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Abstract 

Stable isotope analysis of mummified human hair allows the reconstruction of the recent life 

histories of individuals that died thousands of years ago. The objective of this study is to 

improve the resolution of hair palaeodietary reconstruction by sequentially analyzing 0.5 cm 

segments of a single hair using liquid chromatography-isotope ratio mass spectrometry 

(LC/IRMS). 

The subsistence strategies of seven individuals, spanning different cultures/periods 

(Chinchorro, Formative, Inca) and covering different geographic areas (coasts and hinterland) 

of the Atacama Desert, northern Chile, were reconstructed by analyzing δ13C amino acid 

compositions using an improved methodology that requires only 0.5 cm segments of a single 

hair. The amino acid δ13C values were supplemented with bulk carbon, nitrogen and sulfur 

isotope analysis performed on multiple hairs. 

Our results show that the archaic hunter-gatherers strongly relied on aquatic resources, as did 

the first transitional Formative individuals living on the coasts. Conversely, the Formative 

inhabitants of the nearby valley exhibit consumption of terrestrial resources in a seasonal 

pattern. A broader dietary spectrum made of mixed terrestrial and aquatic foods is identified 

in the Inca individual. 

The sequential analysis of 0.5 cm increments from a single hair has permitted the high-

resolution reconstruction (approximately fortnightly) of the recent life history of these pre-

Columbian individuals, discerning short-term nutritional changes related to agricultural cycle, 

multiple dietary intakes or mobility. Although bulk methods can detect changes in diet and 

track seasonal shifts, the variations in the carbon isotope signal can be highly attenuated with 

respect to the dietary intake because of the use of multiple hairs. 



1. Introduction 

Stable isotope analysis of bone collagen preserved in archaeological remains has long been a 

major source of bioarchaeological information, providing direct palaeodietary and 

palaeoenvironmental information (Ambrose and DeNiro, 1986; Drucker et al., 2012). 

However, while the persistence of bone collagen in the archaeological record for tens of 

thousands of years in temperate environments is an advantage, a consequence of its turnover 

during the lifetime of an individual is an indistinct dietary signal. When a collagen sample is 

measured it represents the ultimate years or decades of dietary intake (Hedges et al., 2007). 

Information pertaining to more relevant human timescales, such as how much an individual’s 

diet varied over the course of their life or even how it may have changed through the course 

of a year, is unresolved. So, whilst analysis of bone collagen isotope compositions is an 

invaluable part of bioarchaeology, alternative stable isotope approaches are constantly sought 

to add detail to dietary reconstructions of ancient individuals (Beaumont et al., 2013). 

Mummified bodies are a powerful archaeological resource (Lynnerup, 2007) that enables 

detailed bioarchaeological investigations especially when stable isotope studies are included 

(Knudson and Stojanowski, 2008). Although a variety of tissues (skeletal and non-skeletal) 

can be examined in a mummified body, hair has been proposed as the ideal biomaterial for 

isotopic studies because hair is mainly constituted by protein (i.e. keratin) (Harkey, 1993) and 

it retains the unaltered isotope signature recorded incrementally as the tissue grows (Petzke et 

al., 2010); furthermore, sampling is minimally invasive. All these characteristics potentially 

allow the high-resolution reconstruction of the recent life history of ancient individuals, with 

respect to diet (and especially seasonal changes in diet), mobility and physio-pathological 

conditions. 



Palaeodietary reconstructions conducted to date on South American mummy hair have 

mainly relied upon bulk stable isotope analysis, e.g. (Horn et al., 2009; Knudson et al., 2007; 

Webb et al., 2013; White et al., 2009; Williams and Katzenberg, 2012), requiring the use of 1 

(Webb et al., 2013; Williams and Katzenberg, 2012) or 2 cm (Knudson et al., 2007; White et 

al., 2009) segments of multiple hairs. Detecting rapid dietary changes in the hair isotope 

signature is complex as the hair requires time to isotopically equilibrate to a new diet 

(O'Connell and Hedges, 1999), in part due to the buffering effect of the bodily endogenous 

amino acid pool (Jackson, 2007), meaning that the complete isotopic equilibrium between 

diet and scalp hair keratin after a dietary change may take up to ~ 4-12 months for carbon and 

nitrogen isotope compositions (McCullagh et al., 2005; O'Connell and Hedges, 1999), 

although the latter appears to have a faster response (Huelsemann et al., 2009; O'Connell and 

Hedges, 1999). This is further complicated by the complexity of the hair growth cycle (Stenn 

and Paus, 2001) and by the inter-individual variability of growth rates (Loussouarn et al., 

2005), which means that any two hairs may be temporally out of phase. The consequent 

misalignment of multiple hairs used in a bundle for isotopic analysis will generate an 

‘averaged’ isotope signal that may be isotopically attenuated with respect to the original 

dietary signal (Remien et al., 2014). 

The present study describes an improved method that refines human palaeodietary 

reconstructions by using compound-specific carbon stable isotope analysis of hair keratin 

amino acids from 0.5 cm segments of a single hair. This approach presents two major 

advantages over the traditional bulk method: (1) the analysis of a single hair avoids the 

potential problem of non-contemporaneous hairs being analyzed in bulk samples (i.e. growth 

cycle error) (Williams et al., 2011); (2) the use of minimal sample amount enhances the 

temporal resolution at an approximate fortnightly scale [considering a growth rate of approx. 

1cm/month (Krause and Foitzik, 2006)], which is favorable in detecting the onset of a new 



diet or short-term nutritional changes with respect to seasonality, mobility, environmental 

stress or disease (although diet-tissue equilibration time remains a potential source of error). 

Moreover, the application of a compound-specific approach can help to discriminate different 

sources of the isotopic signal via comparison of δ13C values of essential amino acids (EAAs) 

with non-essential AAs (NEAAs). Although these classifications are a matter of some debate 

(Wu, 2013), broadly speaking in healthy individuals, EAAs are amino acids whose carbon 

skeletons are not synthesizable by the human body and are routed from ingested proteins to 

body tissues, while NEAAs are produced through various metabolic pathways (i.e. de novo 

synthesis), in addition to direct routing. NEAAs in hair will therefore potentially contain 

carbon derived from the whole diet (proteins, lipids, carbohydrates), whereas EAAs will 

reflect only protein intake. Despite the potential of individual amino acid (AA) δ13C analysis 

to provide detailed information about distinct dietary components useful in reconstructing 

metabolic characteristics and nutritional stress among ancient populations, there are few 

published studies that contain reference data on compound-specific carbon isotope analysis of 

archaeological human tissues (Choy et al., 2010; Corr et al., 2009; Corr et al., 2005; Fogel 

and Tuross, 2003; Honch et al., 2012; McCullagh et al., 2006; Richards et al., 2007), 

especially for hair keratin, e.g. (Raghavan et al., 2010). 

The technique was applied to hair samples from seven mummies from archaeological sites 

located along the coasts and the nearby valleys of the Atacama Desert, northern Chile (Table 

1 and Fig. 1) and supplemented with bulk carbon, nitrogen and sulfur isotope analysis 

performed on multiple hairs. The individuals were selected in order to cover a wide 

chronological spectrum, from the Late Archaic Period (~6,000-4,000 B.P.) to the Late Period 

(~500-420 B.P.), and different geographic areas of the coasts (Arica, Camarones) and coastal 

valley (Azapa) of northern Chile. The study of intra-individual variation provides detailed 

insights into the subsistence strategies employed by pre-Columbian individuals from the 



perspective of the individual’s life history, thus generating for the first time information on 

individual flexibility or persistence in dietary intake at a fortnightly scale from the analysis of 

a single hair. 

 

Table 1. Summary of pre-Columbian individuals analyzed. 

 

 

 

Fig. 1. Map of northern Chile showing the location of the archaeological sites outlined in this 

research (created using ArcGIS® software by Esri). 



 

2. Environmental context 

Although the Atacama Desert has been characterized by unique dryness for millennia 

(Houston, 2006), the early human communities of the coastal areas had access to an 

exceptionally rich marine ecosystem. The maritime resources were abundant and reliable 

(except during El Niño-Southern Oscillation events), and complemented by estuarine 

resources retrieved at the mouths of rivers (Grosjean et al., 2007) (wetlands). Perennial and 

ephemeral rivers, recharged by melted snow from the Andes, ran through the deep valleys 

creating other favorable habitats to human occupation (Nester et al., 2007). The existence of 

terrestrial food resources was (and still is) favored by upwelling groundwater, as well as by 

the humidity generated by the semi-permanent fog (Cereceda et al., 2008). 

Environmental records show climatic and hydrological fluctuations, with a wetter phase 

coeval with the earliest colonization of the region (~ 13,000 cal yr B.P.) (Gayo et al., 2015; 

Latorre et al., 2006; Latorre et al., 2013; Sáez et al., 2016). The mid-Holocene (9,000-4,000 

cal yr B.P.) was characterized by more arid conditions (even more arid than today), although, 

at a century-scale, intermittent wet and dry cycles have been documented (Grosjean et al., 

2003; Núñez et al., 2013). The most disruptive climatic conditions were represented by the 

ENSO events, whose frequency increased after ~ 3,500 cal yr B.P. (Sandweiss et al., 2001); 

these events caused drought in the highlands, and decline in marine resources because of 

seawater warming (Williams et al., 2008). 

 

 

 



3. Archaeological background 

The early inhabitants of the Pacific Ocean’s rocky shore were specialized fishers, as well as 

skilled in hunting marine game and gathering mollusks (Olguín et al., 2015; Rebolledo et al., 

2016; Santoro et al., 2012). This existence of a marine-focused diet is supported by studies on 

material culture (toolkits and grave goods) (Standen, 2003), chronic pathology (Arriaza, 

1995a; Standen et al., 1984), bone injury (Arriaza, 1995a; Costa-Junqueira et al., 2000; 

Standen et al., 1984), and dental health (Kelley et al., 1991). Terrestrial plants and animals 

were presumably an additional food intake, as suggested by archaeofaunal remains and rock 

art motifs (Standen, 2003; Valenzuela et al., 2015). Furthermore, it is thought that 

Chinchorros were involved in exchange networks with highland populations (Sepúlveda et 

al., 2013; Standen, 2003). 

Following the Archaic Period (~ 10,000-4,000 B.P.), the dietary pattern moved to a mixed 

agro-maritime intake, consisting mainly of terrestrial foods (Valenzuela et al., 2015), as 

indicated by material culture (Muñoz Ovalle, 2004a; Rivera, 2008) and dental disease 

(Watson et al., 2010), although the persistence of a fishing tradition is recorded among the 

coastal groups (Muñoz Ovalle, 2011; Standen et al., 1997; Watson et al., 2013). During the 

Formative Period (~ 4,000-1,500 B.P.), the agro-pastoral experimentations led to successful 

domestication of cultigens and camelids (Mengoni Goñalons, 2008; Rivera, 2008; Stahl, 

2008), associated with an increase in population and formation of villages (Rivera, 2008). 

Since the Formative Period, the role of camelids became crucial (Valenzuela et al., 2015), as 

a source of food, by-products (textiles, tools), and especially as a beast of burden in the large-

scale system of exchange among the coast, valley and highland regions (Cases et al., 2008). 

The Late Period (~ 500-420 B.P.) is characterized by the expansion of the Inca Empire to the 

lowlands, resulting in more wide-scale and deliberate control and distribution of the local 



coastal resources (e.g. dried fish, salt, guano) (Muñoz Ovalle, 1989; Rivera, 2008). The 

advanced road system facilitated the mobility of people and goods (Covey, 2008). During the 

Late Period the dietary patterns continued to be a mixture of terrestrial and marine resources 

(Standen et al., 1997; Valenzuela et al., 2015). 

 

4. Materials and methods 

The scalp hairs analyzed in this study were taken from seven mummified individuals 

(Maderas Enco 1-C2, Morro 1-T28 C8, Camarones 15A-T14, Quiani 7-T13, Azapa 14-T31, 

Azapa 115-T9, Camarones 9-T39) that are part of the Archaeology Museum collection of the 

University of Tarapacá (UTA), Anthropology Department, Arica (Chile).  

Methods are only outlined in brief here, further details can be found in Supporting 

Information 1. 

 

4.1. LC/IRMS analysis 

A single hair from each individual has been cut into 0.5 cm segments from root to tip and 

analyzed. The CAM15A-T14, QUI7-T13 and ME-C2 individuals have been sampled twice 

[(I), (II)]. The orientation and the distance from scalp of ME-C2 (I) and (II) hairs were 

unknown.  

Single amino acid carbon isotope analysis was conducted at the La Trobe Institute for 

Molecular Sciences (LIMS, La Trobe University, Melbourne, Australia) using a Thermo 

Scientific LC/IRMS system consisting of an Accela 600 pump connected to a Delta V Plus 

Isotope Ratio Mass Spectrometer via a Thermo Scientific LC Isolink. Keratin amino acids 



were separated and their carbon isotope content was measured using the three phase method 

described by Smith et al. (2009), but modified for a narrower column (Primesep A column, 

2.1x250mm, 100Å, 5µm, SIELC Technologies Prospect Heights). 

The quality of hair preservation at the molecular level was assessed by investigating the 

amino acid peak area values [Vs], which represent the sum of the peak areas for the ion 

currents at m/z 44, 45 and 46. The archaeological hair samples present good keratin 

preservation, with the exception of three segments (1.5cm, 4cm, 5cm) of CAM15A-T14 (I) 

hair. 

 

4.2. Bulk isotope analysis 

Two bundles of hair from each individual were sectioned into approximately 1 cm segments 

from root to tip for both carbon and nitrogen, and sulfur isotope analyses. When incremental 

sampling was not applicable (ME-C2, M1-T28-C8), the non-oriented samples were analyzed 

in duplicate. Analysis of the carbon, nitrogen and sulfur isotope compositions was performed 

at the University of Bradford (Department of Archaeological Sciences, UK) using a Thermo 

Flash EA 1112 coupled to a Delta Plus XL via a Conflo III interface (Thermo Scientific, 

Bremen, Germany). 

 

4.2.1. Stable isotope mixing model 

A Bayesian mixing model has been applied to the bulk isotope data in order to better quantify 

the contribution of food sources to the diets of the individuals analyzed. In particular, we 

preferred FRUITS (Food Reconstruction Using Isotopic Transferred Signals) (Fernandes et 

al., 2014) as it incorporates concentration dependence and isotopic routing in the model.  



 

5. Results 

5.1. Bulk stable isotopes 

A summary of the hair keratin stable isotope compositions (δ13C, δ15N, δ34S) for each 

individual is provided in Table 2. 

 

Table 2. Carbon, nitrogen, and sulfur isotope compositions of 1 cm increments (starting from 

the scalp) of multiple hairs for the individuals analyzed.  

 

The C/N atomic ratios for the majority of hair segments fall inside the empirical range of 

values for modern hair (2.9-3.8) (O'Connell and Hedges, 1999). A few samples present 

slightly elevated C/N ratios (3.9), though such results are commonly accepted for 

archaeological hair (Knudson et al., 2015; Webb et al., 2013). Three hair segments (from 5 to 

9 cm) of the AZ115-T9 individual contained an insufficient amount of nitrogen and carbon, 

and were excluded from further discussion. Although the content by weight of sulfur (average 

2.8±0.5%) is lower than in modern hair (Lehn et al., 2011; Nehlich, 2015), there is only a 

weak correlation (ρ=.529, n=36, p=.001) between δ34S (‰) and S% (weight) which we 

interpret as implying that the sulfur isotope compositions are not biased by sulfur content. 

Although quality indicators for sulfur isotope analysis have been discussed for bone collagen 

(Privat et al., 2007), to date no empirical ranges have been proposed as an integrity standard 

for hair keratin (Nehlich, 2015). As a precaution, sulfur isotope data will be treated with 

caution, applying a high uncertainty to the δ34S values, considering also the low 

reproducibility of sulfur measurements. 



The bulk stable isotope compositions are similar to those published in previous studies of hair 

from populations of the same archaeological sites (Macko et al., 1999), or elsewhere in Chile 

(Aufderheide et al., 1994; Knudson et al., 2012; Silva Pinto et al., 2014) and Peru 

(Carmichael et al., 2014; Horn et al., 2009; Knudson et al., 2007; Knudson et al., 2015; 

Panzer et al., 2014; Webb et al., 2013; Webb et al., 2015; White et al., 2009; Williams and 

Katzenberg, 2012; Wilson et al., 2007) (Fig. 2). In particular, the individuals ME-C2, M1-

T28-C8, CAM15A-T14, and QUI7-T13 cluster with other Chilean coastal individuals 

characterized by a marine-focused diet complemented by very limited terrestrial plant intake 

(Aufderheide et al., 1994; Knudson et al., 2012; Macko et al., 1999), while the coastal 

CAM9-T39 individual displays higher carbon isotope compositions. The AZ14-T31 isotope 

compositions are similar to the ones measured in a Formative individual from the same 

coastal valley previously interpreted as alternately relying mainly on C4 or C3 terrestrial 

resources (Silva Pinto et al., 2014). The AZ115-T9 isotope compositions are close, though 

being generally lower in δ15N than those of south Peruvian individuals identified in previous 

studies as consuming mixed C3-C4 terrestrial foods, as well as marine resources (Knudson et 

al., 2007; Knudson et al., 2015). 

 



 

Fig. 2. Plot of δ15N values versus δ13C values for human hair analyzed in this study and in 

other studies on Chilean and Peruvian pre-Columbian populations. 

 

 

The bi-plots of δ15N vs. δ13C and δ34S vs. δ13C values compare the isotope compositions of 

the hair keratins to the edible portion of the local flora and fauna (Figs. 3-4).  

 



 

Fig. 3. Plot of δ15N values versus δ13C values for human hair analyzed in this study compared 

against edible portions of South American flora and fauna. 

South American flora and fauna consist of: Otaria flavescens (Sea lion); Trachurus murphyi, 
Genypterus chilensis, Cilus gilberti, Aplodactylus punctatus, Trachurus symmetricus, Merluccius 
gayi, Engraulis ringens, Coelorinchus chilensis, Clupea bentincki as ‘Marine fish’; Tegula atra, 
Choromytilus chorus, Mesodesma donacium, Concholepas concholepas, Dosidicus gigas, Euphausia 
mucronata as ‘Marine molluscs and crustaceans’; Ulva lactuca, Grateloupia doryphora, Cryptopleura 
cryptoneuron as’Seaweeds’; Mugil curema, Micropogonias furnieri, Mugil liza, Astyanax fasciatus, 
Lycengraulis grossidens as ‘Estuarine fish’; Myocastor coypus, Phyllotis sp., Cavia porcellus as 
‘Rodents’; Crenicichla missioneira, Oligosarcus robustus, Trachelyopterus galeatus, Serrasalmus 
spilopleura as ‘Freshwater fish’; Vicugna pacos, Lama glama as ‘Domestic camelids’; Lama 
guanicoe as ‘Wild camelids’; Pterocnemia pennata, Chloephaga melanoptera as ‘Terrestrial birds’; 
Zea mays (Maize) and Amaranthus caudatus (Kiwicha); Opuntia ficus-indica (Prickly pear); 
Chenopodium quinoa, Cucurbita maxima, Solanum tuberosum, Oxalis tuberosa, Capsicum annuum, 
Ullucus tuberosus as ‘C3 plants’; Phaseolus lunatus, Phaseolus vulgaris, Lupinus mutabilis, Prosopis 
chilensis as ‘Legumes’. 
Data taken from: DeNiro and Hastorf (1985), van Der Merwe et al. (1993), Aufderheide et al. (1994), 
Tieszen and Chapman (1992), Finucane et al. (2006), Falabella et al. (2007), Hückstädt et al. (2007), 
Gil et al. (2011), Hoeinghaus et al. (2011), Szpak et al. (2013), Burress et al. (2013), Szpak et al. 
(2014), Thornton et al. (2011), Szpak et al. (2015), and DeNiro (1988). 
A correction of 1.5‰ was applied to the δ13C values of modern samples to account for the burning of 
fossil fuels that has decreased the δ13C values of the atmospheric CO2 (Suess effect) (Marino and 
McElroy, 1991; Schloesser et al., 2009). The isotope compositions of the edible portions were 
estimated applying the offsets proposed in previous studies (Codron et al., 2005; Hobson and Clark, 
1992; Hobson et al., 1996; Kelly, 2000; Mateo et al., 2008; Sealy et al., 1987; Sholto-Douglas et al., 
1991; Vogel, 1978; Warinner and Tuross, 2010; Yoneyama and Ohtani, 1983).  
 

 



 

Fig. 4. Plot of δ34S values versus δ13C values for human hair analyzed in this study compared 

against South American flora and fauna data. South American flora and fauna data taken from 

Macko et al. (1999).  

 

According to the dietary estimates (Table 3 and Fig. 5) generated by the FRUITS model, the 

coastal dwellers had a consistent caloric contribution from proteins (42-44%), specifically 

from aquatic foods (74-79%). These findings are validated by the δ34S hair isotope values 

which are in accordance with previous studies (Aufderheide et al., 1994; Aufderheide et al., 

1993) reporting a range of ~ +15.4 to +18.5‰ for individuals living on the coasts of northern 

Chile with an almost total maritime diet. The marine fauna provided at least half of the 

calorie contribution (48-51%) to the diet of these coastal individuals, and it was 

complemented by terrestrial plants. In detail, C3 cultigens (38-39%) were predominant in the 

diet of CAM15A-T14 and QUI7-T13 individuals, while C4 crops (42%) were mostly 

contributing to CAM9-T39 dietary calories. Although the Inca individual presents an overall 

strong caloric dependence on both C4 and marine foods, in the two hair segments nearest to 



the scalp (approx. ‘final’ two months of life), the calorie contribution from C4 crops becomes 

predominant (moving from 39% to 49%) (Supporting Information 2), and the hair sulfur 

isotope signature indicates a terrestrial dietary intake (δ34S ~ +7‰). The model suggests that 

the coastal valley inhabitants mainly retrieved their calories from carbohydrates and lipids 

(72% for AZ14-T31, 64% for AZ115-T9), predominantly from C3 plant foods (70% for 

AZ14-T31, 41% for AZ115-T9). The sources of dietary proteins were C3 plants (65% for 

AZ14-T31, 36% for AZ115-T9) and terrestrial animals (e.g. camelid meat) (21% for AZ14-

T31, 37% for AZ115-T9). The intake of terrestrial foods is confirmed by the sulfur isotope 

data, which is comparable to published values (Macko et al., 1999) reporting δ34S <+11‰ for 

Chilean individuals relying on terrestrial resources. In both the Azapa individuals’ diets the 

calorie contribution of C3 and C4 plants fluctuate through time in an alternating manner 

suggesting the existence of an agricultural cycle (Supporting Information 2). This hypothesis 

is supported by the cyclical changes in bulk δ13C and δ15N values, having a range of <1.6‰ 

and <2.1‰ for AZ14-T31, and <2.2‰ and <1.1‰ for AZ115-T9, which is comparable to 

those published in Webb et al. (2013) and Williams and Katzenberg (2012). 

 

 

Table 3. Dietary estimates, based on the isotope compositions of hair, generated by FRUITS. 



 

Fig. 5. FRUITS model estimates of individual calorie intake recorded by each hair segment (1 

cm increments). 

1= ME-C2; 2= M1-T28-C8; 3-7= CAM15A-T14; 8-14= QUI7-T13; 15-22= AZ14-T31; 23-33= 
AZ115-T9; 34-40= CAM9-T39. 68% credible interval represented by boxes, 95% credible interval 
represented by whiskers. 
 

5.2. Individual amino acid carbon isotopes 

A summary of the hair keratin single amino acid δ13C values for each individual is provided 

in Table 4. The complete data set of amino acid δ13C values is presented in Supporting 

Information 3. 

 

Table 4. Summary of amino acid δ13C (‰) values. 



The existence of autocorrelation among amino acid isotope compositions measured from the 

same hair renders the application of principal component analysis (PCA) inappropriate. To 

address this issue, we decided to perform functional PCA using curves as measurement units, 

which is an approach similar to that of Caussinus and Ferre (1992) when performing PCA on 

growth curves. Briefly, for each amino acid and hair, we fitted a generalized least squares 

(GLS) model with amino acid values as outcome and distance from scalp as the explanatory 

variable (predictor). To model the curvature shown by the data, we included the linear and 

quadratic effects of distance. As a result of model fitting, we obtained, from each model, the 

three numbers that characterize the curve representing the intercept estimate, and the linear 

and quadratic effects of distance. We collected all these estimates in a data matrix with 10 

rows (one row for each hair) and 42 columns (i.e. 3 columns for each amino acid), and 

performed principal component analysis on this data matrix. 

