚C, resulting
in frost and snow not being a major concern, especially in the lower elevation areas of the
basin (García et al., 1998; Sarmiento, G., 1986; Zambrano-Barragán et al., 2010).
Although localized precipitation delivers part of the water supply, the majority of the
water in the Ecuadorian highlands is provided by surface water from the páramos,
47

(Buytaert et al., 2006) . The páramos, a high-altitude region of glacier-formed valleys
and plains with lakes, peat bogs and wet grasslands intermingled with shrublands and
patchy forests, is the place of origin for many rivers in the Quito Basin (Buytaert et al.,
2006). Water in the páramos is primarily acquired from rain, but fog, dew, and in some
cases, frost, add an unknown quantity of water. In certain regions of the Ecuadorian
páramos, glacial runoff and melting snow likely provide large amounts of 18O-depleted
water to lakes and rivers in the past. However, input from these glaciers is falling due to
the fact many of these tropical glaciers have disappeared (or are retreating quickly) due to
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Groundwater is not a major source of water in the Quito Basin due to the fact it is extremely difficult to
find and extract (Pourrut, 1995).
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Figure 5.1 Mean Annual Precipitation δ18Ow Values in the Quito Basin
Values obtained from collection station data collected by the IAEA/WMO (2006). Shaded bar represents
the average δ18O values = −11.0±1.7‰ (±SD).

the increasing temperatures and decreasing precipitation associated with climate change
(Buytaert et al., 2006; Rhoades, 2007; Villacís et al., 2010; Vuille et al., 2008).
Unfortunately, no water samples were collected from the páramo in this study, but it is
likely that their δ18Ow values are low compared to the valley floor due to the altitude
effect, colder temperatures and the greater input of snow and ice. That said, although
many of the lakes and rivers in the Quito Basin likely originate in the páramo, sampling
of surface waters have δ18Ow values between −13.4 and −10.5‰, not greatly different
from the precipitation δ18Ow values (Levinson et al., 1987; White and Longstaffe, per
comm.). Lake waters from northern inter-Andean valleys (including the Quito Basin)
show a similar range, averaging between −11.0 and −9.0‰ (Leier et al., 2007). These
preliminary oxygen isotopic data for the Quito Basin could suggest that much of the
water available to Integration Period humans and animals had δ18O values ranging from
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−12.0 to −9.0‰. However, there are still a few caveats to keep in mind. First, oxygen
isotopic data for water from the region is still very limited and more extensive study
could reveal wider variations. Second, as described earlier, culturally mediated practices
can change the oxygen isotopic composition of drinking water, and thus human bioapatite
oxygen-isotope compositions (Brettell et al., 2012; Buzon et al., 2011; Knudson et al.,
2009; Stuart-Williams et al., 1996). These confounding possibilities must be kept in mind
when using these δ18Ow values to interpret the human and animal oxygen isotopic
compositions.

5.5 Methods
5.5.1

Sampling

In total, 84 adult bone samples, 53 late-forming tooth samples and 57 faunal samples
(representing both wild and domestic species) were collected from the sites of Tajamar
and NAIQ for analysis. Samples were obtained with the permission of the Instituto
Nacional de Patrimonio Cultural (INPC) of Ecuador and the cooperation of Stefán
Bohórquez and Dr. Victoria Domínguez. Sampling selection followed the protocol
described in Section 3.4.1 and 4.4.1. Oxygen-isotope analysis was performed on bone
carbonate and enamel samples.

5.5.2

Laboratory Procedures

Bone carbonate samples were prepared for isotopic analysis following the procedures
presented in Section 2.4.2, and the teeth enamel samples were prepared following the
procedures in Section 4.4.2.
Carbonate oxygen-isotope ratios were obtained using a Multiprep automated sampling
device coupled with a VG Optima IRMS in dual-inlet mode employing the analytical
protocol developed by Metcalfe et al. (2009). The δ18Osc values were calibrated relative
to VSMOW using NBS-19 and NBS-18. Sample reproducibility was as follows: human
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bone ±0.4‰ (n=7), human enamel ±0.1‰ (n=8) and faunal bone ±0.8‰ (n=3).

48

The

internal laboratory standard (WS-1) had an average δ18Osc value of +26.2±0.2‰ (n=15),
which is in good agreement with its accepted value of +26.2‰. The internal standard
Suprapur, analyzed as an unknown, had an average δ18Osc = +13.2±0.2‰ (n=26), which
was also in good agreement to its accepted value of +13.2‰. Sample method
reproducibility was as follows: human bone ±0.5‰ (n=3), human enamel ±0.1‰ (n=2)
49

and faunal bone ±0.5‰ (n=2).

5.5.3

Statistical Analyses

All statistical analyses were performed using SPSS 20. Homogeneity of variance was
assessed using Levene’s test. Comparison of means was analyzed using a student t-test if
variance was homoscedastic or a Mann-Whitney U-test if variance was not
homoscedastic. A one-way analysis of variance (ANOVA) was used for comparison of
variables. If variance was equal, a post hoc Tukey’s honestly significant difference
(HSD) statistic was applied. If variance was not equal, a Dunnett’s T3 test statistic was
used. For all statistical analyses, a significance level of p<0.050 was used.

5.6 Results
5.6.1

Sample Integrity

The average crystallinity indicies (CI) of the untreated bone and enamel samples are as
follows: Tajamar human bone 3.2±0.4, human enamel 3.5±0.3 and faunal bone 2.9±0.2
and NAIQ human bone 3.9±0.4, human enamel 3.5±0.2 and faunal bone 2.7±0.2.
Carbonate/phosphate (C/P) ratios are: Tajamar human bone 0.3±0.1, human enamel
0.2±0.0 and faunal bone 0.4±0.1 and NAIQ human bone 0.2±0.0, human enamel 0.2±0.0
and faunal bone 0.7±0.3. The majority of the samples fall within the modern fresh bone
and enamel ranges for CI (2.1 to 3.5) and C/P ratios (0.2 to 0.7) (King et al., 2011; Nagy

48
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Mean isotopic results presented with ±SD‰ here and elsewhere.

The limited number of method replicates reflects loss of most of these samples during a failed
instrumental session.
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et al., 2008; Pucéat et al., 2004; Sponheimer and Lee-Thorp, 1999a; Stiner et al., 1995;
Szotek et al., 2011; Thompson et al., 2009; Weiner and Bar-Yosef, 1990; Yoder, 2012).
The exceptions are the NAIQ human bone samples, which fall outside the modern ranges
and could indicate post-mortem alteration. However, their CI and C/P ratios lie within the
accepted range for preserved archaeological bone (CI = 2.8 to 4.0, C/P = 0.1 to 0.7),
suggesting that these samples still contain primary carbonate (Nagy et al., 2008;
Sponheimer and Lee-Thorp, 1999b; Thompson et al., 2009). To further test the possibility
of post-mortem alteration, the oxygen isotopic composition of the bone samples from
each site were compared against CI and C/P ratios (Figures 5.2 to 5.5). Samples
contaminated with secondary carbonate tend to have δ18Osc values that positively
correlate with C/P ratios and negatively correlate with CI (Wright and Schwarcz, 1996;
Szotek et al., 2011; White et al., 1998; Yoder, 2012). At both sites, the bone δ18Osc values
show no correlation with CI or C/P ratios suggesting that the oxygen-isotope
50

compositions can be considered to be unaltered.

In addition to calculating CI and C/P ratios, the FTIR spectra for each sample were
examined. While the enamel samples contain no unusual peaks in their FTIR spectra, two
individuals, TCP51 and FNCP24, have bone samples that contain a small calcite peak
around 711cm-1, while a further 16 spectra (from both Tajamar and NAIQ) have a small
francolite peak at 1096cm-1.
Treatment with acetic acid has been reported to remove secondary (i.e., post-mortem)
carbonate deposits from bioapatite (Garvie-Lok et al., 2003; Nagy et al., 2008; Wright
and Schwarcz, 1996). All samples in this study were pretreated using acetic acid
according to the protocol outlined by Metcalfe et al. (2009). Afterwards, a subset of
samples from both sites (including all samples showing a calcite/francolite peak) was
reanalyzed using FTIR to assess how pretreatment affected secondary carbonate and CI
and C/P ratios. The majority of the samples with calcite or francolite peaks prior to
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The human bone samples from both sites have δ13Csc values that show no correlation with either C/P
ratios or CI, which is another indication that the samples are largely unaffected by post-mortem alteration
(see Chapter 3 for more detail).
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Figure 5.2 Tajamar Human Bone δ18Osc Values Versus Crystallinity Index (CI)

Figure 5.3 Tajamar Human Bone δ18Osc Values Versus C/P Ratio
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Figure 5.4 NAIQ Human Bone δ18Osc Values Versus Crystallinity Index (CI)

Figure 5.5 NAIQ Human Bone δ18Osc Values Versus C/P Ratio
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treatment did not have these peaks afterwards, suggesting the acetic acid treatment helped
to remove secondary carbonate. However, results for the bone samples FNCP24, TCP60
and NCP27 still indicated the presence of secondary carbonate and thus these samples
were eliminated from further consideration. All treated samples in the subset had lower
CI ratios (~−0.7) and higher C/P ratios (~+0.4) compared to untreated samples.

