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Investigating the Origins of Mesoamerican Agriculture:  
Isotopic Studies in the Tehuacán Valley, Puebla, Mexico 

 

1. INTRODUCTION 

This project explores the origins of agriculture by studying the biological collections excavated 

from a series of dry cave and floodplain sites in the Tehuacán Valley of Puebla, Mexico, one of the first 

centers of the world to adopt maize (Zea mays) farming. The transition from hunting and gathering to 

agriculture marks a fundamental turning point in the history of the human species as it provided the 

foundation for sedentism, population expansion, and the development of social complexity (e.g., 

Bellwood, 2005). The origins of farming economies, however, also resulted in increases in individual 

labor demands (Sahlins, 1972), declines in health (Armelagos and Cohen, 1984; Larsen, 2006), and the 

formation of extreme social inequalities (Scott, 2017). Such observations beg the question of what would 

drive humans to abandon previous mobile hunting-gathering lifeways. The proposed research project tests 

the notion that climatic and environmental changes incentivized pre-Hispanic Mexican populations to 

increasingly rely on maize and to develop food-producing economies as an adaptive response to changing 

material conditions. Through accelerated mass spectrometry (AMS) dating and stable isotope analysis of 

human, animal, and plant samples from the Tehuacán Valley, this research will enhance our 

understanding of human decision-making processes and motivations during the transition to agriculture 

by situating human dietary practices within their dynamic ecological and environmental contexts.  

While climatic or environmental changes are often evoked to explain the origins of agriculture, 

there is little agreement on their exact role. Following the terminology of Cohen (2009), “demand side” 

explanations suggest that negative environmental changes forced humans to rely in increasing amounts on 

domesticates (Bar-Yosef, 2011; Childe, 1952; Weiss and Bradley, 2001), while “supply side” 

explanations posit that climatic amelioration enabled humans to exploit particular resources more 

effectively (e.g., Bottema, 2002; Willcox, 2005; Zeder, 2012). In Mexico, environmentally-rooted 

stimulus models have a long history of explaining the adoption of maize agriculture. Notably, Flannery 

(1968, 1973, 1986) has suggested that the switch to food production was a risk-buffering adaptation to a 

highly seasonal climate, and that the initial role of maize was as an “emergency ration” (1973:296). 

Recently, Rosenswig (2015) has proposed that the switch to sedentary farming societies across 

Mesoamerica was incentivized by a global climatic disturbance (~2200-1900 BC) that caused three 

centuries of drought and pushed communities to intensify food production. To accurately assess such 

models for the adoption of agriculture, data are needed on: (1) the timing of when maize became a dietary 

staple in specific communities, and (2) regional and local paleoenvironmental conditions. 

The proposed research project investigates the origins of agriculture in highland Mexico by 

analyzing human, animal, and plant tissues from the Tehuacán Valley. This archaeological collection, 

originally excavated by MacNeish in the 1960s, is unparalleled in the New World due to the length of 

human occupation recorded in stratified layers stretching from ~10,000 BC to AD 1500; the number of 

Archaic-period human burials; and the recovery of tens of thousands of animal and plant remains, 

including some of the earliest maize cobs in the world (Anderson, 1967; Douglas S Byers, 1967; 

MacNeish et al., 1967b). The collection thus presents one of the best available datasets with which to 

diachronically assess the potential role of the environment in the adoption of agricultural lifeways. This 

will be accomplished through three primary research objectives: (1) determine the period in which maize 

became a dietary staple through AMS dating and through stable isotope dietary reconstruction; (2) 

reconstruct local environmental conditions over time through stable isotope analysis of faunal bones; and 

(3) test whether dietary shifts correspond with environmental changes at local and regional scales.  

 
2. BACKGROUND 
2.1 Origins of agriculture 

Various causal models have been proposed to explain plant domestication and the origins of food 

production, particularly those invoking population pressure, competitive feasting, and climatic change. 
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Population-based models, such as those of Binford (1968) and Cohen (1977), suggest that prior to the 

onset of agriculture, population pressure was rising in many areas of the globe – either due to 

environmental changes that lowered regional carrying capacity or to growing populations that strained 

local resources – and that agriculture was a necessary adaptation to increase food supplies. In contrast, 

social explanations emphasize internal competitive feasting dynamics between families or other social 

units as driving populations to begin cultivating and domesticating particular plant species (Clark and 

Blake, 1994; Hayden, 2009, 1990). Such theories point to the sugar-rich qualities of domesticated grain 

staples and their ability to be fermented into alcoholic beverages, which are often featured prominently 

during feasts (Katz and Voigt, 1986; McGovern et al., 2003; Smalley and Blake, 2003). Climatic 

explanations, however, have received the most attention across disciplines over the last century, in part 

due to the need to account for the global parallels in the development of agriculture after the beginning of 

the Holocene.  

The “Oasis Theory” of Childe (1952), inspired by the earlier work of Pumpelly (1908), was one 

of the first climatic explanations for the origins of agriculture. It proposed that increasing aridity at the 

onset of the Holocene drove populations into oases, putting them into intimate contact with plants and 

animals, eventually leading to their domestication. The specifics of the Oasis Theory have been refuted 

(e.g., Braidwood, 1960; Richerson et al., 2001), and there is little doubt today that the onset of the 

Holocene generally saw overall favorable climatic changes for plants, particularly warming temperatures, 

higher atmospheric CO2 concentrations, and generally more stable conditions (Bettinger et al., 2009; 

Richerson et al., 2001). Within the Holocene, however, no general consensus exists as to why agriculture 

was adopted in multiple centers: some climatic hypotheses continue to suggest negative forcing (Bar-

Yosef, 2011; Weiss and Bradley, 2001), and indeed climatic variations have occurred within the epoch 

(Mayewski et al., 2004; Piperno et al., 2007); others propose “niche breadth models” that suggest an 

increased exploitation of low-ranked resources after the megafauna extinctions and other Holocene-

related environmental changes (Flannery, 1969; Kennett and Winterhalder, 2006); while still others posit 

that climatic ameliorations enabled the transition through human niche construction practices (Bottema, 

2002; Smith, 2007; Willcox, 2005; Zeder, 2012). 