The first three principal components explain 81.5% of the variation shown by curves from all 

the single hairs. The first principal component (PC1), which is mainly influenced by the δ13C 

amino acid values of leucine and aspartic acid, groups hairs taken from the same individual, 

and separates the consumers of aquatic proteins (or coastal individuals) (ME-C2, M1-T28-

C8, CAM15A-T14, QUI7-T13, CAM9-T39) from the consumers of terrestrial foods (or 

coastal valley individuals) (AZ14-T31, AZ115-T9) (Fig. 6). In particular, at the extreme 

negative scale of PC1 we find the AZ14-T31 individual characterized by the lowest protein 

intake (as determined by the FRUITS model), while at the extreme positive scale of PC1 we 

find one of the individuals with the highest protein consumption (ME-C2). The PC2 is also 

strongly influenced by leucine, but also arginine and lysine. Although all the individuals plot 

with positive PC2 scores, among the terrestrial resource consumers, the individual with the 

greatest proportion of C3 foods in their diet (AZ14-T31) has a more positive PC2 score than 

the individual (AZ115-T9) who, according to the FRUITS model based on bulk isotope data, 



consumed a high proportion of C4 resources. For these reasons, PC1 might be useful in 

distinguishing between terrestrial and aquatic resource consumers, while PC2 might track 

differences within terrestrial diets (e.g. C3, C4). Lastly, the third principal component, whose 

dominant loadings are serine, proline and lysine, clearly separates the CAM9-T39 individual 

(positive PC3) from the other individuals (negative PC3). 

 

 

Fig. 6. Functional Principal Component Analysis output for δ13C amino acid values: scores 

plots and component loadings. 



 

Overall, the terrestrial resource consumers present more negative δ13C amino acid values 

compared to the high-aquatic protein consumers (Table 4). The difference between the 

highest and the lowest δ13C values of each of the amino acids for the aquatic resource 

consumers (ME-C2, M1-T28-C8, CAM15A-T14, QUI7-T13) is small (<6‰) suggesting a 

consistent diet through time, as well as a predominant dependence on proteins (mostly 

aquatic) with respect to other macronutrients. In fact, in high protein diets non-essential 

amino acids (e.g. glycine) are preferentially assimilated from the dietary proteins rather being 

synthesized de novo, as it is energetically more efficient (Corr et al., 2005; Jim et al., 2006). 

Conversely, the range of δ13C amino acid values for the terrestrial resource consumers 

(AZ14-T31, AZ115-T9) is much larger, especially for the non-essential amino acids glutamic 

acid/glutamine and alanine (range >16‰) in AZ115-T9, indicating a carbohydrate 

contribution from diverse crops (C3, C4). Glutamate/glutamine (both contributing to measured 

glutamic acid as a result of hydrolysis in sample preparation) and alanine are predominantly 

synthesized by the human body (Jim et al., 2006), even when high quantities of proteins are 

available (Fernandes et al., 2012).  

Glutamate is synthesized from α-ketoglutarate, an intermediate of the tricarboxylic acid cycle 

(TCA) (Brosnan and Brosnan, 2013). The TCA cycle and its intermediates facilitate the 

interrelationship among amino acids, lipids and carbohydrates and their carbon skeletons 

(Gropper et al., 2008). Alanine is derived from pyruvate, which is in turn formed from 

glucose, as an end product of glycolysis (Brosnan and Brosnan, 2013). Therefore, alanine, 

and especially glutamic acid, are expected to closely reflect the whole diet carbon (Howland 

et al., 2003; Jim et al., 2006) potentially making it possible to track the dietary carbohydrate. 

The spread of the δ13C phenylalanine values (~ 8‰) of AZ115-T9 suggests that this 

individual retrieved dietary proteins from varied sources of food (e.g. legumes and meat), 



because the essential phenylalanine is directly incorporated into body tissues (i.e. minimal 

fractionation between diet and proteinaceous tissues) and closely reflects the dietary amino 

acids (Howland et al., 2003; Jim et al., 2006). 

The δ13C glycine values of the high aquatic protein consumers (ME-C2, M1-T28-C8, 

CAM15A-T14, QUI7-T13, CAM9-T39) are more negative than the δ13C serine values along 

the length of the hair, while the opposite is generally true for AZ14-T31 (a high-carbohydrate 

consumer) and (to a lesser extent) for AZ115-T9 (a mixed terrestrial resource consumer) 

(Supporting Information 4). Serine and glycine both derive from glucose, as serine is 

synthesized from a glycolytic intermediate (3-phosphoglycerate), and then it can be converted 

into glycine (by a one-step reversible reaction) (Brosnan and Brosnan, 2013). In mixed diets 

consisting of sufficient amounts of carbohydrate and protein (as it could be for AZ115-T9), 

the process of de novo synthesis of a non-essential amino acid such as glycine is expected to 

exceed that of direct assimilation (Howland et al., 2003). Whereas under condition of high-

marine protein diets, the pathway of de novo synthesis of glycine is preferentially substituted 

by direct routing of dietary glycine (Corr et al., 2005). In addition if it is feasible in humans 

to convert fatty acids into glucose (Fernandes et al., 2012; Kaleta et al., 2011), this might 

explain why in marine diets rich in proteins and lipids (but poor in carbohydrates) δ13C 

glycine values are more negative than serine values [as for Greenlanders (Raghavan et al., 

2010)], despite glycine being predominantly derived from marine foodstuffs that have very 

high δ13C glycine values (Corr et al., 2009).  

Based on the observation of the variation of the essential amino acid carbon isotope 

compositions along the hair fiber, it appears that the relationship among δ13C phenylalanine, 

valine and leucine values may be useful in tracking the source (terrestrial or aquatic) of the 

dietary amino acid pool (Supporting Information 4). The δ13C phenylalanine values are more 

negative than the valine and leucine values for the ME-C2, M1-T28-C8, CAM15A-T14, and 



QUI7-T13 individuals, whereas they are generally more positive for the terrestrial consumers 

(AZ14-T31, AZ115-T9). The CAM9-T39 individual presents an intermediate situation with 

δ13C phenylalanine values more negative than those of valine, but approximately equal to 

leucine. 

Taking into account the pattern of single AA carbon isotope compositions along the hair fiber 

and the output of functional PCA (showing the largest magnitude among the PC1 and PC2 

component loadings for leucine), it is plausible to suppose that δ13C leucine values may be 

used not only to differentiate between terrestrial and aquatic consumers, but also C3 and C4 

terrestrial consumers. Collagen δ13C leucine and phenylalanine values were reported to be 

strongly correlated with those of diet in a feeding experiment of pigs raised on omnivorous 

diets (Howland et al., 2003), showing minimal isotopic fractionation between dietary amino 

acids and body tissues. When δ13C phenylalanine values are plotted against δ13C leucine 

values for our dataset, terrestrial and marine consumers are separated, and strong correlations 

exist within the terrestrial consumers (AZ14-T31, AZ115-T9) (ρ=.937, n=104, p=.001, 2-

tailed) and within the aquatic consumers (ME-C2, M1-T28-C8, CAM15A-T14, QUI7-T13) 

(ρ=.876, n=103, p=.001, 2-tailed), while the CAM9-T39 hair segments are spread between 

the terrestrial and marine consumers (Fig. 7).  

 



 

Fig. 7. Plot of δ13C phenylalanine values versus δ13C leucine values for all the segments of 

mummy hair analyzed in this study.  

 

The study of other potential biplots shows that δ13C Phe vs. δ13C Ile, and δ13C Phe vs. δ13C 

Val scatterplots generate a similar distribution of the hair samples (respectively, for terrestrial 

consumers ρ=.843, n=104, p=.001, 2-tailed, and for aquatic consumers ρ=.854, n=103, 

p=.001, 2-tailed; for terrestrial consumers ρ=.869, n=104, p=.001, 2-tailed, and for aquatic 

consumers ρ=.847, n=103, p=.001, 2-tailed) (Figs. 8-9). In fact, isoleucine, leucine, valine 

and phenylalanine are all essential amino acids, directly routed from the diet (Brosnan and 

Brosnan, 2013). Despite the fact that leucine contributes slightly more carbon (C weight %) 

to the keratin than valine [8.5% and 6.6% respectively (Robbins and Kelly, 1970; Wolfram, 

2003)], valine is preferred over leucine for making dietary interpretation because the 

chromatographic peak of Val is better resolved than Leu. 

 



 

Fig. 8. Plot of δ13C phenylalanine values versus δ13C isoleucine values for all the segments of 

mummy hair analyzed in this study. 

 

 

Fig. 9. Plot of δ13C phenylalanine values versus δ13C valine values for all the segments of 

mummy hair analyzed in this study. 



 

Recently, Honch et al. (2012) proposed the dietary marker Δ13CVal-Phe  for bone collagen to 

give the best differentiation between groups with known diet. Despite compositional 

differences between the two proteinaceous tissues (collagen and keratin) and their different 

physiology (formation, metabolism), Δ13CVal-Phe is a suitable indicator to track carbon sources 

(terrestrial vs. aquatic) in hair isotope analysis. As shown by Fig. 10, this dietary marker is 

able to clearly separate terrestrial (AZ14-T31, AZ115-T9) and aquatic consumers (ME-C2, 

M1-T28-C8, CAM15A-T14, QUI7-T13), with individuals consuming a mixed diet, such as 

CAM9-T39, plotting in the gap between these two end-members. 

 

 

Fig. 10. Plot of Δ13C valine-phenylalanine values versus δ13C Mass balance values for all the 

segments of mummy hair. 

 



The δ13C leucine values measured for bone collagen isolated from humans consuming 

maize/non-maize diets (Fogel and Tuross, 2003) and from animals raised on C3/C4 

macronutrients (Copley et al., 2004; Jim et al., 2006) were shown to directly derive from the 

dietary amino acid (leucine), thus the origin of the protein component, from either C3 or C4 

plants, can be traced. Given this premise, the δ13C Phe vs. δ13C Leu plot (Fig. 7) appears to be 

effective in discriminating C3- and C4- terrestrial consumers with C4 consumers having δ13C 

leucine values enriched in the 13C isotope compared with the C3 terrestrial consumers, as it is 

true for the δ13C leucine values of the plant themselves (Copley et al., 2004; Fogel and 

Tuross, 2003). When the δ13C Phe vs. δ13C Leu scatterplot is compared to the δ13C Phe vs. 

δ13C Val plot proposed by Honch et al. (2012) for bone collagen, it appears that a similar 

sample distribution is produced, suggesting that the δ13C Phe vs. δ13C Val plot could be used 

as a dietary indicator for terrestrial C3- or C4- consumers even for hair keratin samples.  

In our δ13C Phe vs. δ13C Val plot (Fig. 9) from hair keratin values it is interesting to note that 

CAM15A-T14 hair segments have slightly lower phenylalanine and valine δ13C values 

compared to other aquatic consumers (ME-C2, M1-T28-C8, QUI7-T13), which could be 

interpreted as a mixed marine and freshwater diet. Data reported by Honch et al. (2012) for 

human bone collagen show that high freshwater protein consumers have more negative 

phenylalanine and valine δ13C values relative to high marine protein consumers. This is 

because the organic matter of riverine origin has lower δ13C Phe and Val values compared to 

the sediments in the marine ecosystem (Keil and Fogel, 2001), and these amino acids are 

assimilated into the tissues of the consumers without incurring extensive isotopic 

fractionation, especially phenylalanine. 

Glycine has been identified in previous studies (Corr et al., 2009; Corr et al., 2005) as a 

suitable marker for high marine protein intake. In particular, glycine δ13C values have been 

found to be higher in marine animals and in humans feeding on them (Corr et al., 2009; Corr 



et al., 2005). This occurs because, despite being a non-essential amino acid, glycine is 

preferentially assimilated from diet instead of being synthesized in high-protein diets (Corr et 

al., 2005; Jim et al., 2006). This means that glycine δ13C values in high aquatic protein 

consumers are expected to reflect the glycine δ13C values of their ecosystem-specific foods 

(marine or freshwater), with 13C-enriched glycine originating from marine-derived organic 

matter (e.g. planktonic pool) compared to the 13C-depleted matter of freshwater origin (Keil 

and Fogel, 2001). This pattern has been observed in glycine δ13C values from human bone 

collagen (mean δ13C Gly for high marine protein consumers: –7.0±1.3‰; mean δ13C Gly for 

high freshwater protein consumers: –10.8±1.3‰) (Honch et al., 2012). The glycine δ13C 

values of hairs from the QUI7-T13 individual, and especially the CAM15A-T14 individual, 

are lower than ME-C2 and M1-T28-C8 (Fig. 11) and might be evidence that QUI7-T13 and 

CAM15A-T14 have mixed freshwater and marine resources in their diets. However, it 

remains to be demonstrated whether the differences in δ13C glycine values among high 

aquatic protein consumers in this study is related to diverse production origins of carbon 

sources (freshwater vs. marine ecosystems), or a result of geographic, temporal or 

environmental factors, as the samples come from different areas (Arica area vs. Camarones 

area). Use of estuarine areas could potentially present mixed aquatic resources with diverse 

isotope compositions. Further investigations on a broader dataset are needed in order to 

confirm this hypothesis. 

 



 

Fig. 11. Boxplots of δ13C glycine values for high aquatic protein consumers. 

 

6. Discussion 

The following discussion details brief isotopic histories of the individuals according to their 

archaeological period and culture. 

 

6.1. Chinchorro individuals: Maderas Enco 1-C2 and Morro 1-T28 C8 

Past studies on Chinchorros have highlighted their specialization in exploiting the abundant 

and reliable marine resources along the Pacific littoral of the Atacama Desert (Arriaza et al., 

2008; Aufderheide et al., 1993; Santoro et al., 2012; Standen et al., 2004). The coastal 

economy was complemented to a minor extent by hunting terrestrial game (e.g. rodents, 

guanaco) and gathering wild plants (e.g. Opuntia ficus-indica, Cyperaceae seeds) at the 

mouth of river valleys (Reinhard et al., 2011; Santoro et al., 2012).  



Isotope data measured for the hair from the ME-C2 mummy indicate an almost total reliance 

on marine foods (e.g. fish, mollusks, seabirds, sea mammals) (δ13C Val range=–18.6‰/–

17.4‰; δ13CMass Balance range=–14.5‰/–12.7‰; δ13C=–12.9±0.1‰, δ15N=+23.2±0.0‰, 

δ34S=+17.8±1.6‰; Δ13CVal-Phe range=3.7/5.0) (Tables 2, 4; Fig. 10). According to the 

FRUITS estimates, the ME-C2 diet was made of at least 51% by marine fauna and for the 

remaining by wild plants, either C3, C4 or CAM. Aquatic proteins greatly contributed (44%) 

to the caloric intake of this individual (Table 3). The orientation and the distance from the 

scalp of the hair segments analyzed are unknown; however, they appear to reflect the same 

dietary resources consumed but during two different time periods. 

The M1-T28-C8 individual shows a strong dependence on marine resources for the period of 

approximately 1 year (δ13C Val range=–18.3‰/–16.3‰; δ13CMass Balance range=–14.2‰/–

13.0‰; δ13C=–12.8±0.1‰, δ15N=+22.0±0.0‰, δ34S=+15.1‰; Δ13CVal-Phe range=3.2/5.5) 

(Tables 2, 4; Fig. 10). The caloric contribution from proteins was estimated to be 43% by the 

FRUITS model, specifically from marine foods (75%) and complemented by terrestrial plants 

(Table 3), broadly similar to that of ME-C2. These findings are in line with archaeological 

and anthropological studies published on Morro 1 communities: namely a significant 

percentage of individuals appear to have been affected by external auditory exostosis [29%, 

N=52 (Standen et al., 1997)] and bone injuries, both connected to marine food acquisition 

(Arriaza, 1995b; Standen et al., 1984). Furthermore, the majority of grave goods found 

associated with those mummies relate to activities such as fishing (e.g. Sardinops sagax), 

gathering mollusks (e.g. Concholepas concholepas and Choromytilus chorus) and hunting 

marine game (e.g. Otaria flavescens, Pelecanus thagus) (Standen, 2003). The isotopic 

evidence confirms this and implies that the marine dietary strategy was used year-round. 

 



6.2. Early Formative individuals: Camarones 15A-T14 and Quiani 7-T13 

The amino acid and bulk results recorded for both the single hairs of the CAM15A-T14 

individual (δ13C=–14.9±0.2‰, δ15N=+23.3±0.1‰, δ34S=+18.3±1.3‰; δ13C Val range=–

21.2‰/–18.8‰; δ13CMass Balance range=–16.8‰/–14.6‰; Δ13CVal-Phe range=3.1/5.4) are 

consistent with a protein-rich diet derived from aquatic resources (Tables 2, 4; Fig. 10). 

FRUITS estimates indicate that the CAM15A-T14 individual retrieved 44% of the caloric 

contribution from proteins similar to the antecedent Chinchorros, with the aquatic foods 

representing 49% of the dietary intake (Table 3). However, the remaining fraction of the diet 

was mainly composed of C3 plants (38%), supporting the hypothesis of the initial 

experimentation with cultigens for the Early Formative communities. Lower phenylalanine, 

valine and glycine δ13C values (relative to other marine consumers) (Figs. 9, 11) suggest that 

the exploitation of marine resources was combined with some freshwater resources (e.g. 

mollusks, fish, birds). It is plausible to infer that coastal individuals living at the mouth of the 

rivers, such as the Camarones River, were involved in explorations of nearby freshwater 

ecosystems, and doing so, diversified their food-sourcing. While the two hairs analyzed do 

not clearly match with each other (and therefore likely represent two separate periods 

covering more than 18 months), they do show similar overall dietary intakes for their 

respective periods, implying a consistent strategy that procures resources with a distinct 

isotopic range, with no evidence of total marine consumption for periods of longer than 2 

weeks. 

Similarly, it appears that the two single hairs of the QUI7-T13 individual were not 

contemporaneous as they recorded slightly different dietary choices. Overall the isotope 

compositions (δ13C Val range= –20.1‰/–16.4‰; δ13CMass Balance range= –15.7‰/–12.6‰; 

δ13C=–14.7±0.5‰, δ15N=+22.3±0.3‰, δ34S=+17.7±1.5‰; Δ13CVal-Phe range=2.7/5.9) (Tables 

2, 4; Fig. 10) measured in QUI7-T13 hair indicate a strong exploitation of marine resources, 



representing 48% of the food intake, with additional consumption of mostly terrestrial C3 

plants (39%) (according to FRUITS estimates, Table 3), which might have been cultivated by 

exploiting the upwelling groundwater or simply gathered. The hairs record periods of 

approximately 8 to 9 months with a diverse range of isotope values, implying dietary 

diversity, but mainly within the estuarine ecosystem. 

The coastal populations such as Camarones 15 and Quiani 7 played a key role in the 

transition from the Chinchorro foragers to the agro‐pastoral Formative economy. During the 

critical and gradual process of agricultural experimentation with limited productivity, the 

traditional marine resources continued to be part of a convenient subsistence strategy (Muñoz 

Ovalle, 2004a, 2011; Watson et al., 2013; Watson et al., 2010). The persistence of fishing 

economies on the coasts at the beginning of the Formative Period has been recorded by 

means of cultural material (Muñoz Ovalle, 2011) and evidence of dental diseases (Watson et 

al., 2013; Watson et al., 2010) as well as in the isotopic compositions of these individuals, 

which display a continuous reliance on aquatic resources. 

 

6.3. Formative Period individuals: Azapa 14-T31 and Azapa 115-T9 

The Formative individuals both exhibit a predominant intake of terrestrial resources of plant 

origin (88% for AZ14-T31, 73% for AZ115-T9, estimated from FRUITS, Table 3), resulting 

in a high caloric contribution to their diets from carbohydrates and lipids (72% for AZ14-

T31, 64% for AZ115-T9). The consumption of C3 cultigens (70%-81% for AZ14-T31, 42%-

59% for AZ115-T9) and C4 crops (8%-18% for AZ14-T31, 13%-29% for AZ115-T9) appears 

to fluctuate alternately with time suggesting the existence of a harvesting cycle for the 

periods measured in the bulk isotope analysis (Supporting Information 2). An agricultural 

pattern is evident further in notable fluctuations in single amino acid isotope compositions 



(Supporting Information 4). If we suppose that the cultigens were cultivated in the same 

production zone (i.e. lower coastal valley), it is unlikely that the cyclical fluctuations in δ13C 

and δ15N values were caused by seasonal variations in environmental factors, as in the region 

the significant differences between wet or dry conditions happen during El Niño or La Niña 

years (ENSO events), rather than linked to seasonality on a monthly basis (Ehleringer et al., 

1998). 

The northern coasts and coastal valleys of the Atacama Desert were characterized, and still 

are characterized by extreme aridity (0.9 mm/year mean annual precipitation in Arica, 

modern times). During the austral summer (November to April) some (very limited) rainfall 

occurs in the region (1.5 mm mean January precipitation in Arica, in modern times) 

(Houston, 2006). Precipitation is scant on the coasts, but increases towards the Andes, 

permitting the recharge of the few perennial rivers, which reach their maximum flow regime 

during the summer (Houston, 2006). The ancient farmers would have followed the natural 

cycle of seasons, consisting of ‘wet summer’ and ‘dry winter’, by sowing the maize in 

November and beginning the harvest in February, continuing this activity until May/June 

(Dantas et al., 2014). The harvest of other grain crops as well as tubers and legumes would 

have likely started in these months (May/June) leading to a generalized isotopic oscillation 

between production, and potentially intake of, C4 and C3 cultigens (Williams and Katzenberg, 

2012). 

AZ14-T31 isotope compositions are consistent with alternate periods of intake of 

predominantly C3 resources [e.g. Capsicum annum, Phaseolus vulgaris, Cucurbita pepo, 

Chenopodium quinoa, Solanum tuberosum (Muñoz Ovalle, 2004b; Szpak et al., 2013)] or 

mixed C3-C4 resources (δ13C Leu range =–29.4‰/–23.4‰; δ13CMass Balance range=–21.8‰/–

16.2‰; Δ13CVal-Phe range=–1.9/2.5). The AZ115-T9 results show a similar pattern but richer 



in C4 resources [e.g. Amaranthus sp., Zea mays (Cadwallader et al., 2012)] (δ13C Leu range=–

28.8‰/–20.2‰; δ13CMass Balance range=–21.1‰/–12.1‰; Δ13CVal-Phe range=–3.3/1.1) (Table 4, 

Fig. 10). These fluctuations in δ13C amino acid values are generally tracked by both essential 

and non-essential amino acids along the hair fibers (Supporting Information 4), implying that 

proteins, carbohydrates and lipids were gleaned through the intake of foods containing carbon 

from the same source (C3 or C4), either of plant or animal origin. 

The variation of bulk carbon isotope values along the seasonal shift of both individuals is 

attenuated by several permill when compared to the amino acid carbon compositions (Fig. 

12). The attenuation of the bulk isotope compositions may be induced by the ‘averaged’ 

carbon signal measured in a bundle of multiple hairs caused by presence of different growing 

phases and/or rates in combined hairs (Remien et al., 2014). 



 

Fig. 12. Plot of δ13C mass balance values (white points) and δ13C bulk values (black squares) 

for Azapa 14-T31, Azapa 115-T9, and Camarones 9-T39 individuals.  



 

The AZ14-T31 hair displays approximately 1 year of data indicating a subsistence pattern 

that presents two moderately stable periods of dietary intake lasting approximately 4 months 

each (~ –25‰ and ~ –28.5‰ in δ13C Leu values) (Fig. 12, Supporting Information 4). The 

shift in δ13C and δ15N values (2.4‰, 2.1‰ respectively) (Table 2) along the hair shaft are 

consistent with dietary changes related to agricultural cycles combined with a limited intake 

of terrestrial meat (8%) (Table 3) taken presumably from animals raised on the same crops 

(i.e. C3 or C4). In the most distal portions of hair (11.0-12.5 cm of amino acid δ13C values) of 

AZ14-T31 there is an indication of consumption of non-terrestrial resources (Δ13CVal-Phe >1.5) 

(Fig. 10), based on the distribution of isotope compositions in Figs. 7-9, and on previous bone 

collagen isotope data (Honch et al., 2012). This is a suggestion of sporadic yet significant use 

of alternative resources only once for a period of perhaps 6 weeks in the (approx.) 1 year 

period recorded by the hair. If this is a typical example of the Formative populations of the 

lower Azapa valley it displays a fully agro-pastoral shift, though maintaining some access to 

coastal resources on an occasional basis. However, the presence of external auditory 

exostosis among the Azapa 14 population (20%, N=10) (Standen et al., 1997) indicates that 

some individuals were indeed specialized fishermen and it can be assumed that aquatic 

resources would have been an ideal dietary supplement during periods of decreased 

agricultural productivity (Muñoz Ovalle, 2004a; Watson et al., 2013; Watson et al., 2010). 