5.6.2

Oxygen Isotope Results for Humans

The human adult bone and late-forming tooth enamel oxygen-isotope data for both sites
are summarized in Tables 5.1 and 5.3. Carbonate was successfully extracted from 51
bone and 11 late-forming tooth enamel samples at Tajamar, and 29 bone and 14 lateforming tooth enamel samples at NAIQ. The mean δ18Osc values of these samples are as
follows: Tajamar bone +19.8±2.2‰, Tajamar enamel +23.2±0.8‰, NAIQ bone
+20.0±2.0‰ and NAIQ enamel +24.5±1.1‰. No statistically significant differences in

δ18Osc values are present between Tajamar and NAIQ bone (t-test, p>0.050) but there is a
difference between the late-forming tooth enamel samples from the two localities (t-test,
p<0.000).

5.6.3

Oxygen Isotope Results for Fauna

The faunal bone oxygen-isotope data are summarized in Table 5.6. Bone δ18Osc values
are available for 8 deer (Tajamar n=1, NAIQ n=7), 10 rodents/rabbits (NAIQ n=10), 18
camelids (Tajamar n=12, NAIQ n=6) and 12 canids (Tajamar n=11, NAIQ n=1). The
mean δ18Osc values of the faunal samples are: deer +21.8±1.8‰, rodents/rabbits
+20.6±2.3‰, camelids +23.3±3.6‰ and canids +19.9±1.7‰.

5.7 Oxygen-Isotope Analysis of Human Samples
5.7.1

Oxygen-Isotope Analysis of the Late-Forming Teeth

Identifying geographic origin is one of the central concerns of this paper; therefore, the

δ18Osc values of late-forming tooth enamel were converted to δ18Op values using equation
5.1, as summarized in Table 5.1 and presented in Figure 5.6. If the individuals buried at
Tajamar and NAIQ represented populations with low-mobility, then the within-sample
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Table 5.1 Tajamar and NAIQ Late-Forming Tooth Enamel δ18Osc Results
Age

Sex

δ18Osc
(‰, VSMOW)

TCP01

Teen

F







TCP02

Yng Ad.

F







TCP04

Yng Ad.

M







TCP05

Yng Ad.

N/D

+22.1

+11.5

−16.1

TCP07

Mid Ad.

M







TCP10

Yng Ad.

M

+22.7

+12.4

−14.6

TCP12

Yng Ad.

M







TCP15

Teen

M







TCP17

Mid Ad.

F







TCP19

Teen

N/D







TCP20

Teen

F







TCP21

Teen

F







TCP22

Yng Ad.

F







TCP24

Yng Ad.

F

+23.5

+13.6

−12.8

TCP26

Yng Ad.

F







TCP28

Yng Ad.

F







TCP29

Teen

M

+22.6

+12.2

−15.0

TCP47

Yng Ad.

F







TCP50

Yng Ad.

F







TCP65

Mid Ad.

F







TCP66

Yng Ad.

M







TCP67

Yng Ad.

F

+23.5

+13.7

−12.7

TCP70

Mid Ad.

N/D

+25.1

+16.1

−8.9

Average

+23.2

+13.2

−13.4

SD

1.0

1.6

2.5

Sample ID

δ18Op	
  
	
  (‰,	
  	
  VSMOW)

1	
  

δ18Odw	
  	
  
(‰,	
  VSMOW)2	
  

Tajamar Early Integration

Tajamar Late Integration
TCP38

Yng Ad.

N/D

+23.4

+13.5

−13.0

TCP42

Yng Ad.

N/D

+22.9

+12.7

−14.1

TCP56

Yng Ad.

M

+23.4

+13.5

−12.9

TCP58

Yng Ad.

M

+22.5

+12.1

−15.0

TCP60

Teen

M

+23.6

+13.8

−12.4

Average

+23.2

+13.1

−13.5

SD

0.4

0.7

1.1







NAIQ
NCP01

Mid Ad.

N/D
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Sample ID

Age

Sex

δ18Osc
(‰, VSMOW)

NCP02

Teen

N/D







NCP05

Teen

F

+23.8

+14.1

−12.0

NCP08

Mid Ad.

F







NCP09

Yng Ad.

M

+24.3

+14.9

−10.8

NCP10

Yng Ad.

F

+23.8

+14.0

−12.1

NCP13

Mid Ad.

M

+24.8

+15.8

−9.4

NCP15

Yng Ad.

M

+25.3

+16.5

−8.2

NCP17

Teen

N/D

+23.0

+12.9

−13.9

NCP20

Mid Ad.

M

+24.1

+14.6

−11.2

NCP23

Mid Ad.

F

+26.2

+18.0

−6.1

NCP24

Yng Ad.

M

+22.3

+11.8

−15.6

NCP25

Yng Ad.

M







NCP26

Mid Ad.

F







NCP29

Mid Ad.

F

+25.6

+17.0

−7.6

NCP31

Yng Ad.

M

+24.1

+14.6

−11.3

NCP34

Mid Ad.

M

+25.7

+17.1

−7.4

NCP35

Yng Ad.

M

+25.9

+17.4

−6.9

NCP37

Mid Ad.

F







NCP38

Yng Ad.

N/D

+24.3

+15.0

−10.7

+24.5

+15.3

−10.2

Average

δ18Op	
  
1
	
  (‰,	
  	
  VSMOW) 	
  

δ18Odw	
  	
  
(‰,	
  VSMOW)2	
  

SD
1.1
1.8
2.8
 Insufficient carbonate for analysis
1 18
δ Op values are calculated phosphate oxygen isotopic composition according to France and Owsley (in press).
2 18
δ Odw value are calculated drinking water oxygen isotopic compositions according to Daux et al. (2008)
(using the calculated δ18Op values)

variability in δ18Op values is expected to be less than 2‰ (Longinelli, 1984; White et al.,
1998; 2000). Instead, the overall range of Tajamar samples is 4.6±1.2‰, while the range
51

of NAIQ samples was 6.2±1.8‰. Some of the observed variation at Tajamar and NAIQ
could be due to temporal differences (resulting from climatic variations) in the isotopic
composition of drinking water. However, South American glacial δ18Oice values reflect a
less than 4‰ range over the last 1000 years (Scotterer et al., 2003; Thompson et al.,
2000; 2003), suggesting short-term temporal variation (i.e. a few decades) in δ18Odw

51

All ranges of this nature are reported as ±SD‰.
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Figure 5.6 Tajamar and NAIQ Late-Forming Tooth Calculated δ18Op Values
The Tajamar samples are represented by black diamonds while the NAIQ are represented by white
diamonds.