In studying the potential role of climate change and environmental conditions in the agricultural 

transition, it is necessary to distinguish between the concepts of “domestication” and “agriculture”, as 

these processes are often separated by large periods of time and may have been a result of different 

stimulating factors. While “domestication” refers to the morphological or genetic changes in plants due 

to manipulation by humans, “agriculture” refers to a subsistence strategy in which farming predominates 

and the diet is composed primarily of domesticated staples (Price and Bar-Yosef, 2011:165). In Mexico, 

maize was domesticated only once from the ancestral teosinte (Zea mays ssp. parviglumis) around 9,000 

years ago (~7,000 BC) in the modern state of Guerrero (Matsuoka et al., 2002; Piperno et al., 2009; 

Ranere et al., 2009). Its domestication, and that of squash (Cucurbita spp.), are argued to have been a 

response to climatically-induced changes in local resources at the beginning of the Holocene that required 

changes in human subsistence strategies (Piperno et al., 2007:11881). After domestication, maize spread 

rapidly from its original location of domestication (Piperno and Flannery, 2001; Pohl et al., 1996; Van 

Heerwaarden et al., 2011), and gradually increased in cob and grain size through local cultivation 

practices (Benz et al., 2006; Vallebueno-Estrada et al., 2016), but populations continued living for over 

5,000 years at “low levels of food production” (e.g., Smith, 2001) before they reduced mobility and 

became agriculturalists. The present study attempts to increase our understanding of the factors that 

encouraged populations to make this latter transition, rather than the factors that led to its original 

domestication.  

 
2.2 Tehuacán Valley 

According to the Nature Conservancy, the Tehuacán Valley of the Mexican state of Puebla is a 

semi-arid scrub desert ecosystem (Olson et al., 2001). Due to the rain shadow cast by the Sierra Madres 

de Oaxaca that shields precipitation from the east, the valley typically receives around 400 mm of rain a 

year (Byers, 1967). The climate is highly seasonal with nearly all precipitation falling within the summer 
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months. Elevation rises drastically upon leaving the valley and precipitation also increases creating a 

series of closely-spaced ecological zones (Flannery, 1967). However, despite being a desert, the region is 

among the most biodiverse in Mexico; it contains approximately 11% of the country's plant species, of 

which 14% are endemic to the region, and it has among the highest diversity of bird species of any desert 

environment across the globe (Dávila et al., 2002).  

Perhaps in part due to the richness of the biodiversity, the Tehuacán Valley contains the record of 

one of the longest sequences of human presence in Mexico. The most significant research in the region 

was carried out by Richard S. MacNeish and his interdisciplinary team of researchers in the early 1960s. 

Here, they excavated a series of caves and floodplain archaeological sites (Figure 1), reconstructing a 

nearly continuous sequence of occupation from the Terminal Pleistocene through the present (Table 1) 

(MacNeish, 1967a). MacNeish argued that the Archaic period peoples were organized into small micro-

bands, which would come together into macro-bands during the wet season to exploit the greater 

abundance of resources, and that, with the increasing reliance on domesticated plants, microband social 

organizations became the norm during the Formative period and beyond (MacNeish, 1971). The human 

lifeways and subsistence strategies in the valley were reconstructed via the recovery of tens of thousands 

of artifacts and ecofacts, including some of the earliest ceramics in the New World (MacNeish et al., 

1967b), a seriated sequence of lithic technology (MacNeish, 1997; MacNeish et al., 1967a), over 10,000 

faunal remains (Flannery, 1967), 72 human burials (Anderson, 1967), and botanical remains representing 

some of the earliest domesticated plants in Mexico (Smith, 1967). 

At the time of excavation and analysis, the preserved maize cobs recovered from Tehuacán were 

the earliest ever discovered, with a stratigraphically-calculated age as old as 5000 BC, leading MacNeish 

and others to conclude that the semi-arid Mesoamerican highlands were the original location for maize 

domestication (Mangelsdorf et al., 1964). Subsequent AMS dating of the botanical specimens themselves 

by Long et al. (1989:1037) revealed that the oldest specimens from the Tehuacán Valley are from San 

Marcos Cave (Figure 1), and are no older than 3600 cal BC. Additional dating of maize from recent 

excavations at San Marcos found a similar date of 3350 cal BC for the earliest samples (Vallebueno-

Estrada et al., 2016). From the studies of microbotanical remains by Piperno and her team in Guerrero, we 

now know that maize was domesticated in the Central Balsas Valley (Figure 1) around 7,000 BC, and not 

in the semi-arid highlands (Piperno et al., 2009; Ranere et al., 2009). Nevertheless, the remarkable 

preservation and complete archaeological record at Tehuacán provides the possibility to study the factors, 

environmental and cultural, involved in the adoption of maize agriculture and full-time sedentism. 

2.3 Holocene climatic variability  
At the end of the Pleistocene and the Younger Dryas climatic event around 12,000 years BP, 

temperatures began to warm and precipitation increased across Mesoamerica (e.g., Piperno et al., 2007), 

and the North American monsoon began to resemble present conditions with most precipitation falling 

during the summer months (Metcalfe et al., 2015). Although MacNeish and Flannery assumed that 

climatic changes were not major factors for the development of agriculture in the highlands of 

Mesoamerica, we now know that substantial climatic variability has existed throughout the past 12,000 

years (e.g., Mayewski et al., 2004). 