An agricultural pattern, to some extent similar to that of AZ14-T31, is also detected in the 

AZ115-T9 hair, but it is complicated by short-term dietary changes (Fig. 12, Supporting 

Information 4). The periods of dietary stability are limited in time, although not varying at a 

monthly scale. The carbon isotopic composition of hair fluctuates between –28.8‰ and –

20.2‰ for δ13C Leu values as the proportions of C3 and C4 plants in the diet vary through 

time. It is possible that the AZ115-T9 individual had access to multiple ecozones (though 



limited to lower altitudes), where the isotope compositions of plants (and consequently of 

animals) were influenced by the distribution of C4 and C3 plant species, as well by 

environmental factors (e.g. elevation, precipitation) (Ehleringer et al., 1998; Szpak et al., 

2013). The high bulk δ15N values of AZ115-T9 (when compared to those of AZ14-T31 

individual, Table 2) are likely induced by the intake of local terrestrial animal meat. In fact, 

the highest source of dietary proteins for AZ115-T9 was terrestrial animals (37%) (Table 3), 

presumably camelids [based on the ubiquity of camelid remains in the archaeological record 

of the Formative Period (Valenzuela et al., 2015)]. Furthermore, it is not excluded that 

cultigens could have been fertilized by camelid dung (Horn et al., 2009). This manuring 

practice would have increased the nitrogen isotope compositions (by about ~ 2-4‰) of 

cultivated plants (Szpak et al., 2012b). It is plausible to suppose that the AZ115-T9 individual 

could have been involved in camelid herding with mobility between coasts and lower valleys 

(<1000 masl), where the camelid meat would have obtained higher nitrogen isotope 

compositions, compared to high-altitude animals (Szpak et al., 2015; Thornton et al., 2011). 

In the AZ115-T9 hair there is no evidence of intake of either marine or freshwater resources 

for a period of more than 3 years, indicative of a reliance on terrestrial resources (Δ13CVal-Phe 

<1.1) (Fig. 10). 

The resulting reconstructions of AZ14-T31 and AZ115-T9 diets are in agreement with the 

change in subsistence economy towards a larger contribution of agricultural products and 

terrestrial animal meat by about 4,000-3,000 BP. Throughout the Formative Period, highland 

influences promoted agricultural experimentation in the inland valleys that evolved into the 

domestication of local and foreign cultigens by exploitation of the upwelling groundwater 

(Muñoz Ovalle, 2012; Muñoz Ovalle and Chacama, 2012). The individuals analyzed here 

show an almost complete reliance on terrestrial resources with use of C3 and C4 resources in a 

broadly seasonal periodicity even though riverine and marine resources were accessible. 



6.4. Inca individual: Camarones 9-T39 

The isotope compositions (δ13C Val range=–20.4‰/–15.2‰; δ13CMass Balance range=–13.2‰/–

9.6‰; δ13C=–10.5±0.6‰, δ15N=+24.8±0.7‰, δ34S=+11.2±2.5‰; Δ13CVal-Phe =1.1/4.9) 

(Tables 2, 4; Fig. 10) from CAM9-T39 hair indicate a predominant consumption of marine 

resources, which contributed to the 79% of the dietary proteins of this individual, but also a 

high intake of C4 plants (FRUITS estimates, Table 3). During the Late Period a diverse range 

of food resources would have been available with fishing carried out on the coast, and 

agriculture and animal husbandry in the valleys and puna (Núñez et al., 2010; Rivera, 2008). 

The Inca were adept at moving food surpluses (and other related goods such as salt and 

guano) around the landscape via fully-developed exchange networks between local lowland 

groups and Andean populations that helped to foster socio-economic relationships (Muñoz 

Ovalle, 1989; Núñez et al., 2010; Rivera, 2008).  

The isotope compositions recorded in the two hair segments closest to the scalp (approx. 

‘final’ two months of CAM9-T39’s life) indicate a greater consumption of C4 foods. During 

this period the calorie contribution from C4 plants exceeds that of marine foods (moving from 

39% to 49%, FRUITS estimates, Fig. 3 and Supporting Information 2), resulting in a shift 

toward the new diet of ~2.5‰ in δ13C Val values and ~6‰ in δ34S values (Table 2 and 

Supporting Information 4). In these hair segments closest to the CAM9-T39’s scalp the δ13C 

lysine values become less negative and more stable compared to the other Lys δ13C values 

recorded along the hair fiber (Supporting Information 4). A similar shift is visible for other 

essential amino acids, in particular valine and phenylalanine. These higher amino acid carbon 

isotope compositions suggest that the CAM9-T39 individual was predominantly consuming 

maize combined with limited marine foods during this timeframe. Published bone collagen 

isotope data (Honch et al., 2012) for maize consumers report very high Val, Lys and Phe δ13C 

values. However, it is difficult to explain how the significant consumption of maize, which is 



deficient in lysine (i.e. it contains an amount lower than the metabolic requirement) (Keeney, 

1970), could produce the high lysine δ13C value measured in CAM9-T39’s keratin. It is likely 

that lysine was obtained from marine-derived proteins (Schmidt et al., 2016) via direct 

routing, as fish meat is rich in Lys (Carpenter, 1960), but also through break down and reuse 

of protein reserves containing lysine of marine origin (stored when CAM9-T39 was 

consuming high quantities of marine foodstuffs). Furthermore, the concurrent lysine synthesis 

from gut microflora may have played an important role. Past studies (Metges, 2000; 

Torrallardona et al., 2003) of essential amino acids have suggested that the human body may 

meet the metabolic requirement of lysine thanks to intestinal microflora, which may 

synthesize lysine from endogenous amino acids. Microbial lysine is produced and absorbed 

by the host tissue even under conditions of low protein intake (Metges et al., 2006).  

The high nitrogen isotope compositions of CAM9-T39 hair may be induced by the use of 

seabird guano as maize fertilizer (Szpak et al., 2012a; Szpak et al., 2012b) (a common 

agricultural practice among Inca populations), although this assumes that guano does not 

significantly affect the δ34S values of plants. The low sulfur content (1.4%) measured in the 

guano from the Antarctic penguin (Pygoscelis adeliae), compared to that of nitrogen (10.9%) 

(Zdanowski et al., 2005), supports this hypothesis. 

The change in diet in the most recent months could be indirectly caused by the predominant 

consumption of a non-local staple in the individual’s diet or be the result of travel towards the 

interior, as in the Inca Empire extensive mobility of goods and people around the landscape 

was common (Covey, 2008). If way stations were used as crop storage (Wilson et al., 2007), 

the hypothesis of a journey causing the shift in carbon isotope signature of CAM9-T39 hair is 

viable. During the Inca Empire the mobilization of people was a common practice for ritual, 

political and economic purposes and often associated with food rituals. For instance, young 

boys and girls were selected and moved to the mountain peaks of the Andes to be sacrificed, 



and during the time leading to these ritual ceremonies victims were fed with maize and 

fermented maize drink (chicha) (Panzer et al., 2014; Wilson et al., 2013; Wilson et al., 2007). 

Non-Inca elites also travelled to the Andean centers to take part in political gatherings and 

feasts involving the consumption of maize beer (Alconini and Malpass, 2010; Arriaza et al., 

2015; Covey, 2008) and specialized groups of males were mobilized to accomplish 

compulsory mit’a services (Acuto, 2005; Hastorf, 1991). Males undergoing labor tribute, as 

military and agricultural services, were commonly rewarded with meat, maize and chicha 

(Hastorf, 1991). However, the characteristics of the CAM9-T39 individual, an adult female 

(35-40yrs) affected by spina bifida occulta [a congenital malformation possibly caused by the 

chronic exposure to high level of arsenic found in the Camarones river valley (Silva-Pinto et 

al., 2010)], does not fit the profile of the aforementioned travelers.  

It is however true that the production of chicha was undertaken by selected women and a diet 

richer in maize and meat may be evidence of this high status (Bray, 2003; Valdez et al., 

2010). Further analysis (in progress) to establish the alcohol ingestion in the final months of 

CAM9-T39 life, recorded by hair keratin, will clarify the causes of the dietary change and the 

role of this individual within the community.  

In the hair segments closest to the scalp of the CAM9-T39 individual (where the C4 intake is 

predominant) the bulk δ13C values exhibit a similar shift to that of mass balance δ13C values 

(Fig. 12), indicating that the bulk isotope signal has not been attenuated despite the use of 

multiple hairs. A plausible explanation is that a period of monotonous diet (i.e. terrestrial C4 

foods) may increase the likelihood of multiple hairs registering the same signal.  

 

 



7. Conclusion 

This study shows that stable carbon isotope analysis of keratin amino acids extracted from 

0.5 cm segments of a single human hair highly enhances the resolution of palaeodietary 

reconstruction, permitting the discrimination of specific diet components at a resolution 

invisible to traditional methods. Moreover, the LC/IRMS technique requires a single strand of 

hair, reducing the damage to the archaeological remains. 

This work highlights the importance of the relationship between δ13C Phe vs. δ13C Val values 

for discriminating between terrestrial consumers and high aquatic protein consumers using 

hair keratin amino acid carbon isotope data, as previously applied by Honch et al. (2012) for 

bone collagen. 

Our results show the importance of improving the palaeodietary reconstruction by applying a 

Bayesian mixing model (e.g. FRUITS) to the bulk isotope data that accounts for the different 

elemental concentrations in the foods, as well as for the differential contribution of 

macronutrients (proteins, carbohydrates, lipids) to the synthesis of the body tissue under 

investigation. 

Although bulk methods can detect changes in diet and track seasonal shifts, the variations in 

carbon isotope signal can be highly attenuated with respect to the dietary intake because of 

the use of multiple hairs. This could potentially result in misleading reconstructions of mixed 

diets, where the magnitude of the isotopic range of dietary intake is underestimated. 

Controversial dietary interpretations and occasional nutritional intakes are more easily 

addressed by using compound-specific isotope analysis. 

The isotope data confirms that the archaic hunter-gatherers and the first transitional 

Formative individuals found at coastal sites of modern-day northern Chile showed adaptive 



behavior in food acquisition that strongly relied on aquatic resources, primarily maritime 

(ME-C2, M1-T28-C8, CAM15A-T14, QUI7-T13). These individuals were highly specialized 

in exploiting the abundant and localized littoral resources all year-round (ME-C2, M1-T28-

C8). It is likely that they limited excessive protein intake (Cordain et al., 2000) and reduced 

foraging risks (Winterhalder, 1981) with the addition of wild plants, gathered at the river 

mouth (Reinhard et al., 2011). In early Formative individuals CAM15A-T14 and QUI7-T13 

supplementary intake of freshwater resources is inferred. This may demonstrate their mobility 

towards the interior along the river valleys exploring potential niches suitable for the 

incipient agriculture (Muñoz Ovalle, 2004a), or may even have occurred as a result of 

disruptive climatic conditions (El-Niño) leading to a decline in marine resources (Williams et 

al., 2008), demonstrating their flexibility in food acquisition. The analysis of coastal valley 

Formative (Alto Ramírez) individuals highlights the almost total reliance on crops and 

terrestrial animal meat (AZ14-T31, AZ115-T9), with only occasional use of aquatic foods as 

a short-term strategy (AZ14-T31) (Muñoz Ovalle, 2004a). A pattern of seasonality, 

presumably generated by the occurrence of a harvesting cycle, is introduced in the diets of 

AZ14-T31 and AZ115-T9 individuals. A broader dietary spectrum made of mixed terrestrial 

and aquatic resources is identified in the Inca individual (CAM9-T39). 

Palaeodietary reconstructions using stable isotopes (especially those based on bulk bone 

collagen analysis) generally characterize diets of individuals (e.g. as being ‘terrestrial’ or 

‘marine’), mainly as a consequence of collagen turnover leading to a lack of temporal 

resolution. Whilst this is arguably a one-dimensional approach to interpretation, the 

conservative dietary intakes of many of the individuals measured here (i.e. almost complete 

reliance on either terrestrial resources or marine resources) does provide support for such 

interpretations, at least as a first approximation. In most cases analyzed here, a degree of 

dietary monotony is indeed observed, consistent with simple dietary characterizations. 



However, the intra-individual variability observed in our results reveals how misleading such 

interpretations can be, especially in cases where individuals have mixed diets. For example, 

the AZ115-T9 individual, if characterized on a single mean carbon isotope measurement 

would be characterized as a mixed C3/C4 consumer. Such an interpretation can accommodate 

a number of different isotopic biographies, for example a temporally monotonous 50/50 

C3/C4 dietary split, or a variety of proportions with a variety of temporal patterns.  

The approach applied here demonstrates a method of creating detailed isotopic biographies of 

individuals. Whilst the subject of ‘individuals’ in archaeology remains a topic of debate 

(Knapp and van Dommelen, 2008), we assert that this is of interest not only for its power to 

illuminate personal histories at a relevant human timescale, but also to be a part of an 

integrated approach to a diachronic palaeodietary study. Whilst the approach is time 

consuming (the seven individuals analyzed here represent approximately 50 days of 

instrument time alone) it is an invaluable way to access information that traditional methods 

cannot. Through further analysis of more individuals the significance of intra-individual 

isotope variation will become clearer, as individuals become populations (at least within the 

limits of the archaeological record) and inferences concerning population coherence and 

variability can be made, through inter-individual comparisons of intra-individual variability. 

 

Acknowledgments 

This research was supported by La Trobe University PhD scholarships, FHuSS-IRGS grant 

(#2014-HDR-2-7), Fondecyt grant 1130261, and ARC Future Fellowship FT0992258. 

Thanks are due to Andrew Gledhill for his technical support at the University of Bradford 

(UK). The authors would also like to thank Prof. Fred Longstaffe, an anonymous reviewer, 

the editor, and the associate editor for their detailed comments and helpful suggestions. 



 

References 

Acuto, F.A., 2005. The materiality of Inka domination, in: Funari, P.P., Zarankin, A., Stovel, 
E. (Eds.), Global archaeological theory. Kluwer academic/Plenum publishers, New York, pp. 
211-235. 
Alconini, S., Malpass, M.A., 2010. Toward a better understanding of Inka imperialism, in: 
Malpass, M.A., Alconini, S. (Eds.), Distant provinces in the Inka Empire: Toward a deeper 
understanding of Inka imperialism. University of Iowa Press, Iowa City, pp. 279-300. 
Ambrose, S.H., DeNiro, M.J., 1986. Reconstruction of African human diet using bone 
collagen carbon and nitrogen isotope ratios. Nature 319, 321-324. 
Arriaza, B., Ogalde, J.P., Chacama, J., Standen, V., Huamán, L., Villanueva, F., 2015. 
Estudio de almidones en queros de madera del norte de Chile relacionados con el consumo de 
chicha durante el Horizonte Inca. Estudios Atacameños 50, 59-84. 
Arriaza, B.T., 1995a. Beyond death: The Chinchorro mummies of ancient Chile. Smithsonian 
Institution Press, USA. 
Arriaza, B.T., 1995b. Health, Beyond death: The Chinchorro mummies of ancient Chile. 
Smithsonian Institution Press, USA, pp. 63-82. 
Arriaza, B.T., Standen, V.G., Cassman, V., Santoro, C.M., 2008. Chinchorro culture: 
Pioneers of the coast of the Atacama Desert, in: Silverman, H., Isbell, W.H. (Eds.), The 
handbook of South American archaeology. Springer, New York, pp. 45-58. 
Aufderheide, A.C., Kelley, M.A., Rivera, M., Gray, L., Tieszen, L.L., Iversen, E., Krouse, 
H.R., Carevic, A., 1994. Contributions of chemical dietary reconstruction to the assessment 
of adaptation by ancient highland immigrants (Alto Ramirez) to coastal conditions at Pisagua, 
north Chile. Journal of Archaeological Science 21, 515-524. 
Aufderheide, A.C., Muñoz, I., Arriaza, B., 1993. Seven Chinchorro mummies and the 
prehistory of northern Chile. American Journal of Physical Anthropology 91, 189–201. 
Beaumont, J., Gledhill, A., Lee‐Thorp, J., Montgomery, J., 2013. Childhood diet: A closer 
examination of the evidence from dental tissues using stable isotope analysis of incremental 
human dentine. Archaeometry 55, 277-295. 
Bray, T.L., 2003. Inka pottery as culinary equipment: Food, feasting, and gender in imperial 
state design. Latin American Antiquity 14, 3-28. 
Brosnan, M.E., Brosnan, J.T., 2013. Amino acid metabolism, in: Stipanuk, M.H., Caudill, 
M.A. (Eds.), Biochemical, physiological, and molecular aspects of human nutrition, 3 ed. 
Elsevier, USA, pp. 287-330. 
Burress, E.D., Duarte, A., Gangloff, M.M., Siefferman, L., 2013. Isotopic trophic guild 
structure of a diverse subtropical South American fish community. Ecology of Freshwater 
Fish 22, 66-72. 
Cadwallader, L., Beresford-Jones, D.G., Whaley, O.Q., O’Connell, T.C., 2012. The signs of 
maize? A reconsideration of what δ13C values say about palaeodiet in the Andean region. 
Human Ecology 40, 487-509. 
Carmichael, P.H., Kennedy, B.V., Cadwallader, L., 2014. Coastal but not littoral: Marine 
resources in Nasca diet. Ñawpa Pacha 34, 3-26. 
Carpenter, K.J., 1960. The estimation of the available lysine in animal-protein foods. 
Biochemical Journal 77, 604–610. 
Cases, B., Rees, C., Pimentel, G., Labarca, R., Leiva, D., 2008. Sugerencias desde un 
contexto funerario en un “espacio vacío” del desierto de Atacama. Boletín del Museo Chileno 
de Arte Precolombino 13, 51-70. 



Caussinus, H., Ferre, L., 1992. Comparing the parameters of a model for several units by 
means of principal component analysis. Computational statistics & data analysis 13, 269-280. 
Cereceda, P., Larrain, H., Osses, P., Farías, M., Egaña, I., 2008. The climate of the coast and 
fog zone in the Tarapacá Region, Atacama Desert, Chile. Atmospheric Research 87, 301-311. 
Choy, K., Smith, C.I., Fuller, B.T., Richards, M.P., 2010. Investigation of amino acid δ13C 
signatures in bone collagen to reconstruct human palaeodiets using liquid chromatography–
isotope ratio mass spectrometry. Geochimica et Cosmochimica Acta 74, 6093-6111. 
Codron, J., Codron, D., Lee-Thorp, J.A., Sponheimer, M., Bond, W.J., de Ruiter, D., Grant, 
R., 2005. Taxonomic, anatomical, and spatio-temporal variations in the stable carbon and 
nitrogen isotopic compositions of plants from an African savanna. Journal of Archaeological 
Science 32, 1757-1772. 
Copley, M.S., Jim, S., Jones, V., Rose, P., Clapham, A., Edwards, D.N., Horton, M., Rowley-
Conwy, P., Evershed, R.P., 2004. Short-and long-term foraging and foddering strategies of 
domesticated animals from Qasr Ibrim, Egypt. Journal of Archaeological Science 31, 1273-
1286. 
Cordain, L., Miller, J.B., Eaton, S.B., Mann, N., H., H.S., Speth, J.D., 2000. Plant-animal 
subsistence ratios and macronutrient energy estimations in worldwide hunter-gatherer diets. 
The American Journal of Clinical Nutrition 71, 682-692. 
Corr, L.T., Richards, M.P., Grier, C., Mackie, A., Beattie, O., Evershed, R.P., 2009. Probing 
dietary change of the Kwädąy Dän Ts' ìnchį individual, an ancient glacier body from British 
Columbia: II. Deconvoluting whole skin and bone collagen δ13C values via carbon isotope 
analysis of individual amino acids. Journal of Archaeological Science 36, 12-18. 
Corr, L.T., Sealy, J.C., Horton, M.C., Evershed, R.P., 2005. A novel marine dietary indicator 
utilising compound-specific bone collagen amino acid δ13C values of ancient humans. Journal 
of Archaeological Science 32, 321-330. 
Costa-Junqueira, M.A., Cocilovo, J.A., Quevedo Kawasaki, S., 2000. Patologías óseas, 
traumas y otros atributos en el grupo arcaico de Morro de Arica, norte de Chile. Chungara 
Rev. Antropol. Chil. 32, 79-83. 
Covey, R.A., 2008. The Inca Empire, in: Silverman, H., Isbell, W.H. (Eds.), The handbook of 
South American archaeology. Springer, New York, pp. 809-830. 
Dantas, M., Figueroa, G.G., Laguens, A., 2014. Llamas in the Cornfield: Prehispanic Agro‐
Pastoral System in the Southern Andes. International Journal of Osteoarchaeology 24, 149-
165. 
DeNiro, M.J., 1988. Marine food sources for prehistoric coastal Peruvian camelids: Isotopic 
evidence and implications, in: Wing, E.S., Wheeler, J.C. (Eds.), Economic Prehistory of the 
Central Andes. BAR International Series, Oxford, pp. 119-129. 
DeNiro, M.J., Hastorf, C.A., 1985. Alteration of 15N/14N and 13C/12C ratios of plant matter 
during the initial stages of diagenesis: Studies utilizing archaeological specimens from Peru. 
Geochimica et Cosmochimica Acta 49, 97-115. 
Drucker, D.G., Bridault, A., Cupillard, C., 2012. Environmental context of the Magdalenian 
settlement in the Jura Mountains using stable isotope tracking (13C, 15N, 34S) of bone collagen 
from reindeer (Rangifer tarandus). Quaternary International 272-273, 322-332. 
Ehleringer, J.R., Rundel, P.W., Palma, B., Mooney, H.A., 1998. Carbon isotope ratios of 
Atacama Desert plants reflect hyperaridity of region in northern Chile. Revista Chilena de 
Historia Natural 71, 79-86. 
Falabella, F., Planella, M.T., Aspillaga, E., Sanhueza, L., Tykot, R.H., 2007. Dieta en 
sociedades alfareras de Chile central: Aporte de análisis de isótopos estables. Chungara Rev. 
Antropol. Chil. 39, 5-27. 



Fernandes, R., Grootes, P., Nadeau, M.-J., Nehlich, O., 2015. Quantitative diet reconstruction 
of a Neolithic population using a Bayesian mixing model (FRUITS): The case study of Ostorf 
(Germany). American Journal of Physical Anthropology 158, 325-340. 
Fernandes, R., Millard, A.R., Brabec, M., Nadeau, M.-J., Grootes, P., 2014. Food 
reconstruction using isotopic transferred signals (FRUITS): A Bayesian model for diet 
reconstruction. PLoS ONE 9, e87436. 
Fernandes, R., Nadeau, M.-J., Grootes, P.M., 2012. Macronutrient-based model for dietary 
carbon routing in bone collagen and bioapatite. Archaeological and Anthropological Sciences 
4, 291-301. 
Finucane, B., Agurto, P.M., Isbell, W.H., 2006. Human and animal diet at Conchopata, Peru: 
Stable isotope evidence for maize agriculture and animal management practices during the 
Middle Horizon. Journal of Archaeological Science 33, 1766-1776. 
Fogel, M.L., Tuross, N., 2003. Extending the limits of paleodietary studies of humans with 
compound specific carbon isotope analysis of amino acids. Journal of Archaeological Science 
30, 535-545. 
Gayo, E.M., Latorre, C., Santoro, C.M., 2015. Timing of occupation and regional settlement 
patterns revealed by time-series analyses of an archaeological radiocarbon database for the 
South-Central Andes (16°–25°S). Quaternary International 356, 4-14. 
Gil, A.F., Neme, G.A., Tykot, R.H., 2011. Stable isotopes and human diet in central western 
Argentina. Journal of Archaeological Science 38, 1395-1404. 
Gropper, S.S., Smith, J.L., Groff, J.L., 2008. Carbohydrates, in: Gropper, S.S., Smith, J.L., 
Groff, J.L. (Eds.), Advanced nutrition and human metabolism, 5 ed. Wadsworth, USA, pp. 
63-105. 
Grosjean, M., Cartajena, I., Geyh, M.A., Nuñez, L., 2003. From proxy data to paleoclimate 
interpretation: The mid-Holocene paradox of the Atacama Desert, northern Chile. 
Palaeogeography, Palaeoclimatology, Palaeoecology 194, 247-258. 
Grosjean, M., Santoro, C.M., Thompson, L.G., Núñez, L., Standen, V.G., 2007. Mid-
Holocene climate and culture change in the South Central Andes, in: Anderson, D.G., 
Maasch, K.A., Sandweiss, D.H. (Eds.), Climate change and cultural dynamics. Elsevier, 
USA, pp. 51-115. 
Harkey, M.R., 1993. Anatomy and physiology of hair. Forensic Science International 63, 9-
18. 
Hastorf, C.A., 1991. Gender, space, and food in prehistory, in: Gero, J.M., Conkey, M.W. 
(Eds.), Engendering archaeology: Women and prehistory Blackwell, Oxford, pp. 132-159. 
Hedges, R.E.M., Clement, J.G., Thomas, C.D.L., O’Connell, T.C., 2007. Collagen turnover 
in the adult femoral mid‐shaft: Modeled from anthropogenic radiocarbon tracer 
measurements. American Journal of Physical Anthropology 133, 808-816. 
Hobson, K.A., Clark, R.G., 1992. Assessing avian diets using stable isotopes II: Factors 
influencing diet-tissue fractionation. The Condor 94, 189-197. 
Hobson, K.A., Schell, D.M., Renouf, D., Noseworthy, E., 1996. Stable carbon and nitrogen 
isotopic fractionation between diet and tissues of captive seals: Implications for dietary 
reconstructions involving marine mammals. Canadian Journal of Fisheries and Aquatic 
Sciences 53, 528-533. 
Hoeinghaus, D.J., Vieira, J.P., Costa, C.S., Bemvenuti, C.E., Winemiller, K.O., Garcia, A.M., 
2011. Estuary hydrogeomorphology affects carbon sources supporting aquatic consumers 
within and among ecological guilds. Hydrobiologia 673, 79-92. 
Honch, N.V., McCullagh, J.S.O., Hedges, R.E.M., 2012. Variation of bone collagen amino 
acid δ13C values in archaeological humans and fauna with different dietary regimes: 
Developing frameworks of dietary discrimination. American Journal of Physical 
Anthropology 148, 495-511. 