values at Tajamar and NAIQ was likely minimal and would not account for the entire
range of δ-values observed. This is particularly true at NAIQ where all the samples date
to about the same period. At Tajamar, where samples date from the Early Integration
Period as well as the Late Integration Period, no statistical differences in the late-forming
tooth enamel δ18Osc values were present between these time periods (δ18Osc t-test,
p>0.050). Additional sources of intra-site variation, including differences due to sex and
`social status (based on differences in burial patterns and in the case of Tajamar, cranial
modification) were also tested statistically and ruled out for each site. The results suggest
that these factors did not cause the intra-site variation in δ18Osc and calculated δ18Op
values at Tajamar and NAIQ during late childhood.
The calculated late-forming tooth enamel δ18Op values at NAIQ appear to be much more
variable compared to Tajamar, which could suggest that individuals at NAIQ were more
mobile compared to their Tajamar counterparts during late childhood. This would match
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the archaeological evidence for the site. Archaeologists working at NAIQ have suggested
that lack of habitation structures and the presence of possible ceremonial areas could
indicate that the population originated in a different region from the site itself, and
travelled to NAIQ only for burial, ceremonial and ritual purposes (Aguilera et al., 2007).
The carbon and nitrogen isotopic evidence discussed in Chapters 3 and 4 indicated that
the population at the site consumed a distinctly different diet compared to Tajamar, which
was unexpected as the two sites are located very close together in a similar environmental
region. These isotopic data, when combined with the oxygen-isotope evidence could be a
further indication that the NAIQ population inhabited a different region containing
different food resources and travelled or were brought to the site from somewhere else.
The range of δ18Osc and calculated δ18Op results at Tajamar and NAIQ suggest that
individuals in the Quito Basin were mobile during late-childhood which is not
unexpected. Child fostering and extraterritorial apprenticeship was known to occur in the
Quito Basin (Salomon, 1986), which would result in a wider range of late-forming tooth
enamel oxygen isotopic signatures. However, the sample size was small for both sites
(Tajamar n=11, NAIQ n=14) and the observed ranges could be the product of a few
outlying oxygen isotopic compositions. More sampling would help to refine the range of
the calculated δ18Op values at each site.
For comparison with regional environmental water (Table 5.2), the calculated lateforming tooth δ18Op values for each site were converted to δ18Odw values using equation
5.2 (Table 5.1) and examined against the mean regional Quito Basin water (δ18Ow)
(Figure 5.7). At Tajamar, the δ18Odw values tend to fall towards the low end or outside of
the range for modern environmental water compositions. The majority of the samples
have δ18Osc values between −15 and -12‰. Only two individuals (TCP05, TCP70), have
values outside of this range, which could indicate that these individuals originated
elsewhere. At NAIQ, although intra-site variability is higher than at Tajamar, the
majority of the δ18Odw values still fall within the range of the results for modern
environmental water for the region. However, a few individuals (NCP17, NCP23,
NCP24, NCP35) have calculated δ18Odw values outside of the known modern
environmental water range and the mean±SD of NAIQ, indicating a possible origin
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Table 5.2 Summary of Oxygen-Isotope Data From the Quito Basin Region
δ18Odw	
  ±1SD	
  [Range]	
  (‰,	
  VSMOW)	
  
Modern Precipitation1
San Antonio
Papallacta
Quito
Izobamba
Modern Surface Waters

−9.8±1.8 [2.5]
−8.8±1.6 [2.8]
−11.5±1.9 [7.0]
−11.1±1.4 [5.1]

Gultig Bajo2

−11.3

El Boliche2

−12.5

Quito3

−13.4

Modern Lake Waters4
−9.0
Northern Inter-Andean Lakes
1
Precipitation values (IAEA/WHO, 2006)
2
One sample taken from each source (White and Longstaffe, per. comm.)
3
Quito data from Levinson et al. (1987)
4
Value represents an average, but no SD or range was available (Leier et al., 2007)

elsewhere.
There is a large difference in the calculated δ18Odw values between the sites which could
be the result of: (1) the two sites having significantly different δ18Ow values or (2) one
group originating from a different region. The site of Tajamar is located just above the
Rio Monjas, a tributary of the larger Rio Guayllabamaba, which originates in the east of
the Pichincha province and flows in the Pacific (Domínguez, 2009). The hydrology of
NAIQ is more complex with numerous rivers surrounding the site. To the North is the
Rio Uravia, to the South the Alpachaca stream, to the East, the Santa Rosa stream, and to
the West, the Rio Guambi, a tributary of the Rio Guayallbamba (Aguilera, 2007).
Although it is possible that these two sites did in fact have different δ18Ow values or that
one group (such as NAIQ) did originate elsewhere, due to the current lack of
comprehensive water sampling, it is not yet possible to definitively assign any individual
to a specific area within or even outside of the Quito Basin based on their calculated

δ18Odw values.
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Figure 5.7 Tajamar and NAIQ Late-Forming Tooth Enamel Calculated δ18Odw
Values Versus Modern Regional Environmental Water δ18Ow Values

The Tajamar samples are represented by black diamonds and the NAIQ by white diamonds. The blue
square represents the range for modern precipitation δ18Ow values, the red square represents modern surface
waters, and the orange line represents lake water oxygen isotopic compositions (IAEA/WMO, 2006; Leier
et al., 2007; White and Longstaffe, per. comm.).

5.7.2

Oxygen-Isotope Analysis of the Human Bone

The Tajamar bone δ18Osc values appear to reflect a temporal pattern with the Early
Integration Period samples being less variable compared to the Late Integration Period
samples (Table 5.3). This pattern becomes even more apparent if TCP12 is removed from
the Early Integration samples, which, due to its significantly different δ18Osc value
compared to the rest of the group, may represent a non-local individual (Figure 5.8). With
TCP12 removed, the Early Integration Tajamar samples have a range of 5.4±3.8‰, while
the Late Integration samples have a range of 7.2±2.4‰. The difference between the
52

δ18Osc values of the two temporal periods is statistically significant (t-test, p>0.000) .

52

Sample TCP12 was removed prior to performing this test.
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Table 5.3 Tajamar and NAIQ Adult Bone Carbonate δ18Osc Results
Sample ID

Age

Sex

δ18Osc
(‰, VSMOW)

Tajamar Early Integration

Sample ID

Age

Sex

δ18Osc
(‰, VSMOW)

NAIQ

TCP01

Teen

F

+21.5

NCP01

Mid Ad.

N/D

+22.7

TCP02

Yng Ad.

F

+19.9

NCP02

Teen

N/D

+15.4

TCP05

Yng Ad.

N/D

+19.6

NCP03

Mid Ad.

M

+20.5

TCP06

Mid Ad.

M

+18.0

NCP04

Mid Ad.

M

+19.8

TCP07

Mid Ad.

M

+19.5

NCP05

Teen

F

+20.6

TCP09

Yng Ad.

F

+21.5

NCP06

Yng Ad.

M

+20.3

TCP10

Yng Ad.

M

+19.2

NCP07

Teen

F

+20.6

TCP11

Yng Ad.

F

+22.3

NCP08

Mid Ad.

F

+22.3

TCP12

Yng Ad.

M

+12.4

NCP09

Yng Ad.

M

+21.3

TCP14

Yng Ad.

M

+19.1

NCP10

Yng Ad.

F

+20.4

TCP15

Teen

M

+19.7

NCP11

Mid Ad.

M

+15.1

TCP17

Mid Ad.

F

+20.5

NCP13

Mid Ad.

M

+17.2

TCP18

Teen

M

+23.0

NCP14

Yng Ad.

N/D

+23.6

TCP19

Teen

N/D

+21.0

NCP15

Yng Ad.

M

+19.0

TCP20

Teen

F

+19.7

NCP20

Mid Ad.

M

+19.9

TCP21

Teen

F

+22.6

NCP22

Mid Ad.

N/D

+19.7

TCP22

Yng Ad.

F

+20.7

NCP23

Mid Ad.

F

+18.0

TCP24

Yng Ad.

F

+21.0

NCP24

Yng Ad.

M

+19.9

TCP25

Mid Ad.

M

+17.8

NCP25

Yng Ad.

M

+22.1

TCP26

Yng Ad.

F

+18.3

NCP26

Mid Ad.

F

+20.6

TCP28

Yng Ad.

F

+20.2

NCP29

Mid Ad.

F

+21.6

TCP29

Teen

M

+20.3

NCP30

Yng Ad.

F

+16.9

TCP30

Yng Ad.

M

+23.2

NCP31

Yng Ad.

M

+19.7

TCP32

Yng Ad.

M

+20.3

NCP32

Yng Ad.

F

+21.2

TCP47

Yng Ad.

F

+20.5

NCP33

Yng Ad.

M

+20.5

TCP48

Yng Ad.

M



NCP34

Mid Ad.

M

+20.6

TCP49

Yng Ad.

M

+19.6

NCP35

Yng Ad.

M

+20.6

TCP51

Yng Ad.

M

+19.1

NCP36

Yng Ad.

M

+18.1

TCP63

Mid Ad.

F

+21.4

NCP37

Mid Ad.

F

+20.8

TCP64

Yng Ad.

F

+20.4

Average

+20.0

TCP65

Mid Ad.