During the Holocene, the period from approximately 10,000–6000 BP is considered to be the 

Holocene Thermal Maximum (or Climatic Optimum; see Figure 2), a period characterized by 

significantly warmer temperatures in many regions across the globe relative to the present (Ciais et al., 

1992; Vinther et al., 2009). From multiple paleoclimate proxies across Mexico and Central America, this 

phase is observed most strongly in Mesoamerica between the period of approximately 7300-6000 BP 

(Barron et al., 2012; Bernal et al., 2011; Haug et al., 2001; Hodell et al., 1995), and corresponds to the 

height of the North American Monsoon, which is characterized by generally wetter and warmer 

conditions than today (Metcalfe et al., 2015). Following this, the period of 6000-5000 BP is considered a 

period of “rapid climatic change” as conditions became cooler and drier across the globe, likely 

corresponding to a period of decreased solar output (Mayewski et al., 2004). In Mesoamerica, the 

centuries following this period saw a continuing gradual decrease in temperatures and precipitation, until 
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approximately 4200 BP when another period of global rapid climatic change occurred, a “megadrought” 

which lasted for approximately three centuries (Booth et al., 2005; Mayewski et al., 2004). This period 

was also characterized by increased climatic variability (see graph in Figure 2), likely due to an increase 

in the El Niño Southern Oscillation activity (Bernal et al., 2011).  

In general, the last 2000 years of the Late Holocene have been characterized by highly variable 

conditions, but two intervals are notable: the Medieval Warm Period (AD 900-1300) and the Little Ice 

Age (AD 1400-1850) (Mann et al., 2009). In Mesoamerica, the early Medieval Warm Period is associated 

with a series of large-scale droughts across large parts of Mexico, including the drought implicated in the 

Terminal Classic Collapse of the Maya (Hodell et al., 1995; Kennett et al., 2012). However, this period 

also saw much wetter conditions in the highlands of Mexico during the later period associated with the 

expansion of the Tula state (Lachniet et al., 2017). In Mexico, the Little Ice Age is also characterized by 

variable conditions and a series of large droughts, including the well-documented Año del Hambre 

drought (AD 1785-86) (Therrell, 2005). 

 
2.4 Fallback foods 

Recently, Rosenswig (2015) suggested that the 300-year drought from ~4200–3900 BP (or 2200-

1900 BC) was an important event for the development of food production economies in Mesoamerica as 

populations were pushed into lacustrine regions by a scarcity of resources and incentivized to rely more 

heavily on maize cultivation. In this argument, reminiscent of the “Oasis Theory”, Rosenswig proposed 

that this adaptive response to climatic change stimulated the origins of intensive agriculture and the 

beginning of the Mesoamerican Formative Period (1900 BC – AD 200). This argument echoes Flannery’s 

(1973) contention that early maize was an “emergency ration”, and that it would have only been utilized 

in the absence of higher-ranked resources due to its small cob size and high processing costs. Both 

hypotheses implicitly consider maize to be a “fallback food”, which is a concept developed in biological 

anthropology to describe foods that are not preferred but are consumed when more desirable resources are 

not available (Laden and Wrangham, 2005; Marlowe and Berbesque, 2009). Borrowing this concept 

provides some theoretical guidance in framing models for the transition to agriculture.  

Lambert (2007), for instance, distinguishes between low- and high-quality fallback foods, 

suggesting that their differential exploitation by populations has significant evolutionary consequences. 

Low-quality fallback foods are low in nutrition but abundant on the landscape (e.g. leaves or bark), and 

because they are harder to process, they result in morphological adaptations over time. High-quality 

fallback foods are of greater nutritional quality but harder to acquire (e.g. seeds or tubers) and tend to 

drive behavioral adaptations, such as changes in seasonal group size or in tool technology (see also 

Marshall et al., 2009:605). The research proposed here considers early domesticated maize to have been a 

high-quality fallback food, and indeed, MacNeish (1971, 1967b) and Flannery (1968) have suggested that 

the transition to food-producing economies in Tehuacán can be understood as a behavioral change from 

micro- to macro-band foraging, with larger bands eventually settling in one place year-round to focus on 

cultivating domesticates. Unlike many fallback foods, however, maize was more amenable to artificial 

selection, perhaps because of its greater genetic diversity and high mutation rate (Tian et al., 2009), and 

unlike most primates, humans are capable of intensively manipulating plants and their environments and 

transferring that knowledge across generations. Thus, as Flannery (1968) has proposed, a series of 

positive feedback loops between changes in human behavior and changes in maize morphology may have 

led to increasing yields and eventually to sedentism and full-time agriculture, and this process may have 

initially begun due to the pressures of regional environmental changes (e.g. Rosenswig 2015). 

 
3. PRINCIPLES OF ISOTOPIC ARCHAEOLOGY  
3.1 Accelerated mass spectrometry dating 

Isotopic analyses measure the ratio of two isotopes of an element relative to a known standard, 

and these values can be used to make inferences about a range of issues, including dating, migration, diet, 

and environmental conditions. For dating purposes, analyses focusing on the radioactive isotope of 

carbon-14 are the most commonly utilized in archaeological research. Accelerated mass spectrometry 
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(AMS) dating of organic samples differs from traditional radiocarbon dating in that it directly measures 

the proportion of 14C relative to 12C, while radiocarbon dating only measures the radioactivity of 14C 

(Harris, 1987). AMS dating has the advantage of greater precision and it requires much smaller sample 

sizes (~25 mg of bone sample) for analysis. AMS dating has been successfully utilized in archaeological 

studies to directly date human skeletal remains, providing precise date for individual burials (e.g., Torres-

Rouff and Hubbe, 2013).  

 
3.2 Stable isotope analysis and paleoecology 

The analysis of stable oxygen (δ18O), nitrogen (δ15N), and carbon (δ13C) isotope values are well-

established techniques to study paleoecology. Isotopic values of these elements can reconstruct past 

environmental conditions, dietary practices, and ecological relationships. 