Horn, P., Hölzl, S., Rummel, S., Åberg, G., Schiegl, S., Biermann, D., Struck, U., Rossmann, 
A., 2009. Humans and Camelids in River Oases of the Ica–Palpa–Nazca Region in Pre-
Hispanic Times – Insights from H-C-N-O-S-Sr Isotope Signatures, in: Reindel, M., Wagner, 
G.A. (Eds.), New Technologies for Archaeology. Springer, Berlin Heidelberg, pp. 173-192. 
Houston, J., 2006. Variability of precipitation in the Atacama Desert: Its causes and 
hydrological impact. International Journal of Climatology 26, 2181-2198. 
Howland, M.R., Corr, L.T., Young, S.M.M., Jones, V., Jim, S., Van Der Merwe, N.J., 
Mitchell, A.D., Evershed, R.P., 2003. Expression of the dietary isotope signal in the 
compound-specific δ13C values of pig bone lipids and amino acids. International Journal of 
Osteoarchaeology 13, 54-65. 
Hückstädt, L.A., Rojas, C.P., Antezana, T., 2007. Stable isotope analysis reveals pelagic 
foraging by the Southern sea lion in central Chile. Journal of Experimental Marine Biology 
and Ecology 347, 123-133. 
Huelsemann, F., Flenker, U., Koehler, K., Schaenzer, W., 2009. Effect of a controlled dietary 
change on carbon and nitrogen stable isotope ratios of human hair. Rapid Communications in 
Mass Spectrometry 23, 2448-2454. 
Jackson, A.A., 2007. Protein, in: Mann, J.A., Truswell, S. (Eds.), Essentials of human 
nutrition, 3 ed. Oxford University Press, Oxford, pp. 53-72. 
Jim, S., Jones, V., Ambrose, S.H., Evershed, R.P., 2006. Quantifying dietary macronutrient 
sources of carbon for bone collagen biosynthesis using natural abundance stable carbon 
isotope analysis. British Journal of Nutrition 95, 1055-1062. 
Kaleta, C., de Figueiredo, L.F., Werner, S., Guthke, R., Ristow, M., Schuster, S., 2011. In 
silico evidence for gluconeogenesis from fatty acids in humans. PLoS Computational Biology 
7, e1002116. 
Keeney, D.R., 1970. Protein and amino acid composition of maize grain as influenced by 
variety and fertility. Journal of the Science of Food and Agriculture 21, 182-184. 
Keil, R.G., Fogel, M.L., 2001. Reworking of amino acid in marine sediments: Stable carbon 
isotopic composition of amino acids in sediments along the Washington coast. Limnology 
and Oceanography 46, 14-23. 
Kelley, M.A., Levesque, D.R., Weidl, E., 1991. Contrasting patterns of dental disease in five 
early northern Chilean groups, in: Kelley, M.A., Larsen, C.S. (Eds.), Advances in Dental 
Anthropology. Wiley-Liss, New York, pp. 203-213. 
Kelly, J.F., 2000. Stable isotopes of carbon and nitrogen in the study of avian and mammalian 
trophic ecology. Canadian Journal of Zoology 78, 1-27. 
Knapp, A.B., van Dommelen, P., 2008. Past practices: Rethinking individuals and agents in 
archaeology. Cambridge Archaeological Journal 18, 15-34. 
Knudson, K.J., Aufderheide, A.E., Buikstra, J.E., 2007. Seasonality and paleodiet in the 
Chiribaya polity of southern Peru. Journal of Archaeological Science 34, 451-462. 
Knudson, K.J., Pestle, W.J., Torres-Rouff, C., Pimentel, G., 2012. Assessing the life history 
of an Andean traveller through biogeochemistry: Stable and radiogenic isotope analyses of 
archaeological human remains from northern Chile. International Journal of 
Osteoarchaeology 22, 435-451. 
Knudson, K.J., Peters, A.H., Cagigao, E.T., 2015. Paleodiet in the Paracas Necropolis of 
Wari Kayan: Carbon and nitrogen isotope analysis of keratin samples from the south coast of 
Peru. Journal of Archaeological Science 55, 231-243. 
Knudson, K.J., Stojanowski, C.M., 2008. New directions in bioarchaeology: Recent 
contributions to the study of human social identities. J Archaeol Res 16, 397–432. 
Krause, K., Foitzik, K., 2006. Biology of the hair follicle: The basics. Seminars in cutaneous 
medicine and surgery 25, 2-10. 



Latorre, C., Betancourt, J.L., Arroyo, M.T.K., 2006. Late Quaternary vegetation and climate 
history of a perennial river canyon in the Río Salado basin (22°S) of northern Chile. 
Quaternary Research 65, 450-466. 
Latorre, C., Santoro, C.M., Ugalde, P.C., Gayo, E.M., Osorio, D., Salas-Egaña, C., De Pol-
Holz, R., Joly, D., Rech, J.A., 2013. Late Pleistocene human occupation of the hyperarid core 
in the Atacama Desert, northern Chile. Quaternary Science Reviews 77, 19-30. 
Lehn, C., Mützel, E., Rossmann, A., 2011. Multi-element stable isotope analysis of H, C, N 
and S in hair and nails of contemporary human remains. International Journal of Legal 
Medicine 125, 695-706. 
Loussouarn, G., El Rawadi, C., Genain, G., 2005. Diversity of hair growth profiles. 
International journal of dermatology 44, 6-9. 
Lynnerup, N., 2007. Mummies. American Journal of Physical Anthropology 134, 162–190. 
Macko, S.A., Engel, M.H., Andrusevich, V., Lubec, G., O'Connell, T.C., Hedges, R.E.M., 
1999. Documenting the diet in ancient human populations through stable isotope analysis of 
hair. Philosophical Transactions of the Royal Society B: Biological Sciences 354, 65-76. 
Marino, B.D., McElroy, M.B., 1991. Isotopic composition of atmospheric CO2  inferred from 
carbon in C4 plant cellulose. Nature 349, 127-131. 
Mateo, M.A., Serrano, O., Serrano, L., Michener, R.H., 2008. Effects of sample preparation 
on stable isotope ratios of carbon and nitrogen in marine invertebrates: Implications for food 
web studies using stable isotopes. Oecologia 157, 105-115. 
McCullagh, J.S.O., Juchelka, D., Hedges, R.E.M., 2006. Analysis of amino acid 13C 
abundance from human and faunal bone collagen using liquid chromatography/isotope ratio 
mass spectrometry. Rapid Communications in Mass Spectrometry 20, 2761-2768. 
McCullagh, J.S.O., Tripp, J.A., Hedges, R.E.M., 2005. Carbon isotope analysis of bulk 
keratin and single amino acids from British and North American hair. Rapid Communications 
in Mass Spectrometry 19, 3227-3231. 
Mengoni Goñalons, G.L., 2008. Camelids in ancient Andean societies: A review of the 
zooarchaeological evidence. Quaternary International 185, 59-68. 
Metges, C.C., 2000. Contribution of microbial amino acids to amino acid homeostasis of the 
host. The Journal of Nutrition 130, 1857S-1864S. 
Metges, C.C., Eberhard, M., Petzke, K.J., 2006. Synthesis and absorption of intestinal 
microbial lysine in humans and non-ruminant animals and impact on human estimated 
average requirement of dietary lysine. Current Opinion in Clinical Nutrition and Metabolic 
Care 9, 37-41. 
Muñoz Ovalle, I., 1989. Perfil de la organizacion económico-social en la desembocadura del 
rio Camarones: Periodos Intermedio Tardio e Inca. Chungara Rev. Antropol. Chil. 22, 85-
111. 
Muñoz Ovalle, I., 2004a. El período Formativo en los valles del norte de Chile y sur de Perú: 
Nuevas evidencias y comentarios. Chungara Rev. Antropol. Chil. 36, 213-225. 
Muñoz Ovalle, I., 2004b. Uso de plantas en rituales funerarios del período Formativo en 
Arica. Chungara Rev. Antropol. Chil. 33. 
Muñoz Ovalle, I., 2011. Persistencia de la tradición pescadora recolectora en la costa de 
Arica: Identificación de rasgos culturales y discusión sobre su alcance en el contexto de las 
poblaciones agrícolas tempranas. Chungara Rev. Antropol. Chil. 43, 469-485. 
Muñoz Ovalle, I., 2012. Agua y monumentalidad en el valle de Azapa: Indicadores del uso 
del espacio en las poblaciones Alto Ramírez, período Formativo, norte de Chile. Chungara 
Rev. Antropol. Chil. 44, 571-591. 
Muñoz Ovalle, I., Chacama, R.J., 2012. Transformación del paisaje social en Arica, norte de 
Chile: De pescadores arcaicos a agricultores incipientes. Estudios Atacameños 44, 123-140. 



Nehlich, O., 2015. The application of sulphur isotope analyses in archaeological research: A 
review. Earth-Science Reviews 142, 1-17. 
Nester, P.L., Gayo, E., Latorre, C., Jordan, T.E., Blanco, N., 2007. Perennial stream 
discharge in the hyperarid Atacama Desert of northern Chile during the latest Pleistocene. 
Proceedings of the National Academy of Sciences 104, 19724-19729. 
Núñez, L., Cartajena, I., Grosjean, M., 2013. Archaeological silence and ecorefuges: Arid 
events in the puna of Atacama during the Middle Holocene. Quaternary International 307, 5-
13. 
Núñez, L., Grosjean, M., Cartajena, I., 2010. Sequential analysis of human occupation 
patterns and resource use in the Atacama desert. Chungara Rev. Antropol. Chil. 42, 363–391. 
O'Connell, T.C., Hedges, R.E.M., 1999. Investigations into the effect of diet on modern 
human hair isotopic values. American Journal of Physical Anthropology 108, 409-425. 
Olguín, L., Castro, V., Castro, P., Peña-Villalobos, I., Ruz, J., Santander, B., 2015. 
Exploitation of faunal resources by marine hunter–gatherer groups during the Middle 
Holocene at the Copaca 1 site, Atacama Desert coast. Quaternary International 373, 4-16. 
Panzer, S., Peschel, O., Haas-Gebhard, B., Bachmeier, B.E., Pusch, C.M., Nerlich, A.G., 
2014. Reconstructing the life of an unknown (ca. 500 years-old South American Inca) 
mummy – multidisciplinary study of a Peruvian Inca mummy suggests severe chagas disease 
and ritual homicide. PLoS ONE 9. 
Petzke, K.J., Fuller, B.T., Metges, C.C., 2010. Advances in natural stable isotope ratio 
analysis of human hair to determine nutritional and metabolic status. Current Opinion in 
Clinical Nutrition and Metabolic Care 13, 532-540. 
Privat, K.L., O’Connell, T.C., Hedges, R.E.M., 2007. The distinction between freshwater-and 
terrestrial-based diets: Methodological concerns and archaeological applications of sulphur 
stable isotope analysis. Journal of Archaeological Science 34, 1197-1204. 
Raghavan, M., McCullagh, J.S., Lynnerup, N., Hedges, R.E.M., 2010. Amino acid δ13C 
analysis of hair proteins and bone collagen using liquid chromatography/isotope ratio mass 
spectrometry: Paleodietary implications from intra-individual comparisons. Rapid 
Communications in Mass Spectrometry 24, 541–548. 
Rebolledo, S., Béarez, P., Salazar, D., Fuentes, F., 2016. Maritime fishing during the Middle 
Holocene in the hyperarid coast of the Atacama Desert. Quaternary International 391, 3-11. 
Reinhard, K.J., LeRoy-Toren, S., Arriaza, B., 2011. Where have all the plant foods gone? 
The search for refined dietary reconstruction from Chinchorro mummies. Yearbook of 
Mummy Studies 1, 139-151. 
Remien, C.H., Adler, F.R., Chesson, L.A., Valenzuela, L.O., Ehleringer, J.R., Cerling, T.E., 
2014. Deconvolution of isotope signals from bundles of multiple hairs. Oecologia 175, 781–
789. 
Richards, M.P., Greer, S., Corr, L.T., Beattie, O., Mackie, A., Evershed, R.P., von Finster, A., 
Southon, J., 2007. Radiocarbon dating and dietary stable isotope analysis of Kwaday Dän 
Ts'inchí. American Antiquity 72, 719-733. 
Rivera, M.A., 2008. The archaeology of northern Chile, in: Silverman, H., Isbell, W.H. 
(Eds.), The handbook of South American archaeology. Springer, New York, pp. 963-978. 
Robbins, C.R., Kelly, C.H., 1970. Amino acid composition of human hair. Textile Research 
Journal 40, 891-896. 
Sáez, A., Godfrey, L.V., Herrera, C., Chong, G., Pueyo, J.J., 2016. Timing of wet episodes in 
Atacama Desert over the last 15 ka. The Groundwater Discharge Deposits (GWD) from 
Domeyko Range at 25° S. Quaternary Science Reviews 145, 82-93. 
Sandweiss, D.H., Maasch, K.A., Burger, R.L., Richardson, J.B., Rollins, H.B., Clement, A., 
2001. Variation in Holocene El Niño frequencies: Climate records and cultural consequences 
in ancient Peru. Geology 29, 603-606. 



Santoro, C.M., Rivadeneira, M.M., Latorre, C., Rothhammer, F., Standen, V.G., 2012. Rise 
and decline of Chinchorro sacred landscapes along the hyperarid coast of the Atacama 
Desert. Chungara Rev. Antropol. Chil. 44, 637-653. 
Schloesser, R.W., Rooker, J.R., Louchuoarn, P., Neilson, J.D., Secord, D.H., 2009. 
Interdecadal variation in seawater δ13C and δ18O recorded in fish otoliths. Limnology and 
Oceanography 54, 1665-1668. 
Schmidt, J.A., Rinaldi, S., Scalbert, A., Ferrari, P., Achaintre, D., Gunter, M.J., Appleby, 
P.N., Key, T.J., Travis, R.C., 2016. Plasma concentrations and intakes of amino acids in male 
meat-eaters, fish-eaters, vegetarians and vegans: A cross-sectional analysis in the EPIC-
Oxford cohort. European Journal of Clinical Nutrition. 
Sealy, J.C., van der Merwe, N.J., Thorp, J.A.L., Lanham, J.L., 1987. Nitrogen isotopic 
ecology in southern Africa: Implications for environmental and dietary tracing. Geochimica 
et Cosmochimica Acta 51, 2707-2717. 
Sepúlveda, M., Valenzuela, D., Cornejo, L., Lienqueo, H., Rousselière, H., 2013. Óxidos de 
manganeso en el extremo norte de Chile: Abastecimiento, producción y movilidad del color 
negro durante el Periodo Arcaico. Chungara, Revista de Antropología Chilena 45, 143-159. 
Sholto-Douglas, A.D., Field, J.G., James, A.G., van der Merwe, N.J., 1991. 13C/12C and 

15N/14N isotope ratios in the Southern Benguela Ecosystem: indicators of food web 
relationships among different size-classes of plankton and pelagic fish; differences between 
fish muscle and bone collagen tissues. Mar. Ecol. Prog. Ser. 78, 23-31. 
Silva-Pinto, V., Arriaza, B., Standen, V., 2010. Evaluación de la frecuencia de espina bífida 
oculta y su posible relación con el arsénico ambiental en una muestra prehispánica de la 
Quebrada de Camarones, norte de Chile. Revista Médica de Chile 138, 461-469. 
Silva Pinto, V., Salazar García, D.C., Muñoz Ovalle, I., 2014. Una aproximación a la dieta 
consumida por las poblaciones constructoras de túmulos, in: Muñoz Ovalle, I., Fernández 
Murillo, M.S. (Eds.), Mil años de Historia de los Constructores de Túmulos de los Valles 
desérticos de Arica: Paisaje, monumentos y memoria. Universidad de Tarapacá, Arica, pp. 
89-102. 
Smith, C.I., Fuller, B.T., Choy, K., Richards, M.P., 2009. A three-phase liquid 
chromatographic method for δ13C analysis of amino acids from biological protein 
hydrolysates using liquid chromatography–isotope ratio mass spectrometry. Analytical 
Biochemistry 390, 165-172. 
Stahl, P.W., 2008. Animal domestication in South America, in: Silverman, H., Isbell, W.H. 
(Eds.), The handbook of South American archaeology. Springer, New York, pp. 121-130. 
Standen, V., Allison, M., Arriaza, B., 1984. Patologías óseas de la población Morro-1, 
asociada al complejo Chinchorro: Norte de Chile. Chungara Rev. Antropol. Chil. 13, 175-
185. 
Standen, V.G., 2003. Bienes funerarios del cementerio Chinchorro Morro 1: Descripción, 
análisis e interpretación. Chungara Rev. Antropol. Chil. 35, 175-207. 
Standen, V.G., Arriaza, B.T., Santoro, C.M., 1997. External auditory exostosis in prehistoric 
Chilean populations: A test of the cold water hypothesis. American Journal of Physical 
Anthropology 103, 119-129. 
Standen, V.G., Santoro, C.M., Arriaza, B.T., 2004. Síntesis y propuestas para el período 
arcaico en la costa del extremo norte de Chile. Chungara Rev. Antropol. Chil. 36, 201-212. 
Stenn, K.S., Paus, R., 2001. Controls of hair follicle cycling. Physiological Reviews 81, 449-
494. 
Szpak, P., Chicoine, D., Millaire, J.-F., White, C.D., Parry, R., Longstaffe, F.J., 2015. Early 
Horizon camelid management practices in the Nepeña Valley, north-central coast of Peru. 
Environmental Archaeology 21, 230-245. 



Szpak, P., Longstaffe, F.J., Millaire, J.-F., White, C.D., 2012a. Stable isotope 
biogeochemistry of seabird guano fertilization: Results from growth chamber studies with 
Maize (Zea mays). PLoS ONE 7, e33741. 
Szpak, P., Millaire, J.-F., White, C.D., Longstaffe, F.J., 2012b. Influence of seabird guano 
and camelid dung fertilization on the nitrogen isotopic composition of field-grown maize 
(Zea mays). Journal of Archaeological Science 39, 3721-3740. 
Szpak, P., Millaire, J.-F., White, C.D., Longstaffe, F.J., 2014. Small scale camelid husbandry 
on the north coast of Peru (Virú Valley): Insight from stable isotope analysis. Journal of 
Anthropological Archaeology 36, 110-129. 
Szpak, P., White, C.D., Longstaffe, F.J., Millaire, J.-F., Vásquez Sánchez, V.F., 2013. Carbon 
and nitrogen isotopic survey of northern Peruvian plants: Baselines for paleodietary and 
paleoecological studies. PLoS ONE 8, e53763. 
Thornton, E.K., Defrance, S.D., Krigbaum, J., Williams, P.R., 2011. Isotopic evidence for 
Middle Horizon to 16th century camelid herding in the Osmore Valley, Peru. International 
Journal of Osteoarchaeology 21, 544-567. 
Tieszen, L.L., Chapman, M., 1992. Carbon and nitrogen isotopic status of the major marine 
and terrestrial resources in the Atacama Desert of northern Chile, Proceedings of the First 
World Congress on Mummy Studies. Museo Arqueológico y Etnográfico Tenerife, Santa 
Cruz de Tenerife, pp. 409–425. 
Torrallardona, D., Harris, C.I., Fuller, M.F., 2003. Pigs’ gastrointestinal microflora provide 
them with essential amino acids. The Journal of Nutrition 133, 1127-1131. 
Valdez, L.M., Bettcher, K.J., Valdez, J.E., 2010. Production of maize beer at a Wari site in 
the Ayacucho valley, Peru. Arqueologia Iberoamericana 5, 23-35. 
Valenzuela, D., Santoro, C.M., Capriles, J.M., Quinteros, M.J., Peredo, R., Gayo, E.M., 
Montt, I., Sepúlveda, M., 2015. Consumption of animals beyond diet in the Atacama Desert, 
northern Chile (13,000–410BP): Comparing rock art motifs and archaeofaunal records. 
Journal of Anthropological Archaeology 40, 250-265. 
van Der Merwe, N.J., Lee-Thorp, J.A., Raymond, J.S., 1993. Light, stable isotopes and the 
subsistence base of Formative cultures at Valdivia, Ecuador, in: Lambert, J.B., Grupe, G. 
(Eds.), Prehistoric human bone: Archaeology at the molecular level Springer-Verlag, Berlin, 
pp. 63-97. 
Vogel, J.C., 1978. Isotopic assessment of the dietary habits of ungulates. South African 
Journal of Science 74, 298-301. 
Warinner, C., Tuross, N., 2010. Brief communication: Tissue isotopic enrichment associated 
with growth depression in a pig: Implications for archaeology and ecology. American Journal 
of Physical Anthropology 141, 486-493. 
Watson, J.T., Arriaza, B., Standen, V., Muñoz Ovalle, I., 2013. Tooth wear related to marine 
foraging, agro‐pastoralism and the Formative transition on the northern Chilean coast. 
International Journal of Osteoarchaeology 23, 287–302. 
Watson, J.T., Ovalle, I.M., Arriaza, B.T., 2010. Formative adaptations, diet, and oral health in 
the Azapa Valley of northwest Chile. Latin American Antiquity 21, 423-439. 
Webb, E., White, C., Longstaffe, F., 2013. Dietary shifting in the Nasca Region as inferred 
from the carbon- and nitrogen-isotope compositions of archaeological hair and bone. Journal 
of Archaeological Science 40, 129-139. 
Webb, E.C., White, C.D., Van Uum, S., Longstaffe, F.J., 2015. Integrating cortisol and 
isotopic analyses of archaeological hair: Elucidating juvenile ante-mortem stress and 
behaviour. International Journal of Paleopathology 9, 28-37. 
White, C.D., Nelson, A.J., Longstaffe, F.J., Grupe, G., Jung, A., 2009. Landscape 
bioarchaeology at Pacatnamu, Peru: Inferring mobility from δ13C and δ15N values of hair. 
Journal of Archaeological Science 36, 1527-1537. 



Williams, A., Santoro, C.M., Smith, M.A., Latorre, C., 2008. The impact of ENSO in the 
Atacama Desert and australian arid zone: Exploratory time-series analysis of archaeological 
records. Chungara Rev. Antropol. Chil. 40, 245-259. 
Williams, J.S., Katzenberg, M.A., 2012. Seasonal fluctuations in diet and death during the 
Late Horizon: A stable isotopic analysis of hair and nail from the central coast of Peru. 
Journal of Archaeological Science 39, 41-57. 
Williams, L.J., White, C.D., Longstaffe, F.J., 2011. Improving stable isotopic interpretations 
made from human hair through reduction of growth cycle error. American Journal of Physical 
Anthropology 145, 125-136. 
Wilson, A.S., Brown, E.L., Villa, C., Lynnerup, N., Healey, A., Ceruti, M.C., Reinhard, J., 
Previgliano, C.H., Araoz, F.A., Gonzalez Diez, J., Taylor, T., 2013. Archaeological, 
radiological, and biological evidence offer insight into Inca child sacrifice. Proceedings of the 
National Academy of Sciences 110, 13322–13327. 
Wilson, A.S., Taylor, T., Ceruti, M.C., Chavez, J.A., Reinhard, J., Grimes, V., Meier-
Augenstein, W., Cartmell, L., Stern, B., Richards, M.P., Worobey, M., Barnes, I., Gilbert, 
M.T.P., 2007. Stable isotope and DNA evidence for ritual sequences in Inca child sacrifice. 
Proceedings of the National Academy of Sciences 104, 16456-16461. 
Winterhalder, B., 1981. Optimal foraging strategies and hunter-gatherer research in 
anthropology, in: Winterhalder, B., Smith, E.A. (Eds.), Hunter-gatherer foraging strategies: 
Ethnographic and archaeological analyses. University of Chicago Press, Chicago, pp. 13-35. 
Wolfram, L.J., 2003. Human hair: A unique physicochemical composite. Journal of the 
American Academy of Dermatology 48, S106–S114. 
Wu, G., 2013. Functional amino acids in nutrition and health. Amino Acids 45, 407-411. 
Yoneyama, T., Ohtani, T., 1983. Variations of natural 13C abundances in leguminous plants. 
Plant and Cell Physiology 24, 971-977. 
Zdanowski, M.K., Zmuda, M.J., Zwolska, I., 2005. Bacterial role in the decomposition of 
marine-derived material (penguin guano) in the terrestrial maritime Antarctic. Soil Biology 
and Biochemistry 37, 581-595. 