F

+21.9

SD

2.0

TCP66

Yng Ad.

M

+21.4

TCP67

Yng Ad.

F

+20.1

TCP71

Mid Ad.

F

+21.4

TCP73

Teen

N/D

+22.8

Average

+20.3

SD

2.0
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Age

Sex

δ18Osc
(‰, VSMOW)

TCP34

Teen

N/D

+20.2

TCP35

Yng Ad.

N/D

+20.7

TCP37

Yng Ad.

N/D

+21.3

TCP38

Yng Ad.

N/D

+19.6

TCP39

Teen

N/D

+17.5

TCP40

Mid Ad.

N/D

+20.2

TCP41

Mid Ad.

M

+19.8

TCP42

Yng Ad.

N/D

+14.4

TCP43

Yng Ad.

N/D

+20.1

TCP45

Yng Ad.

M

+19.3

TCP52

Teen

N/D

+21.5

TCP55

Yng Ad.

M

+15.6

TCP56

Yng Ad.

M

+17.2

TCP57

Teen

N/D

+17.7

TCP58

Yng Ad.

M

+14.3

TCP59

Yng Ad.

N/D

+21.5

TCP61

Yng Ad.

F

+21.0

Sample ID
Tajamar Late Integration

Average
SD
 Insufficient carbonate for analysis

+18.9
2.4

Sex, age, social status differences and cranial modifications show no significant
differences in bone δ18Osc values within each temporal period (t-tests and ANOVA,
p<0.050), suggesting these factors are not responsible for the variation at Tajamar. The
bone δ18Osc values at Tajamar could suggest that mobility occurred throughout the
Integration Period but that it increased over time.
At NAIQ, the bone δ18Osc values are also highly variable, with an overall range of
8.5±2.0‰ (Figure 5.9). Similar to the late-forming tooth enamel at this site, the bone

δ18Osc values do not vary with age, sex or possible social status differences, indicating
that individual δ18Osc values are not affected by these factors at NAIQ. The high
variability of δ18Osc values at NAIQ (8.5‰) is more similar to that of the Late Integration
Tajamar samples (7.2‰) than to the contemporaneous Early Integration samples (5.4‰),
which could suggest that during the Early Integration Period, individuals at NAIQ were
more mobile than their Tajamar counterparts. This is not surprising as the late-forming

154

Figure 5.8 Tajamar Human Bone δ18Osc Values by Temporal Period
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Figure 5.9 NAIQ Human Bone δ18Osc Values
tooth enamel δ18Osc values also showed high variability and suggested individuals at
NAIQ were much more mobile than their Early Integration Tajamar counterparts during
late childhood. When examined in connection with the archaeological evidence that the
majority of the burials were primary internments occurring shortly after death and thus
requiring regular trips to the site, the evidence is highly suggestive that individuals at
NAIQ were habitually travelling to and from the site.

5.7.3

Intra-Individual Variation – Late-Forming Teeth Versus Bone
δ18Osc Values

The δ18Osc values of individuals with both late-forming tooth enamel and bone samples
were compared to assess intra-individual variation. In all cases, individuals have higher
late-forming tooth enamel δ18Osc values than their bone counterparts although the amount
of variation differed substantially (2.3 to 8.5‰). The Late Integration Tajamar and NAIQ
individuals show much greater variability than the Early Integration Tajamar individuals,
matching the results in the above sections (Figures 5.10 and 5.11). These results could
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suggest that many if not all individuals were highly mobile throughout their lives.

However, higher, late-forming tooth enamel δ18Osc values relative to bone could partially
be due to a combination of other factors including: (1) differences in how oxygen in
blood bicarbonate is incorporated into enamel versus bone structural carbonate (e.g.,
oxygen in bone carbonate could be affected by fractionation prior to incorporation into
the tissue (France and Owsley, in press)), (2) bone and tooth enamel formation and bone
remodeling being affected differently by individual metabolic variations due to
differences in age, sex and health (Buikstra and Ubelaker, 1994; Garnero et al., 1996;
Libby et al., 1964; Manolagas, 2000; Walsh et al., 2010), and (3) consistent consumption
of different beverages (e.g., boiled juices or soups) or water sources during childhood
versus adulthood by some individuals (Brettell et al., 2012). Until some of these
uncertainties are resolved, it is difficult to determine if the variations between lateforming tooth enamel and bone δ18Osc values in this study are a product of mobility.

5.7.4

The Identification of Non-Local Individuals

The 8 adult individuals identified in Chapters 3 and 4 as potential non-locals due to their
significantly different δ13Ccol and δ13Csc values compared to their respective site
populations and the 5 new individuals identified in this chapter as possible migrants were
examined further to test for the presence of non-local individuals at Tajamar and NAIQ
(Table 5.4).

54

These individuals include both males and females as well as all adult age

groups.
At both Tajamar and NAIQ, the individuals identified in Chapters 3 and 4 as possible
non-locals (TCP18, TCP25, TCP30, NCP05, NCP06, NCP22, NCP24, NCP38) have

53

This is particularly the case for those individuals that have already been identified as possible non-locals.
For more detail on these individuals, please see Section 5.7.5.
54

Six individuals were originally identified in the above sections as possible non-locals. They included
individual NCP24, who was also identified in Chapters 3 and 4 and thus is already included as one of the
eight individuals. This results in only 5 new individuals being identified in this chapter as potential nonlocals.
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Figure 5.10 Tajamar Human Paired Late-Forming Tooth Enamel (LFT) Versus
Bone δ18Osc Values

Figure 5.11 NAIQ Human Paired Late-Forming Tooth Enamel (LFT) Versus Bone
δ18Osc Values
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Table 5.4 Non-Local Individual Bone and Tooth Enamel Stable Isotope Results
Sample
ID

Age

δ13Ccol
(‰,VPDB)

Sex

δ15N
(‰,AIR)

δ13Csc
(‰,VPDB)

δ18Osc
(‰, VSMOW)

EFT

LFT

Bone

EFT

LFT

Bone

EFT

LFT

Bone

EFT

LFT

Bone

N/D

−8.7

−8.5

−7.5

+9.3

+9.2

+9.2

−1.3

−1.3

−3.2

+22.1

+22.1

+19.6

M



−8.5

−7.9



+8.9

+8.6





−2.5





+12.4

M





−17.8





+7.7





−11.5





+23.0

M





−17.8





+10.1





−10.8





+17.8

M





−14.2





+9.5





−7.5





+23.2

N/D



−8.2





+7.2





−1.7





+25.1



F



−9.1





+11.9



−11.3

−1.8

−4.6

+25.3

+23.8

+20.6

M

−9.2



−12.6

+11.3



+6.8

−2.6



−4.4

+24.1



+20.3

N/D

−17.8

−18.0



+9.5

+9.0





−11.9





+23.0



N/D





−8.1





+9.8

−11.9



−3.1

+26.1



+19.7

F



−18.2

−18.6



+11.3

+9.7



−11.6

−11.5



+26.2

+18.0

M

−9.5

−8.0



+9.0

+10.7



−4.1

−2.3

−3.9

+23.9

+22.3

+19.9

NCP35

Teen
Mid
Ad.
Mid
Ad.
Yng
Ad.
Yng
Ad.