 

3.2.1 Oxygen 
For mammals, δ18O values of structural carbonate (CO3

2-) and phosphate (PO4
3-) in bone 

hydroxyapatite (generalized as Ca10[PO4, CO3]6[OH, CO3]2) are in equilibrium with δ18O values of body 

water (Bryant et al., 1996; Fricke and O’Neil, 1996; Iacumin et al., 1996), which is principally influenced 

by the δ18O of ingested water (Longinelli, 1984; Luz et al., 1984). The abundance of 18O relative to 16O in 

meteoric water, the primary source of drinking water, depends upon a number of environmental factors, 

including elevation, distance from the sea, and temperature (Dansgaard, 1964; Fricke and O’Neil, 1999; 

Poage and Chamberlain, 2001). Animals that are obligate drinkers, such as humans, exhibit species-

specific correlations between bone apatite stable oxygen isotope ratios (δ18Oapatite) and meteoric water 

(Huertas et al., 1995), which has permitted stable oxygen isotope analysis to be used in paleomobility 

studies (e.g., White et al., 2000). However, organisms that obtain their body water primarily through 

consumed vegetal material, such as rabbits, exhibit δ18Oapatite values that correlate negatively with relative 

humidity (RH) and not meteoric water (Ayliffe and Chivas, 1990; Levin et al., 2006), as leaf water is 

sensitive to evaporative enrichment of 18O, and varies as a factor of RH (Burk and Stuvier, 1981; 

Dongmann et al., 1974; Förstel, 1978).  
 

Summary: Stable oxygen isotope analyses of human bone can be used to reconstruct paleomobility, while 

δ18O values of faunal tissues reflect aspects of the paleoenvironment, including temperature, humidity, 

and precipitation, depending on the genera analyzed. 

 

3.2.2 Nitrogen  
δ15N values of mammalian bone collagen (δ15Ncollagen) are influenced primarily by the δ15N values 

of dietary N (DeNiro and Epstein 1981). δ15N values are useful in determining the relative position of an 

individual within a trophic system due to the approximate 3-5‰ increase in tissue δ15N with ascending 

positions within a food chain (Minagawa and Wada, 1984; Schoeninger and DeNiro, 1984). For humans, 

stable nitrogen isotope values have often been used as a proxy for relative meat consumption. 

Environmental factors also appear to influence mammalian δ15Ncollagen. At the global scale animals 

tend to exhibit higher δ15Ncollagen in hot and dry environments relative to cooler and wetter ones (Ambrose, 

1991; Cormie and Schwarcz, 1996; Gröcke et al., 1997; Hartman, 2011; Heaton et al., 1986; Murphy and 

Bowman, 2006; Sealy et al., 1987). Yet, not all animals exhibit this trend (e.g., chimpanzees, Pan 

troglodytes), which may be due to their more selective foraging practices (Schoeninger et al., 2016). For 

organisms that do exhibit such correlations, recent research in arid environments demonstrates that 

herbivore δ15N correlates most strongly with local plant δ15N, and that the spacing between animal and 

dietary plant δ15N does not change with increasing aridity (Hartman 2011; Murphy and Bowman 2006). 

This suggests that correlations of mean annual precipitation and temperature with δ15Ncollagen result most 

significantly from variations within local soil and plant δ15N values. 

Animal δ15Ncollagen, therefore, likely reflects local environmental conditions indirectly through the 

soil and plants at the base of the foodweb but is mediated by behaviors of the organism, such as home-

range size and food selectivity. Primary sources of N for most plants are inorganic soil nitrate (NO3
-) and 
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ammonium (NH4
+), but soil organic matter and atmospheric N2 are other potential sources (Robinson, 

2001). Globally, soil and plant δ15N are negatively correlated with mean annual precipitation (MAP) and 

positively correlated with mean annual temperature (Amundson et al., 2003; Craine et al., 2015b, 2009; 

Handley et al., 1999; Macko et al., 1999; Martinelli et al., 1999; Murphy and Bowman, 2009; Szpak et al., 

2013). This variation is often explained as reflecting differences between open and closed ecosystems. 

Open systems tend to be warm and dry and are more susceptible to the soil N isotope fractionation 

processes of mineral leaching, denitrification, and NH3 volatilization, leading to greater 15N enrichment in 

substrate soils and the plants that grow on them. Cool and wet closed systems conserve and recycle 

mineral N more efficiently, leading to lower δ15N values (Amundson et al., 2003; Austin and Vitousek, 

1998; Handley et al., 1999; Martinelli et al., 1999; Shearer and Kohl, 1986). In contrast, Craine (2015a) 

argue that the association of hot/dry regions with higher soil δ15N  results from higher rates of microbial 

processing of organic matter and greater concentrations of clay in the soils, which results in a greater 

proportion of soil N in the form of 15N-enriched mineral associated organic matter. Further studies on the 

specific factors influencing soil δ15N are needed. Environmental variables at more localized levels, such 

as local topography and soil salinity, also influence soil and plant and hence animal δ15N values 

(Hartman, 2011; Hartman and Danin, 2010; Ugan and Coltrain, 2011). 
 

Summary: Stable nitrogen isotope values can be used to determine the dietary practices of humans, but 

can also be measured in animal tissue to infer properties of past terrestrial environments, such as 

temperature and precipitation.  