 

 

 

 

 

 

 

  



Table 1. Summary of pre-Columbian individuals analyzed. 

Site and Burial Abbreviation Chronology Culture or Period Site Location Mummification 
Maderas Enco 1-C2 ME-C2 ~4,800 B.P. Chinchorro Arica Coast Artificial 
Morro 1-T28 C8 M1-T28-C8 ~3,800 B.P. Chinchorro Arica Coast Natural 
Camarones 15A-T14 CAM15A-T14 ~3,500 B.P. Early Formative Camarones Coast Natural 
Quiani 7-T13 QUI7-T13 ~3,600 B.P. Early Formative Arica Coast Natural 
Azapa 14-T31 AZ14-T31 ~2,000 B.P. Formative Azapa Valley 8km Inland Natural 
Azapa 115-T9 AZ115-T9 ~1,500 B.P. Formative Azapa Valley 12km Inland Natural 
Camarones 9-T39 CAM9-T39 ~550 B.P. Inca Camarones Coast Natural 

 

 

 

 

Table 2. Carbon, nitrogen, and sulfur isotope compositions of 1 cm increments (starting from 

the scalp) of multiple hairs for the individuals analyzed.  

Individual Seg (cm)* δ15N/‰ %N δ13C/‰ %C C/N δ34S/‰ %S 
ME-C2 † a +23.25 12.1 –12.95 39.6 3.8 +16.74 3.2  

b +23.21 12.5 –12.87 41.1 3.8 +18.95 3.8 
 mean±1σ +23.23±0.03   –12.91±0.06    +17.84±1.56  
M1-T28-C8 † a +21.99 13.3 –12.69 41.2 3.6 +15.06 2.6  

b +22.01 13.2 –12.85 41.3 3.7 
  

 mean±1σ +22.00±0.02   –12.77±0.11      
CAM15A-T14 0-1  +23.36 12.9 –15.18 41.2 3.7 +18.20 3.7  

1-2  +23.22 12.7 –14.86 40.8 3.7 +17.10 3.3  
2-3 +23.28 12.5 –14.92 40.1 3.7 +17.77 3.2  
3-4 +23.24 12.8 –14.71 40.9 3.7 +20.13 3.5  
4-5 +23.20 12.7 –14.94 40.8 3.8 

  

QUI7-T13 0-1  +22.69 12.4 –13.80 41.5 3.9 +17.01 2.9  
1-2  +22.57 12.1 –14.35 40.6 3.9 +19.19 3.1  
2-3 +22.25 12.3 –14.76 40.7 3.9 +16.62 2.7  
3-4 +22.31 12.0 –14.94 40.2 3.9 +19.52 2.9  
4-5 +22.14 12.2 –15.20 40.7 3.9 +16.19 2.4  
5-6  +22.01 12.5 –15.00 41.4 3.9 

  
 

6-7 +22.02 12.5 –14.98 41.6 3.9 
  

AZ14-T31 0-1  +10.97 13.4 –19.50 42.6 3.7 +8.08 3.4  
1-2  +10.27 13.6 –19.40 42.6 3.7 +7.55 3.1  
2-3 +9.52 13.5 –18.60 42.7 3.7 +7.99 3.1  
3-4 +9.97 13.3 –17.99 42.4 3.7 +7.87 3.1  
4-5 +10.41 13.4 –17.94 42.6 3.7 +9.06 3.1  
5-6  +9.50 13.3 –18.80 42.2 3.7 +10.76 3.4  
6-7 +9.48 13.2 –19.38 41.8 3.7 

  
 

7-8  +11.55 13.1 –20.31 41.8 3.7 
  

AZ115-T9 0-1  +13.10 13.3 –15.43 42.3 3.7 +8.77 2.4 



 
1-2  +13.90 12.9 –15.72 41.3 3.7 +8.31 2.2  
2-3 +14.06 13.2 –16.93 42.4 3.7 +8.06 1.9  
3-4 +14.16 12.6 –16.84 40.4 3.7 +8.62 1.9  
4-5 +13.88 13.3 –16.61 42.2 3.7 +8.25 1.8  
5-6  +14.02 10.0 –16.38 32.1 3.8 +6.78 2.0  
6-7 +13.97 5.8 –15.05 18.5 3.7 +10.27 2.3  
7-8 +14.23 9.0 –14.55 28.7 3.7 +9.45 2.3  
8-9 +14.24 13.0 –16.67 41.6 3.7 +7.17 2.2  
9-10 +13.88 13.2 –14.74 42.0 3.7 

  
 

10-11 +13.88 13.3 –15.66 42.2 3.7 
  

 
11-12 +13.69 13.4 –15.84 42.1 3.7 

  
 

12-13  +13.11 13.2 –16.08 41.0 3.6 
  

 
13-14 +13.43 13.2 –15.90 41.7 3.7 

  

CAM9-T39 0-1  +23.94 13.6 –9.63 43.2 3.7 +7.39 2.6  
1-2  +23.74 12.8 –9.67 40.8 3.7 +6.85 2.5  
2-3 +24.66 13.4 –10.74 42.6 3.7 +13.79 3.1  
3-4 +25.47 13.8 –10.70 42.1 3.5 +11.97 3.2  
4-5 +25.21 12.2 –10.84 37.5 3.6 +12.94 3.1  
5-6  +25.18 13.4 –10.69 41.8 3.6 +13.35 3.2  
6-7 +25.20 13.2 –10.87 41.6 3.7 +12.13 2.9  
7-8 

     
+10.90 3.1  

8-9 
 

  
 

  
 

+11.38 2.9 
Two bundles of hair have been used for each individual, one for δ13C and δ15N analysis and 
one for δ34S isotope analysis, maintaining the alignment at the roots. 

* Distance of the hair segment from the scalp in cm.  

† ME-C2 and M1-T28-C8 hair samples have been analyzed in duplicate (a, b) because 
incremental sampling was not applicable. Their isotopic means and standard deviations 
(mean±1σ) are listed.  

 

 

 

 

 

 

 

 

 

 



Table 3. Dietary estimates, based on the isotope compositions of hair, generated by FRUITS. 

Individual ME-C2 M1-T28-
C8 

CAM15A-
T14 

QUI7-T13 AZ14-T31 AZ115-T9 CAM9-
T39 

Food (%) Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
C3 plants 22 12 26 12 38 1 39 4 76 4 53 5 7 1 
C4 plants 25 11 24 11 11 1 11 3 12 3 20 5 42 5 
Terrestrial Fauna 2 2 3 2 1 1 2 1 8 1 18 2 2 1 
Marine Fauna 51 4 48 4 49 1 48 1 3 1 10 1 49 4 
Food fractions (%) 

              

Protein 44 1 43 1 44 1 44 1 28 1 36 1 42 2 
Energy 56 1 57 1 56 1 56 1 72 1 64 1 58 2 
Dietary proxies 
(Food)(%) 

              

δ13C (C3 plants) 15 8 17 8 25 1 26 3 70 4 41 4 5 1 
δ13C (C4 plants) 13 6 13 6 6 1 6 2 9 3 12 3 22 4 
δ13C (Terr. Fauna) 3 3 4 4 2 1 3 1 16 2 31 3 3 1 
δ13C (Marine Fauna) 70 5 66 5 67 1 65 1 5 1 15 2 70 4 
δ15N (C3 plants) 11 6 13 6 19 1 20 2 65 4 36 4 4 1 
δ15N (C4 plants) 7 4 7 4 3 1 3 1 7 2 8 2 13 2 
δ15N (Terr. Fauna) 3 3 5 4 3 1 3 1 21 3 37 3 4 1 
δ15N (Marine Fauna) 79 4 75 5 75 1 74 1 7 1 19 2 79 3 

The means and standard deviations for ME-C2 and M1-T28-C8 individuals are the estimates 
generated by the FRUITS model. The means and standard deviations for CAM15A-T14, QUI7-T13, 
AZ14-T31, AZ115-T9, and CAM9-T39 are calculated on the means and standard deviations 
estimated by the FRUITS model for the various hair segments.  

According to Fernandes et al. (2015), Food (%) represents the calorie contribution of the food groups; 
Fraction (%) represents the calorie contribution of the food fractions; Dietary proxy (Food)(%) 
represents the calorie contribution of the food groups to the dietary proxies. 

 

 

 

 

 

 

 

 

 

 

 



Table 4. Summary of amino acid δ13C (‰) values. 
 

Essential Amino Acids Non-essential Amino Acids 
 

 
Phe Val Leu Ile Lys Thr Ala Ser Gly Asx Glx Pro Arg Tyr MBa 

ME-C2(I)                
Mean -22.1 -17.9 -21.1 -12.0 -14.9 -8.1 -13.0 -5.9 -7.4 -11.9 -12.2 -13.1 -15.2 -20.4 -13.7 
Std. Deviation 0.9 0.4 0.4 0.5 0.5 0.8 0.6 0.5 0.7 0.6 0.6 0.5 0.6 1.4 0.5 
Range 2.1 1.1 1.1 1.2 1.4 1.8 1.5 1.3 1.7 1.8 1.4 1.3 1.6 3.9 1.3 
Minimum -23.5 -18.5 -21.6 -12.6 -15.7 -8.9 -13.6 -6.7 -8.0 -12.7 -12.7 -13.8 -16.1 -22.4 -14.4 
Maximum -21.4 -17.4 -20.6 -11.4 -14.3 -7.2 -12.1 -5.4 -6.4 -10.9 -11.3 -12.5 -14.5 -18.5 -13.1 
ME-C2(II) 

               

Mean -22.3 -18.1 -21.4 -12.4 -15.3 -8.6 -14.7 -6.4 -7.5 -12.0 -12.9 -13.2 -15.5 -20.6 -14.0 
Std. Deviation 0.8 0.5 0.5 0.7 0.3 1.0 0.4 1.0 1.3 0.5 0.4 0.7 0.7 0.4 0.7 
Range 2.0 1.4 1.2 1.6 0.7 2.4 1.0 2.2 2.8 1.3 0.9 1.8 1.5 0.9 1.7 
Minimum -23.1 -18.6 -21.8 -12.9 -15.8 -9.5 -15.2 -7.5 -8.6 -12.5 -13.3 -13.9 -16.0 -20.9 -14.5 
Maximum -21.1 -17.2 -20.6 -11.4 -15.1 -7.2 -14.2 -5.2 -5.8 -11.2 -12.4 -12.1 -14.4 -20.0 -12.7 
M1-T28-C8 

               

Mean -21.6 -17.6 -20.9 -11.5 -14.5 -10.3 -15.3 -4.3 -7.7 -12.4 -12.4 -12.2 -14.7 -19.6 -13.6 
Std. Deviation 0.4 0.5 0.3 0.6 0.7 0.6 0.9 1.0 1.1 0.5 0.8 0.4 0.3 0.7 0.4 
Range 2.1 2.1 1.0 2.2 2.8 2.1 3.2 3.6 4.5 2.2 3.0 1.8 1.4 3.4 1.2 
Minimum -22.6 -18.3 -21.4 -12.5 -16.0 -11.3 -17.2 -6.0 -9.7 -13.7 -13.7 -13.3 -15.6 -21.1 -14.2 
Maximum -20.5 -16.3 -20.4 -10.4 -13.3 -9.1 -14.0 -2.4 -5.2 -11.4 -10.8 -11.5 -14.2 -17.7 -13.0 
CAM15A-T14(I) 

               

Mean -24.1 -20.0 -23.1 -13.9 -17.1 -9.6 -18.2 -8.5 -9.6 -14.8 -14.8 -15.1 -17.0 -22.6 -16.0 
Std. Deviation 0.5 0.5 0.4 0.9 0.4 0.8 0.8 0.8 0.9 0.4 0.5 0.4 0.5 0.8 0.3 
Range 2.0 1.9 1.7 2.9 1.8 3.0 3.0 2.9 3.5 1.4 2.5 1.6 1.3 3.7 1.0 
Minimum -25.0 -21.2 -24.0 -15.5 -17.9 -11.0 -20.0 -10.0 -11.6 -15.4 -16.0 -15.9 -17.8 -24.8 -16.5 
Maximum -22.9 -19.3 -22.3 -12.6 -16.1 -8.0 -17.1 -7.2 -8.1 -14.0 -13.6 -14.3 -16.6 -21.1 -15.5 
CAM15A-T14(II) 

               

Mean -24.4 -19.9 -23.1 -13.9 -17.2 -8.8 -18.2 -8.0 -9.9 -14.5 -14.7 -15.3 -16.9 -22.9 -15.8 
Std. Deviation 0.8 0.6 0.6 0.9 0.4 0.7 1.1 1.0 0.8 0.6 0.5 0.6 0.7 0.7 0.5 
Range 2.4 2.3 2.1 3.5 1.4 3.0 4.3 3.4 2.8 2.1 1.9 2.5 2.4 2.7 2.2 
Minimum -25.6 -21.0 -24.3 -15.8 -17.9 -10.4 -20.4 -9.3 -11.2 -15.7 -15.5 -16.5 -18.0 -24.2 -16.8 
Maximum -23.1 -18.8 -22.2 -12.4 -16.4 -7.4 -16.1 -5.9 -8.4 -13.6 -13.6 -14.1 -15.6 -21.5 -14.6 
QUI7-T13(I) 

               

Mean -22.7 -18.3 -21.2 -13.4 -14.6 -3.4 -18.2 -6.0 -8.9 -14.6 -13.0 -12.5 -16.0 -21.0 -14.0 
Std. Deviation 1.0 1.0 0.6 0.8 0.6 1.9 1.5 1.2 1.1 1.5 1.2 1.2 1.0 0.7 0.7 



Range 3.0 3.7 1.9 2.8 2.4 5.4 5.6 4.1 3.3 4.4 4.6 3.9 3.5 2.3 2.3 
Minimum -24.4 -20.1 -21.9 -14.9 -15.4 -6.4 -20.7 -7.8 -10.3 -16.7 -15.4 -14.6 -18.0 -22.1 -14.9 
Maximum -21.4 -16.4 -20.1 -12.2 -13.1 -1.1 -15.1 -3.7 -7.1 -12.2 -10.8 -10.7 -14.6 -19.8 -12.6 
QUI7-T13(II) 

               

Mean -22.2 -18.5 -21.2 -12.4 -15.5 -7.9 -16.8 -5.8 -8.3 -13.3 -13.3 -12.7 -15.5 -19.7 -14.2 
Std. Deviation 0.8 0.8 0.9 0.8 0.8 0.8 1.5 1.3 1.2 1.3 1.4 0.9 0.8 1.1 0.9 
Range 2.4 2.8 3.2 2.4 2.8 2.9 4.3 4.5 4.5 4.2 4.0 3.1 2.7 3.9 2.9 
Minimum -23.4 -20.0 -22.8 -13.4 -17.0 -9.4 -19.2 -8.2 -11.2 -15.6 -15.1 -14.4 -16.8 -21.6 -15.7 
Maximum -21.0 -17.2 -19.6 -11.0 -14.2 -6.5 -14.8 -3.7 -6.6 -11.4 -11.1 -11.2 -14.1 -17.7 -12.8 
AZ14-T31 

               

Mean -24.7 -24.6 -26.5 -18.8 -18.7 -7.3 -20.9 -13.4 -11.5 -19.6 -18.1 -18.3 -19.4 -23.7 -18.8 
Std. Deviation 1.9 2.1 2.0 2.2 1.6 3.7 2.9 2.3 2.1 2.2 2.2 1.7 2.3 2.1 2.0 
Range 5.4 6.8 6.0 7.6 5.3 12.2 9.5 7.2 7.7 7.2 6.7 7.4 7.0 6.3 5.5 
Minimum -27.0 -27.5 -29.4 -22.0 -21.0 -14.9 -25.0 -16.7 -14.9 -23.3 -20.9 -22.4 -22.9 -26.9 -21.8 
Maximum -21.6 -20.7 -23.4 -14.4 -15.8 -2.7 -15.5 -9.5 -7.3 -16.1 -14.2 -15.0 -15.8 -20.6 -16.2 
AZ115-T9 

               

Mean -22.6 -23.7 -24.7 -17.9 -19.4 -9.3 -18.5 -10.2 -9.9 -16.5 -14.3 -14.3 -17.3 -21.2 -16.7 
Std. Deviation 1.9 2.3 2.3 2.3 1.7 2.7 4.1 3.3 2.2 3.4 4.1 2.9 2.8 2.2 2.6 
Range 8.2 8.8 8.6 10.0 7.3 11.5 16.6 12.2 9.8 12.7 16.7 11.8 10.8 9.9 8.9 
Minimum -26.5 -28.2 -28.8 -22.6 -22.2 -15.0 -27.1 -15.6 -15.0 -21.9 -22.1 -19.9 -22.1 -25.5 -21.1 
Maximum -18.3 -19.4 -20.2 -12.7 -14.9 -3.6 -10.5 -3.4 -5.2 -9.2 -5.4 -8.1 -11.4 -15.7 -12.1 
CAM9-T39 

               

Mean -20.6 -18.1 -20.6 -13.6 -15.1 -4.1 -12.6 -3.1 -7.7 -10.4 -7.0 -10.7 -13.6 -19.4 -11.7 
Std. Deviation 1.6 1.6 1.3 1.4 1.4 1.5 2.0 1.6 1.3 1.3 1.3 1.9 1.7 1.9 1.1 
Range 5.0 5.2 4.3 5.3 4.2 6.1 7.1 6.3 5.0 6.0 5.4 6.7 6.9 6.9 3.6 
Minimum -22.8 -20.4 -22.4 -16.1 -17.2 -7.1 -16.2 -6.4 -10.0 -14.2 -9.2 -13.4 -16.2 -22.2 -13.2 
Maximum -17.8 -15.2 -18.1 -10.8 -13.0 -1.0 -9.1 -0.1 -5.1 -8.2 -3.9 -6.7 -9.3 -15.3 -9.6 

 

aMB indicates calculated δ13C Mass Balance values. 

 



Supporting Information 1 

Methods 

3.1 LC/IRMS analysis 

A single hair from each individual has been analyzed, with the exception of the CAM15A-T14, 

QUI7-T13 and ME-C2 individuals who have been sampled twice [(I), (II)]. The orientation and the 

distance from scalp of ME-C2 (I) and (II) hairs were unknown as this friable sample fragmented 

soon after sampling the mummy. 

A single hair sample was selected from an oriented bundle of hair following the criteria of condition 

of preservation, presence of visible root and maximum length. Preservation was assessed 

qualitatively by visual examination of the external structure of the hair fiber using a portable 

microscope (Dino-Lite Handheld Digital Microscope USB, 20x-100x, AnMo Electronics 

Corporation). Further microscopic analyses [i.e. studies of microscopic characteristics under a high-

magnification microscope in longitudinal or cross-sectional mount (Ogle and Fox, 1998; Oien, 

2009)] were precluded as the samples were subject to quarantine restrictions and could not be 

removed from the laboratory.  

Hairs were measured and cleaned superficially using non-electrostatic wipes soaked in ethanol 

(Merck KGaA). Each hair was sequentially cut using sterile blades into 0.5 cm segments from root 

to tip, with the exception of some tip ends that presented the last segment longer than half cm. Each 

segment was weighed and inserted into the hydrolysis tube. The samples were soaked in methanol 

(Merck KGaA) overnight to remove lipids and other organic residues. Hair segments were 

hydrolyzed under vacuum in amino acid-free 6M HCl (200µL) (Sigma-Aldrich) at 110°C until the 

hair dissolved. As a consequence of acid hydrolysis, asparagine and glutamine are deaminated to 

aspartic acid and glutamic acid. Moreover, methionine may be oxidized and cysteine difficult to 

detect (Fountoulakis and Lahm, 1998). After hydrolysis the samples were transferred into glass 



vials and dried in a rotary vacuum concentrator (Martin Christ) overnight and stored in a freezer. 

Prior to LC/IRMS analysis, the samples were dissolved under sonication in Milli-Q water (Milli-

Q® Advantage A10 Water Purification System, Merck Millipore) with the addition of an internal 

standard (10µL of a 1mmol solution of 2-aminoisobutyric acid, Sigma-Aldrich). Sample amounts 

were adjusted to contain approximately 0.7-1µg/µL of keratin hydrolysate for each injection to 

maximize the LC/IRMS output. 

Mobile phases were made as follows: Phase A (1L) = 30µL of 1:50 Suprapur® 96% H2SO4 (Merck 

KGaA) in Milli-Q water; Phase B (1L) = 1mL Suprapur® 96% H2SO4 and 2.48g of ≥98% K3PO4 

(Sigma-Aldrich) in Milli-Q water; Phase C (1L) = 3mL Suprapur® 96% H2SO4 in Milli-Q water. 

Reagents for the LC Isolink Interface consisted of an acid catalyst made of 82mL extra pure 89% 

H3PO4 (Merck KGaA) in 920mL of Milli-Q water, and an oxidant made of 5g of EMSURE® 

Na2S2O8 (Merck KGaA) in 1L Milli-Q water. All the solutions were sonicated and degassed under 

vacuum for 1h. During analysis the regassing was prevented by helium sparging. 

Laboratory analyses were conducted at the La Trobe Institute for Molecular Sciences (LIMS, La 

Trobe University, Melbourne, Australia). Separation and analysis of mummy hair keratin 

hydrolysates were carried out using a Thermo Scientific LC/IRMS system consisting of an Accela 

600 pump connected to a Delta V Plus Isotope Ratio Mass Spectrometer via a Thermo Scientific LC 

Isolink. Individual amino acids in the sample mixture were separated and their carbon isotope 

content was measured using the three phase method described by Smith et al. (2009), but modified 

for a narrower column (Table I). The chromatographic separation of the amino acids was performed 

by a Primesep A column (2.1x250mm, 100Å, 5µm, SIELC Technologies Prospect Heights). Each 

sample analysis was preceded by an initial conditioning run of a mixture of B and C phases to 

prepare the column and avoid baseline fluctuations during the sample analytical run. The percentage 

of the two phases used in the conditioning run was assigned to improve the peak separation 



depending on the pH of the mobile phases used. In our research the values varied between 85B:15C 

and 95B:5C (110µL/min) to avoid the co-elution of glutamic acid with serine or threonine. 

 

Table I. Gradient program for conditioning and analytical runs of liquid chromatography-isotope ratio 

mass spectrometer with Primesep A column (2.1x250mm, 100Å, 5µm). 

Time (min) Phase A 
(%) 

Phase B 
(%) 

Phase C 
(%) 

Flow rate 
(µL/min) 

Conditioning run     
0 0 90 10 110 
35 0 90 10 110 
36 100 0 0 110 
55 100 0 0 110 
Analytical run     
0 100 0 0 60 
45 100 0 0 60 
65 60 40 0 60 
75 40 25 35 80 
140 0 0 100 80 
180 0 0 100 80 

 

A mixture made of standard amino acids (Asp, Hyp, Ser, Glu, Thr, Gly, Ala, Pro, 2-amino-

isobutyric acid, Val, Met, Ile, Leu, Lys, His, Tyr, Arg, Phe) was analyzed after changes of mobile 

phases to check the quality of conditioning and analytical runs, and to monitor the precision on the 

measurement of standard amino acids, which was in all cases below 0.6‰. A sample volume of 

15µL was injected (no waste injection mode) by an Accela autosampler onto the column at the 

beginning of the analytical run. The Primesep A column was maintained at room temperature. 

Subsequent to the chromatographic separation, the individual amino acids were oxidized by the two 

reagents (at 35µL/min flow rate each) through an oxidation reactor set at a constant temperature of 

99.9˚C. The LC IsoLink interface separates the analyte CO2 gas from the liquid phase by a Helium 

carrier gas counter flow (He 5.0, Coregas) that delivers the CO2 to the mass spectrometer. The δ13C 

values of each amino acid were measured using a Delta V Plus Isotope Ratio Mass Spectrometer. 

Measurements were made relative to an in-house laboratory CO2 gas (δ13CVPDB= –2.76‰) which 



in turn was calibrated against the international standard USGS-40 L-Glutamic Acid (δ13CVPDB-

LSVEC= –26.39±0.04‰) (U.S. Geological Survey, Reston, USA). 