M



−18.8

−18.6



+9.2

+8.1



−11.6

−12.5



+25.9

+20.6

NCP38

Adult

N/D

−7.4

−18.4



+15.2

+8.3



−2.5

−11.7



+24.8

+24.3



NCP39

4-5 yrs

Juv

−10.6



−10.7

+11.0



+10.1

−3.8



−5.4

+23.8



+21.4

NCP40

6-7 yrs
0.9-1
yrs

Juv

−11.4



−11.6

+9.5



+8.7

−4.8



−5.4

+23.3



+21.3

Juv

−11.1



−10.5

+12.4



+12.8

−4.4



−5.0

+24.6



+22.1


NCP42
4-5 yrs
Juv
−9.5
−9.8
 Insufficient collagen/carbonate for analysis

+11.5



+10.8

−3.6



−4.5

+24.2



+22.9

TCP05
TCP12
TCP18
TCP25
TCP30
TCP70
NCP05
NCP06
NCP17
NCP22
NCP23
NCP24

NCP41

Yng
Ad.
Yng
Ad.
Teen
Mid
Ad.
Yng
Ad.
Mid
Ad.
Teen
Yng
Ad.

bone and/or late-forming tooth enamel δ18Osc values falling close to or within the range
of their respective sites. These results could suggest that these individuals do in fact
originate from their specific sites, but that large intra-site dietary variations (indicated by
these individual’s different carbon isotopic compositions compared to the rest of the
population) existed at each site. At Tajamar, this possibility is unlikely. If such large
dietary variations existed at the site, one might expect to see much more variation in the
carbon, nitrogen and oxygen isotopic compositions for all individuals. Only three
individuals had different δ18Ccol values and δ18Osc values compared to the majority of the
population suggesting that large scale dietary variations were likely not a factor at
Tajamar.
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At NAIQ, the situation is more complex. NAIQ has been theorized to be a ceremonial
and burial centre for multiple groups (Aguilera, 2007), and thus the individuals with
outlying carbon and oxygen isotopic compositions could be representative of either
distinct groups at the site, or large intra-site dietary variations within one group. The
scattered locations of the possible non-local individuals throughout the site (often in
tombs of individuals with carbon and oxygen isotopic compositions similar to the main
NAIQ population), and the lack of any other evidence for intra-site dietary variation,
makes these possibilities seem unlikely. It is more plausible that these individuals were
migrants from regions with different dietary patterns but similar δ18Odw values to the sites
where the remains were found.
Five individuals (TCP05, TCP12, TCP70, NCP17, NCP23, NCP35) showed the opposite
pattern to that discussed above. Their bone and teeth δ13Ccol and δ13Csc values indicate a
similar dietary pattern to the main group at their respective sites, but most of these five
individuals have late-forming tooth enamel δ18Osc values that fall outside the ranges of
their respective sites. These results may suggest that most of these individuals migrated to
Tajamar or NAIQ during childhood, and stayed long enough for their bone δ18Osc values
to reflect the new location’s δ18Ow values or perhaps originated at their respective sites
55

but consumed much more boiled or fermented food as part of their childhood diet.

Although it is impossible to identify exactly why these individuals might have been
moving across the landscape, there are a few possibilities that correspond well with the
isotopic and archaeological evidence. Trade (both short- and long-distance) was the
major form of exchange and contact in the Quito Basin (Salomon, 1978; 1986; 1987).
Hence, it is possible that some of these individuals were traders who travelled to and
from Tajamar/NAIQ. Specialty goods found in a number of tombs at both Tajamar and
NAIQ indicate these sites had regular access to trade routes (Aguilera, 2007; Domínguez,
2009), but it is unlikely any individuals at Tajamar or NAIQ represent long-distance

55

Individual TCP12 was the exception as the bone δ18Osc value was outside of the range for Tajamar and
NAIQ. This individual may have been a more recent migrant, whose bone tissue did not have time to
remodel to reflect the new location’s δ18Ow value.
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traders. These types of traders would be expected to have more variable δ13Ccol, δ15Ncol
and δ18Osc values in their adult tissues compared to their respective sites due to the
consumption of resources from a number of different regions. It is more plausible that
these individuals might represent short-distance traders at Tajamar and/or NAIQ. Spanish
historical records document short-distance trade as a common practice in the Quito Basin,
noting that many local people came together regularly to buy and sell goods in large
centralized market areas, and that these traders included both males and females
(Salomon, 1986). If short-term, short-distance traders were present at Tajamar and NAIQ,
their carbon, nitrogen and oxygen isotopic compositions should be similar to their site of
origin, particularly if they remained in or travelled to a region with isotopically similar
food and water resources as their site of origin.
Other forms of social contact including exogamous marriages (of both males and
females), the fostering of elite children, feasting rituals, diplomatic alliances,
extraterritorial sharecrop arrangements, extraterritorial residence for purposes of
apprenticeship, dynastic ties and military alliance also existed in the Quito Basin during
the Integration Period (Bray, 2008; Newson, 1995; Salomon, 1986). These activities
could explain the presence of non-native individuals at Tajamar and NAIQ. This is
particularly true for the non-local individuals with bone and tooth enamel isotopic
compositions indicating major dietary shifts during and after childhood. Although
children could have been moving across the landscape for other purposes, the presence of
childhood mobility at Tajamar and NAIQ is strongly indicative of child fostering. The
plausibility of childhood fostering is bolstered by the presence of young juvenile
individuals (below the age of 10 years) at NAIQ whose carbon and oxygen isotopic
compositions for bone and early-forming tooth dentin and enamel reflect the
consumption of isotopically dissimilar food and water resources to those at their site of
56

burial.

These juveniles, as well as the individuals showing childhood dietary shifts,

could also (indirectly) indicate exogamous marriages between different groups. For

56

These juveniles include NCP39, NCP40, NCP41 and NCP42. For more detail on these individuals,
please refer to Chapter 4.
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example, if women marrying into NAIQ from a region with a predominantly C4 diet and
different δ18Ow values brought children with them or gave birth shortly after arriving,
their children would have tissue isotopic compositions reflecting the former region’s
dietary pattern and δ18Ow values rather than the isotopic signatures of NAIQ.

5.8 Oxygen-Isotope Analysis of Faunal Samples
Due to the fact that different feeding strategies can affect the interpretation of animal
mobility from δ18O values (e.g., Bocherens et al., 1996), each faunal group was separated
based on the dietary evidence presented in Chapters 2 and 3.

5.8.1

Deer

Deer identified as primarily consuming C3 plants have a mean δ18Osc value of
+21.0±1.1‰ while deer consuming a mixed diet of C3 and C4 plants have a mean of
+24.3±0.1‰ (Table 5.5).

57

The range of δ18Osc values in each deer group is small (Figure

5.12), which is unusual as migratory animals like deer often show higher variability in
their carbon, nitrogen and oxygen isotopic compositions due to their high mobility and
consumption of a variety of food sources (Cormie and Schwarcz, 1994; Kirsanow and
Tuross, 2011). The lack of variability in the deer δ18Osc values (as well as the δ13Ccol and

δ15Ncol values) within each group may suggest these animals had a small, local home
range.

5.8.2

Rodents/Rabbits

The δ18Osc values of C3/C4 and C4 rodent/rabbit samples (+23.9 and +20.8‰,
respectively) fall within or close to the range measured for of the C3 rodents/rabbits (16.5
to +23.3‰), suggesting there was no difference between the groups (Table 5.3).
However, the small sample sizes (C3 n=8, C3/C4 n=1, C4 n=1) preclude any statistical
evaluation. The variability in the C3 rodent/rabbit δ18Osc values (Figure 5.13) could be
due to several factors. One possibility is that these animals were traded from a variety of

57

The small sample sizes of the deer groups (C3 deer = 6, C3/C4 deer = 2) prevents statistical evaluation.
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Table 5.5 Faunal Bone Carbonate δ18Osc Results
Sample	
  ID	
  

Site	
  

δ18Osc	
  (‰,	
  VSMOW)	
  

Sample	
  ID	
  

Site	
  

δ18Osc	
  (‰,	
  VSMOW)	
  

	
  C3	
  Deer	
  
FTCP06	
  
FNCP08	
  
FNCP18	
  
FNCP28	
  
FNCP31	
  
FNCP34	
  
	
  C3/C4	
  Deer	
  
FNCP11	
  
FNCP15	
  
FNCP21	
  
FNCP23	
  
Average	
  
SD	
  
	
  
Camelids	
  
FTCP01	
  
FTCP05	
  
FTCP07	
  
FTCP09	
  
FTCP10	
  
FTCP11	
  
FTCP13	
  
FTCP14	
  
FTCP21	
  
FTCP23	
  

	
  
Tajamar	
  
NAIQ	
  
NAIQ	
  
NAIQ	
  
NAIQ	
  
NAIQ	
  

	
  
+21.0	
  
+19.0	
  
+20.9	
  
+21.5	
  
+21.5	
  
+22.2	
  

NAIQ	
  
NAIQ	
  
NAIQ	
  
NAIQ	
  
	
  
	
  
	
  
	
  
Tajamar	
  
Tajamar	
  
Tajamar	
  
Tajamar	
  
Tajamar	
  
Tajamar	
  
Tajamar	
  
Tajamar	
  
Tajamar	
  
Tajamar	
  

+24.4	
  


+24.3	
  
+21.8	
  
1.8	
  
	
  
	
  