 

3.2.3 Carbon 
The δ13C of herbivorous animal bone tissue reflects the δ13C of consumed plants (DeNiro and 

Epstein, 1978; Schoeninger and DeNiro, 1984). Plants derive carbon from atmospheric CO2, which is 

fixed in plant tissues through photosynthesis. Plant δ13C substantially varies across different 

phytosynthetic pathways (Bender, 1968; Smith and Epstein, 1971). Most plants utilize the C3 (Calvin-

Benson) photosynthetic pathway, including temperate shrubs, forbs, trees, and leguminous species, and 

have δ13C values ranging from −35 to −20 ‰ (Kohn, 2010; O’Leary, 1988). Plants utilizing the C4 

(Hatch-Slack) photosynthetic pathway are primarily dry-adapted grasses, such as maize, and exhibit δ13C 

values ranging from −15 to −7 ‰ (O'Leary 1988). Crassulacean acid metabolism (CAM) photosynthesis 

is utilized by cacti and succulents, which have δ13C values that overlap substantially with C4 plants 

(O'Leary 1988; Smith and Epstein 1971). While C3 plants are found in most moderate and temperate 

regions, C4 and CAM plants occur in environments characterized by low moisture, warm temperatures, 

and long periods of sunlight (Ehleringer, 1978; Stowe and Teeri, 1978; Tieszen et al., 1979). Because of 

these differences, stable carbon isotope analysis has been revolutionary in the study of pre-Columbian 

dietary practices of the Americas, where maize (a C4 plant) was the dietary staple. 

In addition to differential discrimination against atmospheric 13C by photosynthetic pathways, 

local environmental factors influence 13C abundance in C3 plants, causing them to range an additional 3-6 

‰ (Kohn, 2010; Tieszen, 1991). Under water stress, C3 plants exhibit greater stomatal closure to conserve 

water, resulting in reduced CO2 concentration in leaves and decreased 13C discrimination during 

photosynthesis (Ehleringer and Cooper, 1988; Farquhar et al., 1989; Tieszen, 1991). This variation can be 

observed across individual days, seasons, years, and geographic transects (Farquhar et al., 1982; 

Garten  Jr. and Taylor  Jr., 1992; Stewart et al., 1995). C4 plants are assumed to exhibit less variation due 

to environmental influences. Because soils with high salinity also elicit stomatal closure and decreased 
13C discrimination, plants growing in high salinity soils also exhibit elevated δ13C by several per mil 

(Farquhar et al. 1989). Finally, within closed canopy forests, plants exhibit much lower δ13C than plants 

from open habitats, a phenomenon known as the “canopy effect”. Two factors contributing to this trend 

are reduced solar irradiance in forest understories (Bonafini et al., 2013; Farquhar et al., 1982) and plant 

recycling of 13C-depleted CO2 released from soil respiration (Sternberg et al., 1989; van der Merwe and 

Medina, 1991; Vogel, 1978). Animals consuming plants in warmer, drier, and more open environments, 
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then, tend to exhibit elevated δ13C values in their tissues compared to organisms foraging within cooler, 

wetter, and more closed environments. 

In bone tissue, stable carbon isotope values from bone apatite and collagen record slightly 

different aspects of the organism’s diet. Data from controlled feeding experiments (Ambrose and Norr, 

1993; Hare et al., 1991; Howland et al., 2003; Jim et al., 2004; Tieszen and Fagre, 1993; Warinner and 

Tuross, 2009) and field studies (Lee-Thorp et al., 1989) indicate that stable carbon isotope ratios from 

both bone collagen (δ13Ccollagen) and mineral apatite (δ13Capatite) reflect dietary δ13C values, but about 60 % 

of carbon atoms from bone collagen are routed from dietary protein, while apatite is composed of carbon 

atoms from all dietary sources (see discussions in Froehle et al., 2010; Kellner and Schoeninger, 2007; 

Krueger and Sullivan, 1984; Schwarcz, 2000). 
 

Summary: Stable carbon isotope values can be used to quantify the percentage of C4 and CAM plants 

(e.g. maize and cacti) in human diet. They may also be studied in animal tissues to infer properties of past 

terrestrial environments, including temperature and whether the environment was open or closed. 

 

4. OBJECTIVES AND HYPOTHESES 
The overall research goal of this project is to increase our understanding of the factors that led to the 

development of agriculture in Mesoamerica. More specifically, this research interrogates the role of 

environmental change in the transition from mobile societies practicing low levels of food production to 

sedentary communities practicing intensive grain-based agriculture. This research will be accomplished 

by addressing three primary research objectives. 

1) Determine when maize became a dietary staple in the Tehuacán Valley: 

The first objective seeks to refine our understanding of the timing at which maize became a major 

dietary staple in the Tehuacán Valley through direct AMS dating of human bones, and through stable 

isotope analysis of human and dog (Canis familaris) bone samples. Dogs are considered alongside 

humans as they often consume similar diets and they may be treated as a proxy for human consumption 

patterns (Guiry, 2012). Moreover, to contextualize the human and dog dietary values, a large sample of 

additional fauna and plants will be analyzed for stable carbon and nitrogen isotope values. Together, the 

AMS dating and stable isotope results will enable high-precision assessments of when mobile foraging 

subsistence strategies gave way to maize agriculture. Firmly anchoring the timing of these changes is 

critically important for our ability to correlate the adoption of food production with relevant climatic, 

environmental, and social variables. This research objective is exploratory and open-ended, and makes 

no specific hypothesis about the timing of this transition. 

 

2) Reconstruct local environmental conditions over time in the Tehuacán Valley: 

The second major line of investigation considers the stable isotope data (carbon, nitrogen, and 

oxygen) from faunal bones to reconstruct characteristics of the local environment and ecological 

structure of the Tehuacán Valley over time. In addition to their utility for reconstructing and 

interpreting paleodiet in humans, isotopic data from animal bones record multiple facets of the 

paleoenvironment, including past levels of humidity, precipitation, temperature, and local botanical 

composition. These environmental data will be assessed alongside regional paleoclimate records (e.g., 

Bernal et al., 2011; Lachniet et al., 2013; Metcalfe et al., 2015) to provide a rich and multi-scalar 

environmental context in which to better understand the transition to agriculture.  