Reference gas pulses, lasting 20sec each, were set throughout the analytical run allowing drift-

correction to be made. The amino acid peaks were assigned by retention time and were manually 

integrated and background subtracted using the ISODAT 2.0 software (Thermo Scientific). Non-

protein components eluted first followed by the characteristic pattern of 17 amino acids in hair 

keratin (Fig. I). The co-elution of cysteine and methionine could not be avoided. For this reason, 

cysteine and methionine δ13C values were considered not applicable. The isotope compositions of 

histidine have been removed from any statistical analysis because they were missing in a high 

proportion of samples. As a result, ~ 88.1% in weight of the carbon present in hair keratin has been 

measured in this study. The three missing values for the variable tyrosine have been imputed using 

the “Visualization and Imputation of Missing values” package (VIM) (Templ et al., 2011a; Templ 

et al., 2011b) of R software (R Core Team, 2014). 

 

Fig. I. LC-IRMS chromatogram of keratin hydrolysate of archaeological human hair sample (0.5 

cm segment) from CAM15A-T14 (II) individual. Single amino acid and internal standard (I.S.) and 

reference gas pulses are displayed. 

 



The quality of hair preservation at the molecular level was assessed by comparing the amino acid 

composition of archaeological hair to that of modern hair and to the amino acid profiles of human 

hair published in Robbins and Kelly (1970) and Wolfram (2003) (Fig. II). Modern hairs were taken 

from two of the authors (AM, CS), and prepared following the same steps described above for 

LC/IRMS analysis, with the addition of an initial soaking in methanol : chloroform (2:1 v/v) 

(Merck KGaA) to remove any sebum lipids or detergent residues as in O'Connell and Hedges 

(1999). Modern and archaeological hair samples were analyzed under similar chromatographic 

conditions. The amino acid peak area values [Vs], which represent the sum of the peak areas for the 

ion currents at m/z 44, 45 and 46, were converted in fractions of total (%) in order to make 

comparable chromatographic runs with differential absolute intensities. For the reference human 

hair, the amino acid carbon weights (%) were calculated from the amino acid residues 

(micromoles/gram) and then converted to fractions of total (%). 

By comparison of amino acid carbon profiles expressed in fractions of total (%), it appears that 

three segments (1.5cm, 4cm, 5cm) of CAM15A-T14 (I) hair had different amino acid carbon 

content induced by either unsuccessful laboratory procedure (hydrolysis, chromatography) or 

degradation processes. These three hair segments have been rejected from further discussions. The 

remaining archaeological hair samples present amino acid profiles similar to those of modern 

samples indicating good keratin preservation. 

 

 

 

 

 



Fig. II. Fractions of total (%) of amino acid peak areas measured in archaeological and modern 

hair (mean ± sd, 1σ) and of amino acid carbon weights (%) from human hair of reference. 

 

 

The major limitation of our study is that the limited amount of keratin hydrolysate did not allow 

samples to be run in duplicate. When using hair length as a parameter, we found that this provided 

only enough for one measurement in most cases, although thicker hairs may provide enough sample 

for duplicates. The high temporal resolution in this study comes at the cost of repeatability of the 

measurements.  

 

3.2 Bulk isotope analysis 

A bundle of hair from each individual was selected following the criterion of maximum length. The 

multiple hairs were aligned at the root and secured with aluminium foil bands. The orientation of 

the bundle was marked. Samples were immersed in methanol : chloroform (2:1 v/v), sonicated for 



about 20 min, and soaked overnight to remove lipids and contaminants. After two sonications (20 

min each), the solution was inspected. If transparent, the bundle of hair was rinsed at least three 

times in MilliQ water sonicating for about 20 min each time; otherwise the methanol : chloroform 

mixture was replaced until cleaning was complete. Once the water was discarded, samples were left 

in fume hood to dry. Samples were frozen, and subsequently freeze-dried for 12h. Then the hair 

sample was separated into two bundles, one for carbon-nitrogen isotope analysis and one for sulfur 

isotope analysis. Each hair bundle was sectioned into approximately 1 cm segments from root to tip 

and weighed into tin capsules for isotope analyses, with vanadium pentoxide added as catalyzer in 

samples for sulfur isotope analysis. When incremental sampling was not applicable (ME-C2, M1-

T28-C8), the non-oriented samples were analyzed in duplicate. Analysis of the carbon, nitrogen and 

sulfur isotope compositions was performed at the University of Bradford (Department of 

Archaeological Sciences, UK) using a Thermo Flash EA 1112 coupled to a Delta Plus XL via a 

Conflo III interface (Thermo Scientific, Bremen, Germany). The δ13C, δ15N and δ34S values are 

reported relative to international standards: V-PDB, AIR and V-CDT, respectively. International 

and laboratory standards used as secondary (reference) materials to monitor analytical precision and 

accuracy were IAEA-CH-6 (accepted –10.45±0.03‰), IAEA-CH-3 (accepted –24.72±0.04‰), 

IAEA-600 (accepted –27.77±0.04‰), Fish gel (accepted –15.52‰), Bovine Liver Standard 

(accepted –21.59±0.25‰) for δ13C measurements; IAEA-600 (accepted +1.0±0.2‰), IAEA-N-1 

(accepted +0.4±0.2‰), IAEA-N-2 (accepted +20.3±0.2‰), Fish gel (accepted +14.45‰), Bovine 

Liver Standard (accepted +7.65±0.25‰) for δ15N measurements; NBS-127 (accepted +20.3‰), 

IAEA-S-1 (accepted –0.30‰), Methionine (accepted +12.6‰) for δ34S measurements. Accuracy 

was < ±0.2‰ for both δ13C and δ15N, and < ±0.8‰ for δ34S. Reproducibility (1σ) was ±0.2‰ for 

δ15N, < ±0.2‰ for δ13C, and ±0.9‰ for δ34S. 

 

 



3.2.1 Stable isotope mixing model 

We chose to apply a Bayesian mixing model to our bulk isotope data in order to better quantify the 

contribution of food sources to the diets of the individuals analyzed. In particular, we preferred 

FRUITS (Food Reconstruction Using Isotopic Transferred Signals) (Fernandes et al., 2014) as it 

incorporates concentration dependence and isotopic routing in the model. When dealing with diets 

of omnivores, as the ones studied here, food sources may present different elemental concentrations 

(e.g. lower [N] in plants than in meat), which will affect the contribution of the sources to the 

consumer’s diet resulting in over- or under- estimates of certain sources, if not taken into account 

(Phillips and Koch, 2002). Furthermore, the effect of isotopic routing needs to be tackled when the 

diet consists of foods that are very different in terms of protein, carbohydrate and lipid content 

(Phillips et al., 2014) (e.g. marine/maize mixed diet), because the three macronutrients will 

differentially contribute to a specific dietary proxy (Fernandes et al., 2014), such as δ13C hair 

keratin. How the carbon from the dietary macronutrients (proteins, carbohydrates and lipids) is 

routed to the body tissue (directly or through various metabolic pathways) should be considered in 

the model (Phillips et al., 2014). 

In the FRUITS model, carbon, nitrogen and sulfur isotope compositions measured for the hair 

segments of individuals were used as dietary proxies. At the dietary proxies (δ13C, δ15N, δ34S) an 

uncertainty of 0.5‰ for carbon and nitrogen isotope compositions, and 1‰ for sulfur isotope 

compositions was used in the model to account for analytical uncertainty. Each hair segment was 

treated as single individual, thus providing 40 consumers in our model. It was also assumed that the 

δ13C, δ15N and the δ34S values are in phase (i.e. representing the same time period), despite being 

measured from two different hair bundles, as the sampling of hair bundles with a minimum of 25 

hairs increases the likelihood of measuring the isotope signature of growing hair (Mekota et al., 

2006). The missing values of δ34S for CAM15A-T14, QUI7-T13, AZ14-T31 and AZ115-T9 

individuals, due to shorter hair bundles for sulfur isotope analysis, were replaced by averages. We 



justify this estimation because the aforementioned individuals present consistent marine or 

terrestrial diets, which are the main controlling factors on sulfur isotope compositions in this 

system. 

The food groups were set in order to include all the viable food sources and combining the ones not 

significantly different in their isotope compositions (Phillips et al., 2014). The mean δ13C, δ15N 

values (±SEM, standard error of the mean) for the edible portion of plants or for the collagen of 

animals comprising the four groupings of foodstuffs used in the model were: –24.7±0.3‰ and 

+4.1±0.6‰ for “C3 plants” (C3 plants and legumes, n=21), –10.3±0.4‰ and +8.1±1.2‰ for “C4 

plants” (n=8), –15.7±0.2 ‰ and +6.9±0.1‰ for “terrestrial fauna” (domestic and wild camelids, 

rodents and birds, n=236), and –12.5±0.3‰ and +17.2±0.5‰ for “marine fauna” (sea lions, marine 

fish, crustaceans and mollusks, n=24). The δ34S values for “C3 plants”, “C4 plants” and “marine 

fauna” food groups are taken from Macko et al. (1999), while the δ34S value representative for the 

terrestrial animals was assumed to be close to the δ34S values of terrestrial plants, having the same 

geographical origin. An isotope offset of –2‰ and +0.5‰ was applied to δ13C values of plants for 

estimating respectively protein and carbohydrate isotope compositions (Fernandes et al., 2015). 

Collagen δ13C values of terrestrial animals were adjusted for isotope offsets of –2‰ for protein, and 

–8‰ for lipids (Fernandes et al., 2015). Collagen δ13C values of marine animals were adjusted for 

isotope offsets of –1‰ for protein, and –7‰ for lipids (Fernandes et al., 2015). For all animals, the 

offset between collagen δ15N values and protein was set at +2‰ (Fernandes et al., 2015). An 

uncertainty of 1‰ was been applied to bulk and estimated isotope compositions. 

The concentration of protein, lipid and carbohydrate for each food group was estimated by 

retrieving macronutrient composition of reference foods from the Nutrient Database of the United 

States Department of Agriculture (USDA Food Composition Databases), with the exception of 

alpaca and llama meats (Cristofanelli et al., 2004; Polidori et al., 2010). The foodstuffs used for 

calculations were: maize, amaranth grain for “C4 plants”; potato, quinoa, squash, pepper, Lima 



beans, lupin for “C3 plants”; game meat of deer, antelope and beaver, goose, alpaca, llama for 

“terrestrial fauna”; sea lion, eel, herring, anchovy, sardine, cod, drum, squid, abalone, clam, 

mackerel for “marine fauna”. The reported values of macronutrients (g/100g) were adjusted for the 

carbon content considering 52% of C for protein, 75% for lipid and 45% for carbohydrate 

(Newsome et al., 2004). In the FRUITS model the contribution of lipids and carbohydrates are then 

entered combined as Energy (Fernandes et al., 2014) (Table II). 

 

Table II. Isotope compositions and concentrations of the food fractions for each food group 

provided as source input for FRUITS. 

Food group Food fraction δ13C δ15N δ34S Conc. 
C3 plants Bulk 

  
+6.8±1‰ 100  

Protein –26.7±1‰ +4.1±1‰ 
 

23±2.5  
Energya –24.2±1‰ 

  
77±2.5 

C4 plants Bulk 
  

+6.1±1‰ 100  
Protein –12.3±1‰ +8.1±1‰ 

 
14±2.5  

Energya –9.8±1‰ 
  

86±2.5 
Terr. Fauna Bulk 

  
+6.4±1‰ 100  

Protein –17.7±1‰ +8.9±1‰ 
 

78±2.5  
Energya –23.7±1‰ 

  
22±2.5 

Marine Fauna Bulk 
  

+15.6±1‰ 100  
Protein –13.5±1‰ +19.2±1‰ 

 
68±2.5  

Energya –19.5±1‰ 
  

32±2.5 
aEnergy combines the contribution of lipids and carbohydrates.   

 

It has been statistically estimated by Fernandes et al. (2012) that the carbon in bone collagen is 

routed mostly from dietary protein (74±4%), but also from carbohydrates and lipids (26%). The 

carbon contribution from energetic macronutrients (carbohydrates + lipids) is thought to be mainly 

(but not only) driven by three non-essential amino acids, namely alanine, serine and glycine 

(Fernandes et al., 2012), which are synthesized from pyruvate or other three-carbon glycolytic 

intermediates, derived from glucose (Brosnan and Brosnan, 2013). Despite the numerous nutritional 

and metabolic studies on human hair [e.g. (Choy et al., 2013; Hedges et al., 2009; Petzke and 



Lemke, 2009)], a clear model for carbon routing in hair keratin has not yet been proposed. Hereafter 

we will assume a contribution of 14% for δ13C hair keratin from carbohydrate and lipid carbon, 

considering that the combined amino acid carbon weight (%) for alanine, serine and glycine in the 

human hair keratin is 14.1% (Robbins and Kelly, 1970; Wolfram, 2003). We are aware of the large 

differences between the two tissues, bone collagen and hair keratin, with respect to amino acid 

composition and physiology; for these reasons we applied a conservative uncertainty of 5% to our 

estimation. 

The diet-to-keratin offsets used in this model are 3.9±0.8‰ for δ13C and 4.9±0.8‰ for δ15N, which 

are based on past and recent estimations from controlled dietary studies of contemporary human 

populations (Hedges et al., 2009; Naito et al., 2015; O'Connell et al., 2012; Yoshinaga et al., 1996). 

Conversely, the fractionation of sulfur isotopes between diet and keratin is thought to be minimal 

(Nehlich, 2015; Richards et al., 2003). Herein, the diet-to-keratin δ34S offset is set at 0, but with an 

associated uncertainty of 1‰ to account for possible variability resulting from nutritionally 

different diets (Richards et al., 2003). 

The dietary estimates generated by the FRUITS model show an excessively high caloric 

contribution from protein for the coastal individuals (59±3.3%), whose source is mostly (85±3.6%) 

marine fauna. Although it has already been reported for Chinchorros that they had high-protein 

diets, made mainly of marine (80%) and terrestrial (12%) meat (Aufderheide, 1996), it is widely 

recognized that protein intake should be kept under a certain limit in order to prevent protein 

toxicity (Cordain et al., 2000). Therefore, a protein carbon contribution lower than 45% has been 

included in the original model as a priori constraint (Fernandes et al., 2014; Otten et al., 2006). 
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Supporting Information 2. Estimates from FRUITS Bayesian mixing model for the bulk isotope compositions of human hair analyzed in this 
study. 

Individual ME-C2 M1-T28-C8 CAM15A-T14 
  

QUI7-T13 
     

Cut (cm) 
    

0-1 1-2 2-3 3-4 4-5 
  

0-1 1-2 2-3 3-4 4-5 5-6 6-7 
     

Food (%) Mean SD Mean SD 
     

Mean SD 
       

Mean SD 
   

C3 plants 22 12 26 12 39 39 38 37 38 38 1 32 36 39 40 42 43 41 39 4 
   

C4 plants 25 11 24 11 10 11 11 12 11 11 1 18 13 12 9 9 8 10 11 3 
   

Terrestrial Fauna 2 2 3 2 1 2 2 1 1 1 1 2 2 2 2 2 2 2 2 1 
   

Marine Fauna 51 4 48 4 49 49 49 50 49 49 1 49 49 47 49 46 47 47 48 1 
   

Food fractions (%) 
                       

Protein 44 1 43 1 44 44 44 44 44 44 1 44 44 44 44 43 44 44 44 1 
   

Energy 56 1 57 1 56 56 56 56 56 56 1 56 56 56 56 57 56 56 56 1 
   

Dietary proxies 
(Food)(%) 

                       

δ13C (C3 plants) 15 8 17 8 26 25 25 24 25 25 1 21 24 26 27 28 29 27 26 3 
   

δ13C (C4 plants) 13 6 13 6 6 6 6 6 6 6 1 9 7 6 5 5 4 5 6 2 
   

δ13C (Terr. Fauna) 3 3 4 4 2 2 2 2 2 2 1 3 2 3 2 3 3 3 3 1 
   

δ13C (Marine Fauna) 70 5 66 5 67 66 67 68 67 67 1 67 67 65 66 64 64 65 65 1 
   

δ15N (C3 plants) 11 6 13 6 19 19 19 18 19 19 1 16 18 20 20 21 21 21 20 2 
   

δ15N (C4 plants) 7 4 7 4 3 3 3 4 3 3 1 5 4 4 3 3 3 3 3 1 
   

δ15N (Terr. Fauna) 3 3 5 4 2 3 3 2 3 3 1 3 3 3 3 4 3 3 3 1 
   

δ15N (Marine Fauna) 79 4 75 5 75 75 75 76 75 75 1 76 76 73 74 72 73 73 74 1 
   

                        
                        

Individual AZ14-T31 
  

AZ115-T9 
  

Cut (cm) 0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 
  

0-1 1-2 2-3 3-4 4-5 8-9 9-10 10-11 11-12 12-13 13-14 
 

Food (%) 
        

Mean SD 
           

Mean SD 

C3 plants 78 78 76 70 70 78 80 81 76 4 49 50 59 59 58 58 42 50 52 53 52 53 5 
C4 plants 10 11 14 18 16 12 11 8 12 3 25 22 14 13 15 16 29 22 20 21 20 20 5 
Terrestrial Fauna 9 8 8 10 10 7 7 7 8 1 19 18 16 16 17 16 20 19 19 19 19 18 2 
Marine Fauna 4 3 2 2 3 3 2 4 3 1 8 10 11 12 10 10 9 10 9 8 8 10 1 
Food fractions (%) 

                       

Protein 29 28 27 28 29 27 27 28 28 1 34 36 35 36 36 35 36 36 36 35 36 36 1 
Energy 71 72 73 72 71 73 73 72 72 1 66 64 65 64 64 65 64 64 64 65 64 64 1 



Dietary proxies 
(Food)(%) 

                       

δ13C (C3 plants) 70 71 70 64 63 72 74 73 70 4 39 39 47 47 45 45 32 39 40 42 41 41 4 
δ13C (C4 plants) 7 8 10 13 12 9 8 5 9 3 16 14 9 8 10 10 18 14 12 13 13 12 3 
δ13C (Terr. Fauna) 17 16 16 19 20 14 13 14 16 2 32 32 27 26 29 28 34 32 33 32 33 31 3 
δ13C (Marine Fauna) 6 5 4 4 6 5 4 7 5 1 12 16 17 19 16 17 15 15 15 12 14 15 2 
δ15N (C3 plants) 64 67 66 60 59 68 70 68 65 4 34 33 40 40 39 39 28 33 34 37 35 36 4 
δ15N (C4 plants) 5 6 7 10 8 6 6 4 7 2 11 9 6 6 6 7 12 9 8 9 9 8 2 
δ15N (Terr. Fauna) 22 21 21 24 25 19 18 18 21 3 39 38 33 32 35 34 42 39 40 39 40 37 3 
δ15N (Marine Fauna) 8 6 6 6 8 7 6 10 7 1 15 19 21 22 20 21 18 19 18 15 16 19 2                         
                        

Individual CAM9-T39 
                

Cut (cm) 0-1 1-2 2-3 3-4 4-5 5-6 6-7 
                

Food (%) 
       

Mean SD 
              

C3 plants 6 6 8 7 8 7 8 7 1 
              

C4 plants 48 49 39 40 39 39 39 42 5 
              

Terrestrial Fauna 3 3 2 2 2 2 2 2 1 
              

Marine Fauna 43 42 51 51 52 52 51 49 4 
              

Food fractions (%) 
                       

Protein 39 38 43 43 43 43 43 42 2 
              

Energy 61 62 57 57 57 57 57 58 2 
              

Dietary proxies 
(Food)(%) 

                       

δ13C (C3 plants) 4 4 6 5 5 5 5 5 1 
              

δ13C (C4 plants) 27 28 20 20 20 20 20 22 4 
              

δ13C (Terr. Fauna) 4 5 3 3 3 3 3 3 1 
              

δ13C (Marine Fauna) 65 63 72 72 72 73 72 70 4 
              

δ15N (C3 plants) 4 4 4 4 4 4 4 4 1 
              

δ15N (C4 plants) 16 17 11 12 11 11 11 13 2 
              

δ15N (Terr. Fauna) 5 6 3 3 3 3 3 4 1 
              

δ15N (Marine Fauna) 75 74 81 82 82 82 81 79 3 
              

The means and standard deviations for ME-C2 and M1-T28-C8 individuals are the estimates generated by the FRUITS model. The means and standard 
deviations for CAM15A-T14, QUI7-T13, AZ14-T31, AZ115-T9, and CAM9-T39 are calculated on the means estimated by the FRUITS model for the 
various hair segments.   



Supporting Information 3. Individual amino acid δ13C values for 0.5 cm increments of single hair. 