+22.0	
  
+19.4	
  
+22.3	
  

+26.4	
  
+24.9	
  
+24.7	
  
+22.3	
  
+21.9	
  
+22.5	
  

Canids	
  
FTCP03	
  
FTCP12	
  
FTCP16	
  
FTCP17	
  
FTCP18	
  
FTCP19	
  
FTCP20	
  
FTCP24	
  
FTCP25	
  
FTCP28	
  
FTCP29	
  
FNCP27	
  
Average	
  
SD	
  

	
  
Tajamar	
  
Tajamar	
  
Tajamar	
  
Tajamar	
  
Tajamar	
  
Tajamar	
  
Tajamar	
  
Tajamar	
  
Tajamar	
  
Tajamar	
  
Tajamar	
  
NAIQ	
  
	
  
	
  

	
  
+18.7	
  
+21.5	
  
+21.5	
  
+20.3	
  
+15.9	
  
+19.2	
  
+19.5	
  
+19.1	
  
+22.2	
  
+19.7	
  
+19.7	
  
+21.8	
  
+19.9	
  
1.7	
  

	
  
NAIQ	
  
NAIQ	
  
NAIQ	
  
NAIQ	
  
NAIQ	
  
NAIQ	
  
NAIQ	
  
NAIQ	
  
NAIQ	
  

	
  
+19.0	
  
+16.5	
  
+20.7	
  
+21.3	
  
+23.3	
  

+17.6	
  
+21.9	
  
+21.5	
  

FTCP26	
  
FTCP27	
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Figure 5.12 Pooled Deer Bone δ18Osc Values
Deer from both sites are pooled together and separated according to dietary pattern – the black triangles
represent the C3 Deer and the white triangles the C3/C4 Deer.

regions. The trade of animal meat over long distances did occur in the Quito Basin, and
the hunting of wild animals (particularly rabbits) is often mentioned in historical Spanish
documents (Salomon, 1986; Stahl, 2005). The trade of animal meat was often in the form
of chalona, a form of sun-cured mean where the high-meat portions of the animal, along
with the bones, is pounded flat and dried (Newson, 1995; Stahl and Athens,
2001).However, all bone samples in this study were whole, well-preserved and from lowmeat regions of the animal, suggesting that these animals did not represent chalona
(Stahl, 2005).
A second possibility is that these animals were hunted from different geographic regions
within the Quito Basin. A final possibility is that the variability in δ18O values is due to
the inclusion of a number of different species. The δ18O values of a mammal vary not
only with an animal’s size, but also with their degree of water dependency, water
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conservation ability and metabolic rate. All other things being equal, different species
therefore typically have different δ18O values (Bryant and Froelich, 1995; Luz and
Kolodny, 1985). Although the majority of the C3 animals were identified as rabbits, there
is a chance that some were other species. For example, rice rats, porcupines, and
mountain pacas have all been identified in zooarchaeological assemblages from other
Ecuadorian highland sites (Stahl and Athens, 2001).

Figure 5.13 Pooled Rodent Bone δ18Osc Values
Rodents from both sites pooled together and separated according to dietary pattern. C3 Rodents are
represented by black circles, C3/C4 Rodents by a white circle and C4 Rodents by a grey circle.

5.8.3

Camelids

At Tajamar, the camelids have a mean δ18Osc value of +22.7±2.5‰ with an overall range
of 8.0‰ while at NAIQ the camelid mean δ18Osc value is +24.6±5.2‰ with an overall
range of 13.7‰ (Table 5.3). The large range at NAIQ is largely due to sample FNCP36,
which had a much lower δ18Osc value (~9‰) than the rest of the camelids at the site,
which could suggest that this animal originated elsewhere (Figure 5.14). With FNCP36
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Figure 5.14 Tajamar and NAIQ Camelid Bone δ18Osc Values
Tajamar Camelids are represented by black squares and NAIQ Camelids by white squares.

removed, the NAIQ mean δ18Osc value changes to +26.5±2.3‰, almost 4‰ higher than
the Tajamar mean. The distinct difference between the camelids from Tajamar and NAIQ
was confirmed statistically (t-test, p>0.010).
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As human bone and tooth enamel δ18Osc

values also reflect distinct differences between the sites, when taken together with the
camelid data, it could suggest the individuals (both human and camelid) from Tajamar
and NAIQ were either consuming water from different sources within the same region, or
have separate geographical origins.
The large ranges of camelid δ18Osc values could suggest high mobility for the Tajamar
and NAIQ animals. Historical chronicles often refer to camelids as long-distance pack
animals rather than as a food source in the Quito Basin (Salomon, 1986); hence it is
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Sample FNCP36 was removed prior to performing this test.
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possible that the camelid groups represent trade animals. The significantly lower δ18Osc
value of FNCP36 compared to all other camelids at NAIQ lends credence to the
possibility of trading animals being present at the sites. However, if the camelids at both
sites were long-distance pack animals, their bone δ18Osc values would be expected to be
more variable than determined here, reflecting the consumption of a variety of water
sources from a number of different regions. The smaller oxygen isotopic ranges in the
Tajamar and NAIQ camelids could instead be due to short distances travel during
localized movement of goods or because of specific animal management strategies.
Regular movement of animals from grazing areas to locations closer to agricultural
centres in order to fodder them has been suggested as the dominant animal management
strategy at both Tajamar and NAIQ.
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Such habitual movement between these two areas

could have produced the variability in δ18Osc values within each camelid group,
particularly if the groups were made up of animals of differing ages, which is often the
case in domestic animal herds. Younger, still-growing juveniles who have not been
moved before would have δ18Osc values preferentially reflecting the region in which they
were born, compared to adults who have already been moved between regions.

5.8.4

Canids

The mean δ18Osc value of canid samples is +19.9±1.7‰, lower than all other faunal
samples but similar to the adult human bone samples. Although the canine sample group
is made up of animals from both Tajamar (n=11) and NAIQ (n=1), the range of the δ18Osc
values is small (Table 5.3). The NAIQ canid (FNCP27) has δ13Ccol, δ15Ncol and δ13Csc
values that are indistinguishable from the Tajamar samples, which could suggest that
FNCP27 was traded to NAIQ from a region with similar food/water resources as Tajamar
(Section 3.6.2). The similarity between the δ18Osc values of FNCP27 and the Tajamar
canids adds credence to this argument (Figure 5.15). The limited variability in canid

δ18Osc values may suggest these animals were not highly mobile.
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Please see Section 3.6.1 for more detail.
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Figure 5.15 Tajamar and NAIQ Canid Bone δ18Osc Values
Tajamar Canids are represented by crosses and NAIQ Canids by an ‘X’.

5.9 Interpretive Complications
Determining mobility and geographic origins using δ18Osc values requires detailed
geographical, climatic and hydrological knowledge in addition to extensive water
sampling to establish the local environmental oxygen isotopic baselines. At this time,
Ecuadorian hydrological research is in its early stages, particularly when it comes to
identifying the origins and specific inputs of water sources (Buytaert et al., 2006; Pourrut,
1995; Zambrano-Barragán et al., 2010). Water sampling and its isotopic analysis in the
region are limited at the present time, making it premature to determine seasonal,
altitudinal, and temporal variations in δ18Ow values. These factors made it extremely
difficult to identify with confidence the geographic origin or mobility of the populations
from Tajamar and NAIQ using δ18Osc values. Interpretation is further complicated by the
potential impact of the movement and treatment of water in the past (Brettell et al., 2012;
Knudson, 2009). Pre-Columbian groups in the Quito Basin were known to have
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constructed irrigation canals as well as rain catchment containers to provide a ready
supply of water (Salomon, 1986). Likewise, Spanish historical sources and modern
ethnohistorical documents indicate that the indigenous diet often focused on the routine
consumption of boiled (i.e., juices, chicha) and stewed items (Berti and Leonard, 1998;
Salomon, 1986). Thus, the variability in the human δ18Osc values at Tajamar and NAIQ
might be more indicative of highly individualized dietary choices at the two sites than of
human mobility in the Quito Basin.