In service of this objective, three hypotheses are tested. (H0, null hypothesis) -  there are no 

significant changes in faunal isotope values over time; (H1) – faunal stable isotope values reflect drying 

conditions associated with the period of rapid climatic cooling/drying at 6000-5000 BP; and (H2) – 

faunal stable isotope values reflect cooling/drying conditions associated with the 4200-3900 BP climate 

event. 

 

3) Test whether subsistence changes correlate with regional and local environmental changes: 
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Using the data generated from (1) AMS dating, (2) stable isotope dietary reconstruction, (3) stable 

isotope analysis of faunal bones for local environmental reconstruction, and (4) preexisting 

archaeological and paleoclimate data for the Tehuacán Valley and Mesoamerica more broadly, the 

study will assess whether observed changes in diet (i.e. increased maize consumption) correlate with 

environmental and climatological changes.  

 In service of this objective, three hypotheses are tested. (H0, null hypothesis) - environmental and 

climatic changes exhibit no correlation with increases in maize consumption; (H1) - environmental 

changes correlate with subsistence changes such that maize consumption increases with increasing 

moisture; and (H2) - environmental changes correlate with subsistence changes such that maize 

consumption increases with decreasing moisture in the region. This last hypothesis directly addresses 

the notion that early maize was a fallback food, and that periods of scarcity encouraged its cultivation. 

5. METHODS AND SAMPLE SELECTION 
5.1 AMS dating 

To determine the timing at which maize became a major dietary staple, AMS dating will be 

conducted on a sample of burials. All burials were excavated by MacNeish from six different contexts in 

the 1960s (Anderson, 1967). Every sufficiently well-preserved burial from levels associated with 

Terminal Pleistocene to Early Classic Period phases (10,000 BC–AD 700) will be targeted for analysis 

(N=49). A recent inventory of the faunal collection is discovering more isolated human bone fragments 

mixed in with animal remains, and an additional five human specimens will be included, bringing the 

total to 54. A small bone sample (< 1 g) will be taken from each individual for analysis. Laboratory 

preparation and analysis will be completed at the W. M. Keck Carbon Cycle Accelerator Mass 

Spectrometry Laboratory at the University of California, Irvine, where I will assist with sample 

preparation and analysis. The AMS method also produces stable carbon (δ13Ccollagen) and nitrogen 

(δ15Ncollagen) isotopes values from bone collagen, which will be used to assess the paleodiet. 

 

5.2 Stable Isotope Analysis 
Non-AMS related stable isotope analysis will be performed at the Stable Isotope Laboratory in 

the Institute of Geology at the National Autonomous University of Mexico. Preparation of collagen and 

apatite samples will follow established methods (e.g., Koch et al., 1997; Sealy et al., 2014). Apatite 

(carbonate) analysis will occur on a GasBench II coupled to a Thermo-Finnigan Delta Plus mass 

spectrometer, and collagen analysis will occur on a Thermo Scientific HT2000 coupled to a Thermo-

Finnigam MAT 253 mass spectrometer.  

For the human specimens, analysis of bone carbonate apatite will be conducted on the same 

individuals to be analyzed for AMS dating (N=54). While the resulting δ18Oapatite values will be useful in 

determining whether any non-local individuals are present in the collection (e.g., White et al., 2001), the 

primary focus will be on the resulting δ13Capatite values. Stable carbon isotope ratios in apatite reflect the 

δ13C of the total diet, while δ13Ccollagen values are strongly biased towards dietary protein sources. 

Analyzing both ratios in tandem thus presents a more complete picture of the dietary inputs than either 

variable alone, and such analyses will be crucial for interpreting the inputs of maize in the diet. 

Preestablished stable isotope models will help discern different dietary sources (Froehle et al., 2012, 

2010; Kellner and Schoeninger, 2007), and Baysean mixing models will facilitate overall dietary 

interpretation (Fernandes et al., 2014). Generally, diets high in tropical grasses (C4 plants), such as maize 

and local foxtail millet (Setaria sp.), and cacti (CAM plants), exhibit much higher bone δ13C values than 

diets without these inputs (DeNiro and Epstein, 1978). Early Archaic period diets in the Tehuacán Valley 

(Ajeureado and Riego phase) are expected to have contained a percentage of C4 and CAM plants due to 

the consumption of wild grasses, cactus fruit, and roasted agave (MacNeish, 1967b). The point at which 

maize became an important dietary source is expected to result in δ13C values significantly higher than 

occupation levels prior to the arrival of maize (i.e. pre-3600 BC). Additionally, because domesticated 

dogs (Canis familiaris) often exhibit similar diets as their owners (e.g., Guiry, 2012), and because dogs 
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are not likely to consume wild grasses or cacti, a sample of dogs will also be analyzed and their values 

treated as proxies for human maize consumption. 

To aid in interpretation of the human paleodiet and to reconstruct the paleoenvironment over 

time, a large sample of faunal bones will be analyzed by stable isotope analysis. In total, 300 specimens 

representing six genera (deer [Odocoileus], rabbits [Sylvilagus], dogs [Canis], foxes [Urocyon], peccary 

[Pecari], and turtles [Kinosternon]) will be selected for analysis. These six genera were selected because 

(1) their abundance in the collection; (2) they reflect different aspects of the local ecosystem; and (3) all 

were significant dietary items over large periods of time. Deer and rabbits, however, will comprise the 

largest percentage of the sample as they were the most frequently consumed vertebrates (Flannery, 

1967:170), and both have supporting literature indicating their significance as paleoclimate proxies. Deer 

bone δ18O values have been shown to correlate with local temperature (Luz et al., 1990) while their δ15N 

values reflect local moisture availability (Cormie and Schwarcz, 1996). For rabbits, my dissertation 

research, building on previous studies (Huertas et al., 1995; Ugan and Coltrain, 2011), indicated that 

rabbit bone δ18O values correlate with local precipitation and relative humidity (Somerville, 2015), while 

rabbit bone δ13C and δ15N values are influenced by temperature (Somerville, 2015). Samples of rabbits 

and deer will thus be selected from each occupational phase to provide diachronic reconstructions of 

temperature, humidity, and precipitation. Most will be selected from the eastern portion of Coxcatlan 

cave, which had the best-preserved stratigraphy (Smith, 2005), but other contexts will also be sampled. 