Individual Dist. 
cm 

δ13C 

Asx 

δ13C 
Ser 

δ13C 
Glx 

δ13C 
Thr* 

δ13C 
Gly 

δ13C 
Ala  

δ13C 
Pro 

δ13C 
Val* 

δ13C 
Ile* 

δ13C 
Leu* 

δ13C 
Lys* 

δ13C 
Tyr 

δ13C 
Arg 

δ13C 
Phe* 

δ13C Mass 
Balance 

ME-C2(I) 0.5 -12.73 -6.71 -12.73 -8.04 -8.04 -13.42 -13.79 -18.49 -12.36 -21.63 -15.67 -22.38 -16.14 -23.53 -14.37 

ME-C2(I) 1 -12.04 -5.39 -12.48 -7.16 -6.36 -13.62 -13.38 -18.17 -12.60 -20.58 -14.58 -20.24 -15.39 -22.36 -13.67 

ME-C2(I) 1.5 -11.90 -5.84 -12.74 -8.87 -8.01 -12.09 -13.09 -18.04 -11.78 -21.19 -14.95 -20.04 -14.97 -21.80 -13.74 

ME-C2(I) 2 -11.93 -5.82 -11.96 -8.92 -7.59 -13.03 -12.45 -17.64 -11.87 -21.07 -15.01 -20.83 -14.73 -21.44 -13.56 

ME-C2(I) 2.5 -10.93 -5.84 -11.31 -7.55 -6.90 -12.80 -12.71 -17.40 -11.37 -20.81 -14.26 -18.53 -14.52 -21.53 -13.08 

ME-C2(II) 0.5 -11.23 -7.45 -12.44 -7.98 -8.38 -14.98 -13.85 -18.62 -12.80 -21.81 -15.18 -20.89 -15.96 -22.81 -14.29 

ME-C2(II) 1 -11.84 -6.59 -13.30 -8.85 -8.48 -14.22 -12.85 -18.22 -12.94 -21.66 -15.78 -20.20 -15.93 -23.09 -14.30 

ME-C2(II) 1.5 -12.49 -7.19 -13.22 -9.33 -8.59 -15.19 -13.66 -18.37 -12.89 -21.45 -15.11 -20.87 -15.75 -22.31 -14.45 

ME-C2(II) 2 -12.52 -5.67 -12.66 -9.53 -6.39 -14.65 -13.54 -18.23 -11.94 -21.34 -15.05 -20.87 -15.18 -21.96 -14.03 

ME-C2(II) 2.5 -11.86 -5.23 -12.65 -7.15 -5.75 -14.24 -12.07 -17.19 -11.36 -20.58 -15.46 
 

-14.43 -21.14 -12.71 

M1-T28-C8 0.5 -12.49 -5.42 -12.44 -10.62 -8.42 -16.44 -12.46 -17.60 -11.92 -21.02 -15.11 -19.50 -14.43 -22.18 -13.88 

M1-T28-C8 1 -11.95 -4.39 -12.30 -9.45 -6.61 -14.97 -11.75 -17.12 -11.52 -20.65 -14.34 -19.30 -14.55 -21.28 -13.30 

M1-T28-C8 1.5 -11.93 -3.52 -11.83 -9.37 -7.54 -14.61 -12.16 -16.28 -12.17 -20.75 -15.29 -20.30 -14.54 -21.70 -13.25 

M1-T28-C8 2 -12.36 -3.15 -12.43 -9.93 -7.87 -14.66 -12.67 -17.43 -12.08 -21.03 -16.02 -20.63 -15.56 -22.25 -13.72 

M1-T28-C8 2.5 -12.27 -4.33 -12.14 -10.33 -8.20 -14.13 -11.94 -17.58 -11.96 -21.26 -14.42 -20.52 -15.19 -22.56 -13.67 

M1-T28-C8 3 -12.90 -4.04 -11.99 -10.14 -9.32 -15.12 -13.25 -17.83 -11.77 -21.08 -14.60 -19.29 -15.04 -21.82 -13.82 

M1-T28-C8 3.5 -12.26 -3.46 -12.03 -10.96 -7.93 -14.74 -12.20 -17.31 -11.70 -21.05 -15.57 -20.38 -15.05 -21.23 -13.58 

M1-T28-C8 4 -11.48 -3.97 -10.75 -9.93 -6.26 -14.48 -11.48 -16.49 -10.94 -20.81 -14.48 -18.86 -14.84 -21.98 -13.01 



M1-T28-C8 4.5 -11.85 -3.35 -11.25 -10.88 -7.40 -14.02 -11.90 -17.49 -10.92 -20.89 -14.13 -18.96 -14.46 -21.34 -13.20 

M1-T28-C8 5 -11.43 -2.65 -11.30 -9.13 -6.40 -14.05 -12.26 -17.37 -12.03 -20.84 -14.58 -19.10 -14.68 -21.82 -13.09 

M1-T28-C8 5.5 -11.99 -2.35 -11.57 -10.71 -6.22 -14.54 -11.65 -16.98 -10.99 -20.81 -14.29 -19.51 -14.32 -21.45 -13.09 

M1-T28-C8 6 -12.31 -4.80 -11.84 -11.07 -7.47 -15.09 -11.82 -17.55 -10.47 -20.43 -13.26 -19.58 -14.61 -21.07 -13.37 

M1-T28-C8 6.5 -12.45 -2.63 -11.76 -10.06 -7.76 -14.50 -12.05 -17.52 -10.35 -20.44 -13.43 -19.44 -14.25 -21.72 -13.07 

M1-T28-C8 7 -12.87 -5.99 -13.15 -11.25 -7.10 -15.79 -12.21 -18.03 -12.51 -21.20 -15.63 -20.45 -14.67 -21.41 -14.16 

M1-T28-C8 7.5 -12.48 -4.72 -13.21 -11.08 -7.63 -16.03 -11.94 -18.06 -12.20 -21.07 -14.27 -19.20 -14.72 -22.10 -13.89 

M1-T28-C8 8 -12.53 -5.47 -13.73 -9.21 -9.69 -16.41 -12.98 -18.33 -11.75 -21.43 -14.69 -19.55 -14.74 -22.13 -14.24 

M1-T28-C8 8.5 -12.77 -4.98 -12.77 -10.43 -9.40 -16.28 -12.36 -18.26 -10.80 -21.22 -15.03 -21.06 -14.99 -21.45 -14.01 

M1-T28-C8 9 -12.55 -4.72 -12.50 -9.86 -9.25 -15.51 -12.05 -18.12 -10.91 -21.01 -14.30 -20.27 -14.92 -21.49 -13.72 

M1-T28-C8 9.5 -12.60 -4.97 -12.68 -10.15 -8.52 -15.35 -11.90 -17.61 -11.88 -21.21 -14.41 -19.56 -14.96 -21.54 -13.77 

M1-T28-C8 10 -12.52 -4.47 -13.29 -10.16 -8.24 -16.44 -12.53 -18.33 -11.61 -21.13 -14.04 -20.06 -15.01 -21.68 -13.96 

M1-T28-C8 10.5 -13.66 -5.01 -13.58 -10.81 -8.58 -17.24 -12.17 -17.69 -11.36 -20.69 -14.39 -18.88 -14.57 -21.90 -14.06 

M1-T28-C8 11 -12.71 -5.82 -13.42 -10.56 -7.62 -16.47 -12.71 -17.90 -11.02 -20.86 -14.51 -19.61 -14.65 -21.21 -14.07 

M1-T28-C8 11.5 -12.96 -5.78 -12.65 -10.57 -7.05 -14.79 -12.15 -17.77 -10.90 -20.82 -14.05 -19.41 -14.77 -21.39 -13.79 

M1-T28-C8 12 -12.17 -4.33 -11.92 -10.11 -5.15 -14.53 -12.20 -17.27 -11.23 -20.66 -13.76 -17.69 -14.21 -20.50 -13.18 

CAM15A-T14(I) 0.5 -14.90 -9.29 -15.37 -9.14 -11.62 -19.07 -15.94 -20.39 -14.41 -23.78 -16.83 -22.85 -17.84 -24.57 -16.48 

CAM15A-T14(I) 1 -15.44 -9.11 -13.58 -9.08 -9.83 -18.01 -14.87 -19.61 -13.90 -22.30 -16.07 -22.88 -16.64 -24.06 -15.73 

CAM15A-T14(I) 2 -14.93 -7.21 -14.91 -9.26 -9.76 -20.03 -14.84 -19.32 -12.73 -22.86 -16.97 -21.84 -16.88 -23.58 -15.67 

CAM15A-T14(I) 2.5 -14.35 -10.04 -14.86 -7.98 -10.40 -18.85 -14.30 -19.77 -14.03 -22.97 -16.76 -22.62 -16.69 -24.08 -15.82 

CAM15A-T14(I) 3 -14.88 -9.41 -15.06 -9.62 -10.20 -18.89 -15.14 -20.67 -15.49 -23.70 -17.00 -23.31 -17.80 -24.56 -16.41 



CAM15A-T14(I) 3.5 -14.24 -9.20 -15.16 -9.05 -9.65 -18.07 -14.38 -19.81 -15.04 -23.02 -16.94 -24.75 -17.30 -24.79 -16.07 

CAM15A-T14(I) 4.5 -14.62 -8.11 -16.03 -9.72 -8.87 -18.61 -15.29 -21.21 -15.08 -23.97 -17.56 -23.47 -17.64 -24.96 -16.49 

CAM15A-T14(I) 5.5 -14.37 -7.94 -14.77 -9.74 -9.69 -18.27 -15.15 -19.30 -12.67 -22.72 -17.61 -22.77 -16.73 -24.04 -15.76 

CAM15A-T14(I) 6 -15.08 -8.96 -14.39 -10.21 -9.57 -17.63 -14.83 -19.92 -13.30 -22.88 -17.22 -21.35 -16.69 -23.95 -15.90 

CAM15A-T14(I) 6.5 -14.04 -7.72 -14.14 -9.32 -9.85 -17.08 -14.98 -19.55 -12.78 -23.15 -17.55 -22.67 -16.75 -24.12 -15.58 

CAM15A-T14(I) 7 -15.18 -7.19 -14.51 -9.12 -8.80 -17.83 -15.14 -19.48 -12.61 -22.77 -17.01 -21.96 -16.64 -23.80 -15.49 

CAM15A-T14(I) 7.5 -14.92 -9.32 -15.01 -9.77 -9.84 -18.26 -15.45 -20.15 -13.80 -23.39 -17.11 -22.04 -16.81 -23.98 -16.22 

CAM15A-T14(I) 8 -14.93 -8.17 -14.95 -9.66 -8.79 -18.28 -15.69 -19.91 -13.42 -23.23 -17.88 -22.42 -16.69 -24.05 -15.95 

CAM15A-T14(I) 8.5 -14.98 -8.02 -14.63 -8.73 -8.13 -18.21 -15.02 -19.73 -14.21 -23.07 -17.43 -22.84 -16.79 -23.81 -15.77 

CAM15A-T14(I) 9 -14.54 -7.75 -14.78 -10.55 -8.09 -17.16 -15.22 -19.57 -13.00 -22.81 -16.98 -22.23 -16.57 -22.94 -15.63 

CAM15A-T14(I) 9.5 -14.70 -8.16 -15.01 -10.96 -10.27 -17.12 -14.73 -20.33 -14.04 -23.18 -16.70 -21.10 -17.31 -24.19 -16.08 

CAM15A-T14(I) 10 -15.38 -8.11 -14.52 -10.81 -10.04 -17.38 -15.64 -20.53 -15.13 -23.72 -17.10 -22.90 -17.63 -24.60 -16.27 

CAM15A-T14(II) 0.5 -15.05 -9.16 -14.74 -8.26 -9.81 -19.24 -15.31 -20.57 -15.30 -23.55 -16.89 -23.24 -17.69 -25.29 -16.25 

CAM15A-T14(II) 1 -14.29 -8.59 -15.16 -9.42 -9.65 -18.68 -15.25 -20.05 -14.45 -23.86 -16.92 -23.65 -17.47 -25.14 -16.23 

CAM15A-T14(II) 1.5 -13.60 -8.42 -14.75 -8.75 -8.59 -17.61 -14.92 -19.97 -13.81 -23.46 -16.65 -23.51 -17.30 -24.68 -15.79 

CAM15A-T14(II) 2 -15.22 -8.07 -15.07 -9.53 -8.43 -18.64 -14.98 -19.66 -14.48 -22.89 -17.09 -23.46 -17.48 -24.94 -16.00 

CAM15A-T14(II) 2.5 -15.72 -9.06 -15.47 -8.99 -10.46 -18.88 -15.32 -20.66 -15.84 -24.06 -17.61 -24.20 -17.87 -25.56 -16.62 

CAM15A-T14(II) 3 -14.45 -7.45 -14.29 -7.85 -9.75 -16.93 -15.17 -19.61 -14.18 -22.70 -17.14 -21.98 -16.28 -24.14 -15.42 

CAM15A-T14(II) 3.5 -14.49 -7.68 -14.85 -9.10 -10.19 -17.08 -15.10 -20.46 -13.91 -22.53 -16.96 -22.47 -15.91 -23.54 -15.63 

CAM15A-T14(II) 4 -14.40 -8.48 -14.07 -9.10 -9.72 -17.48 -14.94 -19.47 -13.58 -22.63 -17.15 -22.17 -15.97 -23.90 -15.50 

CAM15A-T14(II) 4.5 -14.64 -6.91 -14.05 -8.96 -9.67 -17.12 -14.63 -19.37 -13.59 -22.64 -17.21 -22.33 -16.44 -23.14 -15.30 



CAM15A-T14(II) 5 -13.95 -7.23 -14.39 -8.52 -9.61 -17.78 -14.78 -19.26 -12.38 -22.71 -17.38 -23.19 -16.42 -23.82 -15.40 

CAM15A-T14(II) 5.5 -14.31 -8.49 -14.56 -8.79 -10.78 -17.59 -16.53 -19.78 -13.98 -22.77 -17.21 -22.57 -16.83 -24.08 -15.93 

CAM15A-T14(II) 6 -13.65 -5.93 -13.59 -7.41 -9.18 -16.07 -14.06 -18.75 -12.59 -22.16 -16.43 -21.51 -15.63 -23.13 -14.59 

CAM15A-T14(II) 6.5 -15.15 -7.62 -14.90 -9.24 -10.89 -19.62 -15.28 -20.12 -13.07 -23.35 -17.25 -23.02 -17.17 -24.86 -16.06 

CAM15A-T14(II) 7 -14.78 -8.41 -15.21 -10.40 -11.23 -18.45 -16.53 -21.04 -14.48 -24.27 -17.86 -23.36 -18.01 -25.36 -16.75 

CAM15A-T14(II) 7.5 -13.96 -9.30 -14.95 -8.74 -10.77 -19.46 -15.58 -20.07 -13.54 -23.32 -17.77 -22.88 -16.96 -24.25 -16.12 