5.10 Conclusion
This paper assesses mobility in the Quito Basin using oxygen-isotope analysis of adult
human and wild and domestic faunal bone and enamel structural carbonate at the sites of
Tajamar and NAIQ. The calculated δ18Odw values (determined using enamel of lateforming teeth) at both sites were compared to the local baseline (δ18Ow) created using
existing data for local water sources. The calculated δ18Odw values at NAIQ exhibit a high
amount of variability but still fall within the range available for the local water baseline.
At Tajamar the calculated δ18Odw values are much less variable but largely fall outside of
the range known for the local water baseline. At Tajamar, the human bone δ18Osc values
show temporal variation from the Early Integration Period to the Late Integration Period,
with the later occupation of the site being much more variable. Although
contemporaneous with the Early Integration occupation of Tajamar, the bone δ18Osc
values at NAIQ show higher variability, suggesting that mobility was greater at NAIQ
than at Tajamar during this time. Definitive identification of non-local origin was largely
not possible from the oxygen-isotope data alone. However, the combined assessment of
bone δ13Ccol, δ15Ncol, δ13Csc and δ18Osc values and enamel δ13Csc and δ18Osc values of
possible non-local individuals, and archaeological and ethnohistoric records for the Quito
Basin strongly suggests that interaction between pre-Columbian groups was a frequent
occurrence during the Integration Period.
The minimal variation of deer bone δ18Osc values suggests that these animals were local
and did not migrate over long distances. The rodent/rabbit δ18Osc values are very variable,
but given the small sample set and the possibility of multiple species within it, identifying
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mobility or possible trade/hunting is not possible. The camelid bone δ18Osc values at both
NAIQ and Tajamar suggest that these animals were short-distance travelers, possible due
to localized movement of goods or the animal management practice of high altitude
grazing and low elevation foddering. All canid samples have δ18Osc values similar to the
Tajamar humans, regardless of their site of burial, which could indicate these animals
were traded in the Quito Basin.
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Chapter 6

6

Conclusions

Palaeodiet and residential mobility of individuals from two Integration Period sites in the
Quito Basin in Ecuador have been investigated using stable isotope analysis of multiple
tissues. Multiple isotopic (carbon, nitrogen, oxygen) analyses of archaeological human
and faunal tissues, and modern plant tissues were used to reconstruct the local food web,
examine childhood and adult palaeodiet, and explore animal management strategies and
residential mobility. The following sections summarize the main conclusions of the
research, describe how this thesis contributes to the Ecuadorian bioarchaeological record
and isotopic research in general and suggest future avenues for investigation.

6.1 Research Summary
Environmental reconstruction revealed that the Quito Basin was predominantly a C3
environment. Although the wild fauna relied primarily on C3 plants, there was some
evidence that deer intruded into agricultural lands and consumed maize. Adult human
diet between the two sites varied substantially. Long-term average diet at Tajamar was
based primarily on C4 resources (largely maize) and consumption of plant-based protein,
with males consuming slightly more protein than females. At NAIQ, the adult diet had a
mixed C3/C4 plant base with a greater reliance on C3 crops and consumption of lower
trophic level meat from wild terrestrial animals and plant-derived protein with no
differences by sex, age or burial patterns. Nitrogen and oxygen isotopic analyses of the
teeth and juvenile bone demonstrated that breastfeeding generally ceased before the age
of 2 years, but the lack of a distinct pattern at both sites suggests the absence of a uniform
nursing/weaning strategy. By late childhood, the diet was similar to that of the adults at
each site. However, there is some evidence that children consumed slightly different
protein sources than adults. High intra-site variability in the human bone collagen carbon
and nitrogen and bone carbonate carbon isotopic compositions suggested individual
choices and actions might have affected dietary patterns. The domestic animal carbon and
nitrogen isotopic data revealed that camelids at both sites had a mixed C3/C4 diet, likely
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resulting from a mixed animal management strategy of páramo grazing and maize
foddering closer to the agricultural lands. Canids had a similar diet to the Tajamar
humans, relying heavily on C4 food sources.
Human and animal mobility within the Quito Basin was explored using the oxygenisotope analysis of structural carbonate from bone and enamel. A baseline for
environmental water oxygen-isotope compositions in the area was created using existing
literature data. The δ18O values of late-forming tooth enamel and adult bones were highly
variable at each site, with compositions at Tajamar becoming increasingly variable over
time. Within-lifetime relocation was assessed using oxygen isotopic analysis of bone and
enamel pairs. The majority of the individuals had isotopic compositions suggesting a high
degree of within-lifetime mobility at each site. This frequent movement in and around the
Quito Basin was likely an important element for maintaining inter-chiefdom relationships
in the region. The high mobility of pre-Columbian individuals was supported by the
camelid oxygen isotopic data, which suggested that these animals travelled during their
lifetimes, possibly as a result of animal management practices or localized movement of
goods.

6.2 Contributions to Ecuadorian Bioarchaeology
This thesis is the first isotopic study in the Quito Basin to analyze multiple tissues of
humans, fauna and plants from multiple sites in order to assess pre-Columbian diet during
the Integration Period. Unlike other Andean regions where a large body of plant and
faunal isotopic data exist (DeNiro, 1988; Finucane et al., 2006; Thornton et al., 2011;
Tieszen and Chapman, 1995; Webb, 2010; Williams, 2005), sampling of plant and faunal
tissues to characterize regional food web baselines in Ecuador has been minimal (van der
Merwe et al., 1993). This research provides the first detailed carbon and nitrogen isotopic
data for archaeological faunal and modern plant samples from the Ecuadorian highlands.
These data have enabled the creation of a localized carbon and nitrogen isotopic baseline
for the Quito Basin, which is essential for interpretating of isotopic data for humans from
the region.
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The study is also the first to combine human bone and tooth carbon, nitrogen and oxygen
isotopic data from multiple sites in the Ecuadorian highlands. The results of this study
provide unique insight into dietary changes on a regional, population and individual level.
This multi-site and multi-tissue approach complements existing archaeological and
ethnohistorical methods of reconstructing pre-Columbian life by providing direct
information about individual and group diet choices and actions, and how these varied
regionally and over time.
Finally, this research presents an application of the SIAR (Stable Isotope Analysis in R)
Bayesian mixing model to archaeological research. Stable isotope mixing models have
increasingly become an integral part of archaeological palaeodietary research as they
allow for the relative dietary contributions of different food sources to be assessed more
fully (e.g., Arcini et al., 2012; Bocherens et al., 2005; Mays and Beavan, 2012; Newsome
et al., 2004). The potential interpretive power of the SIAR mixing model for
bioarchaeological research has, to this date, been underexplored. This study provides a
first application of SIAR in the Andean region.

6.3 Future Research Considerations
Methodologically, this study reveals the urgent need for detailed clinical studies
investigating human paired ∆teeth-bone spacings for carbon, nitrogen and oxygen. Although
consistent carbon and oxygen-isotope spacings ∆teeth-bone spacings have been reported in
animals (Warinner and Tuross, 2009), this spacing appears to be much more irregular in
humans, given the different effects that internal (age, sex, metabolism) and external
(health, dietary choices) factors have on bone and tooth formation. How these factors
affect human bone and tooth development and the integration of stable carbon, nitrogen
and oxygen isotopes into the different tissues is essential for the future use of multi-tissue
analyses in archaeological research.
This thesis also demonstrates the need for human-specific studies of the relationship
among δ18Osc, δ18Op and δ18Obw values. Faunal studies have found a more or less constant
spacing among these ratios (Kohn and Cerling, 2002), but recently these spacings have
been called into question for human tissues (France and Owsley, in press). Better
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definition of the relationship among δ18Osc, δ18Op and δ18Obw values for humans would
facilitate more accurate predictions of δ18Odw values, providing a better understanding of
human dietary choices.
With regard to the sites of Tajamar and NAIQ, future research should focus on a several
key areas. First, detailed zooarchaeological analysis of the faunal remains needs to be
conducted to definitively identify specific species for isotopic analysis. Such
investigations will help to create a more detailed food web and hence make possible a
better understanding of the human isotopic data. Second, more extensive sampling in
addition to a detailed analysis of the mortuary patterns throughout the site is vital to
explore further whether multiple groups were using NAIQ. Third, a comparison of
carbon- and nitrogen-isotope compositions from serial sections of tooth dentin and
enamel could help to define the length of the breastfeeding/weaning process, identify
sources of complementary weaning foods and pinpoint short-duration dietary events or
nutritional deprivation during childhood (Beaumont et al., 2012; Eerkens et al., 2011).
Fourth, strontium isotope analysis (87Sr/86Sr) of the human bones and teeth could provide
a way to reduce the uncertainty about residential mobility, particularly if soil sampling
was also undertaken to provide a regional baseline. This study demonstrates the need for
comprehensive water and soil sampling throughout the Ecuadorian highlands in order to
create detailed regional baselines of δ18Ow values and soil 87Sr/86Sr ratios for future
studies of residential mobility and geographical origin in the Ecuadorian highlands.
On a larger scale, future archaeological research in Ecuador needs to focus on conducting
detailed osteological and stable carbon, nitrogen and oxygen isotopic analyses of both
human and faunal remains from sites in different regions and from different temporal
periods. Bioarchaeological research, particularly stable carbon-, nitrogen- and oxygenisotope analysis, in the Ecuador has been limited (e.g., Ubelaker et al., 1995; van der
Merwe et al., 1993) compared to other Andean regions (Finucane, 2007; Finucane et al.,
2006; Izeta et al., 2009; Knudson et al., 2012: Thornton et al., 2011; Turner et al., 2009;
Webb, 2010, 2013). Bioarchaeological studies should become an important avenue of
research for Ecuadorian researchers because of their ability to provide a detailed
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understanding of how social, economic, and political factors affected the pre-Columbian
groups and individuals who lived and died in Ecuador.
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Appendices
Appendix A Comparative Modern South American Plant Stable Isotope Results
Reference