Laboratory analyses of this large collection are expected to advance rapidly due to the support of trained 

laboratory staff and student workers. 

To ensure that bone samples are presenting a biogenic (uncontaminated) signal, a series of 

diagenesis tests will be performed. Bone mineral will be analyzed by Fourier Transform Infrared 

Spectroscopy-ATR. This will monitor bone crystal size and the ratios of carbonate to phosphate (Beasley 

et al., 2014; Shemesh, 1990; Wright and Schwarcz, 1996). Collagen will be assessed by the percent of 

collagen yield and the atomic percent ratios of carbon to nitrogen (Ambrose, 1990). 

 A sample of approximately 150 plant samples will also be selected for analysis, 25 of which 

will be ancient samples, and 125 will be modern. The modern specimens will be collected by myself. 

Photographs of each specimen will be taken in the field, and species identifications will be made in 

consultation with field manuals and by consulting contacts in the UNAM Biology Department. Plants will 

be dried in a laboratory oven, and analyzed for stable carbon and nitrogen isotope ratios following 

established methods (e.g., Szpak et al., 2013). Analyses of plants is essential to properly interpret the 

human paleodiet signal as variation in local soil and environmental properties can have large impacts on 

plant values and ultimately on the humans and animals that consume them (Amundson et al., 2003; Kohn, 

2010; Murphy and Bowman, 2009). A timeline for all proposed activities in presented in Table 2. 

  

6. PRELIMINARY RESEARCH AND FINDINGS 
A pilot study focusing on a sample of 12 human bones from the Tehuacán Valley was analyzed 

over 30 years ago in one of the first applications of isotopic techniques to archaeological questions 

(DeNiro and Epstein, 1981; Farnsworth et al., 1985; Schoeninger and DeNiro, 1982). Surprisingly, the 

authors found a drastic jump to high δ13Ccollagen values between the Riego and Coxcatlan phase coinciding 

with the earliest arrival of maize to Tehuacán (5000-3500 BC), and that these values remained constant 

through to the Postclassic (~AD 1500). Notably, these isotopic findings were at odds with the original 

interpretation of dietary practices based on archaeological and botanical data, which suggested a more 

gradual adoption of maize in the diet (MacNeish, 1967b). The authors of the isotopic study, however, 

cautioned that larger sample sizes and analyses of faunal and plant samples are needed before meaningful 

conclusions can be made. Unfortunately, these early studies did not record the burial or individual 

numbers of the sampled skeletons, prohibiting more detailed assessments of their data. 

In 2015, my collaborators at the National Autonomous University of Mexico received permission 

to reanalyze the of the burials from the Tehuacán collection. An initial pilot study by these scholars (Dr. 

Isabel Casar and Pedro Morales) on the collagen from the dentine of 16 tooth samples finds a similar 

pattern as the early isotopic study (i.e., DeNiro and Epstein 1981), but with a more gradual pattern of 
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increasing maize consumption (Figure 3). A goal of my current postdoctoral research is to work with 

these scholars to expand the sample and to instigate additional bone δ13Capatite and δ13Ccollagen analyses. 

After the original analysis of the Tehuacán faunal collection by Kent Flannery in the 1960s, the 

collection has been missing for approximately 50 years. After a year of searching for the collection, 

however, I recently found it in the INAH Archaeozoology Laboratory in Mexico City, directed by Dr. 

Joaquim Arroyo. In November, 2017, I completed an inventory of the collection, and created a digital 

database (N=7007). In collaboration with Dr. Arroyo, with whom I have received verbal permission to 

analyze the collection, I will select samples for analysis in February, 2018.  

 

7. SUMMARY AND SIGNIFICANCE 
7.1 Intellectual merit 

This project will expand our knowledge of the origins of agriculture, a long-held subject of 

anthropological concern. The development of food-producing economies was a global phenomenon that 

occurred independently in multiple regions within the last 10,000 years, and these parallels beg 

generalized theoretical explanations (Cohen, 2009; Gremillion et al., 2014). Since the early 20th century, 

climatic and environmental-change explanations have featured prominently in debates concerning the 

motivations to abandon hunting and gathering lifestyles and adopt sedentary farming strategies. The 

proposed project contributes to the discussion by exploring the notion that agriculture developed in 

Mexico as a response to increasing aridity, and that maize cultivation intensified as an adaptation to these 

pressures. Through the use of stable isotope analysis and AMS dating, the project will provide a 

chronology for agricultural development in the Tehuacán Valley of Mexico and will reconstruct the local 

environmental conditions present during the process. These advances in our knowledge of the timing and 

context for agricultural intensification are critically important as they enable us to weave together diverse 

datasets, including broader climate records, regional archaeological data, and local ecological conditions.  

More generally, this research will contribute to theoretical discussions on the role of food in 

social change by borrowing the concept of “fallback foods” from the biological anthropology literature. 

Such cross-pollination of concepts within the subdisciplines of anthropology is potentially transformative 

as it has the potential to enrich the literature on both sides and shed new light on a long-standing problem. 

Ultimately, through the application of new methods and concepts to an old question and collection, this 

project seeks to better understand the role of the environment in stimulating the origins of agriculture 

across the globe and providing the basis for the rise of modern civilization. 