CAM15A-T14(II) 8 -13.67 -8.23 -15.07 -7.67 -9.17 -20.36 -15.91 -20.18 -13.43 -23.29 -17.27 -23.24 -17.59 -24.94 -16.08 

CAM15A-T14(II) 8.8 -14.51 -6.28 -14.82 -9.52 -9.88 -17.75 -15.84 -19.37 -12.95 -23.12 -17.03 -22.66 -16.60 -24.72 -15.73 

QUI7-T13(I) 0.5 -14.18 -5.62 -13.44 -4.10 -8.01 -19.94 -11.52 -18.76 -14.31 -21.01 -15.39 -21.56 -15.67 -24.35 -14.13 

QUI7-T13(I) 1 -14.89 -5.28 -14.10 -4.27 -10.34 -18.50 -13.29 -20.08 -13.85 -21.92 -15.37 -21.01 -16.21 -22.75 -14.57 

QUI7-T13(I) 1.5 -14.52 -6.15 -13.17 -5.01 -8.84 -17.46 -10.83 -18.79 -12.93 -21.90 -14.62 -21.91 -15.36 -22.60 -13.99 

QUI7-T13(I) 2 -14.15 -4.59 -12.87 -4.40 -9.77 -18.82 -11.11 -17.97 -13.86 -21.29 -14.51 -20.97 -16.00 -22.91 -13.77 

QUI7-T13(I) 2.5 -16.54 -6.96 -14.37 -4.64 -8.49 -20.67 -12.65 -18.56 -13.56 -21.37 -15.09 -21.52 -16.94 -24.40 -14.82 

QUI7-T13(I) 3 -16.39 -7.42 -13.63 -4.39 -10.14 -17.89 -10.67 -18.76 -14.02 -21.60 -15.44 -19.82 -16.32 -23.50 -14.39 

QUI7-T13(I) 3.5 -15.90 -7.42 -13.86 -5.31 -9.23 -18.07 -12.37 -19.23 -14.94 -21.49 -14.97 
 

-16.49 -22.46 -14.49 

QUI7-T13(I) 4 -16.54 -5.87 -12.63 -6.43 -9.88 -19.84 -14.35 -18.68 -13.26 -21.89 -14.41 -20.13 -17.86 -23.11 -14.90 

QUI7-T13(I) 4.5 -14.69 -7.07 -12.56 -5.79 -10.16 -17.35 -12.51 -18.14 -13.65 -21.86 -14.61 -22.12 -18.04 -24.03 -14.57 

QUI7-T13(I) 5 -12.56 -5.07 -11.90 -1.98 -7.19 -15.09 -12.85 -16.51 -12.18 -20.41 -14.50 -20.72 -15.95 -21.53 -13.00 

QUI7-T13(I) 5.5 -12.22 -5.04 -11.83 -1.42 -8.43 -16.22 -13.95 -17.25 -12.91 -20.83 -14.15 -20.27 -15.07 -21.37 -13.14 

QUI7-T13(I) 6 -12.48 -6.28 -12.30 -1.41 -7.70 -16.64 -12.43 -17.19 -12.28 -20.06 -14.63 -20.31 -14.57 -21.45 -13.06 

QUI7-T13(I) 7 -16.65 -6.85 -15.41 -1.57 -9.34 -18.65 -14.55 -19.30 -12.61 -20.92 -14.01 -21.25 -16.05 -21.96 -14.63 



QUI7-T13(I) 7.5 -14.02 -7.79 -13.45 -1.28 -8.60 -19.82 -13.17 -18.73 -13.62 -20.95 -14.84 -21.75 -15.32 -22.48 -14.16 

QUI7-T13(I) 8 -14.80 -4.93 -11.94 -1.06 -9.84 -18.35 -13.22 -18.03 -12.81 -20.51 -14.25 -21.78 -15.21 -22.59 -13.53 

QUI7-T13(I) 8.5 -12.84 -3.67 -10.78 -1.74 -7.07 -17.98 -10.90 -16.39 -12.81 -20.39 -13.07 -20.25 -14.96 -22.12 -12.62 

QUI7-T13(II) 0.5 -13.81 -7.23 -14.84 -8.44 -9.23 -19.06 -14.06 -19.49 -12.99 -21.70 -16.75 -20.73 -15.89 -22.89 -15.19 

QUI7-T13(II) 1 -12.25 -5.39 -12.63 -7.62 -6.63 -16.76 -11.99 -17.16 -11.72 -19.63 -14.52 -19.58 -14.10 -21.44 -13.29 

QUI7-T13(II) 1.5 -14.21 -5.52 -13.72 -7.98 -8.12 -19.16 -12.99 -19.13 -13.05 -21.78 -16.97 -20.73 -16.21 -22.44 -14.67 

QUI7-T13(II) 2 -13.11 -4.86 -13.83 -8.22 -8.89 -17.81 -12.94 -18.24 -12.14 -21.41 -15.76 -20.43 -15.74 -22.57 -14.30 

QUI7-T13(II) 2.5 -12.43 -5.23 -12.47 -6.64 -7.97 -16.84 -12.06 -18.25 -12.53 -20.54 -15.45 -20.28 -15.07 -22.00 -13.63 

QUI7-T13(II) 3 -14.29 -6.07 -14.32 -8.46 -11.17 -17.93 -14.35 -19.96 -12.94 -22.24 -16.08 -21.56 -16.12 -23.43 -15.17 

QUI7-T13(II) 3.5 -13.34 -5.71 -13.77 -7.98 -8.35 -17.45 -13.68 -18.42 -11.78 -21.65 -14.71 -19.76 -15.58 -22.37 -14.43 

QUI7-T13(II) 4 -13.75 -5.43 -13.79 -8.86 -7.57 -16.48 -12.22 -18.16 -11.26 -20.66 -14.96 -17.68 -14.46 -21.69 -13.91 

QUI7-T13(II) 4.5 -15.56 -8.14 -14.95 -8.85 -10.56 -17.96 -13.83 -19.55 -13.13 -22.47 -16.73 -20.40 -16.41 -22.75 -15.56 

QUI7-T13(II) 5 -14.61 -5.83 -15.09 -6.50 -7.04 -17.20 -12.52 -18.00 -13.37 -21.19 -15.09 -19.91 -15.88 -22.62 -14.42 

QUI7-T13(II) 5.5 -15.00 -8.16 -14.73 -8.94 -8.68 -18.34 -12.98 -18.52 -13.22 -22.16 -15.69 -19.85 -16.43 -23.18 -15.22 

QUI7-T13(II) 6 -15.44 -7.69 -15.10 -9.36 -9.47 -17.88 -13.71 -19.73 -13.42 -22.83 -15.64 -21.13 -16.83 -23.42 -15.65 

QUI7-T13(II) 6.5 -12.86 -6.15 -12.41 -7.43 -7.03 -14.89 -12.02 -17.65 -12.26 -21.18 -15.00 -17.89 -14.78 -21.50 -13.59 

QUI7-T13(II) 7 -12.36 -5.37 -12.15 -7.93 -8.04 -15.41 -12.42 -17.97 -12.15 -20.78 -15.22 -17.94 -15.00 -22.44 -13.63 

QUI7-T13(II) 7.5 -11.96 -5.64 -12.37 -7.93 -7.65 -15.33 -12.46 -18.08 -13.13 -21.47 -15.79 -19.16 -16.00 -22.28 -13.95 

QUI7-T13(II) 8 -11.40 -3.75 -11.85 -7.52 -7.50 -15.05 -11.90 -17.53 -11.55 -20.47 -15.29 -18.92 -15.15 -21.25 -13.19 

QUI7-T13(II) 8.5 -11.77 -3.65 -11.06 -6.53 -7.14 -14.82 -11.23 -18.16 -11.04 -20.11 -14.91 -20.22 -14.39 -21.03 -12.80 

QUI7-T13(II) 9 -12.10 -4.23 -11.36 -7.13 -7.58 -14.99 -11.65 -17.92 -11.60 -20.47 -14.16 -19.21 -14.70 -21.33 -13.10 



QUI7-T13(II) 9.5 -12.12 -5.26 -11.62 -8.01 -8.64 -15.18 -11.93 -18.64 -12.11 -20.69 -15.23 -19.31 -14.83 -21.42 -13.45 

AZ14-T31 0.5 -19.01 -12.53 -19.41 -3.97 -11.43 -23.13 -16.89 -24.67 -18.85 -26.05 -18.30 -23.37 -19.25 -24.65 -18.53 

AZ14-T31 1 -17.75 -10.02 -18.19 -3.33 -12.11 -20.63 -14.99 -22.47 -17.55 -24.51 -17.66 -22.56 -17.80 -23.59 -17.10 

AZ14-T31 1.5 -17.58 -10.53 -17.98 -3.56 -7.28 -20.48 -16.24 -22.11 -17.27 -24.43 -17.50 -21.91 -18.17 -22.79 -17.02 

AZ14-T31 2 -18.10 -11.90 -16.24 -3.80 -11.02 -18.35 -17.08 -23.46 -18.20 -25.28 -17.31 -21.38 -17.26 -21.60 -17.10 

AZ14-T31 2.5 -18.14 -11.33 -15.74 -2.97 -11.81 -17.67 -17.26 -22.88 -17.61 -24.79 -17.91 -22.96 -16.68 -21.71 -16.87 

AZ14-T31 3 -16.09 -9.49 -15.26 -2.89 -8.79 -17.46 -17.75 -22.36 -16.18 -24.55 -17.01 -21.09 -16.61 -22.10 -16.22 

AZ14-T31 3.5 -17.82 -11.24 -14.80 -4.27 -10.31 -15.52 -18.15 -22.71 -16.48 -24.17 -16.16 -20.57 -15.84 -23.25 -16.45 

AZ14-T31 4 -17.27 -11.45 -14.17 -3.20 -12.09 -16.95 -17.09 -23.02 -16.92 -24.35 -17.23 -20.88 -16.24 -22.49 -16.37 

AZ14-T31 4.5 -16.74 -11.16 -14.51 -5.01 -8.44 -15.64 -16.75 -22.42 -16.37 -24.48 -16.77 -20.89 -16.14 -22.88 -16.22 

AZ14-T31 5 -18.05 -11.68 -15.01 -8.32 -9.70 -18.10 -16.89 -23.34 -17.89 -25.30 -17.98 -22.64 -17.65 -23.84 -17.36 

AZ14-T31 5.5 -17.69 -11.76 -15.59 -6.77 -12.08 -17.90 -17.51 -24.06 -16.98 -25.89 -18.67 -23.13 -17.73 -23.53 -17.55 

AZ14-T31 6 -19.77 -14.75 -18.60 -7.34 -13.10 -21.65 -19.13 -25.73 -20.72 -27.93 -19.37 -25.33 -20.39 -25.70 -19.79 

AZ14-T31 6.5 -20.93 -15.31 -19.71 -7.73 -13.02 -23.02 -18.39 -26.18 -20.66 -28.79 -20.53 -25.92 -21.12 -26.30 -20.37 

AZ14-T31 7 -20.86 -14.70 -19.73 -8.99 -14.93 -22.48 -18.37 -26.21 -20.78 -28.16 -20.06 -25.63 -20.66 -26.46 -20.28 

AZ14-T31 7.5 -21.05 -16.18 -20.56 -9.05 -12.63 -25.03 -19.79 -26.96 -21.27 -28.72 -20.92 -26.44 -21.40 -26.36 -21.04 

AZ14-T31 8 -23.20 -15.58 -20.72 -12.79 -13.10 -23.04 -19.82 -27.30 -21.99 -29.01 -20.44 -26.90 -22.67 -26.66 -21.58 

AZ14-T31 8.5 -22.50 -16.66 -20.33 -8.75 -12.39 -22.92 -19.13 -26.99 -21.35 -28.75 -21.01 -25.80 -22.12 -26.96 -21.02 

AZ14-T31 9 -20.71 -14.56 -19.69 -9.20 -10.31 -23.09 -21.19 -25.91 -20.30 -28.22 -20.49 -25.92 -21.95 -27.02 -20.58 

AZ14-T31 9.5 -22.00 -15.40 -20.89 -14.88 -14.37 -23.48 -19.94 -26.59 -18.92 -27.16 -18.18 -22.53 -20.77 -25.89 -20.86 

AZ14-T31 10 -23.31 -16.40 -19.74 -12.92 -13.44 -24.51 -20.53 -27.49 -21.48 -29.36 -20.84 -26.50 -22.52 -26.85 -21.64 



AZ14-T31 10.5 -22.34 -16.44 -19.59 -13.36 -14.81 -24.70 -22.42 -27.35 -21.12 -28.87 -20.31 -26.28 -22.86 -26.26 -21.75 

AZ14-T31 11 -22.30 -16.04 -19.06 -9.76 -12.04 -22.80 -19.59 -26.85 -21.20 -28.44 -19.93 -25.10 -21.29 -26.36 -20.64 

AZ14-T31 11.5 -20.80 -15.09 -19.65 -8.78 -10.73 -22.03 -18.40 -24.75 -20.28 -26.55 -19.53 -24.08 -20.27 -26.78 -19.72 

AZ14-T31 12 -19.37 -12.63 -18.41 -7.65 -10.02 -21.47 -17.86 -22.75 -16.00 -24.34 -16.82 -23.49 -19.41 -24.37 -18.18 

AZ14-T31 12.7 -17.01 -11.83 -18.12 -2.72 -7.83 -20.25 -15.82 -20.66 -14.42 -23.36 -15.76 -21.89 -17.47 -23.12 -16.57 

AZ115-T9 0.5 -20.70 -13.57 -18.11 -7.12 -13.72 -22.12 -15.61 -24.68 -19.86 -25.17 -18.38 -22.36 -18.84 -22.60 -18.46 

AZ115-T9 1 -21.76 -12.81 -18.03 -8.84 -11.14 -26.79 -15.56 -25.26 -20.59 -25.64 -19.32 -22.29 -20.47 -22.51 -18.99 

AZ115-T9 1.5 -20.54 -12.38 -17.75 -6.37 -12.38 -21.57 -13.65 -23.51 -19.26 -24.45 -17.88 -20.86 -18.78 -21.41 -17.64 

AZ115-T9 2 -20.79 -14.67 -16.41 -8.53 -11.50 -25.36 -15.58 -23.86 -19.47 -25.32 -18.58 -22.08 -20.09 -23.37 -18.53 

AZ115-T9 2.5 -20.67 -10.02 -16.77 -4.16 -9.23 -25.70 -12.52 -22.65 -18.34 -23.68 -17.97 -19.96 -17.47 -21.47 -16.67 

AZ115-T9 3 -18.81 -10.69 -16.28 -5.73 -10.64 -21.43 -11.10 -22.01 -17.59 -23.60 -17.65 -20.76 -18.38 -21.09 -16.41 

AZ115-T9 3.5 -17.97 -8.55 -15.57 -4.09 -7.90 -21.76 -10.79 -22.36 -16.63 -22.40 -16.83 -19.87 -16.46 -20.70 -15.39 

AZ115-T9 4 -18.21 -8.89 -14.51 -6.23 -7.93 -22.00 -11.56 -21.72 -17.92 -23.14 -17.08 -20.31 -16.46 -21.10 -15.68 

AZ115-T9 4.5 -16.58 -6.57 -13.26 -5.19 -6.90 -21.82 -9.09 -20.24 -16.12 -21.88 -16.56 -18.96 -14.40 -19.76 -14.15 

AZ115-T9 5 -13.48 -3.98 -8.87 -3.55 -6.44 -20.07 -8.37 -19.68 -15.31 -21.20 -16.29 -18.55 -13.24 -20.74 -12.54 

AZ115-T9 5.5 -12.52 -6.16 -7.97 -3.70 -5.85 -21.08 -8.06 -20.00 -15.19 -21.51 -15.71 -18.58 -13.03 -19.43 -12.50 

AZ115-T9 6 -11.35 -5.44 -7.57 -8.92 -6.60 -12.90 -12.23 -21.92 -16.09 -22.65 -18.25 -18.78 -12.99 -21.04 -13.32 

AZ115-T9 6.5 -11.51 -6.62 -8.43 -10.24 -10.55 -14.05 -14.43 -22.50 -17.05 -23.12 -18.15 -20.17 -13.88 -21.88 -14.38 

AZ115-T9 7 -13.53 -6.70 -9.80 -9.11 -8.67 -14.66 -13.61 -22.77 -16.87 -23.73 -18.77 -20.71 -15.68 -21.91 -14.83 

AZ115-T9 7.5 -16.67 -11.64 -14.20 -10.18 -10.21 -13.86 -13.45 -24.19 -17.69 -25.54 -19.46 -22.71 -17.18 -23.36 -16.88 

AZ115-T9 8 -19.07 -13.33 -15.18 -9.40 -14.73 -17.48 -16.00 -25.95 -19.49 -27.21 -21.36 -24.02 -19.70 -25.42 -18.62 



AZ115-T9 8.5 -20.43 -12.98 -18.16 -10.34 -12.32 -21.17 -19.00 -26.72 -22.36 -28.80 -22.06 -25.51 -21.92 -26.54 -20.30 

AZ115-T9 9 -19.00 -12.41 -15.07 -7.86 -11.49 -19.11 -14.94 -24.47 -18.47 -25.48 -19.48 -21.94 -18.47 -23.24 -17.56 

AZ115-T9 9.5 -20.78 -13.70 -19.57 -10.77 -12.11 -22.92 -19.04 -28.10 -22.62 -28.34 -22.03 -24.46 -21.49 -25.97 -20.68 

AZ115-T9 10 -18.00 -12.26 -15.52 -8.67 -11.17 -18.39 -15.69 -25.49 -19.55 -25.83 -19.50 -22.01 -17.99 -23.67 -17.79 

AZ115-T9 10.5 -15.91 -11.56 -14.20 -7.74 -8.35 -17.06 -15.35 -24.88 -18.50 -25.21 -19.22 -21.52 -17.73 -23.54 -16.94 

AZ115-T9 11 -17.43 -12.20 -14.61 -8.26 -7.66 -17.85 -15.15 -24.51 -19.41 -25.81 -20.00 -22.35 -18.79 -22.88 -17.40 

AZ115-T9 11.5 -18.01 -12.10 -16.90 -7.28 -11.28 -21.14 -16.86 -26.96 -20.39 -27.04 -21.01 -22.00 -21.08 -25.38 -18.78 

AZ115-T9 12 -21.22 -14.95 -19.01 -11.02 -9.69 -22.39 -17.98 -28.21 -21.54 -28.64 -21.41 -25.24 -21.28 -25.53 -20.47 

AZ115-T9 12.5 -19.77 -12.47 -18.53 -11.54 -10.63 -21.51 -17.48 -26.93 -20.74 -27.72 -20.92 -23.21 -20.38 -24.47 -19.62 

AZ115-T9 13 -21.17 -15.59 -18.85 -10.36 -11.93 -22.69 -18.51 -27.08 -21.99 -27.64 -21.24 -24.23 -20.75 -24.72 -20.27 

AZ115-T9 13.5 -19.84 -13.99 -19.15 -8.65 -10.74 -22.82 -17.63 -26.06 -20.71 -26.59 -21.12 -23.56 -19.38 -24.48 -19.43 

AZ115-T9 14 -19.89 -14.43 -18.75 -11.40 -11.29 -22.24 -17.71 -26.52 -20.77 -27.17 -21.01 -23.22 -20.25 -24.91 -19.82 

AZ115-T9 14.5 -16.77 -7.13 -11.47 -6.19 -7.56 -14.19 -14.23 -22.96 -17.71 -24.51 -18.61 -20.08 -15.38 -21.63 -15.16 

AZ115-T9 15 -19.09 -11.33 -15.37 -8.80 -8.20 -18.80 -16.22 -24.30 -19.06 -26.13 -20.76 -23.06 -18.53 -23.63 -17.82 

AZ115-T9 15.5 -18.52 -11.31 -16.93 -10.09 -8.87 -20.21 -16.73 -23.70 -19.69 -25.69 -19.42 -22.92 -17.55 -22.70 -17.96 

AZ115-T9 16 -16.40 -8.78 -13.12 -7.94 -8.49 -17.40 -13.32 -23.04 -17.80 -24.16 -19.29 -21.02 -16.56 -21.20 -15.85 

AZ115-T9 16.5 -15.49 -8.85 -10.83 -5.52 -8.26 -14.74 -12.73 -22.32 -16.79 -22.85 -17.76 
 

-15.07 -20.61 -14.36 

AZ115-T9 17 -12.57 -4.43 -8.02 -6.17 -8.47 -10.73 -9.35 -21.36 -15.60 -21.80 -18.79 -18.71 -12.97 -20.52 -12.68 

AZ115-T9 17.5 -10.59 -3.43 -6.32 -4.98 -7.59 -14.24 -10.00 -20.29 -15.76 -21.51 -17.51 -18.81 -13.14 -20.24 -12.14 

AZ115-T9 18 -9.21 -6.48 -6.01 -6.29 -9.02 -15.82 -12.15 -21.26 -15.49 -21.72 -17.01 -18.64 -13.56 -20.28 -12.83 

AZ115-T9 18.5 -10.19 -5.53 -5.44 -5.83 -9.72 -12.97 -11.04 -20.55 -16.87 -22.09 -17.71 -19.37 -13.23 -20.71 -12.56 

AZ115-T9 19 -9.84 -6.04 -6.07 -5.70 -9.04 -13.74 -11.52 -21.33 -17.08 -22.57 -18.41 -19.98 -13.82 -21.90 -13.03 



AZ115-T9 19.5 -9.63 -7.68 -7.99 -7.20 -9.85 -15.87 -13.13 -22.83 -17.92 -23.75 -18.76 -20.44 -15.66 -22.23 -14.32 

AZ115-T9 20 -15.69 -8.61 -12.41 -8.61 -10.34 -15.16 -14.09 -24.09 -17.94 -24.74 -19.64 -22.05 -17.20 -23.62 -16.17 

AZ115-T9 20.5 -17.78 -10.22 -14.66 -9.07 -9.73 -17.23 -16.07 -26.82 -19.56 -26.21 -20.65 -22.90 -19.21 -24.08 -17.79 

AZ115-T9 21 -21.86 -13.70 -20.39 -8.05 -8.26 -23.51 -19.04 -26.65 -21.81 -28.27 -21.38 -23.57 -21.76 -26.01 -20.33 

AZ115-T9 21.5 -21.39 -14.82 -22.11 -7.35 -12.62 -24.29 -19.86 -27.98 -22.06 -28.62 -21.35 -24.41 -22.07 -25.63 -21.06 

AZ115-T9 22 -17.49 -15.56 -19.56 -10.08 -11.08 -27.14 -19.77 -26.95 -21.40 -28.24 -21.78 -24.92 -22.14 -25.59 -20.68 

AZ115-T9 22.5 -17.45 -15.55 -17.82 -8.70 -11.26 -25.81 -18.31 -26.04 -21.42 -27.19 -21.35 -24.53 -20.88 -25.00 -19.79 

AZ115-T9 23 -19.11 -14.65 -19.32 -9.33 -10.62 -22.69 -17.53 -27.16 -20.14 -26.96 -20.63 -23.28 -21.01 -24.60 -19.74 

AZ115-T9 23.5 -17.74 -10.24 -15.67 -9.07 -9.75 -19.08 -14.88 -26.14 -17.87 -24.93 -19.97 -23.29 -18.19 -22.81 -17.52 

AZ115-T9 24 -12.72 -5.49 -10.50 -7.47 -7.37 -12.79 -11.80 -23.97 -16.10 -22.28 -18.43 -19.79 -14.32 -21.68 -14.08 

AZ115-T9 24.5 -11.77 -5.39 -10.09 -8.33 -9.36 -12.13 -10.00 -21.52 -13.49 -21.27 -18.02 -16.09 -12.27 -19.65 -12.98 

AZ115-T9 25 -11.58 -6.31 -8.83 -10.59 -5.21 -10.53 -11.20 -19.44 -13.79 -21.03 -16.96 -15.65 -12.76 -19.69 -12.78 

AZ115-T9 25.5 -12.69 -7.15 -9.83 -12.03 -9.18 -11.94 -12.01 -20.96 -15.12 -22.33 -18.94 -18.31 -14.58 -21.41 -14.20 

AZ115-T9 26 -12.54 -6.12 -10.17 -10.43 -5.94 -12.73 -11.31 -19.83 -15.11 -21.46 -17.62 -18.46 -13.42 -19.32 -13.47 

AZ115-T9 26.5 -15.79 -10.11 -13.59 -12.79 -9.04 -14.54 -13.83 -22.03 -16.14 -23.77 -19.28 -20.62 -16.33 -22.06 -16.15 

AZ115-T9 27 -18.15 -11.45 -16.34 -11.94 -9.34 -18.19 -15.27 -22.82 -16.19 -24.39 -19.38 -20.83 -18.02 -22.11 -17.37 

AZ115-T9 27.5 -19.68 -12.76 -18.29 -13.51 -9.99 -19.95 -15.50 -22.86 -16.85 -24.62 -19.86 -20.91 -18.38 -22.72 -18.27 

AZ115-T9 28 -16.96 -8.53 -15.18 -11.13 -8.03 -17.62 -12.77 -21.88 -16.12 -24.08 -19.77 -20.78 -17.81 -22.17 -16.39 

AZ115-T9 28.5 -15.50 -9.62 -14.62 -11.64 -10.62 -17.45 -13.91 -24.02 -17.89 -24.46 -19.93 -19.42 -15.80 -21.40 -16.54 

AZ115-T9 29 -15.64 -8.77 -14.76 -9.43 -9.54 -18.08 -13.01 -22.74 -15.48 -23.13 -18.82 -19.69 -15.10 -20.13 -15.73 

AZ115-T9 29.5 -16.18 -9.04 -14.03 -12.18 -11.94 -19.33 -12.64 -23.49 -16.07 -24.10 -19.44 -19.60 -16.24 -21.05 -16.33 

AZ115-T9 30 -15.77 -9.01 -12.87 -10.73 -9.07 -16.75 -13.66 -21.46 -15.85 -23.17 -19.37 -19.75 -15.75 -21.52 -15.63 



AZ115-T9 30.5 -15.42 -7.88 -14.48 -10.58 -9.83 -17.57 -13.32 -22.57 -16.02 -24.07 -19.67 -19.92 -16.72 -21.50 -16.09 

AZ115-T9 31 -14.81 -8.47 -12.13 -9.37 -7.00 -15.92 -11.62 -20.60 -14.26 -21.77 -18.16 -19.08 -14.32 -19.86 -14.46 

AZ115-T9 31.5 -14.36 -7.94 -10.77 -9.88 -9.30 -15.77 -12.42 -22.13 -15.87 -23.13 -19.53 -21.80 -15.08 -21.94 -15.03 

AZ115-T9 32 -10.99 -7.24 -8.24 -8.14 -7.65 -10.87 -9.98 -19.84 -12.65 -20.18 -16.16 -15.78 -11.35 -18.30 -12.20 

AZ115-T9 32.5 -11.15 -7.62 -8.02 -8.44 -7.85 -10.99 -10.46 -21.39 -13.44 -21.59 -14.94 -16.78 -13.67 -20.91 -12.89 

AZ115-T9 33 -12.26 -5.97 -10.59 -9.52 -10.28 -13.82 -12.59 -22.45 -15.81 -23.30 -19.00 -19.38 -15.14 -20.77 -14.44 

AZ115-T9 33.5 -13.72 -7.60 -11.12 -8.72 -8.34 -15.93 -12.70 -21.96 -15.75 -23.70 -19.17 -19.78 -15.88 -22.34 -14.91 

AZ115-T9 34 -12.83 -6.14 -11.09 -8.11 -8.13 -15.18 -12.53 -21.33 -16.11 -23.51 -18.52 -20.73 -15.39 -21.79 -14.54 

AZ115-T9 34.5 -16.97 -12.44 -16.77 -11.33 -12.58 -20.71 -16.61 -25.34 -18.75 -26.48 -20.58 -21.44 -19.13 -24.82 -18.58 

AZ115-T9 35 -18.67 -13.35 -18.57 -13.93 -13.28 -22.06 -17.38 -25.26 -18.70 -27.52 -21.57 -23.79 -19.86 -25.03 -19.70 

AZ115-T9 35.5 -17.31 -12.23 -17.03 -12.32 -14.61 -20.05 -16.55 -26.21 -19.38 -27.41 -21.97 -22.94 -19.16 -23.74 -18.99 

AZ115-T9 36 -18.86 -13.96 -17.76 -14.72 -14.99 -20.99 -16.44 -25.60 -18.87 -27.11 -21.50 -23.41 -19.72 -24.33 -19.58 

AZ115-T9 36.5 -20.57 -14.50 -19.24 -12.73 -14.73 -23.40 -17.74 -26.33 -19.20 -28.31 -22.22 -23.61 -20.90 -25.48 -20.39 

AZ115-T9 37 -19.33 -12.34 -18.86 -13.04 -14.73 -21.53 -16.49 -25.96 -19.22 -27.02 -21.69 -23.74 -19.83 -24.79 -19.58 

AZ115-T9 37.5 -19.88 -13.80 -18.59 -13.69 -13.22 -21.62 -17.47 -25.89 -18.83 -27.26 -21.62 -23.60 -20.69 -24.70 -19.88 

AZ115-T9 38 -18.21 -13.85 -16.96 -15.01 -10.34 -19.55 -16.61 -26.25 -19.37 -27.36 -21.74 -22.72 -19.92 -24.74 -19.28 

AZ115-T9 38.5 -17.83 -13.88 -17.33 -14.31 -11.00 -20.18 -16.22 -25.89 -19.21 -26.98 -22.11 -22.80 -19.78 -24.14 -19.20 

AZ115-T9 39 -16.68 -12.35 -15.65 -12.64 -9.14 -17.80 -14.01 -22.74 -15.69 -23.87 -20.23 -19.52 -17.94 -21.28 -17.06 

AZ115-T9 39.8 -19.69 -12.95 -18.52 -13.63 -9.35 -19.46 -15.87 -24.70 -17.10 -24.93 -19.80 -19.99 -18.00 -22.10 -18.41 

CAM9-T39 0.5 -10.59 -0.06 -6.05 -1.25 -7.79 -10.49 -8.01 -15.36 -11.12 -18.64 -13.03 -16.34 -12.77 -17.99 -9.84 

CAM9-T39 1 -10.03 -4.17 -5.47 -2.11 -5.06 -10.77 -7.76 -15.22 -11.79 -18.11 -13.18 -15.35 -9.29 -17.92 -9.65 



CAM9-T39 1.5 -11.38 -1.65 -3.85 -2.70 -6.07 -12.03 -9.61 -15.38 -10.76 -18.75 -13.15 -15.25 -9.56 -18.02 -9.59 

CAM9-T39 2 -10.41 -0.72 -4.84 -1.81 -7.46 -12.57 -7.13 -15.98 -11.90 -19.15 -13.26 -16.06 -11.58 -17.77 -9.73 

CAM9-T39 2.5 -10.51 -0.78 -4.60 -1.07 -5.94 -12.07 -10.71 -15.16 -11.83 -18.86 -13.32 -15.33 -10.45 -18.07 -9.71 

CAM9-T39 3 -11.05 -3.63 -7.18 -1.03 -6.09 -9.27 -6.69 -16.75 -12.84 -18.89 -14.02 -16.76 -10.71 -18.05 -10.17 

CAM9-T39 3.5 -14.22 -3.36 -8.41 -4.30 -6.40 -12.55 -10.77 -17.99 -13.53 -20.22 -14.46 -18.52 -13.19 -19.34 -11.97 

CAM9-T39 4 -11.80 -5.04 -8.68 -3.73 -7.23 -12.49 -9.54 -16.94 -12.00 -20.01 -14.91 -18.69 -14.05 -20.14 -11.86 

CAM9-T39 4.5 -10.97 -1.60 -6.70 -2.31 -5.62 -12.30 -12.00 -17.43 -12.13 -19.67 -14.30 -18.64 -12.95 -19.83 -11.13 

CAM9-T39 5 -10.60 -4.45 -8.26 -4.53 -7.30 -11.67 -11.90 -17.64 -11.70 -18.68 -13.97 -18.88 -11.95 -18.84 -11.55 

CAM9-T39 5.5 -11.97 -4.50 -7.91 -3.98 -8.06 -12.21 -10.70 -18.60 -15.19 -21.21 -14.73 -20.93 -14.73 -20.99 -12.44 

CAM9-T39 6 -11.16 -1.67 -7.38 -3.96 -7.90 -11.40 -10.65 -17.77 -13.51 -19.57 -14.31 -19.12 -13.07 -20.54 -11.39 

CAM9-T39 6.5 -10.05 -1.25 -6.66 -2.98 -6.41 -10.73 -9.64 -17.10 -13.20 -20.03 -14.04 -19.22 -13.42 -20.04 -10.93 

CAM9-T39 7 -9.96 -1.24 -6.27 -3.80 -6.68 -10.95 -7.59 -16.00 -12.35 -19.07 -13.11 -18.42 -12.13 -19.09 -10.29 

CAM9-T39 7.5 -11.18 -2.19 -6.27 -2.73 -5.16 -9.12 -7.40 -15.62 -12.79 -19.15 -13.80 -19.38 -12.28 -19.53 -10.32 

CAM9-T39 8 -9.68 -4.32 -8.62 -5.71 -7.61 -9.72 -7.20 -17.16 -13.25 -19.59 -14.52 -20.51 -14.04 -22.10 -11.62 

CAM9-T39 8.5 -12.02 -2.94 -7.71 -5.36 -8.84 -10.65 -11.36 -19.70 -14.80 -21.92 -17.24 -21.35 -15.51 -22.09 -12.80 

CAM9-T39 9 -11.71 -2.20 -7.55 -3.25 -7.57 -10.27 -10.74 -18.88 -15.12 -21.92 -16.26 -20.21 -14.81 -22.08 -12.18 

CAM9-T39 9.5 -10.08 -3.46 -8.15 -7.11 -8.34 -10.93 -12.10 -19.17 -14.06 -21.84 -16.36 -20.93 -14.94 -22.55 -12.82 

CAM9-T39 10 -11.94 -3.25 -8.31 -5.94 -8.60 -10.49 -12.90 -19.19 -13.95 -21.70 -16.74 -19.55 -15.17 -22.70 -12.85 

CAM9-T39 10.5 -12.39 -3.30 -9.20 -4.82 -8.67 -11.59 -12.31 -19.64 -15.23 -22.15 -16.17 -21.04 -16.16 -22.81 -13.21 

CAM9-T39 11 -10.88 -3.25 -6.78 -4.92 -7.31 -12.20 -12.24 -18.40 -13.72 -21.78 -16.05 -20.47 -14.79 -22.33 -12.35 

CAM9-T39 11.5 -9.68 -2.01 -7.06 -4.80 -8.10 -12.68 -12.10 -18.69 -14.30 -21.08 -15.65 -20.56 -14.23 -21.60 -12.11 

CAM9-T39 12 -10.07 -3.01 -7.67 -5.06 -5.53 -13.17 -12.45 -16.32 -11.41 -19.43 -13.57 -19.01 -12.38 -19.11 -11.41 



CAM9-T39 12.5 -9.43 -1.86 -8.07 -4.72 -7.37 -13.62 -11.98 -18.97 -13.48 -21.38 -15.90 -20.32 -14.73 -20.61 -12.27 

CAM9-T39 13 -12.04 -4.28 -6.50 -4.38 -8.43 -15.08 -11.34 -19.08 -13.82 -21.86 -15.85 -20.37 -14.53 -21.10 -12.46 

CAM9-T39 13.5 -8.27 -2.19 -7.60 -4.47 -7.34 -14.66 -13.43 -19.27 -14.24 -21.54 -15.98 -21.94 -14.55 -21.76 -12.50 

CAM9-T39 14 -8.86 -1.38 -8.08 -4.92 -8.41 -16.03 -12.27 -19.27 -14.72 -21.61 -16.08 -20.21 -15.31 -22.12 -12.58 

CAM9-T39 14.5 -9.60 -1.30 -7.13 -4.38 -8.54 -13.42 -12.39 -19.39 -14.69 -21.77 -15.68 -20.18 -14.65 -21.64 -12.29 

CAM9-T39 15 -8.53 -3.04 -8.10 -5.39 -8.58 -16.21 -12.49 -19.92 -15.02 -21.66 -16.14 -20.50 -15.31 -22.51 -12.88 

CAM9-T39 15.5 -10.76 -2.79 -5.56 -3.44 -9.76 -15.08 -10.91 -18.59 -12.75 -19.94 -13.93 -20.64 -13.72 -20.02 -11.55 

CAM9-T39 16 -9.98 -3.76 -7.45 -6.05 -9.86 -14.93 -12.20 -20.39 -15.28 -22.01 -16.52 -19.98 -14.82 -21.50 -12.93 

CAM9-T39 16.5 -9.36 -3.21 -4.18 -2.52 -6.57 -13.26 -8.95 -17.78 -13.04 -19.43 -14.29 -18.24 -12.01 -19.39 -10.51 

CAM9-T39 17 -9.69 -6.40 -6.03 -4.99 -10.03 -14.37 -11.08 -20.38 -15.53 -22.05 -16.93 -20.39 -13.52 -21.60 -12.65 

CAM9-T39 17.5 -9.36 -6.12 -6.16 -4.90 -9.06 -14.54 -10.44 -19.37 -14.60 -21.54 -16.53 -19.85 -12.97 -20.78 -12.23 

CAM9-T39 18 -8.75 -5.82 -6.71 -5.09 -9.79 -15.43 -11.50 -20.17 -16.10 -22.36 -17.07 -21.31 -14.48 -22.12 -12.97 

CAM9-T39 18.5 -8.32 -5.58 -6.81 -5.77 -9.29 -15.46 -12.38 -20.33 -14.35 -22.11 -16.74 -21.60 -15.79 -22.33 -13.07 

CAM9-T39 19 -8.23 -6.15 -6.42 -6.53 -8.12 -15.89 -11.70 -19.83 -15.40 -22.03 -17.02 -22.17 -15.40 -22.40 -13.08 

 

One single hair from each individual was analyzed, with the exception of CAM15A-T14, QUI7-T13 and ME-C2 individuals of which two single hairs [(I), (II)] 
were analyzed. Distance (Dist.) of hair segments from scalp is expressed in centimeters. Orientation and distance from scalp of ME-C2 (I) and (II) hairs were 
unknown due to the fragmented status of the sample. δ13C Mass balance (‰) values have been calculated using keratin amino acid composition from Wolfram 
(2003). 
Three segments (1.5cm, 4cm, and 5cm) of CAM15A-T14 (I) hair have been detected as having altered AA compositions and rejected. The hydrolysis of the 
segment 6.5cm of QUI7-T13 (I) hair was unsuccessful. 
Amino acids are presented in order of elution: Aspartic acid (Asx), Serine (Ser), Glutamic acid (Glx), Threonine* (Thr*), Glycine (Gly), Alanine (Ala), Proline 
(Pro), Valine* (Val*), Isoleucine* (Ile*), Leucine* (Leu*), Lysine* (Lys*), Tyrosine (Tyr), Arginine (Arg), and Phenylalanine* (Phe*). Asterisk indicates 
essential amino acids (EAAs).  
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Supporting Information 4. Plots of δ13C amino acid values along the single hair fibers. 

 



 

 



 



 

The error associated with δ13C amino acid values is ~ <±0.6‰. 


	Mora_2016REV2 Unformatted_3
	Supp1
	Supp2
	Supp3
	Supp4