Location

Plant type

#

δ13Ccol
(‰, VPDB)1

Tieszen and
Chapman, 1995

Highland Peru

C3 ≤ 1000 m.a.s.l

64

−24.9

0.4





DeNiro and
Hastorf, 1985

Williams, 2005

Tomczak, 2003

Szpak
et al., 2012a
Szpak
et al., 2013

Peru

Peru

Osmore Valley
(Peru)

Coastal Peru
Highland Peru

Coastal/
Highland Peru

SD

δ15Ncol
(‰, AIR)

SD

C3 ≤ 3000 m.a.s.l

54

−23.7

0.8





C3 > 3000 m.a.s.l

54

−22.0

0.6





C4 (all elevations)

5

−14.5

2.5





CAM ≤ 1000 m.a.s.l

5

−13.8

3.3





Tubers

24

−24.3

2.0

+3.9

3.0

Legumes

36

−24.1

2.1

+3.2

2.9

Maize

8

−10.4

1.7

+7.3

2.5

Quinoa

2

−23.7

1.0

+5.4

2.6

Squash

15

−23.7

1.6

+4.5

2.0

Chili pepper

11

−26.3

1.8

+3.1

2.3

Prickly pear cactus

7

−11.1

0.9

+4.3

1.3

Tubers

3

−25.3

1.4

+3.2

1.6

Legumes

5

−24.9

1.8

+3.7

4.0

Maize

4

−10.4

1.0

+4.9

2.2

Quinoa

1

−24.7



+2.1



Chili pepper

1

−23.1



+4.8



Coca leaves

1

−25.7



+6.8



C3 plants

−23.5



+4.0



C4 plants

−11.8



+4.0



6

−17.0





+11.0
+6.3


0.3

16

−27.6

1.8

+0.4

3.0

8

−27.2

0.8

+2.0

3.1

9

−26.9

1.8

+3.3

3.3

21

−27.3

1.6

+2.1

2.8

Beans

24

−25.7

1.6

+0.7

2.0

Beans (Lima)

2

−26.0

1.4

-0.2

0.4

Lupine

5

−26.0

1.6

+0.6

1.2

Marine Plants
Maize
Wild C3
(~2100 m.a.s.l)
Wild C3
(~2400 m.a.s.l)
Wild C3
(~2900 m.a.s.l)
Wild C3
(~3000 m.a.s.l)

Coca

4

−29.8

0.9





Maize (grain)

27

−11.8

0.4

+6.4

2.2

Maize (leaf)

2

−12.9

0.4

+4.5

1.6

Mashua

3

−25.6

1.9

+0.5

4.7

Oca

6

−26.4

0.7

+5.7

1.3

Pepper

1

−29.6



+4.2
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Reference

Location

Boom, 2004

Highland
Colombia

This study

Parque
Jerusalem
Quito
Market

Plant type

#

δ13Ccol
(‰, VPDB)1

SD

δ15Ncol
(‰, AIR)

Potato

12

−26.3

1.3

+4.0

5.5

Quinoa

3

−25.6

0.9

+7.9

1.3

Ulluco

2

−25.8

0.0

+7.5

1.0

Wild C3

82

−27.4

2.4





Wild C4

6

−13.2

1.6





Wild C4

1

−11.1



+4.9



Wild C3

11

−25.7

1.9

+3.3

3.1

Maize

1

−10.2



+4.8



Tubers

7

−25.1

1.3

+3.0

4.0

Legumes

2

−22.3

0.0

+0.7

0.6

Fruit

4

−24.3

0.8

+5.0

5.5

Quinoa
1
−25.8

+3.1
Plant samples δ13C adjusted by +1.5‰ to correct for the Suess effect (Marino and McElroy, 1991)
 Not analyzed in study
1

SD
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Appendix B Comparative South American Faunal Stable Isotope Results
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Appendix C Human Sample Inventory
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Appendix D Faunal Sample Inventory
Sample ID

Animal Type

Sample

Tajamar

Sample ID

Animal Type

Sample

NAIQ

FTCP01

Camelid

Astragalus

FNCP01

Camelid

Calcaneus

FTCP02

Unknown

Long bone

FNCP02

Camelid

Astragalus

FTCP03

Canid

Pelvic bone

FNCP03

Rabbit

Ulna

FTCP04

Med. Mammal

Pelvic bone

FNCP04

Rabbit/Rodent

Pelvic bone

FTCP05

Camelid

Astragalus

FNCP05

Camelid

Astragalus

FTCP06

Deer

Astragalus

FNCP06

Pig

Calcaneus

FTCP07

Camelid

Astragalus

FNCP07

Unknown

Long bone

FTCP08

Canid

Mandible

FNCP08

Deer

Astragalus

FTCP09

Camelid

Pelvic bone

FNCP09

Rodent

Humerus

FTCP10

Camelid

Astragalus

FNCP10

Mammal

Astragalus

FTCP11

Camelid

Astragalus

FNCP11

Deer

Astragalus

FTCP12

Canid

Hind limb

FNCP12

Rabbit

Tibia

FTCP13

Camelid

Astragalus

FNCP13

Rodent

Pelvic bone

FTCP14

Camelid

Astragalus

FNCP14

Small rodent

Tibia

FTCP15

Unknown

Tooth

FNCP15

Deer

Astragalus

FTCP16

Canid

Pelvic bone

FNCP16

Bird

Long bone

FTCP17

Canid

Hind limb

FNCP17

Small rodent

Femur

FTCP18

Canid

Hind limb

FNCP18

Deer

Astragalus

FTCP19

Canid

Hind limb

FNCP19

Rabbit

Femur

FTCP20

Canid

Calcaneus

FNCP20

Rabbit/Rodent

Limb bone

FTCP21

Camelid

Astragalus

FNCP21

Deer

Astragalus

FTCP22

Unknown

Pre-molar

FNCP22

Camelid

Phalange

FTCP23

Camelid

Pelvic bone

FNCP23

Deer

Astragalus

FTCP24

Canid

Front limb

FNCP24

Camelid

Astragalus

FTCP25

Canid

Limb bone

FNCP25

Rabbit/Rodent

Limb bone

FTCP26

Camelid

Calcaneus

FNCP26

Rabbit/Rodent

Limb bone

FTCP27

Camelid

Calcaneus

FNCP27

Canid

Distal radius

FTCP28

Canid

Limb bone

FNCP28

Deer

Phalange

FTCP29

Canid

Limb bone

FNCP29

Rabbit/Rodent

Limb bone

FTCP30

Camelid

Astragalus

FNCP30

Bird

Long bone

FTCP31

Unknown

Pre-molar

FNCP31

Deer

Astragalus

FNCP32

Rabbit

Femur

FNCP33

Rabbit/Rodent

Tibia

FNCP34

Deer

Ulna

FNCP35

Unknown

Radius

FNCP36

Camelid

Calcaneus

FNCP37

Mammal

Rib
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Sample ID

Animal Type

Sample

Sample ID

Animal Type

Sample

FNCP38

Rabbit/Rodent

Pelvic bone

FNCP39

Camelid

Astragalus

FNCP40

Rodent

Limb bone
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