 

7.2 Broader impacts 
The results of this project will have broader impacts from both the research itself and from the 

activities directly related to it. Academically, the research will not only improve our understanding of the 

behavioral and ecological dynamics of the origins of agriculture, but will also produce a large database of 

baseline stable isotope data on animal and plant samples from highland Mexico, which will be of use for 

additional biological, ecological, and archaeological studies in the region. These data will be widely 

shared and disseminated to maximize their impact. Results will be presented at professional conferences, 

published in academic journals, and shared through popular presentations or media outlets when possible.   

Additionally, a major outcome of the project will be the building of infrastructure for future 

scholars from the United States to conduct research in Mexico. By spending time in Mexico and forging 

relationships with scholars and officials at multiple academic and bureaucratic institutions, the project 

paves the way for future scholars to conduct archaeological and ecological research in Mesoamerica. 

Such connections will be built and strengthened by fortnightly seminars at the UNAM where 

methodologies and preliminary results will be shared and discussed. In particular, the connections and 

knowledge-sharing at the UNAM Stable Isotope Laboratory, where I am working closely with student 

volunteers and workers, will be a significant contribution of this project as it is currently difficult and 

time-consuming for U.S. scholars to acquire permits to export samples to the U.S. for analysis. Building 

the infrastructure for international research at the laboratory will promote future collaborations and make 

stable isotope research in Mexico an easier process for U.S. scholars. 
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Figure 1. Map of Mexico displaying the Tehuacán Valley (insert) and the archaeological sites 

excavated by MacNeish in the 1960s. It is from these site locations that the current project will sample 

human and faunal skeletal remains and botanical samples. Modern botanical samples will be collected 

from the environments surrounding these sites. Also pictured in the map of Mexico is the Central Balsas 

Valley, the general location in which maize (Zea mays) was originally domesticated. 
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Figure 2. Chart displaying climatic changes through the Holocene. The light grey shading highlights 

the Holocene Thermal Maximum, the dark grey shading represents the Younger Dryas, and the dashed 

lines represent important events in development of New World agriculture. (A) A high-resolution 

paleoclimate titanium proxy for rainfall from the Cariaco Basic of Venezuela by Haug et al. 2001. (B) 

Two stable oxygen isotope paleoclimate records from the Greenland Ice cores representing 

paleotemperatures. The blue line represents data from the Renland core while the red line represents data 

from the Agassiz (1984/87) core. Bold lines represent 20-year averages 
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Figure 3. Preliminary stable isotope data from tooth dentine collagen produced by collaborators at the 

Institute of Geology of the National Autonomous University of Mexico. Generally, the data indicate a 

large increase in stable carbon isotope values (proxies for C4 and CAM plant consumption) between the 

Riego and Abejas phases. 

 
 
 
 
 
 
 
 

-17

-15

-13

-11

-9

-7

-5

δ
1
3
C

 d
e

n
ti
n

e
-c

o
lla

g
e

n

Temporal Phase

S
a
n
ta

 M
a
ri
a

(9
0
0
-2

0
0
 B

C
)

P
a
lo

 B
la

n
c
o

(2
0
0
 B

C
-A

D
 7

0
0
)

V
e
n
ta

 S
a
la

d
a
 

(A
D

 7
0
0

-1
5
4
0
)

E
l 
R

ie
g
o
  

(6
5
0
0
-5

0
0
0
 B

C
) 

C
o
x
c
a
tl
a

n
 

(5
0
0
0
-3

5
0
0
 B

C
) 

A
b
e
ja

s
 

(3
5
0
0
-2

3
0
0
 B

C
) 



14 

 

 
 

Table 1. Cultural phases with their data ranges and cultural characteristics. Information taken from 

“The Prehistory of the Tehuacan Valley, Vol. 1” (Douglas S Byers, 1967). 

 
 

Cultural Phase Date Range 
 
Characteristics 
 

Ajuereado 12,000-6500 BC 
Late Pleistocene/Early Holocene hunter-gatherers 

 

El Riego 6500-5000 BC 
Hunter-gatherers, maybe some plant cultivation 

 

Coxcatlan 5000-3500 BC 

Hunter-gatherers, but possibly larger group sizes, 

first evidence for maize 

 

Abejas 3500-2300 BC 

Pit house villages appear near river, possible year-

round occupation, first appearance of domestic dog 

 

Purron 2300-1500 BC 

First evidence of ceramics, low population levels at 

this time 

 

Ajalpan 1500-900 BC 

Full-time agriculture present, year-round village 

occupation, reliance on domesticated crops, 

ceramic figurines present 

 

Santa Maria 900-200 BC 

Larger populations, ceremonial structures, 

irrigation 

 

Palo Blanco 200 BC – AD 700 

Pyramids, ballcourts, plazas present, population 

growth continues, first evidence for domesticated 

turkeys 

 

Venta Salada AD 700-1540 

Valley organized into city-states or kingdoms, 

high-population urban centers, and high social 

inequality 
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Table 2. Timeline of proposed research. The grey shading represents the period which will be funded by 

the National Science Foundation. 
 

Phase Time period 
 
Activities 
 

Phase 1 Jan-April 2018 

 

• Finish acquiring permits and selecting human and 

faunal samples for analysis.  

• Photograph all samples and record information in 

digital databases. 

• Begin apatite carbonate sample preparation in the 

UNAM Stable Isotope Laboratory. 

 

Phase 2 April-May 2018 

 

• Continue carbonate sample preparation in lab, and 

begin mass spectrometry and FTIR analysis of 

specimens 

 

Phase 3 June 2018 

 

• Travel to UC Irvine to prepare and analyze human 

bone samples for AMS dating 

• Travel to Tehuacán to collect botanical samples 

 

Phase 4 June-Sept 2018 

 

• Stable isotope preparation and analysis of collagen 

samples 

• Analyze and synthesize results 

 

Phase 5 
Sept 2018 – April 

2019 

 

• Prepare report to be presented to the Mexican 

national Technical Archives  

• Write and publish academic papers 

 

 
 
 
 
 
 
 
 


